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1. Introduction

1.1. Motivation of this Project

Proton transfer (PT) is omnipresent in chemistry and its related fields, including countless examples

from biochemistry, chemical synthesis, and catalysis, as well as industrial applications1–3. It is at the

heart of acid–base catalysis4,5 and continues to be relevant in today’s research, e.g., in the development

of fuel cells6. In biochemical systems, to name a few examples, the structure and functioning of proteins

is determined by the protonation states of the amino acid side chains7,8. Proton gradients along

biomolecular membranes act as driving forces for the ATP synthesis—the energy currency of cells—

in mitochondria as well as in chloroplasts9. These gradients can only be built up in the first place

by the use of proton pumps and ion-selective channels are relevant for harvesting the stored energy

thereafter. Many enzymes either directly catalyze—at least in one step of their catalytic cycle—an

acid–base reaction10 or their activity involves proton transfer along a conduction wire, i.e., a preformed

hydrogen-bond network of amino acids and water molecules (e.g., in photosystem II11). Proton transfer

can also take place in an electronically excited state, e.g., as in green fluorescent protein12–15 or in the

chromophore of Firefly’s D-Luciferin16–22. Such an excited-state proton transfer (ESPT) of anthocyanin

pigments in plants is biologically relevant for the protection from photo damage since the ESPT provides

a fast deactivation channel, efficiently converting the absorbed light energy into heat23,24. A related but

slightly different phenomenon is proton-coupled electron transfer (PCET) which plays an important role

for many enzymes25–27.

Owing to this fundamental importance, there has been a huge interest in the study of proton-transfer

reactions since the beginnings of chemistry28,29, both with respect to the underlying thermodynamics as

well as the chemical kinetics. From a thermodynamic perspective, the acid dissociation constant Ka or

the pKa, i.e., its negative decadic logarithm, is the most important quantity as it quantifies the Brønsted

acid strength30. Although water is often considered the most interesting solvent due to its unique role

in the chemistry of life (vide supra), many other solvents are also equally important, e.g., for technical

applications. While the experimental determination of pKa has nowadays become a standard in aqueous

solution owing to a broad variety of well-established techniques (e.g., potentiometric, NMR-spectroscopic,

or spectrophotometric titrations)31, the situation is much more complicated in non-aqueous solution since

the drastically lower acidity constants in combination with other complications such as low solubilities or

homoconjugation challenge the accuracy of experimental detection methods32,33. Due to these difficulties,

computational pKa predictions have become much more important in these environments, providing an

alternative path to pKa values34,35.

Regarding the kinetics, a molecular probe is typically required to experimentally obtain information

on the PT mechanisms including relevant intermediates as well as rate constants for the individual steps.
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For this task, so-called photoacids have established as particularly powerful tools during the last decades

(vide infra). These photoacids are molecules that exhibit an increase in acidity (i.e., a decrease in pKa)

upon electronic excitation36,37. In other words, such a photoacid is a stronger acid in its electronically

excited state (usually the lowest lying singlet state S1) compared to the (singlet) ground state (S0).

Thus, the excited-state pKa (from now on referred to as pK∗a ) is smaller than the ground-state pKa. As

a consequence, photo-excitation can trigger an excited-state proton transfer (ESPT)38 from the photoacid

to a nearby proton acceptor, e.g., the solvent or any other Brønsted base39. A special variant of ESPT

is ESIPT (I for intramolecular) where the ESPT takes place intramolecularly40. In particular, the use of

pulsed lasers has made it possible to temporally initiate the ESPT event, which conveniently allows to

investigate the associated dynamics in real time using time-resolved spectroscopy41,42. Other applications

of photoacids include their use as proton sources for (photo)catalysis43,44, as pH-dependent imaging

agents in biological cells45–49, and for single-molecule microscopy50,51. While most (weak) photoacids

(pK∗a > 0) are—due to limited acid strength—restricted to ESPT in neat water52,53 and aqueous solutions

containing an additional base54 or co-solvent55–58, those with a negative pK∗a can also perform an ESPT

in other protic (e.g., alcohols)59,60 or even aprotic solvents such as dimethyl sulfoxide (DMSO)48,61.

The current project presents a combined experimental and theoretical approach to study the ESPT of

particularly strong photoacids, previously introduced by Gregor Jung and co-workers48, in acetoneous

environment, i.e., in neat acetone as well as in acetone–water mixtures. As an aprotic and only moderately

basic solvent, acetone is a quite unusual medium for PT reactions. Here, time-resolved spectroscopy is

used to experimentally study the ESPT kinetics, while a quantum-chemical approach is chosen for a

complementary theoretical description of the ESPT thermodynamics focusing on the pK∗a value.
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1.2. State of Research at the Beginning of the Project

1.2.1. Photoacid Background

The Phenomenon of Photoacidity

Photoacids have been the subject of scientific studies since their initial description in the first half of

the 20th century by Weber (1932)62, Terenin and Kariakin (1947)63, Petersen (1949)64, and Förster

(1949, 1950)65–67, who had reported pH-dependent changes in the fluorescence spectra of several dye

molecules; including 1,4-naphthylaminosulfonate, acridine, 3-aminopyrene-5,8,10-trisulfonate, as well as

3-hydroxypyrene-5,8,10-trisulfonate and 3,5-dihydroxypyrene-8,10-disulfonate, respectively. Not much

later it has been also Förster who introduced the idea of considering a thermodynamic cycle that takes into

account the acid–base equilibria for both the electronic ground state and the excited state to rationalize

the phenomenon of photoacidity65–68. In his memory, this cycle is today referred to as Förster cycle

(Fig. 1.1). This thermodynamic cycle relates ∆pKa, the difference between the excited-state (pK∗a ) and

ground-state (pKa) acidity, to the difference in the Gibbs free electronic excitation energies (∆Gexci) of

the protonated (ROH) and deprotonated (RO−) species, as expressed in Eq. (1.1)

∆pKa = pK∗a − pKa = ∆Gexci(RO−)−∆Gexci(ROH)
RT ln(10) (1.1)

with the ideal gas constant R and the absolute temperature T .

Figure 1.1.: The Förster cycle. Reproduced with permission from Ref. 69. Copyright © 2022 American
Chemical Society.

If the ground-state pKa is known, Eq. (1.1) can be used to calculate pK∗a from the electronic transition

energies; if the pKa is unknown, still the ∆pKa can be determined. Ideally, 0–0 transition energies should

be inserted into Eq. (1.1). Owing to its simplicity, the Förster cycle has become the most common route

to pK∗a for both experiments and theory, although also other approaches exist (see Sec. 1.2.6).
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Figure 1.2.: Overview on the different classes of photoacids. The corresponding naphthylamines
and aminopyrenes are obtained by substituting the OH group by an NH2/NH+

3 in (b, c) or
(g), respectively. [Abbreviations: Hydroxycoumarin (HC) and hydroxyquinoline (HQ).]

Photoacids are typically hydroxyarene or aminoarene compounds and thus the acidic functional group

is either a hydroxy (OH) or an amino (NH2)—more specifically an ammonium (NH+
3 )—group. The most

common classes of photoacids include naphthols70–76 (Fig. 1.2b–c), hydroxyquinolines77–81 (Fig. 1.2e–

f), hydroxycoumarins82–88 (Fig. 1.2d), and hydroxypyrenes48,66,89,90 (Fig. 1.2g), although also some

naphthylamines62,64,91 and aminopyrenes66,92–94 are known. Phenols (Fig. 1.2a) also exhibit photoacid

character (∆pKa ∼ −6)95–97, but their UV absorption (∼ 270 nm) and weak fluorescence make them

impractical for applications. The counterparts of photoacids, i.e., photobases, also exist, but are much

less studied98–102. These photobases are compounds that become more basic in the excited state. To

rationalize and quantify photobasicity, one simply has to switch the perspective: a photobase is a species

whose conjugate acid becomes less acidic in the electronically excited state compared to the ground

state. The term photobase is often used incorrectly for the corresponding base of an excited photoacid,

which is in fact exactly the opposite of a photobase since these species are particularly weak excited-state

bases. While the aromatic OH group is typical for many photoacids, a common feature of photobases

are N-heterocyclic, aromatic frameworks. It is no surprise that photoacids and photobases are aromatic

compounds as the potential acidic or basic functional group needs to be located in a chromophore (i)

whose excitation energies are not too high and (ii) which has a sufficiently long lifetime. Both conditions

are readily fulfilled by aromatics.

The Molecular Origin of Photoacidity

The most fundamental origin of photoacidity can be found in the electronic charge redistribution upon

excitation. As commonly explained, photoacidity is caused by an intramolecular charge transfer (ICT)

in the excited state of the acid (ROH) from the O atom in the OH group to the aromatic ring, more

precisely the distal ring in the case of condensed aromatics76,103. However, despite its plausibility, this

explanation is incomplete since it does not take into account the corresponding base RO−, as pointed out
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by Agmon37. As for the ground-state, (photo-)acidity is the mutual outcome of both a destabilization

of ROH and a stabilization of RO−. If no charge transfer was found for RO−, the proposed ICT of

ROH would actually lead to an increased ROH–RO− energy gap that would make the excited-state

deprotonation less favored. Thus, an even larger ICT must occur for the base, which is indeed confirmed

by experiments, e.g. in solvatochromism104–107 or Stark spectroscopy108. Therefore, photoacidity is the

net effect of an excess RO− stabilization.

Another possibility to rationalize this phenomenon is in terms of Hückel’s (anti)aromaticity109, as

originally proposed by Agmon37,110 and recently reviewed by Wen et al.111. Aromatic molecules experi-

ence an energetic stabilization due to a beneficial electronic configuration, whereas molecules that would

be classified as antiaromatic are energetically destabilized leading to structural perturbations, e.g., non-

planarity or bond length alternation, in order to avoid the antiaromatic structure112. For both excited

triplet and singlet states, it has been shown that the situation changes and Hückel aromatics become less

aromatic, i.e., more antiaromatic, and vice versa antiaromatics become more aromatic113–115. Prototypic

hydroxyarene photoacids such as phenols or naphthols are aromatic in their protonated form. However,

after deprotonation the negative charge is stabilized by delocalizing it in the conjugated π system at the

expense of including an additional electron pair in the conjugation and lowering its aromatic character.

Due to the reversal of aromaticity and antiaromaticity in the S1 state (vide supra), the protonated species

is less aromatic in the excited state (S1) and hence becomes destabilized compared the ground state (S0).

Even more important, the deprotonated species increases in aromaticity corresponding to a stabilization

in accordance with the strong ICT. These differences in the aromatic character of the acid and the base

and between S1 and S0 typically lead to larger Stokes shifts for the acid compared to the base and

correspondingly stronger structural changes for the acid110,116.

1.2.2. Showcase HPTS—The Most Studied Photoacid

The research on photoacids has been largely stimulated by Huppert and co-workers, reaching back to

the 1980s when Huppert—at that time under the supervision of Kolodney—had joined the photoacid

community117,118. After almost 40 years of research, Huppert can be considered a pioneer in photoacid

chemistry. Moreover, he has also catalyzed the huge interest in 8-Hydroxypyrene-1,3,6-trisulfonate (HPTS

or pyranine), which is one of the first studied photoacids119. To date, HPTS has become the probably

most studied photoacid of all time. The ESPT of HPTS has been investigated in a vast number of

environments, with many different experimental techniques, and also with theoretical approaches; as

highlighted in the following.

ESPT in Different Environments

Among the various environments, aqueous solutions pertain an outstanding role. The ESPT to the solvent

in bulk water has been analyzed in great detail42,52,53,94,108,120–140, but also the ESPT to an additional

base such as acetate41,54,136,141–147 or (per)chloroacetate148–150 and in solvent mixtures consisting of
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water and a co-solvent like methanol117,151–154 or DMSO55,155. Other parameters include the effect of

additional salts118,152,156–159, temperature160,161, and pressure162 on the ESPT process. Challenging the

limits of ESPT, even the ESPT of HPTS in ice and doped ices160,163–169, in the confined water nanopools

of various reverse micelles (with anionic, neutral or cationic surfactants)170–174, or in Nafion fuel cell

membranes170,175 have been addressed. This scope also includes many biological environments such as the

cavity of cyclodextrin176–178, other supramolecular assemblies179, adsorbing bio-materials (hydrophobic

insulin amyloid fibrils and hydrophilic cellulose surfaces; chitin, starch, chitosan)180–185, hydrogels186–188,

the presence of proteins189, or even living cells190–192. Apart from these aqueous environments including

the above-mentioned water mixtures, studies on ESPT of HPTS in non-aqueous solution are very scarce

though, and mainly involve acetate in methanol193 and ionic liquids194,195. Moreover, due to the high

triple and quadruple negative charges, the study of HPTS is restricted to actual solutions, in contrast to

other photoacids (e.g., naphthols that are also studied in gas-phase solvent clusters196–199).

Different Spectroscopic Techniques

Many different spectroscopic techniques have been applied to HPTS, each with their own advantages and

accessible information. Changes in the electronic structure upon deprotonation allow visible spectrosco-

pies such as UV/Vis absorption and fluorescence emission to be used for distinguishing the protonated

from the deprotonated form. Moreover, since the molecular vibrations are highly specific to intermolecular

interactions, mid infrared (mIR) absorption or Raman scattering spectroscopy can be used to further

characterize possible PT intermediates such as ion pairs. In general, time-resolved spectroscopy is needed

to obtain information on the dynamics, i.e., the actual kinetics of the ESPT.

Therefore, steady-state UV/Vis absorption and fluorescence emission spectroscopy have been applied

since the early days for a qualitative characterization of the ground-state and excited-state equilibria of

HPTS in water66, but also more recently to its solvatochromism104,107. The earliest transient absorption

spectroscopy of HPTS in aqueous solution was reported by Förster and Völker (1975)119 and Lundy-

Douglas and Schelly (1976)200, both using flash photolysis (tens of ns time resolution), followed by laser

photolysis experiments by Gutman, Huppert, and Pines (1981, 1983)201,202. In parallel, early time-

resolved fluorescence spectroscopy on the ps to ns timescale using initially streak cameras and later time-

correlated single photon counting (TCSPC)—both limited by a rather poor ps time resolution based on

today’s standards—was used to study the slower excited-state dynamics117,118,203, which allowed Agmon,

Pines, and Huppert in 1986 to establish their well-known two-step model for the ESPT of HPTS to water

(vide infra)120–126.

Only later in 1996, Tran-Thi and co-workers applied fs fluorescence up-conversion for the first time

to study the ultrafast dynamics of HPTS in water128 and combined it later (in 2000) with transient

UV/Vis absorption129. In the same year, ultrafast transient absorption measurements on HPTS were

also performed by Huppert et al., but for the bimolecular ESPT of HPTS to acetate54. Owing to a

much better time resolution compared to the previous TCSPC experiments, the results by Tran-Thi
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et al. revealed the additional involvement of two fast processes in the ESPT kinetics that precede

the proton-transfer step, which had been previously unknown and then started to challenge Huppert’s

two-step model for the ESPT (see Sec. 1.2.4)116,128–131. Particularly in the course of this debate but

also in other studies on HPTS, transient mIR absorption41,134–136,143–145,148–150,159,204 and fs stimulated

Raman scattering43,139,140,146,153,205–208 have been established as routines, and even the use of more

exotic techniques such as Stark spectroscopy108 has been reported. Most recently, time-resolved THz

spectroscopy has been applied to directly study the photo-induced solvent response of water in the vicinity

of HPTS42, while UV-pump–X-ray-probe spectroscopy has been used to monitor the electronic structure

changes of the proton donating group of the related photoacid 8-aminopyrene-1,3,6-trisulfonicacid (APTS)

upon photo-excitation and the subsequent proton transfer dynamics209.

Theoretical Studies on HPTS

In addition to this rich scope of experiments, HPTS has also become the subject of many theoretical

studies in the recent years. However, the relatively large size of the HPTS molecule in combination

with the fundamental requirement for an accurate description of the electronic excitations hindered the

theoretical investigations of photoacids in general and HPTS in particular for a long time. Moreover, for

HPTS, the triple and quadruple negative charges of the protonated and deprotonated species leads to

the additional requirement that a description of the solvent needs to be included in the calculations.

This is why the early theoretical, and more precisely, quantum-chemical studies (in the early 2000s) have

focused on smaller and simpler photoacids as model systems, such as phenol and cyanophenols (using

state-specific CASSCF calculations combined with PCM)116 or cyanonaphthols (using semi-empirical

AM1 calculations)110. The first computational study on HPTS itself has been reported not much later

by Hynes and co-workers (in 2002)131, but was still restricted to semi-empirical (CS-INDO) calculations

at that time because of high computational costs for a full wavefunction-based treatment using multi-

reference methods. Only about 15 years later, HPTS became the subject of a purely ab initio study

in (implicit) solution by Cimino et al. (in 2016)210, using TDDFT as a cheaper method for electronic

excitation energies. During that time, TDDFT—often in combination with some variant of the continuum

solvation model PCM—has also been applied to many other photoacids211–226 and particularly also to

the prediction of pK∗a values227–235 (vide infra).

Over the past five years and besides quantum chemistry, HPTS has also been investigated theoretically

using molecular dynamics simulations, mostly with quantum-mechanics/molecular-mechanics (QM/MM)

approaches for the sake of computational efficiency. One of the first examples is the combined experimen-

tal–theoretical study on the ESPT of HPTS to acetate by Heo et al., which revealed a coherent wave

packet motion of the reactant (acid) and the product (conjugate base) and identified the vibrational modes

that actively participate in this coherent proton transfer147. The excited-state vibrational dynamics of

HPTS have been extensively addressed by Rega and co-workers, e.g., in neat water236,237 and in acetate-

containing aqueous solution238,239. Similarly, the ESPT dynamics of HPTS in 1-methylimidazole240
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and in water241 have been recently investigated in an experimental–theoretical study by Fayer and co-

workers and Martínez and co-workers. Even the ESPT dynamics of a particularly strong—a so-called

super-photoacid (vide infra)—in water has been subject to a theoretical study by Raucci et al.242.

1.2.3. Super-Photoacids

Despite this wealth in photoacid research, HPTS (vide supra) and most other early photoacids, especially

naphthols56–58,243–245, are mainly restricted to perform an ESPT in aqueous solutions (vide supra) due

to limited acid strength, i.e., too large pK∗a values. To overcome this, i.e., to enhance the photoacidity

by lowering the pK∗a value, Tolbert and Haubrich (in 1990) had the idea to substitute 2-naphthol with

electron-withdrawing cyano (CN) groups at different ring positions246. The CN group was chosen as a

compromise between strength and stability since the commonly used sulfonate (SO−3 ) group is only a

weak electron acceptor, whereas the nitro (NO2) group is one of the strongest electron acceptors, but

nitro compounds are typically photo-labile and do not fluoresce247. Owing to the drastically enhanced

photoacidity for some of these cyanonaphthols, particularly with the CN at the 5 or 7 position (shifting

the pK∗a to −1.2 and −1.3, respectively), Tolbert and Haubrich also introduced the term Super-

Photoacids, from then on referring to photoacids with a negative pK∗a value.

Driven by the enhancement in photoacidity, the ESPT of such super-photoacids is strongly accelerated,

leading to an ultrafast deprotonation in water and rendering the ESPT possible in non-aqueous solution

(vide infra). For example, as one of the first super-photoacids, the above-mentioned compound 5-cyano-

2-naphthol (5CN2, Fig. 1.3a) has been thoroughly studied with respect to its ESPT in many different

solvents including water248, alcohols249, DMSO61, solvent mixtures250–252, and gas-phase solvent clus-

ters196 as well as to its solvatochromism in a variety of organic solvents106,249.

OH

R3

R1

R2

(a) Naphthols
R1 = R2 = H, R3 = CN: 5CN2
R2 = H, R1 = R3 = CN: DCN2
R1 = R3 = H, R2 = SO2CF3: 6F3

N Y

R

X

(b) Hydroxyquinolines
X = OH, Y = H, R = CH3: NM6HQ+

X = H, Y = OH, R = CH3: NM7HQ+

X = OH, Y = H, R = O−: 6HQNO

N OO

R

X OH

(c) 1,8-Naphthalimides
X = SO−3 , R = EG: EG-SHONI
X = OH, R = EG: EG-dHONI

X = OH, R = COOH: COOH-dHONI

Figure 1.3.: A selection of super-photoacids I. Naphthol, hydroxyquinoline, and 1,8-naphthalimide
derivatives. [Abbreviation: Ethylene glycol residue (EG = CH2CH2OCH2CH2OH).]

The Route Toward Strongest Super-Photoacids

The initial discovery of super-photoacids triggered a competition for designing increasingly strong (super-)

photoacids in order to both (i) further accelerate the ESPT and push the kinetics toward the solvent-
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controlled kinetic regime and (ii) move to less proton-accepting solvents (see Fig. 1.3–1.4). Hence, the

next generation of super-photoacids first included simply further functionalized 2-naphthols, making

use of the increased effect of multiple substituents, utilizing either two cyano groups253,254 or a newly

perfluoroalkylsulfonyl group255 (Fig. 1.3a). Among these, 5,8-dicyano-2-naphthol (DCN2, Fig. 1.3a;

pK∗a = −4.5253) has become most thoroughly studied, e.g., regarding the ESPT in water253 and various

alcohols256–258, under high pressures259–265, or even in ionic liquids266.

Hydroxyquinolines (Fig. 1.3b) pose another interesting compound class. These compounds possess dual

photoacid–photobase character though, which leads to more complicated kinetics involving tautomeriza-

tion reactions77,78. Therefore, Kim and Topp revived the original idea by Bardez et al.79 of blocking

the photobasic nitrogen site of hydroxyquinolines via methylation in order to switch off the photobase

character and make use of the largely enhanced photoacid character of the corresponding hydroxyquinolin-

ium cation80. Upon these, NM6HQ+ (pK∗a =∼ −7)267 has been studied experimentally in water and in

various alcohols by Popov et al.267,268, and the related (non-N -methylated) 6HQ as well as NM6HQ+ in

the same solvents and additionally in water-acetonitrile mixtures by Pérez Lustres et al.269–271. Moreover,

the ESPT of NM7HQ+ (pK∗a = −2.3272) in hydrogen-bonded complexes with methanol, ethanol, and

DMSO in the solvent acetonitrile has been studied by Park et al.272–275. Later, Solntsev et al. have

tested N -oxidation as an alternative to N -methylation, giving access to a new class of hydroxyquinoline-

N -oxide photoacids276. However, while, in comparison to the parent compound, the photoacidity was

successfully enhanced and also the tautomerization disabled, a lack of photo-stability was introduced due

to an unwanted, yet efficient non-reversible side-reaction, which made them unpractical.

NN

OH

(a) QCy7

CO2Et

NN OH

(b) QCy9

N

NN

OH

(c) HPPC

N

OH

R1

R2

(d) Cyanine Picolinium (CyP)
R1 = R2 = H: PCyP

R1 = H, R2 = COOCH3: BCyP
R1 = Cl, R2 = COOCH3: CBCyP

Figure 1.4.: A selection of super-photoacids II. Quinone cyanine dyes.
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Rather, the subsequent design of super-photoacids by Huppert and co-workers has followed the direction

of cyanine fluorochrome dyes (see Fig. 1.4), originally known from near-infrared (NIR) imaging due to

their pronounced NIR emission277,278. This importantly includes the quinone cyanines QCy7 (Fig. 1.4a,

pK∗a = −6.5)279 and QCy9 (Fig. 1.4b, pK∗a = −8.5)280. Both are able to readily perform an ESPT

in liquid279,280 or even solid281,282 H2O (or D2O) as well as in typical alcohols such as methanol and

ethanol59, and also in ethanol–trifluoroethanol solvent mixtures in the case of QCy9283. Due to its

immense (photo-)acidity, the ESPT rate of QCy9, which continues to be the strongest photoacid to

date, reaches a value of kPT ∼ 1013 s−1 (i.e., a lifetime of 100 fs) that is identical in water, methanol,

and ethanol, indicating ESPT kinetics beyond the solvent-controlled regime59. Even more recently,

Huppert and co-workers have continued to fine-tune the properties of these dyes and reported newly

synthesized 3-hydroxypyridine-dipicolinium cyanine (HPPC, Fig. 1.4c; pK∗a ∼ −6)284, phenol cyanine

picolinium (PCyP, Fig. 1.4d; pK∗a ∼ −1)285, chloro benzoate cyanine picolinium (CBCyP, Fig. 1.4d;

pK∗a ∼ −6)60,286, and phenol benzoate cyanine picolinium (BCyP, Fig. 1.4d; pK∗a ∼ −7)287 salt super-

photoacids. Apart from the common solvents for ESPT (i.e., water, methanol, ethanol), CBCyP is one

of the very few photoacids that has also been studied in acetonitrile–water mixtures288.

Kumpulainen’s Napthalimides

As highlighted above, the design of new super-photoacids mainly pursued the route of functionalizing

already known weaker photoacids or promising candidates (e.g., fluorescent dyes) with electron-withdraw-

ing groups in order to shift the pK∗a into the negative regime. This strategy also applies to the super-

photoacidic HPTS derivatives developed by Jung and co-workers48, to which a later section (Sec. 1.2.5)

has been dedicated. However, as the final example here, the super-photoacids based on 1,8-naphthalimide

introduced by Kumpulainen et al. are presented.

Substituted 1,8-naphthalimides (NI) had been known as fluorescent probes and sensors for a long

time289–291 and even the excited-state ion-pair formation of 3- and 4-hydroxy-N -methyl-1,8-naphthal-

imides in organic solvents had been studied via fluorescence292–294. However, due to the missing data for

aqueous solutions in combination with the promising properties of these compounds, Kumpulainen et al.

have developed three new NI-based super-photoacids (see Fig. 1.3c) with pK∗a values ranging from −1.2

to −1.9295. These compounds differ only in the number of OH groups and in the substituent at the N

atom of the NI framework. EG-SHONI (pK∗a = −1.9) contains an ethylene glycol (EG) moiety at the N,

one OH (HO) group in the first aromatic ring, and a sulfonate (S) group in the second ring. In contrast,

this sulfonate group is replaced by another OH group in EG-dHONI (pK∗a = −1.2), having two (dual) OH

groups in total. Lastly, COOH-dHONI (pK∗a = −1.4) is similar to EG-dHONI, but the ethylene glycol

is replaced by a carboxy (COOH) group. All three compounds exhibit deprotonation upon excitation in

alcohols and in DMSO295. EG-dHONI has been subject to more detailed kinetic studies in water, which

revealed that ESPT follows a two-step model involving a short-range proton transfer under formation of

a contact ion pair and its diffusive separation295. Moreover, the complex formation and the ESPT of
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other dHONI photoacids and different organic bases in acetonitrile and benzonitrile solution has been

studied, strongly indicating a three-step model for the ESPT in these environments involving hydrogen-

bonded complexes and a solvent-separated ion pair as additional intermediates296. Later, EG-SHONI

has been studied more detailed using a combination of fluorescence up-conversion, transient UV/Vis

absorption, and transient mIR absorption to decipher the ultrafast ESPT in DMSO, revealing not only a

reversibility of the initial PT step that yields the contact ion pair, but also a breakdown of the (two-step)

Eigen-Weller model—despite excellent agreement with the experimental data—due to solvent control via

solvent relaxation297,298.

1.2.4. Kinetics of the ESPT Process

Separating Different Timescales

ESPT reactions are the outcome of numerous consecutive elementary processes that in total cover a wide

range of timescales, from the sub-fs to the ns regime, comprising37:

• electronic redistribution upon excitation (sub-fs)

• hydrogen-bond rearrangement near the (photo)acidic functional group (fs)

• proton dissociation and proton solvation (ps)

• geminate recombination and excited-state decay (ns).

Simkovitch et al. proposed a classification of the photoacids into four regimes299:

(I) pK∗a & 0 (weak photoacids): relatively slow ESPT (kPT ∼ 1010 s−1), efficient only in water; limited

by covalent interactions within the proton-transferring complex; e.g., HPTS

(II) −4 ≤ pK∗a ≤ 0 (typical super-photoacids): faster ESPT in water, also more efficient in many protic

solvents; e.g., HPTS derivatives (HPTA, A–E (Fig. 1.6))

(III) −6 ≤ pK∗a ≤ −4 (strong super-photoacids): rapid ESPT under solvent control in water, efficient in

aprotic solvents; limited by solvent reorientation; e.g., NM6HQ+

(IV) pK∗a < −7 (strongest super-photoacids): ultrafast ESPT beyond solvent control in water, methanol,

and ethanol (kPT ≈ 1013 s−1); limited by donor–aceptor distance within complex; e.g., QCy7

When moving from regime I to IV, the photoacid strength and ESPT rate increase, i.e. the capability to

transfer protons to the solvent grows. In a nutshell, this classification reflects the competition between

the ESPT rate constant, which is determined by the pK∗a of a given photoacid and the solvent, and the

radiative decay rate. Only if the photoacid is sufficiently strong, the ESPT is fast enough to happen within

the typical fluorescence lifetime of a few ns. This distinction also highlights that the exact mechanism of

the ESPT depends on the photoacid strength (vide infra).
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Multi-Step Models for ESPT

The Förster cycle (cf. Fig 1.1) marks the simplest starting point for any description of the ESPT

process, involving only the protonated species (ROH∗) and the fully separated pair (FIP) consisting of

the deprotonated species (RO−∗) and the dissociated proton (attached to some proton acceptor) in the

excited state. However, since this one-step model was proposed based on a purely thermodynamic view

that does not necessarily correspond to any mechanism, it often constitutes a drastic oversimplification.

Instead, owing to the pioneering work of Eigen4,300,301 and Weller70–72, a multi-step model for acid

dissociation (in water) has been established that involves multiple proton-transfer intermediates in a step-

wise dissociation. With respect to photoacids, the Eigen-Weller model has become particularly popular

due to the work by Huppert and co-workers who have extensively applied it to the ESPT kinetics of

HPTS120–127,151 and other weak (anionic) photoacids (e.g., naphthol sulfonates)243,248–252 in aqueous

solution. Consisting of only two steps in the early description, this model has been extended over the

years to a total of four steps, i.e., involving five species, in its most general formulation (see Fig. 1.5).

ROH* + S

ROH + S

hν
ROH
emission

‒RO *+ HS
+

+RO   

‒+HS

–RO
emission

RO‒ +
HS

RO‒ HS
+

[               ]*

[               ]

HBIP
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ROH     S

ROH S

[             ]*   

[             ]

CPX
emissionhν

RO‒ +
HS

RO‒ HS
+

[               ]*

[               ]

SSIP
emission

Figure 1.5.: Four-Step Eigen-Weller Model. Five reactive species are considered: the free photoacid
(ROH), the reaction complex (CPX), the hydrogen-bonded ion pair (HBIP), the solvent-
separated ion pair (SSIP), and the free anion (RO−).

According to the early two-step model for HPTS in water, the ROH∗ species first transfers its proton

to a nearby water molecule under formation of a (hydrogen-bonded) contact ion pair (CIP or HBIP)

within 90 ps120,121. Only in a second step, this CIP is separated in a diffusive process, yielding the free

RO−∗. It is important to note here that diffusion plays a central role in the special case of HPTS. Due

to its quadruple negative charge, geminate recombination of RO−∗ and the dissociated proton is largely

enhanced by the Coulomb attraction, giving rise to non-exponential (de-)population kinetics for ROH∗

and RO−∗, manifesting in a characteristic long-time tail with a t−3/2 power-law asymptote126,127. Thus, a

mathematical treatment of the ESPT kinetics requires a (numerical) solution to the Debye-Smoluchowski

equation (DSE)122–125. However, for most strong neutral or even cationic photoacids, solving the DSE

is not necessary as diffusion has only a minor effect59,268,280.

Later, the rise of ultrafast time-resolved measurements revealed additional contributions to the ESPT

of HPTS in water on the timescale of ∼ 300 fs and ∼ 3 ps, preceding the actual proton-transfer step,

which challenged the existing two-step model128–131. While the first (fastest) contribution was originally

assigned by Tran-Thi et al. to solvation dynamics of an initial locally excited (LE) state and has been

widely accepted129, the interpretation of the second (intermediate) contribution became heavily debated.

Interpretations are multifold and range from a conversion of an initial LE state into another electronic

state (Tran-Thi)131, a reorganization of the surrounding water molecules to form a water wire (Bakker)145,
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a slow charge redistribution prior to the PT step (Spry/Fayer)108,138, the formation of a solvent-separated

ion pair (Huppert)132,133, the hydration of the proton during deprotonation (Fang)140, and vibrational

energy transfer into the first hydration shell (Hoberg)42. In particular, the assignment to a solvent-

separated ion pair (SSIP) as an additional intermediate between the CIP and the FIP by Huppert and

co-workers lead to an expansion of their two-step into a three-step Eigen-Weller model132,133 (compare

Fig. 1.5). Moreover, in light of the new knowledge on HPTS during 30 years of research and specifically

a discrepancy regarding recent results by Lawler and Fayer174 for HPTS in water, Simkovitch et al.

have recently presented a retrospective on their analysis52,53. By repeating the experiments using newer

equipment with better time resolution, they reaffirmed their previous reports regarding the t−3/2 power-

law behavior, but they adopt the interpretation by Spry and Fayer (vide supra) for the 3 ps contribution

as a slow charge rearrangement.

ESPT in Non-Aqueous Solution

Several characteristics of the ESPT change when moving from aqueous to non-aqueous solutions. For

example, in contrast to the most protic solvent water, excited ion pairs such as the HBIP and SSIP are

no longer short-lived in alcohols270,298,302 and even longer-lived in aprotic solvents270,295–298, owing to

lower proton conductivities (as argued by Kumpulainen et al.296). Moreover, diffusion-assisted geminate

recombination usually has a negligible effect in aprotic solvents and thus the DSE does not need to be

considered, as demonstrated by Agmon and co-workers who discussed a (general) kinetic transition in

reversible excited state reactions as a function of the excited-state lifetimes of the involved species61,303–306.

However, the reduced proton-acceptor ability in the case of protic or polar-aprotic solvents (e.g., DMSO)

raises in parallel the need for complex formation prior to the ESPT. Therefore, if the photoacid and the

proton acceptor are not in direct proximity prior to excitation, the (diffusive) formation of an encounter

complex will typically constitute the first step, which requires another expansion of the kinetic model into

a four-step Eigen-Weller model270,296 (Fig. 1.5). In the extreme, further restraining proton dissociation

by changing to even less polar solvents (e.g., acetonitrile) finally completely prevents the ESPT unless a

strong base is present for this complexation272,296. Similarly, also in aqueous solution this demand for

pre-coordination with a base is reflected in the formation of water wires during (or prior to) the ESPT

in water–co-solvent mixtures56–58.

1.2.5. Jung’s HPTS Derivatives

The fundamental importance of HPTS for the field of photoacids, but also its effective restriction to

aqueous solutions as a major drawback has been demonstrated in the previous sections. Moreover, even

before the concept of functionalization with electron-withdrawing groups for the design of new (super-)

photoacids was systematically applied, some HPTS derivatives were already known. The most common

examples include 8-hydroxy-N,N,N ’,N ’,N”,N”-hexamethylpyrene-1,3,6-trisulfonamide (HPTA)89,138,175,

in which all three sulfonate groups of HPTS are converted into sulfonamides of dimethylamine, and 8-
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aminopyrene-1,3,6-trisulfonicacid (APTS)28,94,138, in which the OH group of HPTS is replaced by an

ammonium (NH+
3 ) group (see Fig. 1.2g). Due to this positive charge in the (photo)acidic group, APTS is

frequently referred to in the literature as a cationic photoacid and HPTS as a neutral photoacid, despite

their net negative charges in solution94. In contrast, HPTA is a truly non-charged photoacid and exhibits

a higher excited-state acidity (pK∗a = −0.8)94 compared to the parent compound HPTS (pK∗a = 1.4)122.

This enhancement in the photoacidity of HPTA over HPTS along with the aim of improving the

properties of HPTS for biological applications motivated Jung and co-workers to design a new class of

non-charged HPTS derivatives (see Fig. 1.6). They introduced electron-withdrawing perfluoroalkyl ester

(A–B)—similar to the substituents used to enhance the photoacidity of 2-naphthol (vide supra)—and

amide (C–E) moieties to the sulfonate groups of HPTS48. Note that F is identical to HPTA. Overall,

the substitution does not significantly alter the pKa drop upon excitation (∼ 6 units), but allows to

downshift the pK∗a by up to 5 units by changing the ground-state pKa, yielding a set of photoacids with

pK∗a between −0.8 and −3.9. Owing to the larger effect of the fluorinated esters, compounds A and B

are stronger photoacids compared to C–F, while B is the strongest (pK∗a = −3.9) of this class. The

N atom of the amide group(s) in compound C is directly attached to a methoxy (OCH3) group, which

makes C slightly more acidic compared to photoacids D–F. However, compounds D and E, which turned

out to have similar strengths as the existing F (HPTA), were actually (successfully) designed to improve

the water solubility compared to F, whereas C shows a high permeability through biological membranes.

A: R = -OCH CF2 3

B: R = -OCH(CF )3 2

C: R = -N(CH )(OCH )3 3

D: R = -N((CH ) OCH )2 2 3 2

E: R = -N(CH )((CH ) OH)3 2 2

F: R = -N(CH )3 2OH

SO2R

RO2S

RO2S

Figure 1.6.: Molecular Structures of Jung’s Photoacids A–F with the Different Substituents
R. Reproduced with permission from Ref. 69. Copyright © 2022 American Chemical Society.

Previous work has demonstrated the high photo-stability and large fluorescence quantum yields of these

pyrene-based super-photoacids48, which have enabled their use as versatile probes for single-molecule

microscopy49–51 and time-resolved spectroscopy302,307,308. The solvatochromism in a broad range of 29

solvents309 and the ESPT kinetics (on the ps–ns timescale) in DMSO48 have been studied for the full

set of these new photoacids (A–E). In addition, for the strongest photoacid B of this class, namely

tris(1,1,1,3,3,3-hexafluoropropan-2-yl)-8-hydroxypyrene-1,3,6-trisulfonate, as well as for E, the ESPT has

been studied more thoroughly in water, methanol, and ethanol using ultrafast time-resolved fluorescence

spectroscopy (sub-ps timescale), demonstrating that geminate recombination is not crucial in these cases

and that multi-exponential fits describe the kinetics sufficiently well302. For photoacid B, ESPT rate

constants (kPT) of 3 × 1011 s−1 (water), 8 × 109 s−1 (methanol), and 5 × 109 s−1 (ethanol) have been

reported302. For comparison, in the aprotic solvent DMSO48, the ESPT rate constant further drops to

a value of 1.25× 109 s−1. Moreover, the recombination kinetics of photoacids A–C have been addressed
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using photon anti-bunching experiments, revealing the involvement of hydrogen-bonded ion pairs as

intermediates, at least in the ground state307,308. Aiming at even stronger photoacids that are capable

of performing an ESPT in even more exotic environments, Maus et al. recently synthesized an HPTA-

based photoacid in analogy to the HPTS derivative A, which is strong enough to protonate concentrated

sulfuric acid (H2SO4), hence being attributed the name magic photoacid310.

Whereas most standard photoacids cannot transfer their proton to DMSO, the super-photoacid B

shows indications to do so even in the aprotic, weakly basic solvent acetone48. In particular, acetone

appears to be a solvent that has not been the subject of any ESPT study to date. However, impurities

of water have been known to interfere with the ESPT in such aprotic environments, e.g., as known for

6-hydroxyquinolinium in acetonitrile–water mixtures270. Therefore, a systematic study on the ESPT

of photoacid B in acetone–water mixtures is first needed before moving to the ESPT in neat acetone

afterward. Furthermore, in order to complement our kinetic measurements, additional information on the

thermodynamics, i.e., the pK∗a value in acetone and insights into the electronic state of these photoacids

will be highly useful.

1.2.6. Prediction of Excited-State Acidity Constants

Accessing pK*
a via the Förster Cycle

The Förster cycle65–67 has been established as the most frequent route to pK∗a in both experimental and

theoretical investigations311. From an experimental perspective, UV/Vis absorption and fluorescence

emission spectroscopy are typically used to determine the band maximum positions for the first electronic

transition of the two species and then the average absorption–emission energy is used in Eq. (1.1), as

an approximation to the true 0–0 transition energy36,68. This implicitly assumes that the shape of

the potential energy surfaces in both electronic states are similar (i.e., the harmonic force constants

are alike), allowing the vibrational contributions to the vibronic 0–0 transition and the differences

between absorption and fluorescence emission to effectively cancel out in the average312. However, the

main problem arises from the use of the fluorescence energies in the first place since full equilibration

is not generally given in the excited state, depending on the lifetime, which can cause pK∗a to be

effectively treated as a non-equilibrium quantity. Moreover, the Förster cycle requires knowledge on

pKa, which is usually straightforward in aqueous solution, but becomes more difficult in non-aqueous

solution (vide supra). Alternatively, pK∗a can also be determined experimentally by use of fluorescence

titration313,314, which identifies pK∗a as the inflection point in the plot of the fluorescence intensity ratio

I(ROH)/(I(ROH) + I(RO−)) against pH, or by direct kinetic measurements of the excited-state proton

dissociation and recombination rate constants37; both with their own limitations. Fluorescence titration

is virtually limited to aqueous solutions due to the requirement of having a defined pH, which becomes

non-trivial in non-aqueous solutions where no unified pH has yet been established315–318. The direct

kinetic method is in principle most accurate, but such measurements are technically more demanding
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and also the (missing) reversibility of the ESPT process can become an issue again319. Therefore, the

Förster cycle continues to be the standard route for experimental pK∗a determination.

In contrast, theoretical approaches (vide infra) do not necessarily rely on the Förster cycle, but can

use any target thermodynamic cycle of interest instead, including direct approaches that avoid dealing

with the ground state equilibrium227,231,232. However, each thermodynamic cycle comes at a certain

prize and has its own advantages and disadvantages320–323. Such direct approaches basically shift the

requirement for the ground-state pKa to requiring knowledge on the total Gibbs free energy in solution

of the proton (Gsoln.(H+)) and its Gibbs free energy of solvation (∆Gsolv.(H+)). While the former can

be calculated based on the Sackur-Tetrode equation from statistical thermodynamics324, determining

the latter is cumbersome theoretically and is usually taken from experiments322. Moreover, ∆Gsolv.(H+)

is nowadays known in water with a high certainty, i.e., a value of (−264.6 ± 0.2) kcal mol−1 with an

agreement between most recent experimental and theoretical values320,325–327, but typically unknown in

other solvents including acetone. To keep a certain proximity with the experimental results for comparison

reasons, also theoretical work frequently uses the Förster cycle227–232. This highlights two aspects: First,

particular attention needs to be paid to the precise determination method of pK∗a when comparing

experimental and theoretical pK∗a , and second, pK∗a will often not be a pure equilibrium quantity (vide

supra).

Overview on Existing Theoretical Studies on pK*
a

To date, the set of computational studies in the literature on photoacids in general and theoretical

approaches to pK∗a in particular is still very sparse. Early calculations by Gao et al. used a quantum-

mechanics–molecular-mechanics (QM/MM) formalism—treating the solute at the Complete Active Space

Self Consistent Field (CASSCF) and multi-reference second-order perturbation theory (CASPT2) levels

and the solvent classically—to determine the ∆pKa of phenol in water328. Later, Granucci et al. also

applied CASSCF and CASPT2, but in combination with the Polarizable Continuum Model (PCM)329 for

implicit solvation to study the excited-state acidity of phenol and cyanophenols in the gas phase and in

water116. The use of such high-level multi-reference methods is generally restricted to smaller molecules

due to the size of the active space. This is the reason why larger systems such as pyrenols131, but

even naphthols110 could only be studied within semi-empirical frameworks for a long time. In addition,

also some molecular simulation studies on pK∗a , e.g., on pyrimidine in aqueous solution by Gao et al.

(using semi-empirical AM1 for the electronic structure)330 or the biologically relevant phytochromobilin

chromophore by Borg et al. (using TDDFT in combination with IEF-PCM for the electronic excitations;

tested against CIS, CIS(D), SAC-CI, and CASSCF)331,332 have been reported.

Although electronic excitation energies could be calculated using multi-reference methods (e.g, MRCI,

CASSCF, CASPT2) already decades earlier, it was not before the rise of time-dependent density functional

theory (TDDFT) that electronically excited states became accessible much cheaper and in a more easy-to-

use fashion in quantum chemistry (e.g., see Ref. 333 for an overview on DFT methods for excited states).
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TDDFT was particularly important for the application of calculating electronic excitation energies to

larger systems and/or to the optimization of excited-state geometries (since these are much more expensive

than a single-point energy calculation) as well as for the combination with solvent models (since this is

technically more demanding for multi-reference methods)334–336. Jacquemin et al. have described a

computational protocol for the theoretical prediction of pK∗a for coumarins that is purely based on

TDDFT in combination with PCM227. This approach has been further extended by Houari et al. to

the classes of naphthols and cyanonaphthols by critically comparing the results for the Förster cycle and

the direct (Born-Haber) cycle as well as for the linear response (LR) and state-specific (SS) variants of

PCM231. Later, Houari et al. have applied their improved protocol for pK∗a prediction based on TDDFT

and (SS-)PCM again to the coumarins, while also addressing the effect of explicit solvent (water) in

the first solvation shell of these photoacids214. Recently, Aquino and co-workers have used TDDFT in

combination with PCM or the Conductor-Like Screening Model (COSMO) to study the photoacidity of

two different hydroxyflavylium cations233,235.

In general, TDDFT has become extremely popular for the study of photoacids—as examples of typical

(organic) fluorescent dye molecules337,338—also apart from pK∗a , e.g., regarding the reaction mechanism of

the ESPT (kinetics)210–216,218,219,221, spectral characterization and insights into the origin of photoacidity

through the electronic structure217,220,222,339–341, or as the method of choice for treating the electronic

excitations in numerous QM/MM molecular dynamics (MD) studies (see Sec. 1.2.2)236–242. While the use

of TDDFT for electronic excitation energies is for sure not an issue on its own (TDDFT has established

as a rich field that continuously develops and validates new methods)342–344, standard DFT methods can

still not be said to be fully generally reliable345,346. Prominent examples of such failures for TDDFT

include charge-transfer or Rydberg excitations, and these have been addressed in the literature, e.g., by

using range-separated functionals such as CAM-B3-LYP347. However, TDDFT sometimes gives wrong

shapes for the potential energy surfaces of the excited states348 and suffers from relatively low accuracies

for vertical excitations (0.3 eV)349. In an extreme case, TDDFT can even predict a wrong order of

the electronic states under certain circumstances. For example, naphthols and arenes in general usually

possess two low-lying electronic states with π → π∗ and n → π∗ character, referred to as 1La and
1Lb (if fully symmetric), differing in the orientation and magnitude of the transition dipole moment

and thus depending differently on the solvent350,351. Recently, Acharya et al. have demonstrated

that TDDFT fails to predict the correct order of the 1La and 1Lb states of the photoacids 1- and 2-

naphthol by comparison with Equation-Of-Motion Coupled Cluster Singles and Doubles (EOM-CCSD)

and experimental results (all calculations using C-PCM)352. Similar observations had been previously

made by Grimme and Parac353, who assigned this imbalanced description of the two states with TDDFT

to an underestimation of the interaction of the ionic components in the corresponding 1La-state wave

functions with current standard functionals, and by Prlj et al.354, who extended the scope of this issue

to a set of fused heteroaromatics and demonstrated that the 1Lb state is highly sensitive to correlation

effects, while the 1La state suffers from the same drawbacks as charge transfer excitations.
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Highlights of the Theoretical Approach in this Work

Based on these limitations, the current work refrains from using TDDFT for the description of the

electronic excitations for the pyrene-based photoacids studied here (cf. Fig. 1.6). Instead, the wavefunction

theory (WFT) methods algebraic diagrammatic construction scheme through second order (ADC(2)) and

approximate coupled cluster singles and doubles method (CC2), which are known to be more accurate

(0.1–0.2 eV) and more robust349, are selected and combined with the implicit solvent model COSMO.

Although this approach is not the first one that uses WFT for pK∗a , e.g., CASSCF and CASPT2 have

already been used (vide supra), ADC(2) and CC2 are much applicable in a black-box fashion and with

respect to the computational costs compared to multi-reference methods. Up to now, the only study

that used ADC(2) in the calculations of the excitation energies for (photoacid) pK∗a is the recent work

by Wang et al. on the photoacidity of cationic hydroxypyranoanthocyanins234. However, in the actual

computation of pK∗a values, they restrict themselves to B3-LYP TDDFT instead of ADC(2) despite—or

due to—a close similarity between the results for these two methods. Related studies by the same groups

(i.e., Aquino, Quina, and co-workers) on similar pyranoanthocyanins223,224 or other hydroxyflavylium

cations225,226 also use ADC(2) in combination with COSMO for describing the electronically excited

states, but do not deal with pK∗a values. Therefore, to the best of my knowledge, there is still basically

no approach to pK∗a beyond TDDFT that actually uses accurate, but easy-to-apply WFT methods like

ADC(2) or CC2 yet.

In the theoretical part of this work, the pK∗a values of Jung’s pyrene-based super-photoacids will be

computed by following a Förster-cycle based approach. Therefore, the electronic excitation energies of

the protonated and deprotonated species as well as the ground-state pKa values are needed. While

absorption and emission energies from WFT using ADC(2) and CC2 in combination with COSMO will

be used for the former (vide supra), various established protocols exist for the latter34,35,355–357.

Whereas the PCM model is a popular choice for the quantum-chemical calculation of pKa in other

studies358, the Conductor-like Screening Model for Real Solvents (COSMO-RS) is chosen here due to

its close relation to the COSMO model. In short, COSMO-RS359–362 is an extension of COSMO362–364

to reintroduce specific solute–solvent interactions and it has been already successfully applied to pKa

calculations in water365,366, DMSO365, and acetonitrile367. The pKa in acetone was not implemented at

the beginning of this project and hence constitutes one key step in the theoretical project part. Details

on all used methods will be given in Chapter 2.
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1.3. Research Questions

As a combination of experiment and theory, this project dissects into an experimental project part on

ESPT kinetics (consisting of two sub-projects) and a theoretical project part on ESPT thermodynamics

(consisting of three sub-projects).

In the experimental part, the focus is set to the ESPT of photoacid B in acetone–water mixtures

(Chap. 3) and in neat acetone (Chap 4), studied using different techniques for steady-state and time-

resolved spectroscopy. Steady-state UV/Vis absorption is used to check for ground-state complex forma-

tion between the photoacid and water and fluorescence emission to probe for the involvement of ESPT

intermediates such as hydrogen-bonded ion pairs. Afterward, time-resolved spectroscopy allows to further

investigate the ESPT mechanism in acetone with water admixtures with respect to the kinetics, i.e., the

rate constants of the elementary reaction steps. Thereby, this part aims at making a contribution to the

understanding of ESPT of such strong photoacids (pK∗a ∼ −4 in water) in non-aqueous, weakly basic

solution.

The theoretical part then moves the focus to pK∗a values obtained based on the Förster cycle via

pKa using COSMO-RS (Chap. 5) and excitation energies (∆pKa) using ADC(2) or CC2 (Chap. 6–7) in

combination with different solvent models. By studying the full set of Jung’s photoacids (A–F) in DMSO

(Chap. 6) or acetone (Chap. 7), relative trends between the photoacids as well as differences between

the solvents can be compared. Moreover, also the need to go beyond implicit solvation and account for

explicit solvent effects is investigated by opposing results for the continuum solvent model COSMO and

a hybrid implicit–explicit treatment in the solvents acetone, DMSO, and water. This contributes to the

design of a protocol for pK∗a prediction that accounts for both bulk and local solvent effects.

1.3.1. Sub-Project I—ESPT in Acetone-Water Mixtures

Commercially available acetone—even of highly pure, spectroscopic grade—always contains residual water

to some extent. This poses a problem in the ESPT experiments since water can act as a competing

proton acceptor. Therefore, the effect of water as an impurity in acetone needed to be studied first,

before considering the ESPT in actual neat acetone. This comprises the following research questions:

1. What is the effect of water on the spectral properties of photoacid B in acetone?

2. How are the ESPT kinetics in acetone affected by the presence of water?

3. What is the mechanism for ESPT in acetone–water mixtures and which species are involved?

4. How does the ESPT rate (constant) depend on the water concentration?

5. Is there a way to control or counteract the effect of water in acetone?

These questions will be addressed in Chapter 3 based on a systematic study on a series of samples with

photoacid B and increasing water content using a combination of steady-state UV/Vis absorption and

fluorescence emission as well as time-resolved fluorescence spectroscopy on the ps timescale.
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1.3.2. Sub-Project II—ESPT in Neat Acetone

After having quantified the effect of water and discovered a way how to deal with possible residual

amounts of water (via acidification), the ESPT of photoacid B in neat acetone can be studied next.

Since the previous results point toward solvation dynamics on the ps timescale and an ESPT that is

basically described by one time constant, the experiments are continued by ultrafast spectroscopy. Here,

the focus is set to the following questions:

1. Which processes contribute to the underlying sub-ps dynamics?

2. Is there a function of pH, i.e., do these dynamics differ in neutral compared to acidic solution?

3. What are the relevant steps (and the associated timescales) for ESPT in acetone?

4. What are the contributions to the transient spectra?

In Chapter 4, time-correlated single-photon counting and fs transient absorption measurements are

combined to unravel these ultrafast dynamics.

1.3.3. Sub-Project III—pKa Prediction in Acetone

The theoretical part of this project is dedicated to the thermodynamics of the ESPT, as described by

pK∗a , i.e., the thermodynamic measure of acidity in the first electronically excited state. The Förster

cycle provides access to pK∗a via the ground-state pKa and the electronic excitation energies. As the first

step, a quantum-chemical route to pKa in acetone based on COSMO-RS is described and the required

linear free-energy relationship (LFER) parameters are determined. In this context, the following aspects

are considered:

1. Which experimental reference data on pKa in acetone is available?

2. How does COSMO-RS perform for pKa in acetone, i.e., how good is the correlation?

3. Is there a relevant difference in performance between the levels BP-TZVP and BP-TZVPD-FINE?

4. Can the data set be described by a common set of LFER parameters or does it split?

5. (How much) Do the parameters differ from their theoretical values?

6. How do the LFER parameters for acetone compare to those for other solvents, in particular the

related solvent acetonitrile?

These aspects are addressed in Chapter 5 using quantum-chemical DFT calculations in combination with

the COSMO model (with TURBOMOLE) and COSMO-RS calculations for the Gibbs free energy in

solution (with COSMOtherm).



1.3. Research Questions 21

1.3.4. Sub-Project IV—Theoretical Spectroscopy in DMSO

As a second input for pK∗a , the electronic excitation energies are needed. However, before predicting

pK∗a in acetone, the performance of the selected computational tools, i.e., the continuum solvation model

COSMO in combination with the correlated wavefunction-based methods ADC(2) and CC2 is investigated

first. This validation is performed for the full set of Jung’s photoacids (A–F) in the related solvent

DMSO, chosen due to (i) the availability of experimental spectroscopic data and (ii) a good compromise

in accuracy for COSMO as a polar aprotic solvent. The key research questions are:

1. How well does COSMO in combination with ADC(2) or CC2 perform for the theoretical spectroscopy

of these photoacids in DMSO?

2. Is implicit solvation as described by COSMO enough to achieve a sufficient accuracy?

3. Which trends are observed in the calculated absorption and emission energies, as well as in the

pKa, ∆pKa, and pK∗a values? How can these be rationalized?

4. Are these photoacids able to perform an efficient ESPT in DMSO?

5. What is the origin of photoacidity for these photoacids?

The computational study presented in Chapter 6 deals with these objectives.

1.3.5. Sub-Project V—Exceeding Implicit Solvation

Having laid down the theoretical basis, this approach is finally extended to the solvent acetone. By pre-

dicting the pK∗a values of these photoacids in acetone, both the general possibility of ESPT to solvent for

a given photoacid as well as the relative strengths can be judged. Moreover, solvent effects are studied

by comparing the spectra and ∆pKa values of photoacid B in different solvents (acetone, DMSO, and

water). In this context, the role of explicit solvation, i.e., the need to go beyond implicit solvation effects

by including explicit solvent molecules is also of interest. As an outlook, this sub-project also tries to

complement the experimental work in acetone-water mixtures (Sub-Project I) by explicitly comparing

acetone and water as interaction partners in acetone. The aim is to answer the following questions:

1. Do the selected methods that were tested in DMSO still work in acetone?

2. How well does COSMO perform in acetone? What is the accuracy with respect to the experimental

data?

3. How much does explicit solvation affect the results? How do acetone, DMSO, and water differ in

this regard?

4. How do water and acetone compare as complexation partners in acetone?

These questions are addressed in the quantum-chemical study presented in Chapter 7.
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1.4. Outline of this Dissertation

The remaining part of this thesis is structured as follows:

• Chapter 2 introduces the main experimental and computational methods that are used in this

work. This includes time-resolved fluorescence spectroscopy based on time-correlated single photon

counting or streak cameras and transient absorption spectroscopy for the experiments, as well as the

implicit solvent model COSMO, its extension COSMO-RS, and the electronic structure methods

MP2, ADC(2), and CC2 for the quantum-chemical calculations.

• Chapters 3–7 contain the results of the individual research areas defined in Section 1.3. Hereby,

Chapters 3–6 consist of published articles that are reprinted in their original format, whereas

Chapter 7 contains the latest unpublished results.

• Chapter 8 gives a summary of the results of this project and rates their relevance according to

the actual state of research. An outlook on possible future extensions of this work is also included.

• The Appendix includes experimental details (Chapter A), a compilation of the corresponding

Supporting Information to the articles (Chapter B), and a supplement to Chapter 7 (Chapter C).
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2. Methodology

In this chapter, the relevant background of the experimental techniques (Sec. 2.1) and computation

methods (Sec. 2.2) that have been used will be discussed. The purpose is to explain which methods have

been used and to provide rationales for their selection. In addition, the characteristics of these methods

will be presented in order to highlight their capabilities as well as their limitations.

2.1. Experimental Techniques

Steady-state (Sec. 2.1.1) as well as time-resolved fluorescence emission (Sec. 2.1.2) and UV/Vis absorption

techniques (Sec. 2.1.3) have been chosen as the main experimental techniques in this work. These

allow to characterize and to distinguish the different photoacid species, i.e., the protonated (ROH) and

deprotonated (RO−) photoacid, as changes in the electronic distribution upon deprotonation affect the

electronic spectra.

2.1.1. Steady-State Spectroscopy

The key quantity in absorption spectroscopy is the absorbance A, which is defined as

A = A(λ) = log
(
I0(λ)
I(λ)

)
= − log

(
I(λ)
I0(λ)

)
(2.1)

based on the fraction of the initial intensity of light I0(λ) at a given wavelength λ and the remaining

intensity I(λ) after passing through the sample. Usually, the absorbance follows the Beer-Lambert law

A = εcd (2.2)

and thus depends linearly on either the attenuation coefficient ε, the sample concentration c, and the

path length d. It is important to note that the molecular information enters in eq. (2.2) through the

molecule-specific and wavelength-dependent attenuation coefficient ε = ε(λ). On the other hand, the key

quantity in steady-state fluorescence emission spectroscopy is the fluorescence intensity ISS(λ), which can

be understood as a time average of the fluorescence intensity decay I(λ, t) (cf. Sec. 2.1.2)

ISS(λ) = 〈I(λ)〉 ∝
∫ ∞
t=0

I(λ, t)dt. (2.3)

In general, steady-state absorption spectroscopy allows to monitor the ground-state proton-transfer

equilibrium

ROH
 RO− + H+, (2.4)
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whereas, steady-state fluorescence can capture the corresponding excited-state reaction

ROH∗ 
 RO−∗ + H+. (2.5)

Although the excited-state proton transfer (eq. (2.5)) in principle also resembles a chemical equilibrium,

the finite fluorescence lifetime has an effect on the formation of the equilibrium in the excited state. In

the extreme, i.e., if the equilibration was slow and the fluorescence decay very fast, the excited-state

equilibrium would have no time to be reached.

With respect to the study of photoacids, fluorescence spectroscopy is particularly powerful as it provides

a direct access to probing the excited state, which is the relevant electronic state for ESPT. In particular,

this also applies to steady-state spectroscopy as the dynamics are still implicitly encoded in the time-

averaged picture. Steady-state absorption is rather used to characterize the ground-state equilibrium, i.e.,

provide information on the sample prior to excitation. Moreover, the fluorescence emission of photoacids

has been found to be particularly sensitive toward the deprotonation, which allows to identify proton-

transfer intermediates. However, an important drawback is that these ESPT intermediates usually show a

massive spectral overlap, which makes it hard to distinguish them in the (fluorescence) spectra. Generally,

an ordering of the spectra (e.g., the emission peak maxima) of the different species is observed132,271,296:

λ(ROH∗) < λ(CPX∗) < λ(HBIP∗) < λ(SSIP∗) < λ(FIP∗), (2.6)

i.e., the higher the degree of dissociation (the distance of RO−∗ and the H+), the stronger the red shift.

2.1.2. Time-Resolved Fluorescence Spectroscopy

As mentioned above, the steady-state fluorescence emission intensity provides only time-averaged informa-

tion, but none on the actual fluorescence dynamics. To obtain information on the time evolution,

i.e., the fluorescence intensity decay (I(t)), time-resolved fluorescence spectroscopy (TRF) is needed

instead. Different techniques with different characteristics, especially regarding the time resolution,

and for different purposes have been developed (vide infra). In the context of photoacids, temporally

resolving the fluorescence emission from ROH∗ (as the initial species) and RO−∗ (as the final species)

with additional contributions from potential intermediates allows to study the ESPT dynamics, i.e., the

mechanism and the kinetics.

The unperturbed fluorescence intensity decay (at a given wavelength λ) of a single molecular species

follows a mono-exponential decay

I(λ, t) = A(λ) exp(−kt) = A(λ) exp(−t/τ) (2.7)

with a (wavelength-dependent) amplitude A(λ) and the decay constant k = τ−1 or the associated

fluorescence lifetime τ . If an excited-state equilibrium is involved, i.e., if the emitting species is in
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a chemical equilibrium with another one, the fluorescence intensity decay becomes bi-exponential133.

Moreover, more than one species can be involved, which will also lead to deviations from a purely mono-

exponential decay at a (single) given wavelength. Therefore, multi-exponential fitting of the fluorescence

decay within the framework of Global Target Analysis (GTA)368,369 has become a standard procedure

to deduce information on the rate constants from the lifetimes.

Different Techniques for Time-Resolved Fluorescence Spectroscopy

Temporally resolving the fluorescence intensity can be achieved either electronically or optically. For both

types, the development of ultrafast pulsed lasers has been crucial since the defined, temporal control over

the initial excitation event is a prerequisite in time-resolved fluorescence. Electronic techniques use

advanced electronics to either count the photons, as done in Time-Correlated Single Photon Counting

(TCSPC)370, or translate the time information into a spatial information, as done by streak cameras371

(vide infra). These electronic techniques allow investigations on a time scale down to a few ps as the

lower limit and practically without an upper limit (statistics and the laser repetition rate may play a

role), but they are limited to somewhat poorer time resolutions.

In contrast, optical techniques use an optical delay that is introduced by changing the relative path

length between the excitation pulse and the emitted fluorescence in combination with a non-linear optical

phenomenon to basically cut out a temporal portion of the fluorescence intensity by gating it via another

laser pulse. The most important examples of such optically time-resolved techniques are fluorescence up-

conversion372, where the sum-frequency generation (SFG) signal of the fluorescence and an ultrafast

UV/Vis laser pulse is generated in a non-linear crystal, and Kerr gating373, where a near-IR gate

pulse is used to control a Kerr medium (i.e., a medium in which the refractive index depends on the

intensity) to gate a temporal part of the fluorescence intensity. The main difference between these two

is that fluorescence up-conversion is basically limited to a single-wavelength detection (due to the phase-

matching requirement for the SFG), whereas the full spectrum can be monitored at once via Kerr gating.

Broadband fluorescence up-conversion is also possible, but requires the different wavelengths to hit from

different directions, and thus angles, onto the crystal to be all phase-matched374. Compared to their

electronic counterparts, these optical techniques typically have a much better time resolution that is

mostly determined by the duration of the laser pulse, but they are limited to a time frame of a few ns at

maximum (practical limitation in the optical delay generation). As a summary, a comparison of TCSPC,

streak cameras, and fluorescence up-conversion is given in Tab. 2.1.

In this work, TCSPC and a streak camera were used for time-resolved fluorescence measurements since

they both allow to investigate the ps–ns timescale, which has been found in previous work to be most

relevant for the ESPT of photoacid B48,302. TCSPC gives the best signal/noise (S/N) ratios, but at

the same time suffers from long detection times due to the low (exponentially decaying) probability of

counting photons at late times and the additional restriction to single-wavelength detection. In this

regard, the streak camera is a powerful device as it allows for very fast direct measurements on the full



26 2. Methodology

(linear) timescale, but with worse S/N ratios and a hence a smaller dynamic intensity range. Because of

this selection, further details on the working principles of these two techniques are given in the following.

For further reference, experimental details on the TRF spectroscopy as used here are given in Sec. A.1,

including a sketch of the setup (Fig. A.1 in Sec. A.1.1) and a description of the post-processing procedure

of the data (Sec. A.1.2).

Table 2.1.: A comparison of different techniques for ultrafast time-resolved fluorescence
spectroscopy.

TCSPC Up-Conversion Streaking

Working Principle Repetitive counting of the
sole photon of fluorescence
emission signals under
attenuated excitation

Generating a signal
proportional to the emission
by passing through a gated
up-conversion crystal (sum

frequency generation)

Dispersion of photo
electrons, produced by the
impact of emitted light on
a photo cathode, across an

imaging screen

Temporal separation Measuring time between
excitation pulse and
detected photon

Variation of the optical delay
time

Translation into a spatial
component

Intensity information Photon counts vs. time
yield a histogram

resembling the evolution

Intensities of the up-converted
signals for differing delay

times

Pixels of the image on
CCD

Time resolution Dependent on detector and
electronics (sub-ns)

Determined by width of
cross-correlation between

excitation and gate laser pulse
(sub-ps- to fs-range)

Several ps

Wavelength detection One wavelength One wavelength Full spectrum at once

Time demand Small Large Negligible

Advantages High sensitivity; low degree
of systematic errors; long

time decays

Best time resolution Fast; simultaneous
measurements of
frequency- and

time-resolved decays; long
time decays observable

Drawbacks Slow: small counting rate
caused by electronics; time
demanding; no fast kinetics

Rather complex
instrumentation; restricted to
delay times smaller than a few

ns

Poor time resolution
compared to upconversion;

similar to TCSPC

Recent developments Continuously replaced by
pulsed-laser diodes and

LEDs

Broadband up-conversion by
Ernsting et al. 374

Photon-counting streak
camera; reaching sub-ps

time resolution

TCSPC

Historically, the first and most important method for sub-ns time-resolved fluorescence spectroscopy

was TCSPC375 and it still continues to be the most widely used to date. The development of cheap

semiconductor lasers and fast photo-multipliers initiated an increasing replacement of expensive TCSPC

systems for many applications though. According to its name, only one single photon of an optical pulse

of interest is detected which is realized by sophisticated electronics (see Fig. 2.1).

Starting with an excitation pulse, the arrival time of this pulse is accurately measured using a constant

function discriminator (CFD) and converted into an electric signal. After this, a time-to-amplitude
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Figure 2.1.: Principles of TCSPC. The time delay ∆t between an excitation pulse and signal is
measured by using constant function discriminators (CFDs). Both a start and stop signal
are sent to the time-to-amplitude converter (TAC) when the CFDs detect the first photons,
respectively. The voltage (proportional to ∆t) produced by the TAC is amplified by a
programmable gain amplifier (PGA). If the signal exceeds a certain threshold it is digitized
by an analog-to-digital converter (ADC), otherwise, the signal is suppressed by a window
discriminator (WD). Repeating the measurements numerous times yields a histogram of
photon counts. Figure adapted from Ref. 376.

converter (TAC) generates a linearly increasing voltage ramp triggered by this signal. A second CFD

detects, in the meantime, the arrival of an emitted light pulse and sends a termination signal to the

TAC. Consequently, the TAC has produced a voltage which is proportional to the time delay. After

amplification by use of a programmable gain amplifier (PGA), the signal is converted into a number by

an analog-to-digital converter (ADC). Furthermore, if the TAC voltage does not fall within a given range

it is suppressed by a window discriminator (WD) in order to exclude false readings. This is why a TCSPC

setup is both highly sensitive for fluorescence emission and robust towards noise.

Under TCSPC conditions, less than one photon per pulse is detected; typically 100 excitation pulses

are needed to detect one photon. This limited counting rate is chosen based on statistical reasons (if

two photons were emitted, always only the earlier one would be detected, falsifying the histogram) and

to avoid photon losses due to the dead time of the TCSPC device. Using a pulsed laser with a defined

repetition rate as the source of excitation light, the above-described process takes place numerous times

such that a plot of photon counts against the measured time delays yields a histogram. If the counting

rule (< 1 photon/pulse) is fulfilled, this histogram corresponds to the waveform of the emitted light and

thus contains the temporal evolution at the selected wavelength.

In conclusion, TCSPC is excellent when fluorophores revealing large intensity ratios are measured, but

exhibits high time demands for performing spectral scans and a restriction to processes on the nanosecond

timescale.

Streak Cameras

A common limitation of TCSPC or fluorescence up-conversion is the high time demand due to the

restriction of measuring one wavelength at a time. One technique that is very fast and can provide multi-

wavelength data acquisition are streak cameras371. Despite its name, a streak camera does not record an
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image, but converts the time information of an optical signal into a spatial displacement, hence also the

term streak scope is used. A streak camera generally gives intensity vs. time vs. position information,

which allows for various applications, not only spectroscopy (where position represents wavelength). For

spectroscopic usage, a spectroscope is set in front of the streak camera to spatially separate sequential

optical signals in the horizontal direction. After passing through the streak camera, the time delay of

each pulse will be translated into an additional vertical position; eventually resulting in a two-dimensional

arrangement. The principle of streaking is be described in more details in the following by referring to

Fig. 2.2a.
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Figure 2.2.: Concepts of Streaking. Illustrating the streaking of an optical signal consisting of four
sequential short pulses (a). The timing of the sweep voltage controlled by a trigger signal (b)
and two important sweeping modes (c). Figure reprinted with permission and in modified
version from Ref. 377 (originally adapted from Ref. 378).

The light of interest, e.g. fluorescence emission of a sample, first enters the streak camera through a slit.

In case that a spectroscope was applied prior, this light is already horizontally ordered by wavelength.

The light is afterward focused onto the photocathode where photon impact leads to a release of electrons

into the streak tube, the main part of the streak camera, caused by the inner photoelectric effect. Inside

the streak tube, the electrons are accelerated towards the tube’s end and vertically dispersed by use

of two plane-parallel sweep electrodes. A linearly increasing sweep voltage, triggered by an external

signal, is applied, building up an electric field which orders the electrons from top to bottom, as shown

in Fig. 2.2b. By that, the temporal delay is translated into the vertical position (with the electrons still

arriving at slightly different times). Depending on the operation mode, the streak camera can either

sweep once (single-sweep mode) or repeatedly using a high-frequency sine-wave voltage (synchroscan

mode), see Fig 2.2c.



2.1. Experimental Techniques 29

Single pulses are usually very weak and the process of streaking further reduces the signal intensity

with respect to the non-streaked signal such that amplification is needed. For this purpose, the primary

electrons pass a micro-channel plate (MCT) which consists of multiple µm-sized channels, allowing for

the simultaneous amplification of individual channels on the basis of secondary electrons (similar to a

photomultiplier). Finally, the intensified free electron beams strike on the phosphor screen where the

actual image is produced. Importantly, the streak image provides full information on the initial optical

signal. The vertical position reflects the time ordering of the pulses, whereas the horizontal position is

retained, and intensities are represented by the brightness on the screen. All this information can be

read out and stored electronically using a high-sensitivity camera, e.g. a Charge-Coupled Device (CCD)

sensor. Setups using streak cameras are to some extent superior to TCSPC systems because of better

time resolutions (∼ ps), a faster operation, and the possibility to directly observe the complete emission

spectrum.

Interesting in the context of photoacidity, the first TRF spectroscopy of photoacids on the ps timescale

has—to the best of my knowledge—been performed in fact with a streak camera (and, e.g., not with

TCSPC) by Smith, Kaufman, Huppert, and Gutmann in 1979 on 2-naphthol-3,6-disulfonate and HPTS

in water (with a time resolution of a few tens of ps)203. Later, in 1981, streak cameras have again been

used by Huppert and Kolodney to study HPTS and 2-naphthol-6-sulfonate in alcohol–water mixtures117,

and by Shizuka et al. for 1-aminopyrene in acetonitrile–water mixtures (∼ 30 ps time resolution)92;

actually with the same model (Hamamatsu C979). This is a tremendous improvement compared to

the time-resolved spectrophotometers with ns time resolution (e.g., pulse duration of ∼ 10 ns) that

were commonly used for TRF on the ns timescale at that time, e.g., compare with previous studies

by Tsutsumi et al.75,91. Despite this initially strong presence around 1980, streak cameras appear to

have been much less common for ps TRF spectroscopy, in contrast to the much more popular TCSPC,

which has been probably related to the expensive costs of streak cameras in—unfortunate—combination

with worse time resolution and lower S/N ratios compared to TCSPC. Streak cameras have continuously

improved over the years though and recently started to enter the regimes of time resolutions less than 1 ps

and single-photon detection, paralleled by an improved S/N, which makes them very powerful devices for

full-spectrum TRF spectroscopy. Moreover, streak cameras have also become routinely used for transient

absorption spectroscopy (vide infra)379–381.

2.1.3. Transient UV/Vis Absorption Spectroscopy

As a complement to time-resolved fluorescence spectroscopy, also its ultrafast analogue in UV/Vis

absorption, typically referred to as femtosecond transient absorption (fsTA) spectroscopy382 is used

in this work. Visible fsTA spectroscopy allows to monitor the dynamics and transient changes in the

UV/Vis absorption spectrum, capturing spectral changes in both the electronic ground state and the

electronically excited states. This ability to follow the transient absorption spectra makes TA a powerful
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tool since many molecules do not fluoresce and hence cannot be studied using TRF spectroscopy to obtain

information on the excited-state dynamics.

Ultrafast transient UV/Vis absorption spectroscopy is usually achieved in a pump–probe experiment383.

First, the sample is initially excited by a (tunable) pump pulse, here from the UV/Vis range opting for

electronic excitation. Then, the changes in absorption can be measured by using a second, delayed probe

pulse, which consists here of a white-light continuum for probing the UV/Vis absorption. Similar to

optical TRF, the delay between these two pulses is generated optically and usually controlled via a delay

stage. The full time scale of interest is scanned by varying the delay τ between the pump and probe

pulses, yielding the absorption difference

∆A(τ, λ) = A(τ, λ)−A(τ < 0, λ) = − log
(

I(τ, λ)
I(τ < 0, λ)

)
(2.8)

where the right-hand side is obtained by applying the definition of the absorbance (cf. eq. (2.1)). This

equation demonstrates that the absorption difference at a delay τ (and at a wavelength λ) is determined

by the intensity of the probe pulse at time τ and the intensity prior to excitation, i.e., τ < 0. Conveniently,

∆A(τ, λ) is measured in practice as the intensity ratio of the probe pulse of the pumped (excited) and

un-pumped (non-excited) sample since I(τ < 0, λ) corresponds to the intensity of the un-pumped sample.

As a pump–probe technique, (vis) fsTA is to some extent conceptually different from TRF spectroscopy

since the focus on the (first) electronically excited state as the stage for monitoring chemical changes in

fluorescence follows directly from the nature of fluorescence as being the radiative decay of the usually

first excited singlet state, according to Kasha’s rule384 (exceptions are known385 though). In contrast,

the electronic excitation of molecules remains the initial step in TA spectroscopy as applied here, but

because the focus is intentionally set to the photochemical reaction dynamics. In fact, also other forms of

transient absorption spectroscopy exist. The initial excitation does not have to be electronically, i.e., the

pump pulse does not need to be from the UV/Vis range, but could, for example, also excite a molecular

vibration (using an mIR pulse)386 or core electrons (using an X-ray pulse)387. Similarly, the probe pulse

is not restricted to being a white-light continuum for probing the UV/Vis absorption, e.g., (broad-band

or narrow-band) mIR pulses are used in transient mid-infrared spectroscopy to follow the changes in the

vibrational spectrum134,136. The experimental setup used for UV/Vis TA spectroscopy in this work is

shown in Fig. A.3 (Sec. A.2.1) for further reference.

Another important difference to TRF spectroscopy is that, with ∆A(τ, λ) in eq. (2.8) as the central

quantity in TA spectroscopy, the signals in a TA map can have different signs, i.e., both positive and

negative. In contrast, the fluorescence intensity—time-resolved or steady-state—is always positive. The

different signal contributions in TA are illustrated in Fig. 2.3 and summarized below:

• Ground-state Bleach (GSB): Negative signal arising from the missing ground-state molecules

that have been initially excited by the pump pulse; typically recovers to zero if the molecule does

not decompose or as long as the conversion into another species is reversible
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• Stimulated Emission (SE): Negative signal arising from the emitted light in a stimulated emission

process, i.e., the radiative relaxation of excited molecules due to the interaction with the probe pulse

• Excited-state Absorption (ESA): Positive signal arising from the additional absorption of

excited molecules of the sample or other excited intermediates

• Product Absorption (PA): Positive signal arising from the additional absorption of the products

that have been generated in photo reactions of the excited sample

ESA

PAGSB SE

Excitation by
the Pump

Reactant Product

Figure 2.3.: Signal contributions in TA spectroscopy. After excitation by the pump pulse (left,
green), four contributions are possible during interaction with the probe pulse (right):
Ground-state bleach (GSB), stimulated emission (SE), excited-state absorption (ESA), and
product absorption (PA). Note that each circle represents a molecule and not individual
electrons. Figure reprinted with permission from Ref. 377.

Similarly to TRF, TA maps are also routinely analyzed within the framework of global lifetime

analysis, i.e., using a multi-exponential model corresponding to a superposition of different (exponential)

contributions for the various species. However, due to the different signs of the individual contributions

(vide supra) and the additional contribution from dynamic solvatochromic shifts on the ultrafast (fs–ps)

timescale, such analyses often becomes more complicated.
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2.2. Computational Methods

This section will introduce the COSMO model (Sec. 2.2.1) as an efficient way to account for implicit

solvent effects, in particular on the electronic excitation energies. Then, COSMO-RS—an extension of

COSMO—will be presented (Sec. 2.2.2) that provides quantum-chemical access to thermodynamics in

solution, which allows for the calculation of pKa values at a good compromise between accuracy and

computational costs. Moreover, the combined use of COSMO and COSMO-RS allows for a consistent

solvation treatment in this work. Finally, the underlying wavefunction-based methods MP2, ADC(2),

and CC2 that have been used for geometry optimizations of ground-state and excited-state structures as

well as for the computation of electronic excitation energies will be discussed (Sec. 2.2.3).

2.2.1. Continuum Solvation Using COSMO

Motivation—Scope of Solvent Models

Over the years, different solvation models have been developed to account for solvent effects, which

are crucial for an accurate description of properties of molecules in solution. Regarding the scope of

solvation, the two extremes on a scale of complexity are simple continuum models with a spherical

cavity (e.g., the Onsager model388,389) on the lower end and molecular dynamics with a fully quantum-

molecular description of the solvent (ab initio molecular dynamics, AIMD)390,391 on the higher end,

with various intermediate models in between (e.g., EC-RISM392,393, frozen-density embedding394,395, or

polarizable embedding396). Implicit solvent models aim to describe bulk solvent effects without treating

the solvent as explicit molecules, whereas explicit solvent models use a molecularly or atomically resolved

structure of the solvent. A full, explicit solvation treatment—in principle—provides the most physically

correct and thus most accurate description, but comes at considerable computational costs due to the high

complexity. This involves the sampling over a statistically representative number of solvent configurations,

but becomes even more severe in the case of electronic excitation energies (see Sec. 2.2.3). In contrast,

Dielectric Continuum Solvent Models (DCSMs)397, which are a special type of Continuum Solvent Models

(CSMs)398,399, have become highly popular and widely used owing to their computational efficiency and

robustness. While ab initio molecular dynamics simulations for condensed phases are, because of the

computational costs, limited to density functional theory or semi-empirical models, DCSMs can be readily

combined with quantum-chemical methods, giving access to electronic excitation energies in solution400

(see Sec. 2.2.3). The Polarizable Continuum Model (PCM)401 is the most prominent CSM and many

different formulations have been developed329, including the Conductor-like Polarizable ContinuumModel

(C-PCM) as its DCSM variant402,403. Other examples of DCSMs include the Conductor-like Screening

Model (COSMO)362–364 or the SMx (x = 1-8404, 12405, D406) family of solvation models. The early Born

model for ions (restricted to charges)407, the Onsager model (restricted to electric dipoles)388,389, and the

Kirkwood–Onsager model (using a multi-pole extension)408, which all use spherical cavities (i.e., only the

radius as a parameter), are also classified as DCSMs. A major drawback of DCSMs is their limitation to
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purely electrostatic interactions, thereby lacking the ability to describe specific solute–solvent interactions.

To overcome this, explicit solvent is sometimes added to the implicitly solvated structures, giving rise to

so-called hybrid implicit–explicit (or cluster continuum) approaches409.

Details on COSMO—An example of a DCSM

Common to all CSMs is that they treat the solute as being located within a cavity that is surrounded by

the solvent, which is characterized by certain physical properties398. In the special case of DCSMs397,

the solvent is treated as a structure-less dielectric, i.e., it is described by a single physical quantity, the

dielectric constant ε. Such DCSMs then only consider purely electrostatic solute–solvent interactions via

mutual polarization of the solute and the embedding dielectric continuum. The subsequent description

of DCSMs and COSMO mainly follows the review on COSMO and COSMO-RS by Klamt362 and the

original publications on COSMO363,364.
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Figure 2.4.: Two-dimensional schematic cavity construction for a diatomic molecule AB. The
solvent cavity is defined based on (outer) spheres with radii rA and rB for each atom that
depend on atom-specific radii, e.g., the van-der-Waals radii (rvdW

A , rvdW
B ) for the inner spheres

as well as a global distance parameter rsolv to the outer solvent sphere. Note that such a
radii-based cavity construction additionally requires smoothing at the intersections to avoid
discontinuities, e.g., in derivatives. Figure adapted from Ref. 363.

Molecular-shaped cavities are known to give better results (e.g., compared to spherical cavities) and

are hence frequently used for modern DCSMs410. Typically, the cavity is defined based on a set of atomic

radii (see Fig. 2.4), although other construction schemes are possible (vide infra). In practice, the use

of such molecule-specific cavities requires a discretization, which is achieved by subdividing the cavity

into a set of m surface segments with positions ~ri and areas si. Then, the dielectric polarization of the

continuum can be represented by apparent surface charges, collected in a vector ~q = (q1, . . . , qm), that

are located on these m surface segments. In order to obtain these apparent surface charges, also referred

to as screening charges, a set of linear equations needs to be solved:

A~q + B ~Q = 0 (2.9)
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where ~Q contains the charge distribution of the solute, e.g., the nuclear charges and the electron density

of the solute, and A and B are linear operators that implement a certain boundary condition. In the

case of a dielectric continuum, these are given by:

AD = E⊥ − 4πε
ε− 1S

−1 and BD = Ẽ⊥ (2.10)

where E⊥ is an m×m matrix that generates the normal component of the electric field on each surface

segment caused by ~q; S is the diagonal matrix of the surface segment areas; and Ẽ⊥ is an operator that

generates the normal component of the solute electric field on the surface segments based on the solute

electron density and the nuclear charges.

Once eq. (2.9) has been solved for ~q, the dielectric stabilization energy Ediel, i.e., the energy gain due

to the polarization of the continuum can be calculated as:

Ediel = 1
2
~Φ~q, (2.11)

where ~Φ = (Φ1, . . . ,Φm) is the electrostatic potential generated by the solute’s charge distribution at the

positions of the charges ~q on the cavity. Important for the combination with quantum-chemical methods,

the screening charges ~q enter in a subsequent iteration step of a self-consistent reaction field (SCRF)411

procedure as external charges. Thereby, the solute and the embedding (solvent) continuum mutually

polarize each other and an equilibration of the screening charges (~q) and the solute’s charge distribution
~Q is realized by iteration until self-consistency.

The more complicated boundary condition for dielectric media typically prevents eq. (2.9) from directly

being used in practice to solve for the screening charges, although this is possible and done, e.g., in

the original formulation of PCM that is nowadays referred to as Dielectric PCM (D-PCM)412. For

comparison, the boundary condition for the vanishing total potential of a conductor is more simple

A~q ∗ + ~Φ = 0 (2.12)

with the screening charges ~q ∗ in a real conductor (i.e., a dielectric with ε → ∞). Put another way, the

matrices in the conductor case become:

AC = V and BC = Ṽ (2.13)

where V is a matrix that generates the electrostatic potential of each surface segment caused by ~q (i.e., a

Coulomb matrix with non-zero diagonal elements), and Ṽ is an operator that generates the electrostatic

potential caused by the charge distribution of the solute on the cavity surface.
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Motivated by this, COSMO introduces a conductor-like approximation for the solvent by using a scaled

conductor boundary condition instead of the exact dielectric boundary condition363. Accordingly, within

the COSMO approximation, the screening charges become

~q = f(ε)~q ∗ (2.14)

with the scaling factor

f(ε) = ε− 1
ε+ x

(2.15)

where x is argued to be optimally set to 0.5 to obtain a reasonable estimate for the finite dielectric363,403.

Based on eq. (2.14), eq. (2.12) simplifies within the COSMO approximation to

A~q = −f(ε)~Φ, (2.16)

which directly relates the screening charges to the solute potential (and thus to the charge density of the

solute), and which can be (formally) solved by direct inversion.

According to eq. (2.15), f(ε) → 1 for ε → ∞, which means that the error of this conductor-like

approximation decreases with increasing polarity of the solvent. This should not imply that COSMO can

only be used for highly polar solvents because accurate results (with x = 0.5) can be obtained even down

to ε = 2403,413. However, it should be recognized that DCSMs in general can have issues at both the

low and high ε limits since the solute–solvent interaction for highly polar solvents (large ε) often involves

hydrogen bonding, whereas that for very apolar solvents (small ε) often involves dispersion interactions,

both of which are missing in DCSMs360.

Note that COSMO and C-PCM are very closely related, basically only differing in this scaling factor,

although they were developed independently. The use of a scaled conductor boundary condition turned

out to significantly reduce the error from outlying-charge contributions414, which motivated to also

implement it in PCM, giving rise to C-PCM402,403. Later, the integral-equation-formalism version of

PCM (IEF-PCM)415 introduced a modified dielectric boundary condition that combines the dielectric

exactness of D-PCM with the robustness regarding outlying charges of COSMO.

The cavity construction is a crucial factor for DCSMs in general to obtain robust and accurate results.

Several construction schemes exist and, although the construction is rather empirical, two main concepts

have been established362. The first and most widely used concept (and also the one used in this work)

is the construction based on atom-centered spheres with specific radii. The second concept defines the

cavity as an iso-electron-density surface of the solute, which is more complicated as the electron density of

the solute depends on the polarization charges and thus the cavity, requiring a self-consist determination.

The radii-based cavity construction can be further sub-divided into that using element-specific radii—as

the COSMO implementation in TURBOMOLE416,417 and COSMOtherm 418—and those using atom-type

specific radii. Apart from the choice of radii, the smoothing between the intersecting spheres is another

relevant factor for the performance.
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Overall, compared to other DCSMs, COSMO has become a popular DCSM due to its algorithmic

simplicity, numerical stability, and strong insensitivity with respect to outlying-charge errors. While

combining COSMO with SCF methods like Hartree-Fock (HF) or density functional theory (DFT) is

rather straightforward as it directly enters the SCF procedure (vide supra), the combination with post-

SCF methods and particularly for the calculation of electronic excitation energies is more involved and

requires more detailed considerations of different coupling schemes (cf. Sec. 2.2.3).

2.2.2. Accessing Thermodynamics via COSMO-RS

Motivation and General Remarks

The wide applications of DCSMs, particularly including COSMO, quickly revealed the clear limitations of

the dielectric continuum solvation approach. For example, a main problem is the missing information on

the molecular structure of the solvent, which prevents COSMO to distinguish between different solvents

with similar dielectric constants. This has an important impact on the accuracy of Gibbs free energies

of solvation419,420. With COSMO-RS, i.e., COSMO for Realistic Solvation, some substantial progress

has been made in overcoming these inherent deficiencies of continuum solvation models362. COSMO-RS

is an extension of COSMO that combines it with a statistical-thermodynamics treatment of interacting

surfaces (vide infra) to improve the accuracy by reintroducing missing contributions from local, directional

interactions (e.g., hydrogen bonds)359–361. By treating both the solute and the solvent on an equal

footage, it provides a quantum-chemical access to the full thermodynamics in the fluid phase by predicting

the chemical potential of any given species, at variable temperatures, and also in mixtures.

Owing to definition of the chemical potential µi of a compound Xi in a system as

µi :=
( ∂G
∂ni

)
T,p,nj 6=i

, (2.17)

i.e., as the partial derivative of the Gibbs free energy G with respect to the chemical amount ni at

constant temperature T , pressure p, and chemical amounts of the other compounds nj 6=i, the chemical

potential provides access to the total Gibbs free energy (in solution) and, in particular, Gibbs free

energies of reactions. The scope of applications includes the prediction of activity coefficients, partition

coefficients, vapor pressures, solubilities, solvation free energies, and many more421–429. Moreover,

COSMO-RS has already been successfully applied to the prediction of pKa values in water365,366,

DMSO365, acetonitrile367, and heptane418. In this work, it will be used to calculate pKa values in

acetone (vide infra).

Thereby, COSMO-RS is an approach to the fluid-phase thermodynamics that is almost second to

none. To date, other quantum-chemical approaches to compute highly accurate solvation free energies—

as the standard route to solution-phase free energies via thermodynamic cycles—mainly include SM12405

and SMD406 (from the SMx family) and IEF-PCM415 (a variant of PCM). In this context, also the

Analytical Linearized Poisson–Boltzmann (ALPB) method430,431 reported by Grimme and co-workers



2.2. Computational Methods 37

for density functional tight binding (DFTB) and their newly developed semi-empirical extended tight

binding (GFNn-xTB)432 and general force field (GFN-FF)433 methods needs to be mentioned. ALPB

was recently applied to pKa prediction in water using composite density functionals and the semi-empirical

GFN2–xTB method; with an RMSD in prediction of 0.8-1.0 units (for the B97-3c functional)434.

The original implementation of COSMO-RS had been developed by Klamt in 1999, as part of the

COSMOtherm program (commercially available by COSMOlogic, now part of BIOVIA)418. Since then,

several alternative implementations have emerged435–440, which are claimed to (slightly) differ in their

parameterization and to be less complete or detailed362. Very recently, also an open-source implementa-

tion of COSMO-RS has been reported441.

Underlying Theory

The basic underlying idea behind COSMO-RS is to use the additional information on a given molecule

that is contained in the cavity from a COSMO calculation (i.e., the topology) to determine its chemical

potential (µ) in solution. Instead of extracting just a single value, e.g., the dielectric stabilization energy,

the COSMO cavity provides a whole distribution of charges on a surface. Similar to the derivation of

COSMO, the state of reference for COSMO-RS is again a perfect conductor. This state is chosen since the

electric field of a solute is perfectly screened by the screening charges qi = siσi (relating to the surface

polarization charge densities σi) in a conductor and hence no intermolecular interactions between the

solutes occur (providing that close contacts are avoided). It is furthermore assumed that (1) all parts

of the COSMO surface can actually be in contact with each other (i.e., there are no hidden parts) and

that (2) only pairwise interactions of the surface segments are allowed. The following description mainly

follows the review by Klamt on COSMO and COSMO-RS362.

Within the theory of COSMO-RS, energy expressions for the different solute–solvent interactions can

then be derived by considering the pair-wise interaction of the segments (with screening charge densities

σ, σ′) of two COSMO surfaces that are in contact with each other (e.g., see Ref. 359 for details). In

general, such an energy contribution (∆Eint,K) is given by

∆Eint,K 'acontacteint,K(σ, σ′) (2.18)

where acontact refers to the contact area of two surface segments and eint,K(σ, σ′) is a generic expression for

the functional dependence on the charge densities σ and σ′ for a given type of interaction (K). Moreover,

when expressed in a (more) explicit form, eint,K(σ, σ′) will contain some parameters aint,K that are later

determined by fitting to thermochemical reference data.

A large contribution to the interaction energy arises from the electrostatic interaction that can be

described (in first order) by the so-called misfit interaction of the polarization charge densities (σ, σ′) of

the two charge surface segments that are in contact:

∆Emisfit ' acontactemisfit(σ, σ′) = acontactcmisfit · (σ + σ′)2, (2.19)
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which increases with the squared net charge (i.e., σ + σ′).

If hydrogen-bonding is involved, i.e., if one of the two segments that are in contact is a HB donor and

the other is a HB acceptor, another contribution arises that is described by

∆EHB ' acontacteHB(σ, σ′) = acontactcHB min(0, σσ′ − σ2
HB), (2.20)

where the minimum criterion with the threshold σ2
HB ensures that only sufficiently polar surface segments

give rise to HB contributions to the interaction energy.

In addition, the van-der-Waals (vdW) contribution for dispersion interactions is approximated by

µXvdW '
∑
α

γαA
X
α (2.21)

where the sum runs over all atoms α of a given solute X with the exposed COSMO surface area AXα
on an atom α and an element-specific pre-factor γα. However, it is important to note that this vdW

contribution is not part of the total interaction energy ∆Eint defined as

∆Eint ' acontacteint(σ, σ′) = acontact
(
emisfit(σ, σ′) + eHB(σ, σ′)

)
, (2.22)

but µXvdW is directly added to the chemical potential (vide infra).

Under the above-mentioned assumptions and based on eq. (2.22), the total energy of a liquid ensemble

S of molecules compared to its conductor reference state can be expressed as the sum of interaction

contributions over all surface contacts k:

EStot =
∑
k

akeint(σk, σ′k) '
∑
k

aeffeint(σk, σ′k) (2.23)

where the individual contact areas ak are additionally approximated by an effective contact area aeff that

takes over the role of averaging in this summation. Eq. (2.23) has converted the problem of calculating

solvation energies into a problem of calculating the correct statistical-thermodynamic ensemble average

of the total energy of a liquid that is subject to permanent fluctuations. Since it has been found that

the explicit consideration of geometric constraints for the interactions is not necessary for an efficient

evaluation of the thermodynamic average, neglecting these reduces the problem to finding the chemical

potential µS(σ) of an effective surface segment with area aeff and charge density σ in the ensemble S:

µS(σ) = − kT
aeff

ln
[ ∫

dσ′pS(σ′) exp
(
− aeffeint(σ, σ′)− µS(σ′)

kT

)]
(2.24)

with

pS(σ) =
∑
i

xip
Xi(σ). (2.25)
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Thereby, pS(σ) represents the composition histogram of the ensemble S with respect to the screening

charge density σ that relies on the mole fractions xi of the individual molecular components Xi in the

ensemble and the molecular histograms pXi(σ) of each component. Note that µS(σ) and pS(σ) (or pXi(σ))

are often referred to as σ potential and σ profile, respectively. Since the σ potential itself appears on the

right-hand side of eq. (2.24), this equation needs to be solved iteratively.

Finally, the chemical potential of any molecule X in the solvent S can be computed by integrating

µS(σ) in eq. (2.24) over the surface of the solute according to

µXS =
∫

dσpX(σ)µS(σ) + kT ln(x+ γXcomb,S) + µvdW. (2.26)

The logarithmic term in eq. (2.26), sometimes referred to as combinatorial term, accounts for both the

trivial dependence of µXS on the mole fraction x as well as for a correction γXcomb,S for the relative sizes

of the solute and solvent.

Information on different conformers of a molecule can be included in COSMO-RS, although it only

matters if the conformers differ significantly in their σ profiles. If this is the case, a Boltzmann average

with respect to the Gibbs free energy in solution (GSi = ECOSMO
i +µSi ) can be performed418. In analogy

to eq. (2.24), since the chemical potential µSi of a given conformer depends itself on the populations in

the ensemble S, the equations for the population must be solved self-consistently, additionally iterating

in cycles over COSMO-RS calculations.

It is important to note that all molecular information that is needed for the evaluation of eq. (2.26),

i.e., the σ potentials and σ profiles, are obtained from simple COSMO calculations of the respective

species in the conductor reference state (ε→∞). Moreover, apart from the COSMO surfaces, only very

few parameters are needed that have been adjusted to experimental values of partition coefficients and

vapor pressures of a wide range of neutral organic compounds360. This includes, as general parameters,

the parameters for the interaction energies (cmisfit, cHB, and σHB) and one parameter for the effective

contact area aeff , as well as one set of element-specific van-der-Waals parameters (γα) for the dispersion

interaction. This exclusive restriction to either general or element-specific parameters is a rather special

feature of COSMO-RS that makes it different from other statistical-thermodynamics methods.

The parametrization for COSMO-RS in COSMOtherm (in combination with TURBOMOLE) is available

for three default methods442,443:

• BP-SVP-AM1: COSMO-BP-RI-DFT/def-SVP energy at AM1-COSMO/def-SVP geometry

• BP-TZVP: COSMO-BP-RI-DFT/def-TZVP energy at COSMO-BP-RI-DFT/def-TZVP geometry

• BP-TZVPD-FINE: COSMO-BP-RI-DFT/def2-TZVPD energy using a refined COSMO cavity444

calculated at a COSMO-BP-RI-DFT/def-TZVP geometry

The BP-SVP-AM1 is only of lower quality and supposed to be used for screening a large number of

compounds, while BP-TZVP is considered a ‘good quality’ method, and BP-TZVP-FINE the ‘best



40 2. Methodology

quality’ method418. However, the prediction quality of COSMO-RS eventually refers to the quality of the

COSMO surfaces, i.e., an accurate distribution of (correct) screening charges, and not on the underlying

electronic-structure method per se. For example, also a parameterization with the higher-level MP2 has

been reported, but no significant improvements over the BP DFT variants could be observed443. In this

work, both the BP-TZVP and BP-TZVPD-FINE parameterizations are used for the pKa prediction (vide

infra).

Inherent limitations of COSMO-RS include its restriction (by construction) to the conductor reference

state, which prevents a further application of COSMO-RS for response properties445. Moreover, the

underlying electronic-structure method (i.e., basically BP DFT here) is a potential issue since it can

become a limiting factor in the case of molecules for which it is no longer suitable365. Finally, since all

information is eventually derived from the cavity, the cavity construction is a sensitive issue for COSMO-

RS444.

Application to the Prediction of Acidity Constants

For the prediction of acidity constants, the following dissociation equilibrium is considered:

HA(soln.) + S(soln.) 
 A−(soln.) + SH+
(soln.) (2.27)

where HA/A− and SH+/S refer to the conjugate Brønsted acid–base pair of the acid HA and the solvent

S, respectively. The acid dissociation constant Ka is defined based on the activities a of all species as

Ka := a(A−) · a(SH+)
a(HA) · a(S) (2.28)

and relates to the Gibbs free energy of dissociation ∆Gdiss via the fundamental relation

∆Gdiss = −RT lnKa (2.29)

with the ideal gas constant R and the absolute temperature T . Based on the definition of pKa as the

negative decadic logarithm of Ka, i.e.,

pKa := − lgKa, (2.30)

the following exact relation is finally obtained by inserting eq. (2.29) into eq. (2.30) (and converting the

logarithms):

pKa = ∆Gdiss

RT ln(10) . (2.31)

Furthermore, ∆Gdiss can be decomposed into

∆Gdiss =
(
Gsoln.(A−) +Gsoln.(SH+)

)
−
(
Gsoln.(HA) +Gsoln.(S)

)
, (2.32)
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meaning that ∆Gdiss can be calculated based on the total Gibbs free energies (or the chemical potentials)

of all species occurring in eq. (2.27). Since COSMO-RS allows to calculate the chemical potentials

of all species in solution, it can be directly used to calculated the ∆Gdiss based on eq. (2.32), which

then could enter eq. (2.31) to obtain the pKa. However, approaches to pKa using DCSMs—and also

the implementation of COSMO-RS in COSMOtherm 418—typically use an empirical generalization of

eq. (2.31) according to

pKa = c0 + c1
∆Gdiss

RT ln(10) (2.33)

instead of the exact thermodynamic relation, where ideally c0 = 0 and c1 = 1321. Eq. (2.33) resembles a

linear free-energy relationship (LFER) that additionally includes a scaling factor (slope) c1 and an offset

(intercept) c0 to introduce a higher flexibility, as the ∆Gdiss based on DCSMs like PCM or COSMO

usually suffer from systematic errors. Despite their inherent disadvantages, the use of DCSMs can be

actually beneficial with respect to thermodynamic properties since the implicit solvation already accounts

for a statistically averaged description399. The LFER parameters c0 and c1 are then obtained by using a

molecular training set and fitting the calculated ∆Gdiss values to the experimental pKa values according

to eq. (2.33)365–367.

In contrast to other DCSM-based approaches to pKa, COSMO-RS can directly compute ∆Gdiss

(using the chemical potential in solution) and does not rely on an additional thermodynamic cycle to

bypass this direct calculation and providing an alternative path. For example, the conceptually simplest

thermodynamic (Born-Haber) cycle consists in formally shifting the dissociation reaction (eq. (2.27))

from the solution phase into the gas phase by first desolvating the reactants, next letting the gas-phase

dissociation take place, and finally solvating the products323. In this way, ∆Gdiss can be decomposed

into contributions from the Gibbs free solvation energies (∆Gsolv) of the involved species and the gas-

phase reaction energy (∆E). However, it is important to note here that although the choice of the

thermodynamic cycle is eventually arbitrary, as all cycles are in principle equivalent, different cycles may

vary in performance in practice, e.g., due error compensation356. In fact, the direct thermodynamic cycle

raises the problem of dealing with ∆Gsolv of the proton, a quantity that is hard to theoretically predict,

which then usually requires a value taken from experiments.

Although the direct thermodynamic cycle is not actually invoked by COSMO-RS, it is still reflected

in the equation for ∆Gdiss (eq. (2.32)) based on the dissociation reaction (eq. (2.27)) that is used. No

efforts in improving the solvent-dependent contribution, Gsoln.(SH+)−Gsoln.(S), are undertaken though,

as any (constant) error in ∆Gdiss will be absorbed in c0 anyway. In fact, this can be used to motivate a

further simplification of eq. (2.33) for COSMO-RS by incorporating this solvent-dependent contribution

into a new intercept, yielding

pKa = c̃0 + c1
RT ln(10)

(
Gsoln.(A−)−Gsoln.(HA)

)
(2.34)
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with

c̃0 = c0 + c1
RT ln(10)

(
Gsoln.(SH+)−Gsoln.(S)

)
. (2.35)

Eq. (2.35) directly correlates the difference in the Gibbs free energy in solution of A− and HA with the

pKa.

The accuracy in pKa prediction based on COSMO-RS and using a fit to the LFER between experimental

pKa values and calculated ∆Gdiss values, as described here, heavily relies on the quality of the experimental

data. Further limitations can arise from the underlying electronic structure methods for COSMO-RS if

these have an issue with a particular molecular class (vide supra). Perhaps a conceptual drawback is

that this pragmatic approach to pKa will need a set of parameters for each solvent that is considered. In

particular, this requires to determine these parameters if new solvents are about to be studied. Moreover,

also a splitting of the molecular data set can appear, as observed for the pKa prediction in acetonitrile367,

indicating that method-dependent systematic errors with respect to different chemical classes can occur.

2.2.3. Electronic Structure Methods

General Considerations on Post-HF Methods

To obtain reliable geometries and energies for the electronic ground and excited states, the post-HF

methods MP2, ADC(2), and CC2 were used. The general idea behind these post-HF methods is to

improve upon the Hartree-Fock (HF) result by accounting for dynamic electron–electron correlation via

inclusion of excited determinants into the wavefunction ansatz, as done in Møller-Plesset Perturbation

Theory (MPPT), Configuration Interaction (CI), and Coupled Cluster (CC) methods (e.g., see Ref. 446).

However, it is important to remember that, being based on HF, these post-HF methods are only expected

to give good results if HF itself is qualitatively correct. This implies that the electronic ground state must

be described qualitatively correct by a single Slater determinant (or single configuration state function for

restricted open-shell cases). In the following, it is assumed that the molecules have a closed-shell singlet

ground state, which means that Restricted HF (RHF) can be applied. Here, the methods MP2 and CC2

are used for the electronic ground state, and ADC(2) and CC2 for the (first) electronically excited state.

Second-Order Møller-Plesset Perturbation Theory (MP2)

Møller-Plesset Perturbation Theory (MPPT)447,448 applies the general Rayleigh-Schrödinger Perturbation

Theory (RSPT) to the problem of dynamic electron–electron correlation in a molecule with HF as the

zeroth-order solution. The molecular electronic Hamiltonian Ĥ is split according to

Ĥ = Ĥ(0) + λV̂ (2.36)

into the Hamiltonian of an unperturbed reference system Ĥ(0) and the fluctuation potential V̂ . λ denotes

the perturbation strength (and is set to λ = 1 for evaluating the final equations). The solutions to

the time-independent Schrödinger equation (TISE) of Ĥ(0), i.e., the sets of eigenvalues E(0)
i and the
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eigenfunctions |Ψ(0)
i 〉 are assumed to be known. The aim is then to express the solution of the TISE of

the perturbed Hamiltonian (Ĥ)

Ĥ|Ψk〉 = Ek|Ψk〉 (2.37)

in the eigenbasis of the unperturbed system (Ĥ(0)). Using a power expansion of the (ground-state) wave

function |Ψ0〉 of the perturbed system

|Ψ0〉 =
∞∑
n=0

λn|Ψ(n)
0 〉 (2.38)

and a corresponding power expansion of the (ground-state) energy E0

E0 =
∞∑
n=0

λnE
(n)
0 (2.39)

allows to derive equations for the various corrections to the wave function |Ψ(n)
0 〉 and the energy E(n)

0

order by order.

In MPPT, the unperturbed Hamiltonian is set to the Fock operator F̂

Ĥ(0) ≡ F̂ =
N∑
i=1

f̂(i), (2.40)

i.e., the sum of one-electron Fock operators f̂(i). The first correction to the HF energy (EHF) is only

obtained in second-order MPPT (MP2) since, as usual in RSPT, the sum of the zeroth and first-order

energy is equal to the expectation value of Ĥ taken over the unperturbed wavefunction:

EMP1 = E
(0)
0 + E

(1)
0 = 〈HF|Ĥ|HF〉 = EHF. (2.41)

The MP2 energy is given by

EMP2 = E
(0)
0 + E

(1)
0 + E

(2)
0 = EHF + E

(2)
0 (2.42)

with the second-order correction

E
(2)
0 =

∑
ia>jb

(〈ij|r−1
12 |ab〉 − 〈ij|r

−1
12 |ba〉)2

εi + εj − εa − εb
= 1

4
∑
ia,jb

tijab〈ij||ab〉 (2.43)

where i and j denote occupied and a and b virtual spin orbitals of the HF determinant, εk (k = i, j, a, b)

are the corresponding orbital energies, and 〈ij|r−1
12 |ab〉−〈ij|r

−1
12 |ba〉 =: 〈ij||ab〉 are four-center two-electron

repulsion integrals. A more compact notation (RHS of eq. (2.43)) introduces the doubles amplitudes (cf.

coupled cluster theory, vide infra)

tijab = 〈ij||ab〉
εi + εj − εa − εb

. (2.44)
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Due to the Brillouin condition, singly excited Slater determinants do not contribute to E(2)
0 and hence

only doubly excited determinants appear in eq. (2.43). MP2 gives a significant improvement over HF

by accounting for large parts of the correlation energy and benefits from a good error compensation.

Therefore, MP2 energies as well as geometries are frequently used449,450. Higher orders of MPPT are not

applied by default as the higher-order corrections often start to oscillate451.

Approximate Coupled Cluster Singles and Doubles Method (CC2)

The approximate coupled cluster singles and doubles method (CC2) belongs to the Coupled Cluster (CC)

family of methods (e.g., see Refs. 452–454 for recent reviews). These have in common that they utilize

an exponential ansatz for the wave function

|CC〉 = exp(T̂ )|HF〉, (2.45)

with

T̂ =
N∑
i=1

T̂i = T̂1 + T̂2 + . . . =
∑
ai

taiτai +
∑
ai>bj

taibjτaiτbj + . . . =
N∑
i=1

∑
µi

tµiτµi . (2.46)

At each level, the cluster operator T̂ corresponds to a certain excitation class, i.e., T̂1 for single excitations,

T̂2 for double excitations, etc. Therefore, the operators T̂i can be expressed as a product of cluster

amplitudes (tai, taibj , ...) as coefficients and an i-fold product of excitation operators (τai, τaiτbj , ...), where

an operator τai promotes an electron from an occupied orbital i into an virtual orbital a. Truncation of T̂

at a given excitation level N (i.e., at maximum the number of simultaneously excited electrons) yields the

corresponding truncated CC methods, e.g., CC Singles (CCS; N = 1), CC Singles and Doubles (CCSD;

N = 2), etc.

An equation for the CC energy (ECC) is obtained by inserting eq. (2.45) into the TISE (eq. (2.37)),

multiplying by exp(−T̂ ) from the left, and projection onto the HF wave function:

ECC(t) = 〈HF| exp(−T̂ )Ĥ exp(T̂ )|HF〉. (2.47)

Similarly, a set of non-linear equations for the cluster amplitudes tµi
is obtained by a projection onto the

excitation manifold {〈µi|}:

eµi(t) = 〈µi| exp(−T̂ )Ĥ exp(T̂ )|HF〉 = 0. (2.48)

Two technical remarks shall be made here. First, the multiplication with exp(−T̂ ) prior to the projection

matters in order to later exploit the Baker-Campbell-Hausdorff (BCH) expansion for the evaluation of

the similarity-transformed Hamiltonian, H̃ = exp(−T̂ )Ĥ exp(T̂ ), as a series of commutators. Second, the

non-variational nature of the CC equations in practice can be conveniently handled by using a variational

CC Lagrangian, i.e., LCC(t, t̄) = ECC(t) + t̄e(t), that additionally introduces Lagrangian multipliers t̄455.

A special case are the approximate coupled cluster methods CCn that build upon a CC method

truncated at an excitation level n and introduce further approximations to the n-tuple cluster equations.
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The idea is to keep only those terms in the amplitude equation for the n-tuple excitation manifold that

enter in lowest non-vanishing order (in MPPT), with the singles being considered in zeroth order, i.e.,

not being approximated. The latter is motivated by the special role of single excitations in response

calculations, e.g. for excitations energies, for which the CCn methods had been designed456,457.

For example, CC2 is derived from CCSD (i.e., T̂ = T̂1 + T̂2), whose amplitude equations are given by

〈µi| exp(−(T̂1 + T̂2))Ĥ exp(T̂1 + T̂2)|HF〉 = 0, (i = 1, 2) (2.49)

which can be re-written using T̂1 similarity-transformed operators, Õ = exp(−T̂1)Ô exp(T̂1), as:

〈µ1|H̃ + [H̃, T̂2]|HF〉 = 0 (2.50)

〈µ2|H̃ + [H̃, T̂2] + 1
2 [[H̃, T̂2], T̂2]|HF〉 = 0. (2.51)

In the CC2 model, the singles equations are kept unchanged, while the doubles equations of CCSD are

simplified such that they contain only terms to lowest non-vanishing (i.e., first) order456. Using the

standard partitioning of the Hamiltonian Ĥ = F̂ + Û into a Fock operator F̂ and a fluctuation potential

Û (cf. eq. (2.40)), the doubles equations for CC2 finally become

〈µ2|[F̂ , T̂2] + H̃|HF〉 = 0. (2.52)

Since CC2 is based on CCSD and no approximations were made to the singles equations, CC2 is also

termed a second-order method as it is correct up to second order (in MPPT) for singles excitations.

The total CC2 energy is of MP2 quality and does not give a significant improvement beyond MP2 for

ground-state energies456. However, unlike MP2, CC2 allows to calculate excitation energies and transition

moments (i.e., spectra) within the framework of response theory (vide infra).

Linear Response Theory

Two main branches have emerged for the description of electronically excited states in quantum chemistry

(e.g., see Ref. 458 for a recent review on excited-state coupled cluster methods). The first are state-

specific approaches that explicitly optimize wave functions for each individual excited state459. The

second is response theory that bypasses the need for an explicit treatment of excited-state wave functions

by recovering information on the excited state through a perturbation of the ground state460. Thereby,

response theory allows to extend an established electronic structure ground-state method to electronically

excited states.

In a nutshell, this is accomplished by considering the interaction with light as a time-periodic perturba-

tion V̂ (t) to the unperturbed Hamiltonian (Ĥ(0)) of the molecular system

Ĥ(t) = Ĥ(0) + V̂ (t) (2.53)



46 2. Methodology

with

V̂ (t) =
∑
k

exp(−iωkt)εk(ωk)Ŷk (2.54)

where ωk and εk(ωk) are the angular frequency and the amplitudes of the Fourier components of the

(oscillating) light field and Ŷk are operators that describe the interaction of the molecule with the field

(e.g., the electric dipole operator for a homogeneous electric field). Then, the time-dependent expectation

value of a given observable X is expanded in orders of the perturbation strength

〈Ψ0(t)|X̂|Ψ0(t)〉 = 〈Ψ0|X̂|Ψ0〉+
∑
k

εk(ωk)〈〈X0;Xk〉〉ωk
exp(−iωkt) + . . . (2.55)

which allows to identify the response functions as the central quantities in response theory; thus giving

the theory its name. In first order, the linear response function can be identified which, for exact states,

can be written in terms of the eigenbasis of the unperturbed Hamiltonian Ĥ as

〈〈X0;Xk〉〉ωk
= PX0,Xk

∑
J 6=0

〈Ψ0|X̂0|ΨJ〉〈ΨJ |X̂k|Ψ0〉
ωk −∆ωJ0

(2.56)

where PX0,Xk is a permutation operator and ∆ωJ0 = ∆EJ0/~ = (EJ − E0)/~ refers to the excitation

energy ∆EJ0 for a transition from the ground state (Ψ0, E0) to the J-th excited state (ΨJ , EJ). Important

for response theory, eq. (2.56) demonstrates that the linear response function has poles at the excitation

energies, i.e., when ωk = ∆ωJ0, and the corresponding residual 〈Ψ0|X̂0|ΨJ〉〈ΨJ |X̂k|Ψ0〉 relates to the

transition moment.

This brief motivation of the linear response function was only used here for illustration purposes. In

general, a simple-minded derivation of response theory based on time-dependent perturbation theory is

not suitable in practice (i.e., for numerical calculations). A more sound derivation of response theory and

the response functions is given by partitioning the full time-dependent wavefunction into a phase-isolated

wavefunction and an oscillating phase factor, and deriving a variational principle for time-periodic wave

functions, with the so-called quasi energy taking over in the time-dependent formulation the role of the

formerly time-independent energy461. A general approach to the response functions for non-variational

methods (including the CC methods) then follows from derivatives of a (CC) quasi-energy Lagrangian.

An important implication of the formulation of response theory using a time-dependent variational

principle and connecting the response functions to derivatives of the quasi-energy (or its Lagrangian) is

that the excitation energies occur at the eigenvalues of the stability matrix of the Lagrangian,

(Q− ωkS)~c(k) = 0 (2.57)

i.e., the electronic Hessian (Q = E) in case of variational methods or the electronic Jacobian (Q = A) in

case of non-variational methods. S denotes the matrix for the metric.
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Electronic Excitation Energies Using ADC(2) and CC2

As mentioned before, linear response theory now allows to extend the CC2 method to electronically

excited states and, in particular, to the calculation of excitation energies based on eq. (2.57). A closely

related second-order method is ADC(2), i.e., the Algebraic Diagrammatic Construction Scheme (for the

Polarization Propagator) through second order, which also calculates electronic excitation energies as

eigenvectors of its secular matrix. ADC(2) is not based on linear response theory of a corresponding

ground-state method, but derived within the Polarization Propagator Approach (PPA) (e.g., see Ref.

462 for a recent review). However, based on rational design, the ground-state contribution to the excited-

state ADC(2) energies is defined to be MP2.

Despite their different origins, an analysis of the structure of the respective secular matrix

Aij =
(

dL
dλ̄iλj

)
0

(2.58)

allows to identify the similarities between ADC(2) and CC2 from a more pragmatic, technical perspective

(see Ref. 463). Accordingly, if we consider the CC2 Jacobian (ACC2) as a function of the ground-state

singles (T1) and doubles (T2) amplitudes, i.e., ACC2 = ACC2(T1, T2), the ADC(2) Jacobian (AADC(2))

can be expressed as:

AADC(2) = 1
2
(
ACC2(0, T (1)

2 ) + ACC2(0, T (1)
2 )†

)
. (2.59)

This analysis (eq. (2.59)) reveals two important differences between ADC(2) and CC2. First, the CC2

cluster amplitudes are replaced by those from first-order MPPT, i.e., the singles replacement part of

T1 vanishes (provided the Brillouin conditions is fulfilled) and T2 is limited to T (1)
2 . Second, only the

Hermitian part of this matrix is kept for the ADC(2) Jacobian.

Of these two differences, the missing ground-state singles contributions in ADC(2) are supposed to have

a more relevant, potential effect on the excitation energies as these allow for a coupling of the ground

and excited state. Instead, the additional hermitian nature of AADC(2) is not supposed to significantly

affect the excitation energy itself, but it leads to practical advantages (left and right eigenvectors become

equivalent) and ensure a qualitatively correct behavior near conical intersections (in contrast to methods

with a non-hermitian Jacobian)463. The typical deviation between CC2 and ADC(2) excitation energies

are in the order of 0.01–0.03 eV for closed-shell organic molecules464,465. Larger deviations can occur if

the singles contribute to a significant coupling between the electronic ground and excited states.

For excited states dominated by single excitations, ADC(2) and CC2 typically give quite similar

results with an accuracy in the excitation energy of 0.1–0.2 eV based on vertical transitions compared

to experiments464–466. For example, TDDFT has a typical accuracy of 0.2–0.4 eV349. In fact, CC2

typically yields for single excitations results of similar—or even better—quality compared to the more

expensive CCSD, which is known to additionally suffer from less accurate ground-state geometries due to

bad error compensation466,467. Therefore, in such cases, CC2 and ADC(2) are very attractive methods

for excitation energies due to their good accuracy and medium computational costs based on a scaling of



48 2. Methodology

O(N 5) (compare CCSD: O(N 6)). For comparison, further significant improvements in the accuracy of

excitation energies are then usually only obtained when moving to triples CC methods, e.g., with CC3

(O(N 7)), which come at drastically increased computational costs467,468. In this context, the second-

order methods ADC(2) and CC2 have also established as important methods for the optimization of

excited-state geometries463,469.

Inclusion of implicit solvents effects via COSMO

The availability of accurate electronic-structure methods for the ground states (e.g., MP2 and CC2) and

excited states (e.g., ADC(2) and CC2) is one important factor for electronic excitation energies, but the

inclusion of solvent effects is another one. The implicit solvent model COSMO was already introduced

in Section 2.2.1, where it was also mentioned that COSMO can be easily incorporated into the SCF

procedure for HF and DFT363,364. However, for the post-SCF methods MP2 and ADC(2) as well as

for CC2, the combination with COSMO is more involved since these methods use the orbitals from a

preceding HF calculation without further optimization. Due to the close relation between MPPT and CC

theory455, MP2 and ADC(2) are considered CC-like in the following, and hence the inclusion of COSMO

with either of these three methods is similar. In general, COSMO can be conveniently introduced into

the CC Lagrangian, which eventually also allows to derive (analytic) expressions for energy gradients

that are needed for geometry optimizations458.

As mentioned before, electronic excitation energies can be either determined using linear response (LR)

theory or through state-specific (SS) considerations. While both approaches are equivalent for an isolated

system (for exact wave functions), this is no longer the case for a quantum mechanical (QM) system in

a polarizable embedding. Within the linear response formalism, COSMO represents a simple case of an

embedded system, i.e., the QM part (the molecule) needs to be coupled to a polarizable environment

(the reaction field)470,471. This introduces a non-linearity to the Schrödinger equation, which then needs

to be solved iteratively. Three main different coupling schemes are known (e.g., see Ref. 472):

1. The Perturbation to the Energy (PTE)473,474,

2. the Perturbation to the Energy and Density (PTED)475,476,

3. and the post-SCF scheme (originally implemented for PERI-CC2 excitation energies)477,478.

PTE restricts to the reaction field obtained from the ground-state HF density and thus the environment

cannot respond to changes due to electronic excitations. Importantly, this lacking response causes missing

contributions to the coupling between the excitation in the QM system and the reaction field if the

QM system is not chosen large enough. PTED makes the post-HF density self-consistent with the

reaction field, which is usually achieved by a macro-iteration over the HF and post-HF calculations, and

is thus the most expensive scheme. Although PTED can be considered most accurate, its state-specific

contributions to the excitation energies (by relying on a reference state), make it unsuitable for exploring

potential energy surfaces if states are not well separated since it leads to physically wrong shapes of
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the potential energy surfaces in regions with avoided crossings or conical intersections. Additionally,

the implementation of excited-state gradients for PTED is not straightforward and hence prevents an

application to excited-state geometry optimizations. Lastly, the post-SCF scheme is characterized by

evaluating the post-HF contributions to the reaction field with an approximate post-HF contribution

to the density. Owing to this, the computational costs are comparable to that of the corresponding

gas-phase calculation and the costly macro-iteration (as for PTED) is no longer needed.

Note that the choice for an SS, LR, or mixed approach (vide supra) enters through the coupling scheme

that is used in the SCRF procedure. By construction, these differ in the individual contributions to the

excitation energy. The LR contribution (from PTED) couples the transition moment to the polarization

of the environment (referred to as excitonic coupling)476, which matters if the transition density is large,

i.e., typically if the oscillator strength of a transition is large. In contrast, SS accounts for all polarization

effects exclusively through changes in the electron density itself. The transition density as such does not

exist in SS, e.g., as expected for charge transfer excitations that typically have low oscillator strengths

(i.e., small transition moments) and hence when excitonic coupling is less important. The post-SCF

coupling scheme has been developed for LR, i.e., the excitonic coupling via the transition density is

included, but SS contributions are missing477,478. It is possible to add SS corrections to post-SCF via

corrected linear response (cLR) though472,479.

Another important aspect of the post-SCF scheme is that it allows for a convenient derivation of

expressions for energy gradients for both the ground and excited state478,480, providing a promising path

for COSMO-ADC(2) and COSMO-CC2 in excited-state geometry optimizations. The post-SCF coupling

scheme is the one that is used here for the COSMO-MP2 and COSMO-CC2 calculations for the ground

state and the COSMO-ADC(2) and COSMO-CC2 calculations for the excited state478. Currently, the

excited-state geometries are limited to COSMO-ADC(2) though, as the corresponding COSMO-CC2

energy gradients for excited states are not yet implemented in TURBOMOLE417.
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3. ESPT in Acetone–Water Mixtures

The first sub-project combines steady-state UV/Vis absorption and fluorescence emission spectroscopy

with streak-camera time-resolved fluorescence spectroscopy to examine the ESPT of the particularly

strong photoacid B in acetone–water solvent mixtures. The elucidation of the precise reaction mechanism

involving the identification of the intermediates and the determination of rate constants are at the center

here. In the context of water as a possible contamination in acetone, this also poses the problem how to

control or counteract efficiently its effect in these environments.

This part has been carried out under the supervision of Prof. Dr. Patrick Nürnberger and constitutes

a continuation of my previous research within the scope of my Master thesis in his group481. Preliminary

measurements had already been done at that time, but all data has been fully re-analyzed and the

discussion was thoroughly revised since then. I am responsible for doing all measurements and the data

analysis, as well as for writing the original draft of the manuscript which was further developed together

with the co-authors. The correspondence with the editor and the reviewers has been collaboratively taken

over by Patrick Nürnberger and me.

The following open-access publication is reprinted under the terms of CC BY-NC-ND 4.0 and with

permission from: N. Sülzner, B. Geissler, A. Grandjean, G. Jung, and P. Nuernberger. Excited-State

Proton Transfer Dynamics of a Super-Photoacid in Acetone-Water Mixtures. ChemPhotoChem 2022,

6, e202200041. Copyright © 2022 The Authors. ChemPhotoChem published by Wiley-VCH

GmbH. The corresponding supporting information can be found in Section B.1. This publication is also

available online: https://doi.org/10.1002/cptc.202200041.
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Excited-State Proton Transfer Dynamics of a Super-
Photoacid in Acetone-Water Mixtures
Niklas Sülzner,[a] Bastian Geissler,[b] Alexander Grandjean,[c] Gregor Jung,[c] and
Patrick Nuernberger*[b]

Super-photoacids, that is, photoacids with a negative pKa value
in the electronically excited state, can trigger an excited-state
proton transfer (ESPT) to the solvent. For the neutral pyranine-
derived super-photoacid studied here, even indications for ESPT
in acetoneous solution are reported. The characteristics of ESPT
in this environment, that is, which intermediates exist and what
the impact of cosolvents is, remain unsettled though. In this
work, we study ESPT in acetone-water mixtures by steady-state
and time-resolved fluorescence spectroscopy. Various effects
are observed: First, the addition of water supports the formation
of a hydrogen-bonded ground-state complex comprising one
water molecule and the photoacid, whose excitation triggers
the formation of a hydrogen-bonded ion pair on a sub-ns time

scale. Second, water has an overall accelerating effect on the
fluorescence dynamics of the involved emitting species, whose
contributions are disentangled in a global analysis scheme,
enabling the identification of emission from the free photoacid,
a photoacid-water complex, a hydrogen-bonded ion pair, and
the deprotonated photoacid. At least two water molecules are
necessary for ESPT in the environment. Third, additional acid-
ification thwarts an efficient ground-state complex formation of
the photoacid and water. However, upon excitation, complex-
ation may occur on a timescale faster than the photoacid’s
excited-state lifetime, so that emission from a nascent complex
emerges.

Introduction

Photoacids are molecules that exhibit an acidity increase upon
irradiation, i. e., they are more acidic in an electronically excited
state compared to the ground state.[1] This behavior is typical
for aromatic alcohols such as phenols,[2–6] naphthols,[7,8] or
hydroxyquinolines.[9] The prominent example, 8-hydroxypy-
rene-1,3,6-trisulfonate (pyranine, HPTS), is probably the most
intensively studied photoacid of all.[10–17] Triggered by photo-
excitation, a photoacid can transfer its acidic proton more
easily to suitable acceptors such as solvent or base, which
makes an instance of an excited-state proton transfer (ESPT).[18]

Owing to the implementation of pulsed lasers, ultrafast time-
resolved spectroscopy made it possible to monitor the ESPT
process on its actual timescale.[19,20] Moreover, the study of
photoacids in different molecular environments allows for

elucidating mechanistic information on the ESPT process
including the rate constants of the involved elementary
reactions.[21,22] However, only exceptionally strong photoacids
with a negative pKa value in the excited state, referred to as
super-photoacids,[23,24] are capable of performing ESPT in non-
aqueous[25,26] or aprotic solvents.[27]

The Förster cycle represents the simplest thermodynamic
description of photoacidity, only taking into account the
excited-state and ground-state species of the protonated and
deprotonated photoacid.[28–30] More generally, the processes are
described in a multi-step Eigen-Weller model[31,32] (see
Scheme 1) which includes that, besides the emission from the
isolated photoacid ROH* and the corresponding base RO� *,
further species can appear, namely a reaction complex (CPX)
with a (co)solvent molecule S and a hydrogen-bonded ion pair
(HBIP). Depending on the solvent’s ability of separating ions,
additional intermediates for the separation such as solvent-
separated ion pairs (SSIPs) may also occur.

A few years ago, the Jung group introduced a promising,
new class of pyranine-based photoacids that are substituted
with strongly electron-withdrawing sulfonic ester groups.[33]
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Scheme 1. Eigen-Weller model for the ESPT processes of the photoacid
studied in this work. The wavelengths indicate the spectral position of the
fluorescence of the excited-state species.
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These substituents do not only drastically enhance the photo-
acidity but they also provide an effective way towards non-
charged super-photoacids. All photoacids of this class are
characterized by large fluorescence quantum yields, high
photostability, and high solubility in organic solvents. One of
these photoacids, tris(1,1,1,3,3,3-hexafluoropropan-2-yl)-8-hy-
droxypyrene-1,3,6-trisulfonate (Scheme 2), is particularly strong
with the pKa dropping by more than eight orders of magnitude
from 4.4 to � 3.9.

The solvatochromic effect of various solvents as well as the
kinetic behavior in water, methanol, ethanol, and DMSO has
been reported.[34,35] Recently, the dynamics and intermediate
species in a strongly hydrogen-bonded complex with a
trialkylphosphine oxide was elucidated.[36,37] Whereas most
photoacids cannot transfer their proton to DMSO, the above-
mentioned photoacid shows indications to do so even in the
aprotic, weakly basic solvent acetone.[34] However, for such a
rather poor proton acceptor as acetone, traces of protic solvent
admixtures like water can interfere in the ESPT process as a
competing proton acceptor.

In this work, we present a systematic study on the effect of
water on the excited-state proton transfer of this photoacid in
acetone-water mixtures. Steady-state and time-resolved
fluorescence spectroscopy on the picosecond to nanosecond
timescale are used to unravel the excited-state dynamics. We
show that four emitting species have to be considered to
explain the emission dynamics, which are sensitive to the
amounts of water admixtures and additional acid. Systematic
variations of the solvent composition allow disentangling the
individual contributions of the involved species.

Results and Discussion

The effect of water on the ground-state equilibrium

To investigate the possibility of water causing deprotonation of
the photoacid already in the ground state, we studied the
effect of water on the ground-state proton-transfer equilibrium
prior to the time-resolved measurements. The steady-state
absorption spectra shown in Figure 1(a) refer to samples with
increasing amounts of water. A neutral solution of the photo-
acid typically exhibits two absorption features in accordance
with previous findings: one maximum around 445 nm ascribed
to the protonated form (ROH), and another one at 575 nm
being characteristic for the deprotonated form (RO� ).

Two observations can be made as the concentration of
water, H2O½ �, increases:

First, spectral shifts occur with changing solvent composi-
tion. The ROH peak reveals a redshift while the RO� peak
undergoes a blueshift. Since in the acetone-water mixtures the
polarity changes, this might be related to solvatochromism.
The more water is present, the higher the polarity of the
acetone-water solvent mixture[38] and hence the better stabi-
lized are the more polar states. Depending on the relative
polarity of the electronic ground and excited state, this can
either increase or decrease the S0 � S1 energy gap, leading to
bathochromic or hypsochromic shifts, respectively. Despite the
existence of several polarity scales, even for solvent mixtures,[39]

application of the Kamlet-Taft parameters appears especially
appropriate to assign spectral shifts to specific solvent-solute
interactions.[13,34] Our observations for the acetone-water mix-
tures are in accordance with the previous results on solvato-
chromic effects for ROH and RO� in polar solvents.[34]

Second, the ROH peak intensity slightly increases under
H2O addition and, vice versa, the RO� peak intensity decreases.
Since water-induced deprotonation would cause more RO� , the
RO� peak intensity decrease corroborates that ground-state
deprotonation is negligible. Rather, the decrease can be
rationalized by the formation of a photoacid-water complex in
the ground state with slightly different spectroscopic properties
(vide infra). Water-induced deprotonation starts to markedly
affect the ground-state equilibrium only at water concentra-
tions beyond 2 M (see Figure S1(a) in the Supporting Informa-
tion).

Despite this rather high value before ground-state deproto-
nation sets in, we designed a new sample series using an initial
amount of 6.5 mM of trifluoroacetic acid (TFA) to shift the
ground-state protonation equilibrium to the protonated side.
The steady-state absorption spectra in Figure 1(b) provide
evidence that 6.5 mM of TFA is sufficient to shift the
equilibrium completely to the protonated side due to the
vanishing RO� absorption band at 575 nm. Moreover, the
equilibrium seems unaffected by water under acidic conditions
as the RO� signal does not reoccur with increasing H2O½ � up to
1.09 M. The ROH absorption band reveals the same redshift as
described before in combination with a weak decrease in
absorbance. While there was only one reasonably defined
isosbestic point for the spectra in neutral acetone (Figure 1(a)),
there is an additional, yet still subtle one near 450 nm, i. e., in
the ROH regime for acidic acetone. We note that solvatochro-
mic shifts might be slightly different in the acidic environment
compared to the neutral one, which could contribute to the
observation of such an isosbestic feature. However, since also
this one is substantially different from an isosbestic point
corresponding to deprotonation (Figure S2), we assign the
peak intensity changes of ROH also to the formation of a
ground-state complex, in analogy to RO� .

Scheme 2. Molecular structure of the investigated photoacid with high-
lighted sulfonic ester moieties (red) and hydroxyl group (blue).
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Ground-state complex formation

Adduct formation between hydroxyaromatic compounds and
hydrogen-bond acceptors, including common solvent mole-
cules, is widely known for both the excited state and the
ground state.[40–43] With respect to ESPT in aprotic solvents, such
hydrogen-bonded complexes (CPXs) between photoacids and
additional bases have shown to affect the ESPT dynamics
crucially because of the beneficial pre-coordination of the
proton-accepting base. In fact, the CPX can represent the actual
proton-transferring species of the photo-protolytic reaction
cascade in aprotic environments, comprising two to three
steps, as demonstrated for similarly strong photoacids in nitrile
solution.[36,37,44,45] Transferred to our system and in view of the
spectral changes discussed above, this implies that a photo-
acid-water complex ROH � � � H2Oð Þn could be formed in acetone
as well if water is present. We suppose that such a complex
provides a path for modified ESPT dynamics compared to the
free photoacid. Based on the observed changes in the
absorption spectra (Figure 1) as a function of the water
concentration, we determined n, the number of involved water
molecules, via Benesi-Hildebrand analysis[46] represented by

Eq. (1) (derivation given in the Supporting Information). Accord-
ing to

H2O½ �� n ¼ KdDe ROH½ �0 DAð Þ� 1 � K; (1)

plotting H2O½ �� n against DAð Þ� 1, where DA ¼ A H2O½ �ð Þ � A 0ð Þ is
the absorbance change at a given wavelength, should give a
straight line. The intercept determines the association constant
K of the complex, while the slope allows computing the
difference attenuation coefficient De as a function of K , path
length d, and initial ROH concentration ROH½ �0. The exponent n
is obtained by finding the best linear behavior. Figure 2
illustrates the Benesi-Hildebrand plots referring to absorbance
changes at 450 nm, characteristic of ROH, under neutral and
acidic conditions, as well as for the changes of RO� at 580 nm.
As can be seen, excellent agreement with the experimental
data was found for n ¼ 1. Based on that, we assume that
neutral and acidic acetone solutions both contain the photo-
acid-water complex ROH � � � OH2 if water is present. In neutral
solution (Figure 2(a)), the value of ð2:15� 0:06Þ M� 1 for K
suggests that already 23% of the photoacid is complexed after
the first addition of water (0.14 M), while this fraction rises to
70% for 1.09 M of water. In contrast to this, the association

Figure 1. Steady-state characterization via UV/Vis absorption (top) and fluorescence emission (bottom) spectroscopy of samples with increasing concentration
of water in neutral (left) and acidic (right) acetone solution. Fluorescence spectra (c, d) relate to 400 nm excitation. All samples refer to 20 μM photoacid while
acidic solutions additionally contain 6.5 mM of TFA [with absorption spectra (a, b) being compensated accordingly to exclude dilution effects]. Concentrations
of water are color-coded according to the legend. Arrows indicate the peak progressions upon the addition of water. The dotted lines in (b, d) refer to those
neutral solutions in neat acetone without any additional water or acid from (a, c) as a reference.
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constant is much smaller in acidic solution [ð0:93� 0:10Þ M� 1]
predicting lower complex fractions of 12% to 47% for water
concentrations of 0.14 M to 1.09 M, respectively. Despite differ-
ing K values, the complexes can be considered equal because
De was found to be about 9400 L mol� 1 cm� 1 (for d ¼ 0:2 cm)
under neutral ( ROH½ �0 ¼ 16 mM) as well as acidic
( ROH½ �0 ¼ 20 mM) conditions. Presumably, the complex
ROH � � � OH2 is less stable in an acidic environment because of
complex cleavage upon acidification. Since it is reported that
water forms clusters in acetone[47,48] and that the structure of
water clusters changes upon protonation,[49] we conjecture that
water molecules prefer to be in the vicinity of a TFA molecule,
which is a stronger acid than the ground-state photoacid.

For the absorption changes of RO� , the best fit was also
found for n ¼ 1 (Figure 2(c)), with an association constant that
is similar to the one for ROH in neutral solution. However, the
magnitude of De is much larger (� 109:4� 103 L mol� 1 cm� 1)
which directly reflects the higher attenuation coefficient of RO�

compared to the one of ROH. In view of this, the aforemen-
tioned spectral shifts in Figure 1a and 1b comprise contribu-
tions from both solvatochromism and CPX formation.

The impact of water on the steady-state fluorescence spectra

Figure 1c and 1d depict the steady-state fluorescence emission
spectra upon 400 nm excitation of the neutral (c) and acidic (d)
sample series. Each spectrum consists of two characteristic
emission signals with maxima around 480 nm and 575 nm,
originating from the excited protonated species (ROH*) and the
excited deprotonated species (RO� *), respectively. A direct
comparison of 1c and 1d reveals no distinct differences
between neutral and acidic conditions. Overall, the ROH*
emission intensity is generally slightly higher in acidic solution
at all values of H2O½ � due to a higher concentration of initially
excited ROH* by starting from a fully protonated system, as
verified by the absorption spectra. For both sample series, the
ROH* emission signal strongly diminishes with increasing H2O½ �,

whereas the RO� * signal rises. Only at concentrations larger
than 2 M, the progression reverses and RO� * intensity slightly
decreases again (see Figure S1b). Moreover, the fluorescence
spectra reveal an isoemissive point near 560 nm at both
conditions, except for the spectra at 0 M water which behave
differently.

We do not expect RO� * emission after direct excitation of
RO� with 400 nm due to the small absorption cross section[33]

and the low concentrations of RO� under acidic conditions.
Even though the weak RO� * signal could be still due to some
initially excited RO� , the observed water-dependence suggests
that RO� * must be additionally produced by some other
photochemical process. Taking both progressions of ROH* and
RO� * together, an excited-state proton transfer (ESPT) can be
confirmed. Triggered by electronic excitation, ROH* becomes
more acidic than ROH and can thus transfer the acidic proton
more easily, generating RO� *.

A closer look at the ROH* region also reveals that this
emission signal is accompanied by a shoulder around 500 nm,
causing a spectral broadening as a function of H2O½ �. Referring
back to the complex formation in the ground state (vide supra),
we assign this 500 nm feature to the excited photoacid-water
complex CPX*. As H2O½ � increases, the solution contains
increasing initial concentrations of CPX* that start to dominate
the ROH* emission region. Considering hydrogen bonding as
the likely bonding interaction in the complex, such a redshift of
the fluorescence emission of the excited complex CPX* relative
to free ROH* is also anticipated and experimentally observed
for other systems. However, no isoemissive point between
480 nm (ROH*) and 500 nm (CPX*) is present, which fits to the
changing initial ROH* and CPX* populations as a function of
H2O½ �. By contrast, the observed isoemissive point near 560 nm
refers to a subsequent reaction step with an additional proton-
transfer intermediate in the excited state, which we assign to a
hydrogen-bonded ion pair (HBIP). Such hydrogen-bonded
species typically lie spectrally in between the excited proto-
nated and deprotonated forms.[50–52] To elucidate this, time-
resolved fluorescence measurements were performed.

Figure 2. Benesi-Hildebrand plots ( H2O½ �� n vs. DA� 1) based on the dilution-corrected absorption spectra for the neutral (a) and acidic (b) water series (cf.
Figure 1) monitored at 450 nm, and monitored at 580 nm (c) for the neutral water series. Best linear fits were obtained for n ¼ 1 (shown in red), with the 99%
confidence intervals shown by gray lines. The fit results (slope and intercept) are included in the tables as insets.
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The effect of water on the fluorescence dynamics

Time-resolved fluorescence maps were recorded for the
samples of Figure 1, i. e., for 14 values of H2O½ � under neutral
and 7 values under acidic conditions, four of which are
illustrated in Figure 3 (see SI for further fluorescence maps,
Figure S4). The maps in Figure 3 exhibit two major spectral
features in accordance with the steady-state spectra. The first is
an emission signal centered at 480 nm that occurs directly after
excitation at t=0 ns (“time zero”) and decays with a lifetime of
about 4 ns at 0 M of H2O. Concomitantly, another emission
signal around 575 nm rises within about the same time
constant (� 4 ns) and decays with a longer lifetime (� 6 ns).
Both emission signals hence are kinetically correlated. When
comparing the fluorescence maps for samples with increasing
H2O½ �, it becomes apparent that water drastically alters the
fluorescence kinetics. This can be followed by considering the
kinetic traces taken at 480 nm and 575 nm, near the maximum
positions, as shown in Figures 3(e) and 3(f). Thereby, the use of
a logarithmic intensity scale allows testing for non-exponential
decays since purely mono-exponential decays appear as
straight lines in this representation.

On the one hand, the 480 nm signal referring to ROH*
emission yields a straight line for the water-free sample,
corresponding to a monoexponential decay. Having water
initially added, the ROH* emission starts deviating from a
monoexponential decay, which is reflected in a line curvature

of the plots as indicated by the curved arrow in Figure 3(e).
This effect becomes the more severe the more water is present.
Evidently, a faster decay of ROH* that causes the more negative
slope in the early time regime seems to superpose a slower
decay represented by the less negative slope in the late time
regime. Thus, the traces at 480 nm indicate a fluorescence
decay becoming faster the more water is present.

On the other hand, the rise component of the 575 nm
traces becomes steeper (in accordance with the corresponding
shortened 480 nm decay), while the decay component remains
almost unaffected, as demonstrated by the parallel lines in the
late time regime of Figure 3(f). The combination of both
eventually causes the intensity maximum at 575 nm to shift
towards time zero, as indicated by the arrow.

The change caused by the first addition of water (0 M!
0.14 M) behaves differently, as the 575 nm signal, referring to
RO� * emission, is very weak in water-free solution and hence
constitutes a superposition of the actual RO� * emission and the
red tail of the ROH* decay, which is maximal at 480 nm but not
zero at 575 nm. The possibility of two further processes in the
water-free sample, namely the ESPT to acetone and the
interference with a trifluoroacetate anion, will be discussed
below.

Figure 3. Normalized time-resolved fluorescence maps using 405 nm excitation for samples with increasing concentration of water (exemplarily (a) 0.00 M, (b)
0.28 M, (c) 0.55 M, (d) 1.09 M) in acidic solution (6.5 mM TFA) relating to Figure 1(d). All kinetic traces at 480 nm and 575 nm, taken from the maps, are
compared on a logarithmic intensity scale in (e) and (f), respectively. Line colors refer to the concentrations as included in (e). Arrows indicate the progression
when adding water.
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The kinetic model for global analysis

All time-resolved fluorescence data was further analyzed in the
context of the Eigen-Weller model of Scheme 1. A complete,
numerical modeling[53–55] with (diffusion-controlled) backreac-
tions and equilibrations is very laborious and non-essential
when the dynamic recombination is negligible, as indicated by
the monoexponential decays in Figure 3(f).

In contrast to the trianion HPTS, the photoacid studied here
is uncharged, so that diffusion contributions seem less relevant
due to the weaker Coulomb attraction between the ions after
ESPT. Moreover, Spies et al. demonstrated that the ESPT rates
of this photoacid in H2O, MeOH, and EtOH obtained from the
exact, numerical solution to the Debye-Smoluchowski equation
(DSE) are virtually identical to those determined by multi-
exponential fitting.[35] Besides, further studies on ESPT of
similarly strong photoacids in other polar-aprotic solvents also
presented kinetic analyses being in accordance with the
experimental results, without explicitly solving the DSE.[44,56–58]

Therefore, we apply a global analysis scheme[59–62] with
three parallel exponential decays in order to disentangle the
emission processes. Details on the model are given in the SI.

Impact of water admixtures on the fluorescence dynamics

The results from the triexponential global analysis scheme for
the water series in acidic solution are shown in Figure 4 (see
corresponding residual maps in Figure S4 for assessing the fit
quality), those in neutral solution are included in Figure S3 of
the Supporting Information. Panels 4(a) to 4(c) display the
decay-associated spectra (DAS), while the three rate constants
are shown in Figure 4(d) as a function of the concentration of
the water admixtures.

Similar to the steady-state fluorescence, the results for 0 M
water differ from those with added water. We will thus first
discuss those results after the first addition of water. At 0.14 M
H2O, the amplitude A1 (Figure 4(a)) for the fastest component
shows a large positive (decaying) contribution close to 475 nm,
a negative (rising) contribution near 550 nm, and a small
positive contribution at 575 nm. As H2O½ � increases, the 475 nm
feature shifts to the red (reaching 480 nm) and gains in
intensity while becoming significantly broader. At the final
water concentration of 1.09 M, a shoulder near 500 nm
becomes clearly visible. Meanwhile, the 550 nm contribution is
also red-shifted, but its amplitude passes through a minimum
of � 0.5 and then slightly increases again with increasing water
concentration. In parallel to this, the 575 nm feature loses in
intensity. For an interpretation of the different contributions,
we confer Scheme 1 and the different species therein. For
illustrative purposes, as insets in Figure 4, the composition of
the individual DAS is mimicked by spectral components
representing these species. The component peaking at 480 nm
is connected to the free (i. e., uncomplexed) photoacid, while
the one at 500 nm refers to the excited photoacid-water
complex CPX*. The negative signal at 550 nm corresponds to
the rise of the proton-transfer intermediate HBIP*. The putative

Figure 4. Results from a global analysis with three temporal components to
the fluorescence intensity decay of the acidic sample series (Figure 3).
Decay-associated spectra (DAS) relating to amplitudes A1 (a), A2 (b), and A3

(c) are shown, together with a plot of the kinetic constants k1 (filled circles),
k2 (open circles), and k3 (open triangles), as a function of the concentration
of water (d). The DAS comprise contributions from the four species ROH*,
CPX*, HBIP*, and RO� * (Scheme 1). The insets of panels (a) to (c) provide a
sketch to visualize the different contributions, which result in the overall
DAS as indicated by the dashed black line. Note that the individual emission
spectra change in shape and shift with an increase of the water
concentration. This is indicated by the arrows whose colors correspond to
the contribution given in the insets.
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peak at 575 nm does not actually represent a decay contribu-
tion in the spectral region of the excited base, but is the result
of a superposition of the ROH* (with decreasing contribution
according to the steady-state complexation, see Figure 1),
CPX*, and HBIP* (both with increasing contribution) spectra as
indicated in the inset.

The corresponding rate k1 (filled circles) shows an almost
linear increase over the range from 0.14 M to 1.09 M with a
slope of ~1:5� 109 M� 1 s� 1, as suggestive for bimolecular
reaction kinetics. However, since A1 has contributions from
both the ROH* and the CPX* decay in varying amounts, a direct
assignment of the increase of k1 to an acceleration of a distinct
reaction step is intricate because of such kinetic mixing. Along
these lines, the observed progression for k1 basically reflects
that HBIP* formation via CPX* is faster at higher water
concentrations, and at least the magnitude of the apparent
bimolecular rate constant strongly supports a diffusion-con-
trolled reaction mechanism, which is the involvement of a
further water molecule. Furthermore, no unambiguous indica-
tion for excited-state formation of RO� * is found along with this
fastest process in acidified solution, in contrast to neutral
solution (see Figure S3). The participation of a further water
molecule may be rationalized by the necessity of stabilizing a
hydronium cation in acetone, which is facilitated if it is part of a
hydrogen-bonded water cluster.

The second kinetic component A2 (Figure 4(b)) is closely
related to A1. Now, a strong positive contribution is observed,
covering a broad range from 460 nm to 560 nm, that also shifts
to the red during addition of water, but loses intensity in the
spectral range of CPX*. Concomitantly, the amplitude peaks
more and more around 560 nm, therefore adopting increas-
ingly more CPX* and HBIP* decay character, in agreement with
the complexation behavior. Furthermore, a negative contribu-
tion near 575 nm indicates that this component is coupled to
the rise of RO� *. Note that the overall spectra increase at
575 nm when water is added (black-dashed arrow in Fig-
ure 4(b)), but this is due to a superposition of the bathochromi-
cally shifting contribution of HBIP* (orange arrow in Figure 4(b))
and the increasingly negative feature of the RO� * (red arrow).
Therefore, we conclude that A2 represents the time scale at
which HBIP* turns into RO� *, but also includes some contribu-
tion of emission from free ROH* on the short-wavelength side.
A sketch of how the different species contribute is given in the
inset of Figure 4(b).

The corresponding rate k2 (open circles) increases with
addition of water, initially in a linear fashion. This can be
rationalized by the above-mentioned existence of water
clusters in acetone, because for a HBIP to separate, the
hydronium ion has to be stabilized, presumably via hydration
in a water cluster, related to the long-standing debate of
Zundel and Eigen complexes.[63] Therefore, adding water
facilitates the formation of RO� * from HBIP*, but if there are
enough water complexes present, the effect should cease to
increase, giving rise to a maximum value of k2. Anyway, the
observation that k2 increases with a reaction order of H2O½ � less
than 1 suggests that higher oligomers (n > 2) are not
mandatory for ESPT.

The amplitude A3 of the slowest kinetic contribution only
consists of a strong positive signal at 575 nm that is basically
independent of the concentration of water. The corresponding
rate constant k3 (open triangles) does not change at all with
water concentration. This can be understood given the assign-
ment to the decay of RO� *, a species which is not in contact
with water cosolvent molecules and thus, may decay without a
pronounced sensitivity on water concentration.

The instance of no water admixtures

The case of 0 M water behaves quite differently from the
others. In the DASs, amplitude A1 only has a comparably small
475 nm feature, but a rather broad negative contribution
around 540 nm instead. The most pronounced DAS can be
found for A2, which consists of a positive signal originating
from ROH* and a negative signal representing the rise of RO� *.
We note that the characteristic feature at 550 nm observed
with water admixtures and attributed to HBIP* is not present
without water (see yellow curve in Figure 4(b)). Despite no
additional water, we observe the RO� * signal at 575 nm in A3.
These three observations, (i) mainly ROH* in A1, (ii) no
pronounced HBIP* in A2, and (iii) nonetheless RO� * emission in
A3, lead us to infer that an ESPT is also possible without water
admixtures. Whereas the presence of water traces cannot be
fully excluded and hence a signal contribution nonetheless
involving water is conceivable, the remarkably different DASs
imply that a distinct further mechanism is operative. Due to the
high photoacidity of ROH*, it is conceivable that acetone
actually acts as proton acceptor, as previously argued by Finkler
et al.[33] We note that the rate k2 takes the value of 0.235 ns� 1,
which is very close to the value of 0.234 ns� 1 for the decay of
the excited methoxy analogue ROMe* which cannot transfer
any proton (see Figure S5, ESI). Thus, if ESPT to acetone occurs,
it has a much lower rate.

In addition, the slightly negative signal in A1 together with
the remaining positive signal in A3, both around 540 nm,
further indicate that some of the ROH* molecules might form a
complex which is not capable of ESPT and thus emits in this
wavelength range. This behavior might originate in part from
the involvement of trifluoroacetate anions, but also the
occurrence of ESPT to acetone in the absence of water may
play a role. Finally, the negative part of A3 is not due to a real
signal, but is probably a fit artefact that emanates from the
similarity of k2 and k3.

The impact of acid on the fluorescence spectra

As displayed in Figure 1, the addition of acid shifts the ground-
state equilibrium towards ROH. Next, we aim to elicit whether
there is a pronounced effect of acidification on the emission
characteristics.

Starting with samples containing different amounts of
water (for initial absorption spectra see Figure 1(b)), we added
increasing amounts of TFA. Exemplarily, the steady-state
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fluorescence spectra of three corresponding acidification series
are illustrated in Figures 5(a-c). All spectra reveal the same
progression with increasing TFA½ � irrespective of the initial
concentration of water, comprising a diminishing RO� * emis-
sion (575 nm) coupled to an intensifying ROH* emission
(480 nm). Depending on the initial concentration of water, TFA
achieves within the employed concentration ranges no com-
plete, but only a partial restoring of the ROH* emission
intensity in water-free solution, as seen from the final spectrum
of each series, i. e., those for highest TFA½ �. It appears that the
more water is present the more TFA is needed to restore the
intensity referring to water-free solution.

Although a TFA excess suppresses the generation of RO� *,
the resulting spectra at high TFA½ � do not fully resemble those
in neutral or weakly acidic solution. Being most easily
observable for the solution with highest H2O½ � in Figure 5(c), a
new emission signal at 550 nm emerges (red asterisk), becom-
ing only apparent in highly acidic solution, in which the RO� *
emission is close to vanishing. From comparison with Figure 4,
the 550 nm signal is identified as emission from HBIP*. Thus, at
high acid concentration, HBIP* emission prevails instead of
RO� *.

We assume that this originates from a preference of water
to be located in the vicinity of the stronger acid. Since this is
the TFA if there is no excited molecule, the amount of water

being hydrogen-bonded to the photoacid is rather low. This
has two implications. First, in case of an initial ground-state
complex CPX, upon excitation CPX* can form HBIP*, but cannot
further separate due to an insufficient number of water
molecules to stabilize the separated ions. Second, in case of an
initially isolated ROH, upon excitation ROH* may encounter
water molecules by diffusion, leading to a delayed rise of HBIP*
without further dissociation. To separate out the two contribu-
tions for HBIP* formation, time-resolved fluorescence maps for
all acidification series have been recorded.

The effect of acid on the fluorescence dynamics

Exemplarily, the corresponding kinetic traces at the emission
maxima of ROH* at 480 nm and of RO� * at 575 nm are
displayed in Figures 5(d-f). As the concentration of water
increases, a pronounced deviation from the mono-exponential
decay found above for a water-free solution is found for ROH*,
as is evident from the kink (black asterisk). Importantly, this
kink disappears with increasing concentration of TFA, irrespec-
tive of the initial amount of water (as indicated by the curved
black arrows). In contrast, the biphasic RO� * signal is affected
by TFA to a much lesser degree. Only the series for 0.14 M of
water reveals a slight progression at 575 nm. For the others,

Figure 5. Emission from samples with increasing concentration of TFA after 400 nm (a–c) or 405 nm (d–f) excitation. Each column refers to a sample series
with a specific concentration of water (0.14 M, 0.28 M, 0.55 M). Colors refer to the individual concentrations of TFA according to the legend. Top row: Steady-
state fluorescence spectra. Black, dashed arrows indicate the peak progression with increasing TFA. Red asterisks highlight a new emission feature around
550 nm. Bottom row: Semi-logarithmic plots of selected kinetic traces at 480 nm (lower, solid lines) and 575 nm (upper, dotted lines) taken from the time-
resolved maps of the samples with increasing concentration of TFA. Black asterisks indicate kinks in the profiles. Colors refer to the individual concentrations
of TFA according to the legend. Solid arrows indicate the progression with increasing TFA.
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merely the rise component vanishes, causing an overall shift of
the maximum towards time zero, while the decay component
remains mostly unaffected. These effects are mainly due to the
spectral superposition of weak RO� * emission (centered at

575 nm) to the red tail of the ROH* emission (extending to
575 nm).

In analogy to Figure 4, quantification of these effects on the
fluorescence dynamics is accomplished by global analysis
based on Eq. (S2) (SI), as displayed in Figure 6. The first row of

Figure 6. Results from a global analysis with three temporal components to the fluorescence intensity decay of the samples with increasing concentration of
TFA (Figure 5). Each column refers to a sample series with a specific concentration of water (0.14 M, 0.28 M, 0.55 M). Colors refer to the individual
concentrations of TFA according to the legend. Black, dashed arrows indicate the peak progression with increasing [TFA]. The peak progressions with
increasing [TFA] are indicated by arrows whose colors refer to the contributing species, i. e., ROH* (blue), CPX* (green), HBIP* (orange), and RO� * (red). Upper
three rows: Decay-associated spectra (DAS) relating to amplitudes A1 (a–c), A2 (d–f), and A3 (g–i). Bottom row: Plots (j–l) of the kinetic constants k1 (filled
circles), k2 (open circles), and k3 (open triangles) as a function of the concentration of TFA.
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Figure 6 shows the effect of acidification on the DAS A1

corresponding to the fastest dynamics. In the region below
520 nm and above 570 nm, the CPX* emission steadily
decreases with increasing TFA½ �. In the same manner, the
negative signal observed in between, corresponding to HBIP*
formation, decreases as well. This is in line with our
interpretation that the water molecules gather around the
strongest acid, i. e., around TFA rather than ROH, so that
excitation yields the less CPX* the more TFA is present.

If this conclusion is appropriate, a decrease of CPX* should
be accompanied by an increase of ROH* emission. This is
indeed reflected in A2 (Figure 6(d–f)) by the growth of the
emission signal at 480 nm with increasing TFA½ �. Moreover, the
HBIP* emission around 550 nm in combination with the
negative rise of RO� * at 575 nm should also shrink, as is evident
in these DASs. It seems that the addition of TFA, at least at low
concentrations, reverses the effect of water addition, see the
comparison of Figure 6(a-f) and Figure 4(a–b).

Remarkably, for the highest value of TFA½ �, the DAS A2 even
becomes negative in the spectral region around 550 nm. Thus,
this signal indicates a rise of HBIP* emission that does not
originate from a previous CPX*. Rather, we propose that a
water molecule encounters an excited photoacid ROH* in a
diffusive process, directly yielding HBIP*. This can be rational-
ized as ROH* now is the stronger acid than TFA, in contrast to
the situation in the ground state.

Further in line with our interpretation, the RO� * emission at
575 nm constantly diminishes with increasing TFA½ �, reflected in
DAS A3 in Figure 6(g–i). At high values of TFA½ �, A3 starts to
exhibit a positive contribution peaking at 550 nm and, for the
highest TFA concentration, even a broad emission around
500 nm. This shows that HBIP* and even CPX* are formed more
slowly and persist for a longer time compared to weakly acidic
solution. Our explanation is again based on initial TFA-water
complexes which encounter a ROH* molecule and can lead to
HBIP* formation. Because this complex is already acidic, a full
separation of HBIP* to yield RO� * does not occur and, in the
extreme case of very high TFA½ �, even HBIP* formation is
hindered, giving rise to the emission signal of CPX*, persisting
on the longest observed timescale. The putative formation of a
[ROH···TFA]* complex under these conditions might further
contribute.

The discussed processes are also reflected in the rate
constants (Figure 6(j–l)). Corresponding to the fastest dynamics,
k1 describes the conversion of CPX* into HBIP* (vide supra).
Since acidification only reduces the amount of CPX*, A1 shrinks
but k1 stays almost constant. The actual value of k1 depends on
the water concentration (also compare to Figure 4(d)). The
reason for the decrease of k1 in Figure 6(l) is again rationalized
by the proposed clustering of water around TFA, effectively
reducing the amount of water in the vicinity of the photoacid,
so that a value of k1 is approached which would correspond to
less water in the non-acidic case. In other words, TFA inhibits
the formation of HBIP*, which shows signatures of diffusion-
controlled reaction kinetics (cf. Figure 4(d)). We conjecture that
this analogously affects k1 in Figure 6(j–k), but to a lower
extent. In the extreme case of strongly acidic conditions, there

is basically no water close to the photoacid and hence, no CPX
in the ground state. Consequently, there is also no initial CPX*
after excitation and, in the global analysis, k1 rather mimics the
solvation dynamics of ROH*. This process occurs on ps time-
scales so that the actual value of k1 is meaningless because of
limited time resolution. Since the solvation dynamics lead to a
bathochromic shift with time, the amplitude A1 for the initial
emission of ROH* is therefore still slightly blue-shifted with
respect to the steady-state emission of ROH* (compare the
maximum at 470 nm in the curves for highest acid concen-
tration in Figure 6(a–c) vs. 480 nm as found in Figure 1(c–d)).

With increasing acidification, the rate constant k2 under-
goes a change from describing the HBIP*!RO� * conversion to
the diffusive HBIP* formation from ROH* with approaching
water (see the sign change of the amplitude assigned to HBIP*
in Figure 6). For large TFA excess, it appears that k2 approaches
the same value of about 0.27 ns� 1. We note that this is again
close to the radiative decay rate of 0.234 ns� 1 for the meth-
ylated analog ROMe* (see Figure S5 in ESI), i. e., a situation
where emission only originates from the initial species.

The rate constant k3 takes the same value for all studied
water concentrations (also see Figure 4(d)) and low TFA½ �,
because it then solely represents the RO� * emission, as already
evident from the corresponding DAS A3. Time-resolved studies
using time-correlated single-photon counting (TCSPC) and
fluorescence up-conversion report that RO� * emission decays
monoexponentially with a rate constant of 0:18 ns� 1 in
DMSO,[33] 0:17 ns� 1 in water,[35] and 0:17 ns� 1 in MeOH and
EtOH.[35] We find a value of 0:17 ns� 1, in very good agreement
with these other studies. At high TFA½ �, further contributions
from HBIP* and CPX* mix in as described before, causing a
slight increase of k3.

Summary

Our experiments have investigated the emission characteristics
of a super-photoacid ROH in acetone-water environments. For
the dynamics, we found that global analysis with a tri-
exponential model allows a comprehensive interpretation of
the data. Our five main findings are:

(1) ESPT even in neat acetone

The observation of RO� * emission without any water admix-
tures and the concomitant decay of ROH* with virtually the
same rate as ROMe* implies that ESPT to acetone might also be
possible, yet very inefficient. In steady-state fluorescence
studies, this possibility has already been suggested[33] and is
now supported by our time-resolved analysis.

(2) CPX formation in the ground state upon water addition

If water is used as a cosolvent, steady-state absorption and
emission spectra reveal that a complex between the photoacid
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and water is formed in the ground state. A Benesi-Hildebrand
analysis disclosed that this complex CPX comprises one water
molecule and the photoacid.

(3) A three-step Eigen-Weller model can explain the
fluorescence dynamics in the presence of water

Excitation at 405 nm generates ROH* and, to an increasing
degree with rising water concentration, CPX*. The latter
subsequently transforms into HBIP*, which may further give
rise to RO� * (if there are sufficient water molecules, see finding
(4)). Signatures of all four species involved in this three-step
Eigen-Weller model can be clearly identified both in steady-
state and time-resolved emission spectroscopy.

Excited contact ion pairs as the most prominent ESPT
intermediates are commonly short-lived (few-ps) in water,[56,64,65]

though this is not necessarily the case in polar-aprotic solvents.
For experiments with our photoacid and trioctylphosphine
oxide in nitriles, CPX* and HBIP* intermediates have been
shown to be necessary as well to describe the emission
characteristics adequately.[36,37] If ground-state dynamics are
additionally monitored, as done by Vester et al.[51] in photon
antibunching experiments for this photoacid in DMSO, a further
solvent-separated ion pair needs to be taken into account.

Recently, Kumpulainen et al. reported that ESPT to DMSO of
a 1,8-naphthalimide-based photoacid (pK*a � � 2), which is
similarly strong to ours, proceeds according to a two-step
Eigen-Weller model via a contact ion pair that is generated by a
fast, solvent-controlled initial proton-transfer equilibrium.[56]

Further restraining proton dissociation by changing to even
less polar solvents then gives rise to the need for complex
formation with an additional base prior to the ESPT, overall
requiring a description based on a three-step model.[57] Albeit it
is a different photoacid, the employed model has great
similarities to the one used by us.

(4) More than one water molecule required for HBIP*
separation

By analyzing the titration series with water, it became apparent
that HBIP* cannot separate if no further water molecules are in
close vicinity. We conclude that a hydrogen-bonded network is
necessary to stabilize the hydronium cation:

½RO� � � � Hþ � � � OH2�* þ n H2O

! ½RO� � � � H2O � � � H
þ � � � ðOH2Þn�* ; n � 1

This observation has some analogy to the reactivity of
diphenylcarbene (DPC) in methanol/acetonitrile mixtures,[66,67]

in which, depending on the solvent composition, photo-
generated singlet DPC can only abstract a proton from a
methanol molecule if the generated methoxide anion is
stabilized by hydrogen bonds to other methanol molecules.

(5) Acidification of acetone-water mixtures reduces the local
hydration of the photoacid

TFA is a stronger acid than the ground-state photoacid. Thus, if
TFA is added to an acetone-water mixture containing the
photoacid, our data shows that the amount of water molecules
adjacent to the photoacid declines, and in turn CPX*, HBIP*,
and, finally, RO� * is suppressed after excitation. It is known that
water can form clusters in acetoneous environments,[47,48] which
we assume to be located around TFA rather than ROH.

Under high concentration of TFA, there is hardly any CPX
present in solution since all the water gathers around TFA.
Photoexcitation thus initially leads to almost exclusively ROH*
emission. However, HBIP* subsequently starts to emerge, but
without preceding CPX* emission. In our interpretation, the
HBIP* can be directly formed from ROH* and water which first
have to encounter each other in a diffusive process. This effect
is supposed to become the more distinct the more TFA is
present, because then less ground-state complexation of the
photoacid and water occurs. At large excess of TFA, even CPX*
is observed which also originates from this diffusive mecha-
nism.

Outlook

The ESPT dynamics of the neutral super-photoacid employed
here can vary significantly in acetone-water mixtures depend-
ing on the solvent composition and the acidification. This
opens two perspectives. On the one hand, desired emission
properties are attainable if the environmental conditions can
be tuned in a controlled manner. On the other hand, recording
the emission in a variable environment also allows to obtain
information on the latter. These versatile properties could be
further manipulated by employing solvent mixtures with
perturbed hydrogen-bond dynamics,[68–74] applying high
pressures[26,75–77] or spatially encapsulating the compound. The
latter approach was demonstrated for other photoacids
confined in small solvent droplets,[16] as e.g. also possible in
(reverse) micelles,[24,78–86] or small container molecules,[87–89]

which further alters the ESPT characteristics.
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4. ESPT in Neat Acetone

In view of the previous findings (Chap. 3), this part of the project extends the time-resolved spectroscop-

ic measurements to neat acetone as the environment. Chapter 3 demonstrated that both a photoacid–base

complex (CPX) and a hydrogen-bonded ion pair (HBIP) need to be considered as intermediates to describe

the emission dynamics of photoacid B in acetone–water mixtures properly, but these intermediates were

not specifically observed in neat acetone. Rather, the results indicated picosecond solvation dynamics

and an ESPT that is described by a single time constant. These dynamics are elucidated using ultrafast

transient absorption spectroscopy in combination with time-resolved fluorescence via TCSPC.

This part has been performed under the supervision of Prof. Dr. Patrick Nürnberger. The transient

absorption has been measured by Dr. Johannes Knorr and the time-resolved emission by him together

with Dr. Bastian Geißler. The anisotropy measurements have been performed by Dr. Roger Jan Kutta.

My contribution consists in performing the data analysis, helping with the preparation of the figures,

contributing ideas to the discussion, and finalizing the first draft of the manuscript (initially written by

Dr. Johannes Knorr). Furthermore, I am responsible for a thorough revision of the whole manuscript and

a complete re-analysis of the emission data (Fig. 1) during the publication process. I have also assisted

Patrick Nürnberger in corresponding with the editor and the reviewers.

The following open-access publication is reprinted under the terms of CC BY-NC-ND 4.0 from:

J. Knorr, N. Sülzner, B. Geissler, C. Spies, A. Grandjean, R. J. Kutta, G. Jung, and P. Nuernberger.

Ultrafast transient absorption and solvation of a super-photoacid in acetoneous environments. Photochem.

Photobiol. Sci. 2022 21 (12), 2179–2192. Copyright © The Authors 2022. Photochem. Photobiol.

Sci. published by Springer. This publication is also available online: https://doi.org/10.1007/
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Abstract
The phenomenon of photoacidity, i.e., an increase in acidity by several orders of magnitude upon electronic excitation, is 
frequently encountered in aromatic alcohols capable of transferring a proton to a suitable acceptor. A promising new class 
of neutral super-photoacids based on pyranine derivatives has been shown to exhibit pronounced solvatochromic effects. 
To disclose the underlying mechanisms contributing to excited-state proton transfer (ESPT) and the temporal characteris-
tics of solvation and ESPT, we scrutinize the associated ultrafast dynamics of the strongest photoacid of this class, namely 
tris(1,1,1,3,3,3-hexafluoropropan-2-yl)8-hydroxypyrene-1,3,6-trisulfonate, in acetoneous environment, thereby finding exper-
imental evidence for ESPT even under these adverse conditions for proton transfer. Juxtaposing results from time-correlated 
single-photon counting and femtosecond transient absorption measurements combined with a complete decomposition of 
all signal components, i.e., absorption of ground and excited states as well as stimulated emission, we disclose dynamics of 
solvation, rotational diffusion, and radiative relaxation processes in acetone and identify the relevant steps of ESPT along 
with the associated time scales.

Graphical abstract

1  Introduction

Upon electronic excitation, so-called photoacids show a 
higher acidity, i.e., a higher tendency to release an acidic 
proton, caused by changes in the molecule's electronic 
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distribution that in turn affect corresponding hydrogen 
bonds. In 1965, Trieff and Sundheim introduced the term 
excited-state proton transfer (ESPT) [1]. However, more 
than 30 years earlier, it was Weber who observed that 
changing the pH value in a solution containing 1,4-naph-
thylaminosulfonate leads to changes in the corresponding 
fluorescence spectrum, while leaving the absorption spec-
trum unaltered [2]. A few years later, Förster was able to 
assign this phenomenon to a difference in the protolytic 
equilibria in the molecular electronic ground and excited 
state, respectively. Consequently, he introduced the so-
called Förster cycle which explains the basic processes 
occurring in photoacid systems [3, 4]. For these molecules, 
which are typically weak acids in their ROH form, elec-
tronic excitation decreases the pKa value by several orders 
of magnitude. The Förster cycle illustrates the existence 
of two different species in the excited state, namely the 
ROH* and the RO–* species, whereby the asterisk denotes 
the excited state. Their different energetic positions give 
rise to two separate emission bands for relaxation back to 
the respective ground states. Given that the pKa value is 
known, the Förster cycle directly reveals the pKa* value of 
the photoacid system. If the pKa value is unknown, how-
ever, still the change in acidity upon photoexcitation can 
be evaluated [5].

ESPT is always linked to the presence of a suitable accep-
tor such as a polar solvent molecule. Most studies on ESPT 
were conducted in aqueous environment which allows to 
study even weak photoacids due to its extraordinary good 
ability to stabilize a proton [6–9]. One special type of pho-
toacids are so-called super-photoacids which are character-
ized by negative pKa* values (in water) [10–12]. This class 
of molecules allows the study of ESPT in various polar sol-
vents, because the photoacids are so strong that they are 
able to transfer the proton to less good acceptor molecules, 
e.g., dimethyl sulfoxide (DMSO) [12–18]. Many studies 
on super-photoacids have also been carried out in solvent 
mixtures, for instance in water–methanol mixtures [19], 
water–acetonitrile mixtures [20], or water–acetone mixtures 
[21]. Importantly, time-resolved experiments have made it 
possible to follow ESPT on its actual time scale [13, 22, 23].

We focus on previously synthesized and spectroscopically 
characterized neutral super-photoacids derived from pyra-
nine (8-hydroxy-1,3,6-pyrenetrisulfonate, HPTS), a pH-sen-
sitive fluorescent dye from the group of arylsulfonates, with 
the modified molecules differing in their substituents at the 
aromatic pyrene core [14–16]. HPTS and related photoacids 
with pyrene centers were extensively studied by different 
time-resolved spectroscopic techniques in various environ-
ments [24–48] and also with regard to aspects of proton 
transfer mechanisms to a co-solute base [49–61]. Recently, 
also the ultrafast dynamics of super-photobases have been 
reported. [62–64]

The neutral super-photoacids exhibit electronic transitions 
in the VIS spectral region, thus being promising candidates to 
study proton transfer on the single-molecule level [65, 66] where 
UV excitation light typically leads to unwanted background 
signals. Furthermore, the compounds combine high photosta-
bility and high solubility, thus making them applicable as pH 
sensors in biological systems just like HPTS [67, 68]. Steady-
state measurements and solvatochromic analysis revealed that 
intramolecular charge transfer on the photoacid side correlates 
best with the observed photoacidity. The present study deals 
with ultrafast dynamics of the strongest photoacid out of this 
series [14–16], namely tris(1,1,1,3,3,3-hexafluoropropan-2-yl)8-
hydroxypyrene-1,3,6-trisulfonate (molecular structure sketched 
in Fig. 1c), which exhibits a high fluorescence quantum yield 
(91% in DMSO) [15] and excellent photostability. Owing to the 
strongly electron withdrawing sulfonic ester groups, the mole-
cule exhibits in water an increase in acidity in the excited state of 
eight logarithmic units, i.e., orders of magnitude, as is reflected 
in the reported values pKa = 4.4 and pKa* = –3.9, respectively 
[14]. Hence, ESPT is also possible in solvents which exhibit a 
low polarity and are rather weak hydrogen-bonding acceptors. 
While many photoacids do not transfer a proton to the solvent 
DMSO upon excitation, the system investigated here does so 
even in acetone [14, 15, 21]. While previous studies have shown 
that a complex of the photoacid with a hydrogen-bond accepting 
molecule as well as a hydrogen-bonded ion pair have to be taken 
into account as intermediates to describe the emission dynamics 
conclusively [21, 69, 70], these intermediates are not identified 
in neat acetone; rather, analysis of emission data in neat acetone 
pointed towards solvation dynamics on the ps time scale and 
ESPT described by basically one time constant [21]. Here, we 
extend the time-resolved studies of this particularly strong super-
photoacid to unravel the ultrafast dynamics in the aprotic solvent 
acetone by combining time-correlated single-photon counting 
(TCSPC) and femtosecond transient absorption (fsTA) data. In-
depth analysis allows a conclusive description and an illustrative 
modeling within a reaction scheme considering proton-transfer 
dynamics in the ground and excited state.

2 � Materials and methods

2.1 � Sample preparation and basic spectroscopic 
characterization

The synthesis of tris(1,1,1,3,3,3-hexafluoropropan-2-yl)8-
hydroxypyrene-1,3,6-trisulfonate and of the methylated 
analogue was performed according to References [14, 15]. 
For sample preparation, acetone (anhydrous and of spectro-
photometric grade) and trifluoroacetic acid (TFA, 99%) were 
used as received. For the measurement of linear absorp-
tion spectra, a JASCO V-770 spectrophotometer was used. 
Absorption spectra shown in Fig. 1b were recorded in situ 
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Fig. 1   Fluorescence dynamics of the examined super-photoacid in 
acetoneous environment for two different acid-base equilibria. a Pho-
tograph of a neutral (orange) and an acidic (green) solution of the 
photoacid. b Absorption spectra of the neutral (orange) and acidic 
solution (green) used in the TCSPC experiments (note that spectra are 
corrected for solvent contributions). In addition, the emission spectra 
of the excitation laser diodes are indicated in gray. c Molecular struc-
ture of the investigated photoacid, with sulfonic ester moieties in red 
and hydroxyl group in blue, below, the one-step model used for fitting 

to the data. TCSPC data is displayed for: d neutral solution, excited 
at 561  nm; e neutral solution, excited at 405  nm; f acidic solution, 
excited at 405  nm. g–i Time-resolved emission spectra taken from 
graphs d–f. The spectra are normalized to the emission at 576 nm in 
the case of g or to the emission at 486  nm in the case of h and i, 
respectively; note that the individual curves in g are coinciding within 
experimental error. j–l Normalized temporal emission profiles at 
480 nm (black, fit shown in magenta) and 576 nm (black, fit shown in 
cyan) taken from graphs d–f 
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in a 2 mm Suprasil cuvette before acquiring TCSPC data 
(see below).

2.2 � Time‑correlated single‑photon counting 
(TCSPC)

Fluorescence lifetimes of the ROH* and RO–* form were 
measured by TCSPC under magic-angle conditions [71, 72] 
in 90° geometry with a commercial setup (FluoTime 200 
with a TimeHarp 260 correlation unit and a PMA-C-182-M 
photomultiplier detector assembly, Picoquant). For excita-
tion, either a 405 nm (LDH-P–C-405) or a 561 nm (LDH-D-
TA-560) pulsed diode laser (driven by a PDL-800-B oscil-
lator module; Picoquant) was used at a repetition rate of 
10 MHz. The optical density along the excitation path of 
the samples was well below 0.15 in order to minimize re-
absorption of fluorescence photons. The instrument response 
function (IRF) was recorded by replacing the sample with 
a Ludox suspension revealing an overall time resolution of 
ca. 300 ps (FWHM) for both excitation wavelengths. Spectra 
were recorded in a cuvette with a pathlength of 2 mm. Life-
times were determined using a custom-built Matlab fitting 
routine, taking into account the instrument response function 
and background.

2.3 � Transient absorption spectroscopy

A regenerative Titanium:Sapphire (Ti:Sa) amplifier (Spitfire 
Ace; Spectra Physics: 1 kHz, 800 nm, 100 fs) was used to 
pump a commercial noncollinear optical parametric ampli-
fier (NOPA, TOPAS White; Light Conversion). To selec-
tively excite the ROH or the RO– form of the photoacid, the 
latter was tuned to generate 445 nm or 575 nm pump pulses 
having energies of 500 nJ or 350 nJ at the sample position, 
respectively. Supercontinuum probe pulses were generated 
in a linearly moving CaF2 plate and used with polarization 
under magic angle (54.7°) with respect to the one of the 
pump pulses. Recording changes in optical density from 
pairs of subsequent laser shots was enabled by using a grat-
ing spectrograph (Acton SP2500i; Princeton Instruments) 
combined with a two-dimensional CCD camera (Pixis 2 K; 
Princeton Instruments) with an acquisition rate of 1 kHz 
and mechanically chopping every second pump pulse [73, 
74]. When pumping at 445 nm, different absorbances of the 
investigated solutions were considered by globally scal-
ing the dataset of the neutral solution with respect to the 
strength of the ground-state bleach signal observed for the 
acidic solution at 445 nm immediately after time zero. For 
measurements of anisotropy, a similar fsTA setup based on 
a Ti:Sa amplifier (Libra; Coherent: 1 kHz, 800 nm, 100 fs) 
was employed, using a collinear optical parametric amplifier 
(OPA, TOPAS-800-fs; Light Conversion) pumped at 800 nm 
as pump source and CaF2 (5 mm) supercontinuum pumped 

at 800 nm as probe source. Two complementary high-speed 
spectrographs (EB Stresing) for signal and reference record-
ing were used. Pump and probe polarizations were set to 0°, 
54.7°, and 90°, respectively. Here, the pump energies at the 
sample position were 250 nJ or 400 nJ when using 405 nm 
or 575 nm, respectively.

The chirp of the supercontinuum probe was removed 
from fsTA data [71]. Due to high photostability and the 
characteristic time scales, exchanging the sample volume 
between subsequent pump pulses was not necessary. Hence, 
fsTA data were recorded in a sample cell with fixed volume 
(Suprasil, 200 µm or 1 mm path length). Photostability was 
verified by recording linear absorption spectra before and 
after the fsTA experiment without observing any change.

3 � Results

For disclosing the ultrafast reaction dynamics, the photoacid 
is investigated with TCSPC and fsTA. With each technique, 
two solutions with differing ground-state equilibria are 
examined, whereby significantly lower sample concentra-
tions are chosen for the TCSPC measurements to avoid re-
absorption of fluorescence photons. For simplicity, the solu-
tions are called “neutral” (without TFA, orange) or “acidic” 
(with additional TFA, green) in the following (see also 
Fig. 1a). To avoid confusion, we note that the neutral form 
of the photoacid predominates in the case of the “acidic” 
sample, because the nomenclature refers to the additional 
acidification of the solution.

3.1 � TCSPC

The results from our TCSPC experiments are summarized 
in Fig. 1. The absorption spectra shown in Fig. 1b illustrate 
that acidification via addition of TFA shifts the photoac-
id's ground-state equilibrium from the RO– form (575 nm) 
towards the ROH form (445  nm). In other words, one 
observes a transition from a mainly deprotonated ensemble 
of ground state molecules (orange curve) to the ensemble of 
fully protonated molecules in the ground state (green curve). 
Both neutral and acidic solutions are studied upon excita-
tion with 405 nm light, the former is furthermore studied 
with 561 nm excitation. For modeling the experimental find-
ings, we use a simplified rate model based on the Förster 
cycle (Fig. 1c), in which both ROH and RO– can be directly 
excited. The model accounts for ROH* which either relaxes 
towards the ROH state with rate krad or transfers a proton 
with rate kPT leading to RO–* molecules which eventually 
can relax towards the RO– form with rate k′rad. RO–* can 
also be formed directly by excitation of RO– and decays 
back to the ground-state with k′rad as well. The individual 
populations right after excitation depend on both the pump 
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wavelength and the sample under study. Geminate recom-
bination (rate krec) is omitted, the occurrence of ESPT is 
therefore reflected in the dynamics with rate krad + kPT.

By illuminating the neutral solution with 561 nm light, 
only the RO– form is excited. The corresponding fluores-
cence originating solely from RO–* is recorded from 568 
to 700 nm (Fig. 1d). When normalizing these time-resolved 
emission spectra (Fig. 1g), they exhibit an identical shape. 
Hence, there are no spectral shifts and identical dynam-
ics are observed for all emission wavelengths, exemplarily 
shown in Fig. 1j for 576 nm. A mono-exponential fit to these 
data already yields a good agreement (adjusted R2 = 0.9982). 
However, best results are obtained when an additional sub-ns 
exponential component is included (adjusted R2 = 0.9999). 
While this is at the limit of the temporal resolution of the 
TCSPC device, it indicates that there are short-lived dynam-
ics taking place as well, entailing subsequent investigations 
with fsTA (vide infra). For the ns decay time, a time constant 
of k′rad

−1 = 6.9 ns is found.
Figures 1e, f display the fluorescence dynamics obtained 

after exciting the neutral or acidic solution with 405 nm 
light, respectively. Under these conditions, the excitation 
additionally confirms the existence of ROH* as a fluorescent 
species, whereby the anion's fluorescence (575 nm) is shifted 
towards longer wavelengths compared to the free photoacid 
(emitting in the spectral region around 480 nm). Again, the 
data are also visualized by time-resolved emission spectra 
(Fig. 1h, i), this time after normalizing each individual spec-
trum to the ROH* fluorescence at 486 nm. A comparison 
of these spectral profiles discloses that the ROH* fluores-
cence signal is higher relative to the one of RO–* when using 
a solution with a higher degree of acidification [21]. The 
normalized representation reveals that the emission in the 
region around 480 nm slightly red-shifts with time. On the 
one hand, this originates from the superposition with the 
RO–* emission and possible solvent rearrangement. On the 
other hand, the data of Fig. 1h, i also indicate the presence 
of ion-pair signals, since emission from ion pairs which have 
not separated completely usually appears in the spectral 
region around 550 nm for this photoacid (as e.g. observed 
in previous studies with water admixtures [21]), however, 
an identification of the involved cation is not possible from 
the data.

For both solutions under 405 nm excitation, the ROH* 
fluorescence signal appears within the time resolution of the 
experimental apparatus and decays in a mono-exponential 
manner with a time constant of 4.0 ns, as is evident from the 
emission at 486 nm (black data with magenta fit in Fig. 1k, l, 
adjusted R2 = 0.9983 and 0.9995, respectively). Noteworthy, 
due to matching time constants for both solutions, putative 
traces of water seem negligible, as additional water has a 
more severe effect on the dynamics in neutral than in acidic 
solution [21]. In contrast, the temporal profiles associated 

with the RO–* emission monitored at 576 nm (cyan curves) 
are not identical (Fig. 1k, l). The total amount of fluorescing 
deprotonated molecules [RO–*](t) is given by the contribu-
tions of excited deprotonated molecules, which are formed 
by ESPT from ROH* ([RO–*]ESPT), and of directly excited 
RO– molecules ([RO–*]direct):

where the rate constants correspond to those from Fig. 1c 
(with krec set to zero). The first term thus describes 
a contribution that exhibits an exponential rise time 
� = (k

rad
+ k

PT
)−1 ≈  4.0  ns and a subsequent exponen-

tial decay with k�−1
rad

 , whereas the second term describes a 
direct exponential decay with k�−1

rad
 , resembling the direct 

RO–* emission displayed in Fig. 1j with k�−1
rad

 = 6.9 ns. The 
ratio x =
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 of these two contribu-

tions, determined with the same fit model comprising fixed 
values of (k

rad
+ k

PT
)−1 = 4.0 ns and k�−1

rad
 = 6.9 ns, is dif-

ferent for the data measured in neutral (Fig. 1k, x = 0.08, 
adjusted R2 = 0.9985) and acidic (Fig. 1l, x = 1.44, adjusted 
R2 = 0.9995) solution, respectively, as a consequence of the 
different initial concentrations of ROH or RO– in the two 
samples.

3.2 � Transient absorption

The fsTA of the neutral solution after selective excitation of 
the RO– form with pulses spectrally centered at 575 nm is 
displayed in Fig. 2a. We observe negative signatures around 
575 nm originating from the ground-state bleach (GSB) of 
the RO– absorption as well as stimulated emission (SE) of 
the RO–* form, and a positive signature centered around 
450 nm reflecting the excited-state absorption (ESA) of the 
RO–* form. All signals are formed directly after time zero 
and decay with identical time constants. Importantly, the 
observed dynamics do not contain any spectral signatures 
of the ROH form, hence the excitable RO– are not in close 
proximity to a molecule that could transfer a proton (as, 
e.g., in the case of contact ion pairs in the electronic ground 
state).

Figure 2c illustrates the fsTA of the acidic solution after 
excitation at 445 nm. Negative signals originating from 
the GSB of the ROH absorption between 375 and 450 nm 
are observed, as well as two positive signatures appearing 
at 340 nm and 470 nm reflecting the ESA of the ROH* 
form (for a discourse on the latter signal, see Subsection 
“Approach to Disassemble the fsTA Data”). Since we do not 
observe any GSB signal at 575 nm directly after the pump 
interaction, we can infer that only the ROH form is excited 
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in this measurement. As observed in Fig. 2a when exciting 
the base form only, both ESA and GSB signals are formed 
directly after time zero and decay on the same time scale. 
Within the first few picoseconds, spectral shifts imprinted 
in the ESA signal and the GSB are present, after which a 
negative signal is observable around 550 nm. After several 
hundreds of picoseconds, a pronounced negative signal at 
575 nm appears, and the ESA signal around 470 nm exhibits 
a blue shift on the same timescale. These dynamics evidence 
ESPT, as will be outlined below.

Figure 2b shows the fsTA of the neutral solution after 
exciting the non-dissociated ROH molecules, addressing the 
proton-transfer dynamics of the photoacid from a different 
ground-state equilibrium. At first glance, only minor differ-
ences compared to Fig. 2c appear, and hence we can infer 
that under neutral conditions mainly ROH rather than RO– is 
excited at 445 nm.

Generally, a global analysis [75] of photodynamic pro-
cesses can be performed, with an exponential ansatz result-
ing in decay-associated difference spectra (DADS). If done 
for our data, the contributions in the ns regime resemble the 
findings in the TCSPC study (Fig. 1d). However, the dynam-
ics for 445 nm excitation of both neutral and acidic solutions 
(Fig. 2b, c) exhibit pronounced spectral shifts during the first 
100 ps. As the transient spectra themselves show a temporal 
behavior on these short timescales, global analysis with an 
exponential ansatz can only approximately describe these 
dynamics, giving rise to additional derivative-like DADS 
[76–80]. Recent studies have reported different advanced 
approaches to include spectral shifts in global analysis 
[81–84], however, we refrain from an analysis of DADS 
here and rather follow an alternative route to disentangle 
the dynamics, as outlined below.

4 � Analysis and discussion

4.1 � Dynamics after RO– excitation

When exciting the RO– form directly, no signature of the 
protonated solute is found, hence we infer that all transient 
absorption and emission signals originate from the deproto-
nated form. Specifically, we do not observe any indication of 
a re-protonation process. Besides energetic limitations, one 
would need to rationalize how a proton could approach an 
RO–* anion after the photoexcitation. The following three 
scenarios all are unlikely for different reasons: (1) a proton 
is transferred from a methyl group of acetone; (2) a proton 
or a protonated acetone reaches the RO–* (present for only 
a few ns) in a diffusion-controlled process; (3) ground-state 
ion pairs are present in solution, i.e., a RO– solute is not 
shielded by a solvent shell from a protonated acetone cation.

In the TCSPC data (Fig. 1d, g), the spectral shape does 
not change with time. Globally fitting the fsTA data yields 
a fast component (0.9 ps, see Fig. 3a) with which minor 
spectral shifts of a few nm are associated. We assign this 
behavior to solvation dynamics of the acetone environment 
as a reaction to the change in charge distribution in the solute 
upon photoexcitation. Maroncelli and coworkers report non-
specific solvation dynamics of acetone to exhibit decay times 
of 0.187 ps and 1.09 ps; [85] while we could not explicitly 
deduce the former one, we identify them to correspond to 
the fastest time scale deduced from the fsTA data.

Steady-state spectra of RO– exhibit almost no significant 
Stokes shift in any solvent, indicating that predominantly 
the v’ = 0 ← v’’ = 0 vibronic transition is excited, but also 
that the reorganization energy for the solvation process must 
be small [85–87]. This implies that the solvation shells of 

Fig. 2   Transient absorption of the super-photoacid in acetoneous 
environment for two different acid-base equilibria. Data from fsTA 
experiments are shown for a pump–probe delay range of 4  ns; note 
the lin-log time axis (linear up to 2 ps, logarithmic afterwards) cho-
sen to better visualize the characteristic time scales. a Neutral solu-

tion, excited at 575 nm; b neutral solution, excited at 445 nm; c acidic 
solution, excited at 445  nm [note that b and c have the same color 
scale]. The photoacid concentration was 616  µM, with 2  mM TFA 
added for c. The maximum optical density of the sample was 0.4
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the RO– and the RO–* form are similar or at least that the 
rearrangement is not connected to large energetic changes, 
as can be rationalized since both the ground-state and the 
excited-state species are anionic.

HPTS and derivatives can exhibit a pronounced vibronic 
progression both in the absorption and the emission spec-
trum and both in the protonated and deprotonated form. 
Clear vibronic signatures are found in solvents with a low 
ability to donate a hydrogen bond, whereas the spectra are 
basically structureless if the solvent is a good hydrogen-
bond donor [88]. In the low-energy part of the electronic 
absorption spectrum, two electronic states contribute which 
can mix significantly and may contribute differently to the 
vibronic structure [88]. In our data (Fig. 1d, g, and 2a), the 
decay dynamics (excluding the sub-100 ps contribution 
associated with solvation) are identical and mono-exponen-
tial with a time constant of around 6.9 ns for all emission/
probe wavelengths (Fig. 3a).

Repetition of the experiments with different polarization 
conditions for the pump and probe beams has indicated fur-
ther dynamics on the order of several tens of picoseconds. 
This behavior points towards rotational diffusion of the 
super-photoacid in the acetoneous environment. To clarify 
this point, measurements with parallel [signal intensity 
I
||

(t) ] and perpendicular [ I
⟂
(t) ] pump and probe polariza-

tion directions have been performed and the anisotropy [72, 
75, 89–98]

was derived for the full spectral range covering all fea-
tures. A global mono-exponential fit to the anisotropy data 
describes these sufficiently well with an optimized decay 

r(t) =
I
||

(t) − I
⟂
(t)

I
||

(t) + 2I
⟂
(t)

time constant of 73 ps (see transient anisotropy data at two 
exemplary probe wavelengths in Fig. 3b). This time constant 
is assigned to rotational diffusion, and under the approxima-
tion of a spherical solute (which is a simplification, but for 
instance an oblate rotor would already give rise to biexpo-
nential rotational behavior) [90] leads to an estimation of a 
molecular diameter of roughly 1.2 nm.

4.2 � Population dynamics of ROH*

The emission signal of the excited photoacid ROH* 
observed at 480 nm (Fig. 1k, l) exhibits a mono-exponential 
decay with a time constant of 4.0 ns. Specifically, we do 
not observe a non-exponential contribution which would 
be characteristic of an excited-state geminate recombina-
tion process, i.e., that the proton is transferred to an acetone 
molecule but can come back to form ROH* again [16, 24, 
25]. We thus omit the occurrence of excited-state geminate 
recombination and conclude that ROH* is depopulated with 
an overall rate krad + kPT = (4.0 ns)-1 in acetoneous environ-
ment. The fsTA data (Fig. 2b, c) contains this information as 
well, further reflected not only in the SE but also in the ESA 
dynamics. The depopulation of ROH* is thus much slower 
than in water (ca. 3 ps) [16], methanol (0.12 ns) [16], ethanol 
(0.2 ns) [16], or DMSO (0.8 ns) [15], as a consequence of 
the reduced excited-state acidity in acetone, which is the 
reason why many photoacids will not perform an ESPT in 
acetone at all.

4.3 � Differences in the RO– spectral region 
depending on pumped species

The pump wavelength determines which species are excited, 
but due to the ESPT, also the emergence of newly formed 

Fig. 3   a Example of decay-associated difference spectra from global 
analysis of a fsTA data set of the super-photoacid in neutral aceto-
neous solution for 575 nm excitation, i.e., exciting RO–. b Temporal 
decay of the anisotropy in the ESA (black, probe wavelength 450 nm) 
and SE/GSB region (blue, probe wavelength 580 nm) of RO–*; note 
the logarithmic abscissa and the residuals as a measure of the fit 

quality. c Transient spectra at 4 ns pump–probe delay for the neutral 
solution after excitation at 575 nm (black) or 445 nm (red). For com-
parison, the SE profile of RO–* is shown in blue and the absorption 
spectrum of RO– is shown in purple. Vertical lines indicate the spec-
tral positions of the maxima
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transient signals depends on the excitation. We focus on the 
fsTA data in the spectral region from 560 to 700 nm and 
juxtapose in Fig. 3c the difference spectra for a time delay of 
4 ns extracted from Fig. 2a, b to the steady-state absorption 
of RO– and the emission of RO–* (converted from fluores-
cence to stimulated emission).

For the case of the neutral solution excited with 575 nm, 
no contribution from ROH* is expected and the difference 
spectrum (black curve in Fig. 3c) comprises both GSB of 
RO– and SE of RO–*. Hence, the spectral peak position is 
not at the maximum emission wavelength of 575 nm but 
lower due to the GSB contribution. If the same solution is 
excited with 445 nm, the predominant signal originates from 
RO–* molecules that were formed from ROH* by ESPT. 
These RO–* molecules contribute an SE signal but no GSB 
signal. By contrast, when already relaxed to the ground 
state, a positive absorption caused by these newly formed 
RO– molecules is added, partially canceling the blue edge 
of the SE of the RO–* molecules. Hence, the peak in the dif-
ference spectrum (red curve in Fig. 3c) is positioned further 
to the red and closer to the maximum of the RO–* emis-
sion (blue curve in Fig. 3c). Furthermore, there is also a 
broad underlying contribution of SE from ROH* molecules 
reaching out to this spectral regime (compare Fig. 1b and 
Reference [21]).

4.4 � Comparison to a methylated analogue

For assignment of the different signal contributions, it 
is advantageous to also study the methylated analogue 
tris(1,1,1,3,3,3-hexafluoropropan-2-yl)8-methoxypyrene-
1,3,6-trisulfonate, i.e., where the hydroxy group is replaced 
by a methoxy group and therefore no ESPT is possible. 

Figure 4 shows the corresponding fsTA data, together with 
the temporal decay of the anisotropy and the quantum-
chemically geometry-optimized structure. Besides solva-
tion dynamics within the first few ps, long-lived signals are 
observed. The GSB is accompanied by two ESA signals, 
one at lower (ca. 350 nm) and one at higher (ca. 550 nm) 
wavelengths. These signals are analogous to those for ROH* 
in Fig. 2b, c, and the measurements corroborate that the lat-
ter are not related to any ESPT process. Nonetheless, also 
since the spectral positions of absorption and emission are 
blue-shifted for ROMe compared to ROH [21], the spectral 
position of the low-frequency ESA signal differs for ROH* 
and ROMe*, being centered towards 550 nm for ROMe* but 
below 500 nm for ROH* (see next section). Furthermore, 
a mono-exponential fit to the anisotropy data for ROMe* 
(Fig. 4b) yields a rotational diffusion time of 68 ps that 
matches within error the 73 ps obtained for RO–* (Fig. 3b). 
We note that the slight difference might be associated with 
RO–* being anionic, whereas ROMe* is not. Thus, we con-
clude that ROMe* and RO–* (and probably also ROH*, for 
which anisotropy was not explicitly measured) behave alike 
in a fashion similar to a spherical rotor (Fig. 4c). In par-
ticular, for the case of RO–*, no indications for a strongly 
bound counter ion or a solvent shell rotating with the solute 
are found.

4.5 � Approach to disassemble the fsTA data

If several different species are involved and solvation is pro-
nounced, global analysis is tedious and comprises several 
derivative-like features (as the black curve in Fig. 3a) to 
mimic spectral shifts [76–80]. Thus, instead of a global fit 
to the fsTA data for ROH excitation, we here do not want to 

Fig. 4   Studies for the methylated analogue ROMe [structure in panel 
c] in (neutral) acetoneous solution for 405 nm excitation. a Data from 
fsTA experiments; note the lin-log time axis (linear up to 2 ps, loga-
rithmic afterwards) chosen to better visualize the characteristic time 
scales. b Temporal decay of the anisotropy in the ESA (blue, probe 
wavelength 548  nm) and SE/GSB region (black, probe wavelength 
427 nm) of ROMe*; note the logarithmic abscissa and the residuals 

as a measure of the fit quality. c Geometry of ROMe, quantum-chem-
ically optimized at the semi-empirical AM1 level of theory (carbons 
in grey, hydrogens in white, oxygens in red, sulfurs in yellow and flu-
orines in cyan). A sphere with a diameter of 1.2 nm, as deduced from 
the rotational diffusion time under the assumption of a spherical rotor, 
is plotted for comparison
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fit but rather to reconstruct it systematically by separately 
addressing the different signal components and subsequently 
adding them up. For this, we have to identify how many 
components contribute and what the associated time scales 
and underlying processes (ESPT, solvation shift, ground-
state refilling, etc.) are.

In the scheme derived from the original Förster cycle that 
we will also use here, there are just two excited-state spe-
cies, ROH* and RO–*, and the corresponding ground-state 
species, ROH and RO–, respectively (Fig. 1c). To describe 
ESPT, population can go directly from ROH* to RO–* with a 
characteristic rate. In literature, this picture was extended in 
analogy to the Eigen-Weller reaction scheme for bimolecular 
acid-base reactions to involve a contact ion pair, produced 
by an initial short-range proton transfer and composed of 
RO–* and the dissociated proton in close proximity. Only in 
a second step, the ions separate via diffusion, which is why 
this model is called two-step model. Huppert and coworkers 
[32, 33] further augmented the two-step model by includ-
ing an additional intermediate of the diffusive separation, a 
solvent-separated ion pair which is formed if only few sol-
vent molecules have inserted in between the ions, still being 
held together by Coulombic interactions. Furthermore, if the 
photoacid and the proton acceptor are not in direct proximity 
prior to excitation, the (diffusive) formation of an encounter 
complex will constitute the first step. These models could 
well describe rather fast ESPT processes, and the individual 
intermediates could be identified in several experiments.

Here, we know that the photoacid under investigation is 
only of moderate strength in acetone and that ESPT occurs 
on the nanosecond time scale. Our previous study has clearly 
revealed the existence of complexes and hydrogen-bonded 
ion pairs with water molecules in the case of binary solvent 
environments of acetone and water, but also showed the 
distinctly different behavior for neat acetone [21]. Hence, 
we do not explicitly consider the ion separation step, nor 
do we have to take geminate recombination into account, 
as is corroborated by a mono-exponential emission decay 
rather than a non-exponential behavior [25]. Proton-induced 
quenching, as observed for instance in naphthols as another 
non-radiative process [10, 12, 22, 99–102], is unlikely to 
occur in the investigated system since the solvent is aprotic 
and the solute could only be quenched by a proton it has just 
transferred, a process that seems unlikely if even geminate 
recombination is marginal, an interpretation also supported 
by the high fluorescence yield. [15]

For modeling the fsTA of Fig. 2c, we thus take the model 
of Fig. 1c and identify six spectral contributions: the GSB 
of the ROH form (RO– is not present and hence not directly 
excited), the ESA and SE signals of ROH* and of RO–* 
formed after ESPT, respectively, and the RO– ground-state 
absorption (GSA) from molecules formed from ROH via the 
ESPT pathway. In addition, the solvation shift is included 

by the characteristic time constants (0.187 ps and 1.09 ps) 
and relative amplitudes (0.565 and 0.435) reported in Refer-
ence [85].

We derive the individual absorption spectral profiles from 
the steady-state data (Fig. 1b), ESA signals are estimated 
from the fsTA data sets and approximated by Gaussians. 
As is known for pyranine and also evident from the data 
in Fig. 2, the ESA of the RO–* is blue-shifted relative to 
the major ESA signal of ROH* [37, 44]. For the spectral 
SE profiles of the ROH* and RO–* form, respectively, the 
emission spectrum after exciting ROH in an acidic solution 
is first interpolated, then divided into contributions from 
the ROH* and RO–* form by subtracting, after reasonable 
rescaling, the spectrum of the base form excited at 561 nm 
(Fig. 1g), and finally transferred from fluorescence to SE 
profiles by applying the λ4 correction related to the differ-
ences in the corresponding Einstein coefficients [103, 104]. 
These normalized spectral profiles are displayed in Fig. 5a. 
Importantly, these spectra are shown prior to putative spec-
tral shifts, hence we assume that the spectral profile of the 
components does not change but spectrally shifts and grows/
decreases with time. As a consequence, the SE signal of 
ROH* is shown with its maximum at the ROH absorption 
around 440 nm, i.e., mimicking SE from the Franck-Condon 
point directly after excitation, which will shift towards the 
center of the static ROH* fluorescence at 488 nm with the 
parameters of the solvation process. The same holds for 
the red-edge ESA signal which undergoes a solvation shift 
(in contrast to the blue-edge ESA or the ESA of the RO–*, 
compare Fig. 2 and discussion below). The GSB dynamics 
remaining beyond the temporal window of the fsTA setup 
are estimated from the decay constant of the ESA of ROH* 
and the emission lifetime of ROMe* [21]. With the spectral 
profiles and determined time scales fixed, the amplitudes of 
the components are adjusted so that the fsTA data is ade-
quately reproduced. The result is shown in Fig. 5, with the 
sum of all components (Fig. 5h) being in good accordance 
with the experiment (Fig. 2c, again plotted in Fig. 5i to allow 
a direct comparison).

While the spectral signatures of the individual compo-
nents are already quite well separated for the super-pho-
toacid, the advantage of this approach is that one can plot 
each contribution individually, as is done in panels b to g of 
Fig. 5. The analysis shows that the ESA and the SE of ROH* 
overlap and shift in opposite directions, as also reported for 
HPTA [30]. The shifts here are so pronounced that the two 
bands “shift through” each other, i.e. initially after excita-
tion, SE is at shorter wavelengths than ESA, while it is the 
opposite on long time scales. After several nanoseconds, the 
signatures of RO–* grow in, leading to the observed overall 
blue-shift of ESA in the spectral region 450–500 nm. In the 
spectral region above 560 nm, a decreasing SE signal of 
ROH* and a rising one from RO–* contribute, overlapped 
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with an absorption signal of newly formed RO– molecules 
(which is not evident in the fsTA data of Fig. 5i as RO–* 
rises with 4.0 ns and decays with 6.9 ns, but the fsTA data 
does not exceed delay times of 4 ns). Importantly, there is 
no contribution of GSB of RO–, as none of these molecules 
were initially present in the acidic solution (as discussed 
above for Fig. 3c).

The ESA of ROH* (Fig. 5c) comprises two contribu-
tions, where only the one at the higher-wavelength shows 
a solvation shift. The ESA at lower wavelength behaves in 
analogy to the ESA of RO–* (Fig. 3a), thus, is blue-shifted 
with respect to the GSB and does not show any solvation 
shift. From this, we conclude that the lower wavelength 
signal is the analogous ESA of ROH*. The presence of 

Fig. 5   Modeling the fsTA data shown in Fig. 2c. a Individual spec-
tral profiles comprising the GSB of ROH (blue), the ESA of ROH* 
(orange), the ESA of RO–* (cyan), the SE of ROH* (green), the SE 
of RO–* (red), and the GSA of RO– (purple). b GSB of ROH; c ESA 
of ROH*; d SE of ROH*; e SE of RO–*; f ESA of RO–*; g GSA 
of RO– (assuming re-protonation of RO– to ROH is negligible on the 

displayed time scale). h Modeled transient absorption data combining 
individual transient features shown in (b-g). i Experimental data from 
Fig.  2c for comparison. Note that the simulations go out to 40  ns, 
while the fsTA experiment only goes to 4 ns; the time delay axis is 
logarithmic from 2 ps to 40 ns

78 4. ESPT in Neat Acetone



2189Photochemical & Photobiological Sciences (2022) 21:2179–2192	

1 3

corresponding ESA signals for ROMe* (Fig. 4a) corrobo-
rates this assignment.

The agreement between the modeled (Fig. 5h) and the 
experimental (Fig. 5i) data suggests that the main involved 
species and associated signals are covered, although our 
approach is not a fit but rather an adjusted qualitative 
model, yet the occurrence of pronounced signals from puta-
tive species not considered would become apparent. Hence, 
we conclude that during the ESPT dynamics in acetoneous 
environment, no intermediate species like ion pairs emerge 
to a conspicuous degree or at least do not cause pronounced 
transient signals. As these species can be identified when 
small amounts of water are added to the solution [21], their 
absence in the here reported experimental data support 
ESPT to acetone to a low extent.

5 � Conclusion

This ultrafast spectroscopy study unveils the excited-state 
proton-transfer dynamics of an extraordinarily strong pho-
toacid in the aprotic solvent acetone—an environment 
which, due to weaker proton-transfer capabilities of other 
photoacids, could not be investigated in most of the exist-
ing studies on photoacidity. Direct excitation of the anion 
RO– revealed that there are solvation dynamics on a ps time 
scale which are characteristic for acetoneous environments, 
and rotational diffusion occurs with a time constant of about 
70 ps, suggesting a diameter of the solute of 1.2 nm. Elu-
cidation of the dynamics after ROH excitation is realized 
by investigating neutral and acidic acetoneous solutions of 
the photoacid and comparison to the methylated analogue. 
Since various positive and negative signals superpose in 
the fsTA data, a decomposition into individual signal con-
tributions was pursued in order to unravel the contributing 
components. These studies corroborate the potential of this 
particularly strong super-photoacid to be exploited as light-
triggered proton donor in experimental conditions where this 
is unfeasible otherwise. Future studies will address ESPT 
dynamics under even harsher conditions, achievable with 
magic photoacids [105].
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5. Prediction of Ground-State pKa in Acetone

This sub-project marks the transition between the experimental part on the ESPT kinetics and the

theoretical part on the ESPT thermodynamics of Jung’s photoacids in acetone. As introduced before,

this work aims at establishing a route to the excited-state pKa (pK∗a ) based on the Förster cycle and

uses the ground-state pKa and the electronic excitation energies to determine pK∗a . Here, to fulfill

the first prerequisite, the existing quantum-chemical approach to pKa based on COSMO-RS (that is

known for water, DMSO, and acetonitrile) is extended to acetone. From a technical perspective, this

extension consists in determining the respective parameters for a linear free-energy relationship between

the calculated ∆Gdiss and the experimental pKa values of a training set. For this, I have collected

experimental reference data from the (sparse) literature, computed the ∆Gdiss values for each compound

of this set using DFT and COSMO-RS calculations, and finally performed a linear regression to obtain

the LFER parameters. The results are discussed in the context of the COSMO-RS-based pKa predictions

in the other solvents, in particular with a focus on potentially combining all sub sets in the training set

into a single set of compounds (i.e., obtaining generalized LFER parameters).

This part has been performed under the supervision of Prof. Dr. Christof Hättig, who also suggested

the idea of using COSMO-RS for pKa prediction in acetone. Dr. Arnim Hellweg (from BIOVIA) has

assisted with setting up the COSMO-RS calculations and resolving technical difficulties and participated

in scientific discussions regarding the results. I am responsible for carrying out the calculations, analyzing

the results, preparing the first draft of the manuscript (including all figures and tables), and for taking

over the correspondence during the publication process. The calculations for the benzenesulfonamides

have been performed under my supervision by Julia Haberhauer.

The following open-access publication is reprinted under the terms of CC BY-NC-ND 4.0 and with

permission from: N. Sülzner, J. Haberhauer, C. Hättig, and A. Hellweg. Prediction of acid pKa values

in the solvent acetone based on COSMO-RS. J. Comput. Chem. 2022, 43 (15), 1011–1022. Copyright

© 2022 The Authors. Journal of Computational Chemistry published by Wiley Periodicals

LLC. The corresponding supporting information can be found in Section B.2. This publication is also

available online: https://doi.org/10.1002/jcc.26864.
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Abstract

In this contribution we extent the use of the conductor-like screening model for real-

istic solvation (COSMO-RS) to the prediction of pKa values in acetone, a commonly

used dipolar aprotic solvent. For this, we calculated the Gibbs free energy of dissocia-

tion of 120 organic acids (nine acrylic acids, 87 benzoic acids, nine phenols, and

15 benzenesulfonamides) using COSMO-RS at the two levels BP-TZVP and BP-

TZVPD-FINE and determined the parameters for a linear free energy relation for the

pKa prediction by performing linear fits to experimental values. Our results suggest

that the data set dissects into two groups, with the phenols being different from the

other three subsets. The acrylic and benzoic acids and the sulfonamides can be

treated together and yield an excellent linear correlation (r2 > 0:95) with an RMSD of

only ~0.3. The slope is found to be significantly smaller than the theoretical value

(1=RTln10), only 45% of it, which is in accordance with findings in the literature. The

phenols, however, while similarly well correlated in their own subset with an RMSD

of 1.7–1.9, exhibit a slope larger than one. We discuss both a higher uncertainty in

the reference values as well as physical origins as possible reasons.

K E YWORD S

pKa, acetone, acidity, COSMO-RS, proton transfer

1 | INTRODUCTION

Proton transfer is ubiquitous in chemistry and related fields.1 Among

countless examples, its involvement in catalytic2 and enzymatic3 reac-

tions or the energy storage using fuel cells4 are perhaps most notice-

able at present. Reflecting this overall high importance, much work

has been invested for a long time into the investigation of proton-

transfer reactions in general,5 and the determination of pKa values or

their associated acid dissociation constants in particular.6 Owing to its

central role as the thermodynamic measure of Brønsted acidity, the

pKa has gained widespread attention.

While pKa determination is nowadays standard in aqueous solu-

tion due to a broad variety of well-established experimental

techniques for the solvent water,7 the situation is very different in

non-aqueous solution.8,9 Especially for aprotic organic solvents, the

acidity of a compound is usually severely reduced since an aprotic sol-

vent cannot stabilize the corresponding base effectively due to its

inherent lack of H-bond donation, which largely hinders the dissocia-

tion event. The resulting extremely low acid dissociation constants in

combination with other complications such as low solubilities chal-

lenge the accuracy of experimental methods.10 The non-trivial and rel-

atively costly experimental determination is a major reason why
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theoretical pKa predictions become much more important for solvents

other than water.11,12 Besides and independent from the solvent,

computational methods also become crucial for such molecules, for

example, reactive intermediates that elude the standard determination

because of short lifetimes, difficult isolation, and so forth.

Several computational approaches for pKa predictions have been

established in the literature (e.g., see Reference [12]), including quan-

tum chemical approaches that avoid the costly direct sampling over a

statistically representative number of solvent configurations, as done

in molecular dynamics simulations with explicit solvent. These studies

typically utilize the polarizable continuum model (PCM) to include

implicit, that is, bulk solvation effects.13 PCM belongs to the family of

dielectric continuum solvation models (DCSMs, for an overview see,

for example, Reference [14]) and is closely related to the conductor-

like screening model (COSMO).15–17 When applying DCSMs to pKa

prediction, a linear free-energy relation (LFER) between the pKa value

and the Gibbs free energy change of dissociation (ΔGdiss) is usually

employed

pKa ¼ c1
ΔGdiss

RTln 10ð Þþc0 ð1Þ

(with the ideal gas constant R, absolute temperature T, slope c1 and

intercept c0), illustrating the need for accurate ΔGdiss values. One

should note that this equation is an empirical generalization of

the exact thermodynamic definition of pKa, where ideally c0 ¼1 and

c1 ¼�lg S½ � (with the solvent concentration S½ �).18 Although various, in

principle equivalent, computational approaches for determining ΔGdiss

exist, which only differ in the underlying thermodynamic cycle, they

all have in common that the Gibbs free energy of solvation (ΔGsolv) of

all involved species must be accounted for.19

Despite their inherent disadvantages, for example, neglect of

specific solute-solvent interactions or issues with short-range elec-

trostatics, the use of DCSMs can be actually beneficial with respect

to thermodynamic properties since the implicit solvation already

accounts for a statistically averaged description.17,20,21 Further-

more, these models and particularly COSMO have become widely

used over the years owing to their computational efficiency and

robustness. With COSMO-RS, that is, COSMO for realistic solva-

tion, some substantial progress has been made in overcoming the

inherent deficiencies of a continuum solvation model that is almost

second to none. In order to improve the accuracy, this extension of

COSMO reintroduces the missing contributions from local, direc-

tional interactions (e.g., H-bonds) by using an additional statistical-

thermodynamics treatment of interacting surfaces (details given

elsewhere).20–23 Importantly, it was already successfully applied to

the prediction of pKa values in water,24,25 DMSO,24 acetonitrile,26

and heptane.27

Another common dipolar, aprotic organic solvent is acetone.

Chemical reactions as well as analytics are examples of high practical

importance where pKa values in acetone play a role. Only very few

experimental results, for example, the compilation of pKa values in

various organic solvents by Izutsu28,29 or the later work by Ludwig

et al.30 and Pytela et al.,31–34 but no theoretical studies were available

as a reference though.

In the current study, we extend the parameterization for pKa cal-

culations to acetone as an important aprotic solvent. Thereby, we

followed closely the computational procedure described in References

[24–26]. This is in particular of interest in light of recent studies of

super photoacids in this solvent,35,36 where previous implementations

of COSMO excited-state energy gradients for efficient wave func-

tion-based methods37,38 offer the possibility to employ these LFER

parameters for COSMO in future applications on pK�
a.

2 | METHODOLOGY

2.1 | Theoretical calculations

Our calculations of ΔGdiss in acetone assume the following model for

the dissociation reaction

HAþS⇌A�þHSþ, ð2Þ

where HA/A� and HS+/S refer to the conjugate Brønsted acid–base

pair of the target acids HA and the solvent acetone (with

S¼ CH3ð Þ2O), respectively. We adapted the workflow for pKa LFER

parameterizations described in References [24–26] taking into

account the recent guidelines proposed by Hellweg and Eckert.39

Thus, the RI approximation40 was routinely employed in all DFT41 and

COSMO-DFT15 calculations and the conductor limit (ϵ¼∞) was

exclusively applied in all COSMO calculations. All quantum chemical

(QC) calculations were done with the TURBOMOLE program package

(version 7.3).42 The default settings, in particular with respect to the

COSMO cavity construction, were used unless stated differently.

To obtain best-quality results, we chose the recommended BP-

TZVPD-FINE level (vide infra) of the COSMOtherm program27,39 as

the default for our calculations. Accordingly, the following steps were

performed for each of the four species in Equation (2) to calculate the

Gibbs free energy in solution:

1. Conformational analysis using the COSMOconf program (version

2020)43 (with help of its GUI COSMOconfX [version 20.0.0]).

COSMOconf automatically searches for all conformers of a given

initial structure by generating a set of start structures and refining

this set iteratively based on certain energetic and structural thresh-

olds while optimizing the geometries.

2. Quantum chemical calculations for each conformer identified in

step 1 at the following four different levels of theory using

TURBOMOLE to generate the input required for the BP-TZVPD-

FINE level of COSMOtherm (in step 3):

a. Solution-phase geometry optimization using DFT with the

BP86 functional44,45 in combination with COSMO and the def-

TZVP basis set.46,47

b. A subsequent, more accurate single-point-energy calculation

using the BP86 functional in combination with COSMO, in the
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larger def2-TZVPD basis set,48 and with a refined (i.e., smooth

radii-based isosurface) cavity construction49 at the COSMO-

BP/TZVP geometry.

c. Gas-phase geometry optimization using the BP86 functional

and the def-TZVP basis set.

d. A subsequent and more accurate single point energy calculation

using the BP86 functional with the larger def2-TZVPD basis set

at the BP/TZVP geometry.

3. A COSMO-RS calculation for the free energy in solution at 25�C

(298.15 K) as implemented in the COSMOtherm program (version

2020)27 for the complete conformer set. At the BP-TZVPD-FINE

level, COSMO-RS uses the solution-phase refined-cavity informa-

tion (step 2b) and the gas-phase energy (step 2d), both calculated

with the larger TZVPD basis set. Since the results in the smaller

TZVP basis are already obtained during the preceding geometry

optimizations, the corresponding value at the BP-TZVP level of

COSMOtherm can be additionally computed similarly without

large effort (based on steps 2a and 2c).

Both calculations, those for the gas phase and those for the solu-

tion phase, are required by COSMO-RS to predict the ΔGsolv contribu-

tions to the total Gibbs free energies. To conveniently apply this

workflow to all investigated acids HA, we used the BP-TZVPD-FINE-

COSMO+GAS-18 template provided by COSMOconfX to run the

conformer searches (cf. step 1) already at the desired QC levels

(cf. step 2), which directly yielded the required input for COSMO-RS

(cf. step 3). Supplementary information on the structures and energies

of all conformers was made available in Reference [50]. We also

exemplarily checked the results after step 2 and performed addi-

tional test calculations (e.g., potential energy scans or vibrational

frequency calculations) if needed to ensure that only equilibrium

structures, that is, minima on the potential energy surface were

included. However, vibrational zero-point energies were not explic-

itly taken into account, following the assumption from the preced-

ing COSMO-RS pKa predictions that the difference in zero-point

energies between the acid and its conjugate base is generally

small.24–26 This assumption had been based on the observation that

this difference was found to be fairly constant for molecules with the

same functional group.51,52 Therefore, the contribution from zero-

point energies will be implicitly incorporated into the LFER parameters

c0 and c1 of each compound class.

The effect of different conformations was taken care of by a

Boltzmann average with respect to the Gibbs free energy in solution

(GS
i ¼ECOSMO

i þμSi ) of the conformers. Since the chemical potential μSi
of a given conformer in the system S depends, at finite concentra-

tion, on the populations themselves, the equations for the popula-

tion are solved self-consistently in the COSMOtherm program.27

Symmetry factors, that is, conformer weights due to symmetry-

degeneracies, were explicitly taken into account to avoid a

biased description if only one enantiomer was included in the con-

former set.

The central quantity ΔGdiss can be split according to

ΔGdiss ¼Gtot A
�ð ÞþGtot HSþ

� �� Gtot HAð ÞþGtot Sð Þð Þ
¼ Gtot A

�ð Þ�Gtot HAð Þð Þþ Gtot HSþ
� ��Gtot Sð Þ� � ð3Þ

into a species-dependent contribution Gtot A
�ð Þ�Gtot HAð Þ and a con-

stant solvent-specific contribution Gtot SHþ� ��Gtot Sð Þ. Using the pro-

cedure described above, we obtain values of �1098.6 and

�1103.9 kJmol�1 for Gtot SHþ� ��Gtot Sð Þ at the BP-TZVP and BP-

TZVPD-FINE levels, respectively. These values are in line with esti-

mates in the literature for the solvation enthalpy of the proton

(in acetone) of �1051kJmol�1 based on the DFT functional B3-LYP

in combination with the IEF-PCM solvation model in the aug-cc-pVQZ

basis set53 or �1070 kJmol�1 in the smaller 6-311++G** basis set,54

considering that (i) mere enthalpies do not include entropic contribu-

tions and (ii) our estimates differ by the proton's total Gibbs free

energy in the gas phase (�26.3 kJmol�1)55 from the full Gibbs free

energy of solvation. Since ΔGdiss is subject to the linear free-energy

relation in Equation (1), systematic errors due to the computational

method (COSMO-RS, DFT functional, basis set, etc.) will change the

LFER parameters c1 and c0, while the choice of the solvent species

HS+/S and the corresponding error will only affect the parameter c0.

Hence, regarding the LFER for pKa prediction, there is no point in

improving this constant solvent-specific contribution, as any errors in

it will be absorbed in c0 anyway.

2.2 | Fit data set

To determine the LFER parameters in Equation (1), we used a set of

120 acids in the solvent acetone for which experimental reference

data is available from the compilation of pKa values in organic solvents

by Izutsu28 that combines different sources. In addition, we included

new results from Ludwig et al.,30 Pytela et al.,31,33,34 and Kulhánek

et al.32 Only those experimental values were chosen that fulfill the

condition of representing true, thermodynamic dissociation constants

(i.e., in the limit of infinite dilution or ionic strength). The obtained

data set consists of 9 acrylic acids,56 87 benzoic acids (1 Parent,

18 ortho,31 16 meta,30 16 para,30 10 2,6-disubst.,32 16 3,4-disubst.,33

and 10 3,5-disubst.34 derivatives), 9 phenols,57 and 15 ben-

zenesulfonamides58; with halogen atoms and amino, nitro, methyl, or

methoxy groups as typical substituents.

The reported pKa values are not directly comparable with each

other due to the use of different reference values that have been used

for calibration. The values for acrylic acids are given relative to a pKa

value of 13.556 for benzoic acid, while the values for benzoic acids

and sulfonamides refer to a corresponding value of 18.2.30,58 In turn,

the measurements for phenols used picric acid (2,4,6-trinitrophenol)

with a pKa value of 6.357 as a reference, while the measurements on

benzoic acids and sulfonamides refer to 9.230,58 for that compound.

We prefer the values 18.2 and 9.2 over the others since (i) 18.2 for

benzoic acid is both the more recent value and has later been

reproduced by the same group33 and (ii) 9.2 for picric acid has been
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determined via two independent methods.59 Furthermore, both

values also appear much more reasonable in the light of recent pKa

values in the solvent acetonitrile.60,61

Consequently, we shifted the pKa values of the acrylic acids up

by 4.7 (benzoic acid as reference) and those for the phenols up by 2.9

(picric acid as reference) in order to account for these differences in

the corresponding experimental reference values. The resulting

shifted pKa values then range from 9.2 (picric acid) to 26.8

(2,6-dichlorophenol) and therefore span roughly 18 logarithmic units.

3 | RESULTS AND DISCUSSION

3.1 | Class-specific considerations

We begin our discussion with the pure ΔGdiss values and class-specific

pKa values before moving on to those pKa values based on a general-

ized LFER. A direct comparison between the experimental pKa values

and the calculated ΔGdiss values in Figure 1 reveals distinct differences

between the molecular classes. To further illustrate this, we also cal-

culated pKa values based on class-specific LFER parameter fits

(cf. linear regression lines in Figure 1), referred to as pK calc:ð Þ
a and given

in Table 1. The corresponding LFER parameters are listed in Table 2.

At the BP-TZVP level, all compound classes show very good lin-

ear correlations between pK exptl:ð Þ
a and ΔGdiss with squared correlation

coefficients r2 larger than 0.9, smallest for the acrylic acids (0.913) and

largest for the benzenesulfonamides (0.963). The r2 value for the

benzoic acids is also very close (0.940). Despite their different experi-

mental origins, the pKa values of the acrylic acids fit very well to those

for the benzoic acids, demonstrating that a shift of the pKa scale is

indeed justified in this case. Although the pKa values of the benzoic

acids and sulfonamides have been determined by the same

authors,30–34,58 the latter do not match those for the carboxylic acids,

but appear to be vertically shifted by a constant offset instead. Since

a difference in the experimental reference values should not be the

cause here, this behavior rather appears to have real, physical origin

(vide infra). In addition, the phenols appear quite well linearly corre-

lated (r2 > 0:91), but characteristically different from the other classes.

The LFER parameter for the slope, c1, is smallest for the acrylic

acids (0.393), medium-large for the benzoic acids (0.460) and sulfon-

amides (0.555), and largest for the phenols (1.216). The statistical

errors are largest for the acrylic acids and phenols (~10%), and

decrease over the sulfonamides (~5%) toward the benzoic acids

(~3%), reflecting the increasing numbers of compounds in the classes

that increase the statistical significance. This flexibility in the slope is

also reflected in the uncertainty of the intercepts, c0. Their statistical

errors amount to about 1 for the acrylic acids and sulfonamides,

almost 3 for the phenols, but only 0.3 for the benzoic acids. Within

these error bars, the overall agreement between the carboxylic acids

and the sulfonamides is actually already fairly good. In analogy to the

slope, the phenols also clearly differ from the other classes with

respect to the intercept.

Largest deviations between the class-specific fits and the experi-

mental data are observed for the phenols and benzoic acids, while the

former will be discussed later. Still, due to the large number of benzoic

acids, it is worthwhile to have a look at the most significant outliers.

The largest absolute error is found for the ortho-SH derivative

(1.130), followed by the ortho-COOH (0.884), and meta-COCH3

(0.739) derivatives. If these compounds are excluded, the correlation

further improves (r2 = 0.981) and the regression results in the coeffi-

cients c0 ¼5:106 and c1 ¼0:507 at an RSMD of 0.044. The poor

agreement for ortho-SH benzoic acid seems to be caused by a qualita-

tively wrong deprotonation at the SH group (i.e., proton exchange in

the carboxylate), while for the ortho-COOH derivative the rather large

proton delocalization involving intra-molecular hydrogen bonding

might be the origin, as already indicated for dicarboxylic acids in

acetonitrile.26

In general, similar observations are also made for the computa-

tional level BP-TZVPD-FINE, but the computed ΔGdiss values are sys-

tematically smaller, that is, horizontally shifted to the left compared to

the BP-TZVP level. This shift is largest for the phenols and sulfon-

amides and much smaller for the carboxylic acids. We suspect that at

least two factors contribute to this shift. First, we found a difference

of about ~5 kJmol�1 between these two levels for the constant

solvent-dependent term contributing to ΔGdiss. Second, due to the

negative charge, we anticipate a stronger energetic stabilization of the

anionic bases relative to the neutral acids when moving to the higher

computational level since the main difference lies in the larger basis

F IGURE 1 (Shifted) Experimental pKa values [pKa exptl:ð Þ] plotted
against calculated Gibbs free energies of dissociation [ΔGdiss calc:ð Þ] in
the solvent acetone at the two computational levels BP-TZVP and
BP-TZVPD-FINE. Each color represents a specific compound class
and linear regression lines for each class are included in the respective
color. Full lines refer to the BP-TZVP and dashed lines to the BP-
TZVPD-FINE level. The LFER parameters and correlation coefficients
for these class-specific fits are given in Table 2. In addition, also the
results from a generalized fit that combines the different subsets
(details given in the text) are included as black lines and the
corresponding fit results can be found in Table 3
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TABLE 1 Comparison of experimental pKa values (pK
exptl:ð Þ
a ) and calculated ΔGdiss values of 120 acids in acetone using COSMO-RS at both

the BP-TZVP and BP-TZVPD levels

BP-TZVP BP-TZVPD-FINE

Class-specific Generalized Class-specific Generalized

Compound pK exptl:ð Þ
a

ΔGdiss pK calc:ð Þ
a

ΔpKa pK calc:ð Þ
a

ΔpKa ΔGdiss pK calc:ð Þ
a

ΔpKa pK calc:ð Þ
a

ΔpKa

Acrylic acids

Parent 18.45 150.8 18.10 0.35 18.40 0.05 148.1 18.28 0.17 18.78 �0.33

2-F 16.17 125.9 16.39 �0.22 16.41 �0.24 123.8 16.62 �0.45 16.85 �0.68

2-Cl 16.25 123.8 16.24 0.01 16.24 0.01 120.2 16.37 �0.12 16.56 �0.31

2-Br 16.17 122.1 16.12 0.05 16.10 0.07 117.2 16.17 0.00 16.32 �0.15

2-CH3 18.74 151.8 18.17 0.57 18.48 0.26 148.8 18.33 0.41 18.84 �0.10

3-C6H5 18.20 156.0 18.46 �0.26 18.81 �0.61 146.4 18.16 0.04 18.64 �0.44

2-CN,3-C6H5 16.47 121.3 16.07 0.40 16.04 0.43 112.5 15.85 0.62 15.95 0.52

3-(2-Furyl) 18.04 158.0 18.60 �0.56 18.97 �0.93 151.3 18.50 �0.46 19.03 �0.99

2,3-Dibromo-3-formyl 15.16 113.1 15.50 �0.34 15.39 �0.23 105.6 15.38 �0.22 15.40 �0.24

Benzoic acids

Parent 18.20 144.9 17.95 0.25 17.93 0.27 139.6 18.16 0.04 18.11 0.09

2-Substituted (ortho)

2-F 17.44 139.9 17.54 �0.10 17.52 �0.08 133.0 17.62 �0.18 17.58 �0.14

2-Cl 17.01 133.4 17.02 �0.01 17.01 0.00 125.2 16.99 0.02 16.96 0.05

2-Br 16.84 132.0 16.91 �0.07 16.90 �0.06 122.7 16.78 0.06 16.76 0.08

2-I 16.98 131.4 16.86 0.12 16.85 0.13 123.7 16.87 0.11 16.84 0.14

2-CH3 18.39 148.7 18.26 0.13 18.23 0.16 140.9 18.26 0.13 18.21 0.18

2-OH 14.81 111.1 15.23 �0.42 15.23 �0.42 105.7 15.41 �0.60 15.41 �0.60

2-OCH3 18.94 155.4 18.80 0.14 18.77 0.17 143.9 18.50 0.44 18.45 0.49

2-COOH 14.33 89.0 13.45 0.88 13.47 0.86 84.2 13.67 0.66 13.70 0.63

2-COOCH3 17.39 132.9 16.98 0.41 16.97 0.42 126.6 17.10 0.29 17.07 0.32

2-OCOCH3 17.39 135.9 17.22 0.17 17.21 0.18 130.1 17.38 0.01 17.35 0.04

2-NH2 18.58 148.0 18.20 0.38 18.18 0.40 144.4 18.55 0.03 18.49 0.09

2-NHCH3 18.28 145.6 18.01 0.27 17.98 0.30 137.5 17.98 0.30 17.94 0.34

2-NHCOCH3 15.79 118.6 15.83 �0.04 15.83 �0.04 112.4 15.95 �0.16 15.94 �0.15

2-NO2 15.91 123.1 16.19 �0.28 16.19 �0.28 115.8 16.23 �0.32 16.21 �0.30

2-SCH3 17.97 142.5 17.75 0.22 17.73 0.24 133.6 17.67 0.30 17.63 0.34

2-SCOCH3 17.08 132.1 16.92 0.16 16.91 0.17 124.9 16.97 0.11 16.94 0.14

2-SH 14.04 82.3 12.91 1.13 12.94 1.10 82.7 13.55 0.49 13.58 0.46

2-SO2NH3 15.44 108.8 15.04 0.40 15.05 0.39 105.6 15.40 0.04 15.40 0.04

3-Substituted (meta)

3-F 17.40 138.5 17.44 �0.04 17.42 �0.02 131.7 17.52 �0.12 17.48 �0.08

3-Cl 16.88 136.5 17.27 �0.39 17.26 �0.38 127.8 17.20 �0.32 17.17 �0.29

3-Br 17.03 136.1 17.24 �0.21 17.22 �0.19 126.7 17.11 �0.08 17.08 �0.05

3-I 17.27 136.0 17.23 0.04 17.22 0.05 126.1 17.06 0.21 17.03 0.24

3-CN 16.69 131.9 16.90 �0.21 16.89 �0.20 123.9 16.88 �0.19 16.85 �0.16

3-CH3 18.40 148.3 18.22 0.18 18.19 0.21 140.3 18.21 0.19 18.16 0.24

3-OH 18.41 147.3 18.14 0.27 18.12 0.29 145.4 18.63 �0.22 18.57 �0.16

3-OCH3 18.18 145.8 18.02 0.16 18.00 0.18 139.4 18.14 0.04 18.09 0.09

3-OC6H5 17.39 140.6 17.60 �0.21 17.58 �0.19 127.4 17.16 0.23 17.13 0.26

3-COOH 17.24 137.4 17.35 �0.11 17.33 �0.09 133.2 17.64 �0.40 17.60 �0.36

(Continues)
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TABLE 1 (Continued)

BP-TZVP BP-TZVPD-FINE

Class-specific Generalized Class-specific Generalized

3-COCH3 18.18 138.6 17.44 0.74 17.42 0.76 131.1 17.47 0.71 17.43 0.75

3-NHCOCH3 18.05 145.6 18.01 0.04 17.98 0.07 140.7 18.24 �0.19 18.19 �0.14

3-NO2 16.52 129.2 16.69 �0.17 16.68 �0.16 122.3 16.75 �0.23 16.73 �0.21

3-SH 17.51 144.8 17.94 �0.43 17.92 �0.41 137.6 17.99 �0.48 17.95 �0.44

3-SO2CH3 16.75 134.0 17.07 �0.32 17.06 �0.31 128.8 17.28 �0.53 17.25 �0.50

3-SO2NH2 17.00 133.5 17.03 �0.03 17.02 �0.02 132.0 17.54 �0.54 17.50 �0.50

4-Substituted (para)

4-F 17.89 142.0 17.72 0.17 17.70 0.19 134.6 17.75 0.14 17.71 0.18

4-Cl 17.47 139.4 17.51 �0.04 17.49 �0.02 130.5 17.42 0.05 17.38 0.09

4-Br 17.47 138.8 17.46 0.01 17.44 0.03 128.3 17.24 0.23 17.20 0.27

4-I 17.56 138.6 17.44 0.12 17.42 0.14 127.3 17.15 0.41 17.12 0.44

4-CN 16.74 130.5 16.79 �0.05 16.78 �0.04 121.4 16.68 0.06 16.66 0.08

4-CH3 18.33 148.2 18.22 0.11 18.19 0.14 140.0 18.19 0.14 18.14 0.19

4-tert-Butyl 18.57 149.9 18.35 0.22 18.33 0.24 136.5 17.90 0.67 17.86 0.71

4-OH 19.04 155.2 18.77 0.27 18.75 0.29 153.4 19.27 �0.23 19.20 �0.16

4-OCH3 18.77 154.0 18.68 0.09 18.65 0.12 146.8 18.74 0.03 18.68 0.09

4-COCH3 17.28 137.2 17.33 �0.05 17.31 �0.03 128.7 17.27 0.01 17.24 0.04

4-NH2 19.78 164.7 19.55 0.23 19.51 0.27 165.6 20.26 �0.48 20.17 �0.39

4-NO2 16.43 127.0 16.51 �0.08 16.50 �0.07 118.7 16.46 �0.03 16.45 �0.02

4-SH 17.92 147.4 18.15 �0.23 18.12 �0.20 139.8 18.17 �0.25 18.12 �0.20

4-SCH3 18.22 150.8 18.42 �0.20 18.40 �0.18 141.7 18.32 �0.10 18.27 �0.05

4-SO2CH3 16.82 132.3 16.93 �0.11 16.92 �0.10 125.4 17.01 �0.19 16.98 �0.16

4-SO2NH2 16.90 133.6 17.04 �0.14 17.02 �0.12 130.2 17.39 �0.49 17.36 �0.46

2,6-Disubstituted

2-CH3,6-CH3 17.74 139.7 17.53 0.21 17.51 0.23 131.4 17.49 0.25 17.45 0.29

2-CH3,6-Cl 16.74 126.9 16.49 0.25 16.49 0.25 117.2 16.34 0.40 16.32 0.42

2-CH3,6-NO2 16.13 121.6 16.07 0.06 16.07 0.06 115.3 16.18 �0.05 16.17 �0.04

2-CH3,6-OCH3 18.24 145.1 17.97 0.27 17.95 0.29 136.0 17.87 0.37 17.82 0.42

2-Cl,6-NO2 15.12 109.9 15.13 �0.01 15.13 �0.01 101.8 15.09 0.03 15.10 0.02

2-Cl,6-Cl 15.68 116.9 15.69 �0.01 15.69 �0.01 106.1 15.45 0.23 15.45 0.23

2-NO2,6-NO2 14.28 103.3 14.60 �0.32 14.61 �0.33 98.7 14.84 �0.56 14.85 �0.57

2-OCH3,6-Cl 17.24 132.6 16.95 0.29 16.94 0.30 122.8 16.79 0.45 16.77 0.47

2-OCH3,6-NO2 16.65 127.6 16.55 0.10 16.54 0.11 119.2 16.50 0.15 16.48 0.17

2-OCH3,6-OCH3 18.65 150.4 18.39 0.26 18.36 0.29 140.1 18.19 0.46 18.14 0.51

3,4-Disubstituted

3-Br,4-CH3 17.59 139.8 17.54 0.05 17.52 0.07 129.1 17.30 0.29 17.27 0.32

3-Br,4-OCH3 17.82 144.7 17.93 �0.11 17.91 �0.09 135.4 17.81 0.01 17.77 0.05

3-CH3,4-CH3 18.71 152.1 18.53 0.18 18.50 0.21 142.4 18.38 0.33 18.33 0.38

3-CH3,4-Cl 17.59 142.9 17.79 �0.20 17.77 �0.18 132.2 17.56 0.03 17.52 0.07

3-CH3,4-NO2 16.55 131.1 16.84 �0.29 16.83 �0.28 121.3 16.67 �0.12 16.65 �0.10

3-CH3,4-OCH3 19.01 156.2 18.85 0.16 18.82 0.19 147.7 18.81 0.20 18.75 0.26

3-Cl,4-Cl 16.70 132.7 16.96 �0.26 16.95 �0.25 121.1 16.66 0.04 16.63 0.07

3-Cl,4-NO2 15.78 122.8 16.17 �0.39 16.16 �0.38 112.2 15.94 �0.16 15.93 �0.15

3-NO2,4-NO2 15.07 115.4 15.57 �0.50 15.58 �0.51 106.2 15.45 �0.38 15.45 �0.38

3-NO2,4-CH3 16.75 131.3 16.85 �0.10 16.84 �0.09 122.1 16.74 0.01 16.72 0.03
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TABLE 1 (Continued)

BP-TZVP BP-TZVPD-FINE

Class-specific Generalized Class-specific Generalized

3-NO2,4-Cl 15.98 125.4 16.38 �0.40 16.37 �0.39 115.5 16.20 �0.22 16.19 �0.21

3-NO2,4-OCH3 17.04 137.1 17.32 �0.28 17.30 �0.26 129.5 17.33 �0.29 17.30 �0.26

3-OCH3,4-OCH3 18.59 154.8 18.75 �0.16 18.72 �0.13 147.8 18.82 �0.23 18.76 �0.17

3-OCH3,4-CH3 18.32 150.1 18.37 �0.05 18.35 �0.03 141.9 18.34 �0.02 18.29 0.03

3-OCH3,4-Cl 17.39 141.7 17.69 �0.30 17.67 �0.28 132.6 17.58 �0.19 17.55 �0.16

3-OCH3,4-NO2 16.21 130.1 16.75 �0.54 16.74 �0.53 122.8 16.80 �0.59 16.77 �0.56

3,5-Disubstituted

3-Br,5-Br 16.23 124.7 16.32 �0.09 16.31 �0.08 112.5 15.96 0.27 15.95 0.28

3-Cl,5-NO2 15.57 120.3 15.97 �0.40 15.97 �0.40 110.4 15.79 �0.22 15.78 �0.21

3-CH3,5-CH3 18.54 148.6 18.24 0.30 18.22 0.32 139.2 18.12 0.42 18.07 0.47

3-CH3,5-Cl 17.40 138.3 17.41 �0.01 17.40 0.00 128.4 17.25 0.15 17.21 0.19

3-CH3,5-NO2 16.62 130.5 16.79 �0.17 16.78 �0.16 121.8 16.71 �0.09 16.69 �0.07

3-CH3,5-OCH3 18.26 147.8 18.18 0.08 18.16 0.10 140.0 18.19 0.07 18.14 0.12

3-NO2,5-NO2 14.87 112.5 15.33 �0.46 15.34 �0.47 103.7 15.25 �0.38 15.25 �0.38

3-OCH3,5-OCH3 18.02 145.2 17.97 0.05 17.95 0.07 138.5 18.06 �0.04 18.01 0.01

3-OCH3,5-Br 17.03 136.2 17.25 �0.22 17.23 �0.20 127.0 17.13 �0.10 17.10 �0.07

3-OCH3,5-NO2 16.31 129.1 16.67 �0.36 16.67 �0.36 121.2 16.66 �0.35 16.64 �0.33

Phenols

o-Nitro 25.20 142.5 28.64 �3.44 – – 134.6 28.76 �3.56 – –

2,4-Dinitro 18.60 95.8 18.69 �0.09 – – 85.9 19.08 �0.48 – –

2,5-Dinitro 22.70 113.1 22.37 0.33 – – 102.2 22.32 0.38 – –

2,5-Dinitro 25.60 121.8 24.24 1.36 – – 117.2 25.31 0.29 – –

2,4,6-Trinitro 9.20 58.8 10.81 �1.61 – – 46.3 11.23 �2.03 – –

2,6-Dichloro 26.80 133.0 26.61 0.19 – – 123.2 26.50 0.30 – –

2,4,6-Trichloro 25.40 122.1 24.30 1.10 – – 109.8 23.83 1.57 – –

2,4,6-Tribromo 24.00 117.0 23.21 0.79 – – 102.4 22.37 1.63 – –

Pentachloro 21.20 101.1 19.83 1.37 – – 87.0 19.30 1.90 – –

Benzenesulfonamides

Parent 24.50 173.8 24.40 0.10 24.32 0.18 166.7 24.58 �0.08 24.50 �0.00

p-Fluoro 24.30 171.5 24.18 0.12 24.14 0.16 163.1 24.25 0.05 24.21 0.09

p-Chloro 23.80 170.0 24.03 �0.23 24.02 �0.22 160.5 24.02 �0.22 24.01 �0.21

p-Bromo 24.00 170.9 24.12 �0.12 24.09 �0.09 160.8 24.04 �0.04 24.03 �0.03

m-Chloro 23.70 165.1 23.55 0.15 23.63 0.07 156.0 23.60 0.10 23.65 0.05

3.4-Dichloro 23.10 162.5 23.30 �0.20 23.42 �0.32 151.8 23.21 �0.11 23.31 �0.21

m-Cyano 23.10 161.7 23.23 �0.13 23.36 �0.26 153.3 23.35 �0.25 23.43 �0.33

m-Nitro 22.90 158.2 22.88 0.02 23.07 �0.17 149.6 23.01 �0.11 23.14 �0.24

p-Nitro 22.80 154.6 22.54 0.26 22.79 0.01 144.6 22.56 0.24 22.74 0.06

p-Trifluoromethyl 23.30 163.6 23.42 �0.12 23.51 �0.21 151.2 23.16 0.14 23.27 0.03

p-Methoxy 24.90 179.4 24.95 �0.05 24.77 0.13 171.5 25.02 �0.12 24.88 0.02

m-Methoxy 24.40 173.9 24.41 �0.01 24.33 0.07 164.9 24.42 �0.02 24.36 0.04

p-Methyl 24.80 176.8 24.70 0.10 24.56 0.24 167.6 24.67 0.13 24.57 0.23

m-Methyl 24.70 177.5 24.76 �0.06 24.62 0.08 167.6 24.66 0.04 24.57 0.13

o-Xylyl 25.00 178.1 24.82 0.18 24.66 0.34 168.3 24.73 0.27 24.63 0.37

Note: Experimental values have been taken from References Ludwig (1986)30; Pytela (1994)31; Kulhánek (1997)32; Pytela (1994)33,34; Barabanov (1973)56;

Nowak (1981)57; Ludwig (1986)58 and were shifted as described in Section 2.2. The values pK calc:ð Þ
a are based on LFER parameters that are either

specifically fitted for each compound class, referred to as class-specific, or obtained from a generalized fit for a combined set, referred to as generalized,

(see text for details). The errors ΔpKa, that is, the difference between pK exptl:ð Þ
a and pK calc:ð Þ

a are also included.
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set and anions are known to require more diffusive functions. Similar

observations were already made during the prediction of total pKa

values for substituted phenols in water using the CBS-QB3 method

in combination with the C-PCM solvation model.62 There is indeed

an indication for this in our data as well since we observed a class-

averaged difference in the Gibbs free energy in solution between

the anion and the neutral acid for BP-TZVP and BP-TZVPD of about

�4 kJmol�1 for the phenols and sulfonamides, but a distinct,

almost vanishing difference for the carboxylic acids. This is also in

perfect agreement with previous study on the absolute pKa values

of carboxylic acids in water,63 indicating that the size of the basis set

has a much smaller affect for these compounds compared to the

phenols.

Apart from that, the linear regressions still yield very similar

results in terms of the LFER parameters and correlation coefficients.

The slopes are generally slightly smaller at the BP-TZVPD-FINE level,

with a decrease that is smallest for the acrylic acids (<1%) and largest

for the sulfonamides and phenols (~6%), but overall virtually identical

to those at the BP-TZVP level within the error bars. A one-to-one

comparison of the intercepts is not meaningful though since this

parameter is directly affected by changing the slope. However, the

difference in the intercepts between the two levels can be indeed

used to quantify the aforementioned horizontal shift in the ΔGdiss

values by assuming identical slopes, which is a reasonable assumption

in this case. Doing so, the shift can be estimated to be on average

6.8 kJmol�1 for the carboxylic acids and 18.3 kJmol�1 for the sulfon-

amides and phenols. Another important difference between the

results for these two levels should also be noted: While the correla-

tion slightly increases for the acrylic acids when moving to the BP-

TZVPD-FINE level, it slightly decreases for the benzoic acids and sul-

fonamides, and noticeably for the phenols. This trend is also reflected

in the fit quality as expressed by the root-mean-square deviation

(RMSD). The RMSD decreases for the acrylic acids at the higher level,

but increases for all other classes and the most for the phenols. In

analogy to the BP-TZVP results, if the outliers observed for the linear

regression of the benzoic acids are excluded again, we obtain a highly

corrected data set (r2 = 0.979) with regression coefficients c0 ¼6:334

and c1 ¼0:484 at an RMSD of 0.075.

3.2 | Combined data set

The class-specific considerations are useful for additional insights

(vide infra), but only of limited use for pKa prediction for new com-

pounds which should be based on a broad and chemically diverse

molecular data set. Therefore, we aimed at a meaningful way to com-

bine the four subsets. Regarding the carboxylic acids, this was easy

since the acrylic and benzoic acids have comparable class-specific

LFER parameters. Since we already noticed that the ben-

zenesulfonamides mainly differ from the carboxylic acids by a con-

stant offset (cf. Figure 1), which is reflected in a similar slope,

including this subset was easily achieved by allowing for a shift in the

pKa scale. However, due to the distinct qualitative difference between

these three subsets and the phenols, for example, in terms of the

slope c1, we decided to not include the latter in the determination of

generalized LFER parameters.

Thus, for combining the carboxylic acids and the sulfonamides,

we performed a constraint linear regression that couples the two indi-

vidual linear regressions for each class

pK Ið Þ
a ¼ c Ið Þ

1

ΔGdiss

RTln 10ð Þþc Ið Þ
0 , ð4Þ

TABLE 2 Class-specific pKa LFER parameters c1 and c0 with their standard deviations, squared correlation coefficient r2, and root-mean-
square deviation (RMSD) as obtained from linear regressions based on Equation (1) for each compound class at the two levels of theory

BP-TZVP BP-TZVPD-FINE

Class c0 c1 r2 RMSD c0 c1 r2 RMSD

Acrylic acids 7.708 ± 1.101 0.393 ± 0.046 0.913 0.357 8.154 ± 1.003 0.390 ± 0.044 0.920 0.343

Benzoic acids 6.279 ± 0.302 0.460 ± 0.013 0.940 0.288 6.853 ± 0.296 0.462 ± 0.013 0.935 0.298

Phenols �1.708 ± 2.788 1.216 ± 0.140 0.916 1.495 2.046 ± 2.732 1.133 ± 0.150 0.890 1.703

Benzenesulfonamides 7.511 ± 0.891 0.555 ± 0.030 0.963 0.142 9.329 ± 0.843 0.522 ± 0.030 0.959 0.151

TABLE 3 Fit parameters c1, c
Að Þ
0 , and c Bð Þ

0 together with their error estimates as well as effective squared correlation coefficient r2 and root-
mean-square deviation (RMSD) as obtained from a generalized LFER fit according to Equation (4) for the combined data set consisting of the
acrylic acids, benzoic acids, and sulfonamides at the two levels of theory

Level c1 c Að Þ
0 c Bð Þ

0 r2 RMSD

BP-TZVP 0.455 ± 0.012 6.369 ± 0.289 10.460 ± 0.363 0.960 0.291

BP-TZVPD-FINE 0.454 ± 0.013 7.009 ± 0.290 11.249 ± 0.364 0.953 0.308
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where I¼A for carboxylic acids and I¼B for sulfonamides, by requir-

ing identical slopes, that is, c Að Þ
1 ¼ c Bð Þ

1 ¼ c1. Similar to the standard lin-

ear regression, this problem can be solved analytically and the

solution for the slope c1 and intercepts c Ið Þ
0 reads:

c1 ¼
NA ⟨XAYA⟩� ⟨XA⟩⟨YA⟩

� �þNB ⟨XBYB⟩� ⟨XB⟩⟨YB⟩
� �

NA ⟨X2
A⟩� ⟨XA⟩

2
� �

þNB ⟨X2
B⟩� ⟨XB⟩

2
� � , ð5Þ

c Ið Þ
0 ¼ ⟨YI⟩� ⟨XI⟩c1, ð6Þ

where NI denotes the number of data points in the respective subset

I, XI the subset of calculated ΔGdiss
RTln 10ð Þ values, and YI the subset of exper-

imental pKa values. Angle brackets ⟨Q⟩ represent the expectation

value of a given quantity Q. The corresponding variances were calcu-

lated according to:

Δc1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NAσ2As

2
XA

þNBσ2Bs
2
XB

NAs2XA
þNBs2XB

� �2

vuuut , ð7Þ

Δc Ið Þ
0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2I
NI

þ ⟨XI⟩
2 Δc1ð Þ2

s
ð8Þ

with the standard deviation sXI ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
⟨X2

I ⟩� ⟨XI⟩
2

q
of XI and the esti-

mated variance of the error σ2I ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

NI�3

PNI
i¼0 y Ið Þ

i � c Ið Þ
0 þc1x

Ið Þ
i

� �� �2
r

.

x Ið Þ
i and y Ið Þ

i are the elements of the sets XI and YI, respectively.

The results for the generalized LFER parameters based on

Equations (5–8) are given in Table 3, the fits are plotted in Figure 1

(black lines), and the corresponding calculated pKa values are listed in

columns six and 11 together with their errors in columns seven and

12 of Table 1. Slopes of 0.45 that are identical within the error bars

are obtained at both levels of theory, which fit well to that values

already obtained in the class-specific LFER fits (cf. Table 2) and match

our expectations. Due to the energetic shift in the ΔGdiss values

between BP-TZVP and BP-TZVPD-FINE, the value for the intercepts

c Að Þ
0 and c Bð Þ

0 are larger for the latter level. As for the class-specific fits

and due to almost identical slopes, the difference in the intercepts can

be used to quantify this shift: 8.1 kJmol�1 for the carboxylic acids

(using c Að Þ
0 ) and 10.0 kJmol�1 for the sulfonamides (using c Bð Þ

0 ). These

values lie in between the ones from the previous fits. The combined

data set still yields an excellent overall correlation at both levels

(r2 > 0.95) with sufficiently small RMSDs of approximately only

one third of a logarithmic unit on the pKa scale. The difference of

the intercepts c Að Þ
0 � c Bð Þ

0 is 4.091 for BP-TZVP and 4.240 for BP-

TZVPD-FINE, which are roughly the same considering the RMSDs or

statistical errors of c Að Þ
0 and c Bð Þ

0 of around 0.3. Thus, we can indeed

use a common LFER parameter for the slope c1 for the combined

data set.

The shift in the intercept has two important possible interpreta-

tions. On the one hand, this deviation could simply have an

experimental origin and be caused by a systematic error, for example,

a different calibration with respect to the used pKa standard that leads

to a constant offset on the pKa scale. However, as already stated

before, this should not be the case here since the values for the

benzoic acids and sulfonamides were determined by the same

authors.30–34,58 On the other hand, the difference in the intercepts

can also reflect errors in the calculated values for ΔGdiss that depend

mainly on the substance class, as discussed below.

Including the phenols in an even more general LFER parameter fit

is not straightforward due to uncertainties for this subset. The main

criterion for achieving a good overall correlation is a consistent slope

throughout all subsets. In particular, the data points for 2-nitrophenol

(pKa ¼25:20) and 2,4,6-trinitrophenol (pKa ¼9:2), which also roughly

represent the two extremes on the phenol pKa scale, deviate substan-

tially more from the class-specific linear regression line (cf. Table 1

and Figure 1). These values include the overall shift of 2.9 as

explained in the Section 2.2. The non-shifted value of 6.3 for 2,4,6-

trinitrophenol served as a reference point in the phenol studies and

was originally measured conductometrically,64 while the value of 22.3

for 2-nitrophenol was determined by potentiometry (glass electrode)

as the other phenols. To test if the fit for the phenols is flawed by

errors from these two outliers, we did for the BP-TZVP values three

additional linear regressions: (i) one where 2-nitrophenol was

excluded, (ii) one where we excluded 2,4,6-trinitrophenol, and (iii) one

where both were excluded. The results from these restricted fits are

plotted in Figure S1 and the obtained parameters are listed in

Table S1 of the Supporting Information. Excluding 2,4,6-trinitrophenol

from the fit decreases the slope from 1.216 to 0.887, which is

closer to the value obtained for the carboxylic acids and ben-

zenesulfonamides, but reduces the correlation parameter significantly

from r2 ¼0:916 to 0.774. Excluding 2-nitrophenol, on the other hand,

slightly improves the correlation (r2 ¼0:987) but further increases the

slope to 1.398, which deviates even more from the slope for the other

subsets. If, however, both data points are excluded, the results do not

significantly differ from those for the unaltered fit that includes both

points, while maintaining a good correlation (0.958). Hence, there is

no clear indication that one of these two data points is more inaccu-

rate than the remaining ones and we decided to continue with both

included.

3.3 | Analysis of the LFER parameters

For a better comparison, we only refer to our values at the BP-TZVP

level. This should also be a reasonable simplification since the results

from the generalized fit of the combined data set were found almost

identical for both levels of theory except for a constant shift in ΔGdiss.

We obtained a value of 6.369±0.289 for the intercept, which is to

some extent in qualitative agreement with the theoretical value of

lg S½ � ¼�1:134. However, one should note that any method-

dependent error leading to a constant shift in Gdiss will alter the inter-

cept, hence complicating possible interpretations. Interestingly, we

obtain for the LFER parameter for the slope, for the carboxylic acids
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and sulfonamides, a value smaller than one (c1 ’0:45), whereas it is

larger than and closer to one for the phenols (c1 ’1:22). In previous

studies that used COSMO-RS, slopes of 0.58 (for acids)24 and 0.75

(for bases)25 were reported for aqueous solutions, while slopes of

0.70 (DMSO)24 and 0.92 (acetonitrile)26 were found in organic sol-

vents. This deviation from the ideal slope, c1 ¼1, corresponds to an

apparent, systematic overestimation of ΔGdiss. This phenomenon is

not unique to COSMO-RS, but occurs in all first-principles pKa predic-

tions using simple DCSMs unless significant, but often physically

questionable effort is taken to adjust the DCSM parameters (e.g., as

pointed out by Chipman65). However, it has been argued that includ-

ing a few explicit solvent molecules does not necessarily lead to better

results in terms of increasing the slope toward one since this creates

another bias from the exact configuration of these micro-solvated

structures.24 Such hybrid-solvation approaches typically lead to ambi-

guities and problems in practice: (i) especially for organic solvents, no

obvious number of explicit solvent molecules in the solvation shell

and (ii) optimization of the solute-solvent structure.26 Also, the exact

correspondence of the experimental pKa scales to the free energy of

dissociation at infinite dilution had been questioned.24,25

Reference [26] discussed that the degree of deviation from the

ideal behavior is largely solvent-dependent and has its main origin in

the solvent's capability of solvating anions, which is also a relevant

factor regarding the partitioning of data sets (vide infra). In water,

which has the highest anion-solvating ability among the solvents stud-

ied with COSMO-RS, the slope has the lowest value (i.e., deviates

most from the ideal case), it then increases for DMSO (with moderate

stabilization), and finally reaches the largest and closest value for ace-

tonitrile (with lowest stabilization). Precisely quantifying this anion-

stabilization ability is difficult since it is a consequence of the overall

solvent polarity, a concept that is vividly discussed in the literature.66

However, we infer that the hydrogen-bond donation ability, for exam-

ple, as described by the Kamlet-Taft solvent parameter67 α and the

relative dielectric constant ϵr , entering the energy expression for

Coulomb interactions, should have major effects. Values of α and ϵr
are in the following taken from Reference [68]. Whereas water is

clearly the most polar solvent in terms of both descriptors

(α¼1:17, ϵr ¼78:3), the two contributions show opposite trends for

DMSO (α¼0:00, ϵr ¼46:5) and acetonitrile (α¼0:19, ϵr ¼35:9). The

order of the solvents (water–DMSO–acetonitrile) as claimed by the

authors would thus hint to the dielectric constant having the domi-

nant effect as the more important property, which is reasonable con-

sidering the stabilization energy of ions.

Relating to this work, the current results seem to fall even below

the water regime (slope of 0.58 for acids) based on our slope of 0.45

from the generalized fit for the combined data set that includes the

carboxylic acids and benzenesulfonamides. In terms of the two polar-

ity descriptors, acetone (α¼0:08, ϵr ¼20:56) is expected to have an

anion stabilization in between that of DMSO and acetonitrile. Assum-

ing that ϵr is the dominant contribution, the stabilizing effect of ace-

tone should be even smaller compared to that of acetonitrile.

However, our results do not fit into this order, which indicates that

also other factors seem to affect the slope.

In the current work, we observe a dissection of the molecular

data set that at first may appear to be comparable to the observa-

tions made for acetonitrile in Reference [26]. The latter study also

reported differences between LFER parameters for different molec-

ular classes that could be dealt with by fixing the slope and

adjusting a constant offset, and the physical origin was assigned to

the degree of charge (de-)localization in the anions. More specifi-

cally, the data set reported in Reference [26] is dissected into com-

pounds that newly form an aromatic system after deprotonation

(i.e., CH acids) and those with ordinary acidic functional groups

where the charge will remain more or less localized (e.g., phenols,

carboxylic acids, sulfonic acids, etc.). This idea can also not fully

explain the discrepancy observed in our study though since we

identified the phenols, that is, strongly delocalized systems as the

main exception here. In particular, the phenols are expected to

behave very similarly compared to the benzoic acids in terms of

charge delocalization via resonance stabilization. However, this idea

might actually give us an explanation for the sulfonamides whose

deviation from the carboxylic acids was indeed successfully

accounted for by a constant shift in the pKa scale while retaining a

common slope (vide supra). The sulfonamides are indeed structurally

different from the carboxylic acids and the phenols since both the

protonated and the deprotonated structures were found to be non-

planar. Therefore, the negative charge of the deprotonated species

cannot be stabilized via resonance and remains localized in a lone

electron pair at the nitrogen atom of the functional group. Regarding

the phenols, we also infer that the zero-point vibrational energy might

have a larger contribution compared to the other classes, assuming

that the degree of conjugation is much higher for the phenols and

hence the vibrations would depend stronger on structural differences

that are induced by the deprotonation.

3.4 | Special behavior of the phenol subset

For the phenols, it is unclear if the large deviation from the other sub-

sets is due to a systematic error in the experimental data or has an

actual physical origin. It does seem that they have a special role in this

data set though. For them, the slope is closest to the theoretical value

of one, but their results are also affected the most by changing the

computational level. In this context, we note that this subset is also

the one that covers the largest range of pKa values. Hence, the abso-

lute differences are naturally much larger when comparing it to the

other subsets with relatively smaller pKa ranges.

In a previous COSMO-RS study on aqueous pKa, the underlying

computational methods of the BP-TZVP level, that was also invoked

in this work, were already suspected to be insufficient for describing

the structural changes of the related compound 4-nitrophenol upon

reorganization after deprotonation.24 For that compound it was found

that the deprotonated species adapts a chinoidal form as indicated

by a pronounced shortening of the C O bond lengths, which is

accompanied by an overall stronger ionization. A chinoidal form is

based on simple resonance considerations equally possible for the
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2-nitrophenol and hence our observations might have indeed the

same physical origin.

4 | CONCLUSIONS

For the 120 organic acids considered in the current work in the sol-

vent acetone, class-specific LFER fits yield very good linear correla-

tions between ΔGdiss computed with COSMO-RS and DFT and the

experimental pKa values within each compound class. The acrylic and

benzoic acids could be easily combined with the benzenesulfonamide

subset by allowing for an additional offset in the experimental pKa

scale. The resulting combined data set is still highly linearly correlated

(r2 > 0:95) and has the same slope of 0.45 at the two levels of theory

BP-TZVP and BP-TZVPD-FINE, respectively. That this slope is below

the ideal value of 1 is in agreement with previous observations made

in the literature24–26 for water, DMSO, and acetonitrile, although the

values do not fit to an ordering of the solvents that would be

expected if the deviations from the ideal value of 1 were solely deter-

mined by the dielectric constant or the hydrogen-bond donation abil-

ity. The constant shift in the pKa scale between the two subsets

reaches at both levels ~4 within the standard deviation. Using these

LFER parameters, the mean square deviation with respect to the

experimental pKa values is only ~0.3.

In contrast to the carboxylic acids and benzenesulfonamides, the

phenols revealed to be distinctly different. Especially the slope

appeared to be larger than one and thus we did not find a natural way

to combine this subset with the other ones. Moreover, there seems to

be a higher uncertainty in this subset as the data points on the two

extremes of the pKa scale (2-nitrophenol and 2,4,6-trinitrophenol)

rather appear to have outlier character. Consequently, these points

can affect the LFER parameters significantly if one or both of them

are excluded from the fitting process. Having both included, the

RMSD of pKa prediction amounts to 1.7–1.9 for the phenols (with

r2 �0:9), which is still satisfying considering the broad range from 9.2

to 26.8. A substantial increase up to almost perfect linear correlation

(r2 ¼0:987) indicates that excluding 2-nitrophenol from the data set

might improve the fit quality. The bad performance of 2-nitrophenol

seems to be comparable to problems with the related compound

4-nitrophenol in a preceding study24 of pKa in water that was

assigned to insufficient accuracy of the underlying electronic structure

methods.
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6. Theoretical Spectroscopy in DMSO

This sub-project now turns the focus to the electronic excitation energies that are needed as the other

input quantities for calculating pK∗a based on the Förster cycle. In contrast to the experiments in

Chapters 3–4 that have been done in acetone, this theoretical study is performed for the solvent DMSO,

chosen for the following reasons: (i) Availability of experimental reference spectra and (ii) promising

performance with the implicit solvent model COSMO. By choosing the implicit solvent model COSMO,

the solvation treatment is restricted to purely electrostatic solute–solvent interactions. For computing

the vertical electronic transition energies, the wavefunction-based methods ADC(2) and CC2 are chosen.

Prior to productive calculations, a validation of the performance of these selected methods (with respect

to the agreement with experimental reference data) has been necessary.

First, the effect of different methods and basis sets is studied to demonstrate that excitation energies

using ADC(2) or CC2 in the aug-cc-pVDZ basis set calculated at COSMO-MP2/cc-pVDZ geometries give

sufficiently accurate results. Second, energetic and structural contributions to the excitation energies are

disentangled based on a detailed analysis of different combinations of COSMO, ADC(2), and CC2 for

both the equilibrium geometries and excitation energies in the gas phase and in solution, as well as in

the ground state and the excited state. Third, the selected methods are applied to the calculation of

UV/Vis absorption and fluorescence emission spectra of Jung’s photoacids, which gives access to ∆pKa.

Finally, ∆pKa in combination with COSMO-RS-based pKa is used to calculate pK∗a . The results are

discussed in terms of relative trends and differences between the individual photoacids. In addition, the

electronic structure calculations allow for insights into the origin of photoacidity for these compounds

and also reveal an interesting solvent dependence of ∆pKa.

This part has been performed under the supervision of Prof. Dr. Christof Hättig. The idea of validating

our methods in DMSO was largely shaped by myself. I am responsible for carrying out the calculations,

analyzing the results, and preparing the first draft of the manuscript which was further developed together

with Prof. Dr. Christof Hättig. Moreover, I took over the correspondence during the publication process.

The following publication is reprinted with permission from: N. Sülzner and C. Hättig. Theoretical

Study on the Photoacidity of Hydroxypyrene Derivatives in DMSO Using ADC(2) and CC2. J. Phys.

Chem. A 2022, 126 (35), 5911–5923. Copyright © 2022 American Chemical Society. The

corresponding supporting information can be found in Section B.3. This publication is also available

online: https://doi.org/10.1021/acs.jpca.2c04436.
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ABSTRACT: This work applies the thermodynamic Förster cycle
to theoretically investigate the pKa*, i.e., excited-state pKa values of
pyranine-derived superphotoacids developed by Jung and co-
workers. The latter photoacids are strong enough to transfer a
proton to the aprotic solvent dimethyl sulfoxide (DMSO). The
Förster cycle provides access to pKa* via the ground-state pKa and
the electronic excitation energies. We use the conductor-like
screening model for real solvents (COSMO-RS) to compute the
ground-state pKa and the correlated wavefunction-based methods
ADC(2) and CC2 with the continuum solvation model COSMO
to calculate the pKa change upon excitation. A comparison of the
calculated UV/Vis absorption and fluorescence emission energies
to the experimental results leads us to infer that this approach
allows for a proper description of the electronic excitations. In particular, implicit solvation by means of the COSMO model appears
to be sufficient for the treatment of these photoacids in DMSO. The calculations confirm the presumption that a charge
redistribution from the hydroxy group to the aromatic ring and the electron-withdrawing substituents is the origin of photoacidity for
these photoacids. Moreover, the calculations with the continuum solvation model predict that the pKa jump upon excitation
decreases with increasing solvent polarity, as rationalized based on the Förster cycle.

■ INTRODUCTION
Proton transfer belongs to the most important elementary
reactions taking part in various chemical, biochemical, and
biological processes.1−3 To elucidate the precise mechanisms of
proton-transfer reactions, i.e., possible intermediates such as
contact ion pairs and rate constants of the individual steps, so-
called photoacids have proven particularly powerful tools.4−22

These photoacids are molecules that exhibit an acidity increase,
i.e., a decrease in pKa, upon electronic excitation, which can
trigger an excited-state proton transfer (ESPT) to a suitable
proton acceptor.23,24 Due to limited acid strengths, the use of
most photoacids was restricted to the study of ESPT in water4 or
aqueous solutions containing either an additional base5 or a
cosolvent.6−9 Only special photoacids, referred to as super-
photoacids, are particularly strong and exhibit in water negative
pKa values in the excited state,

25−28 which often also allows them
to perform an ESPT in neat protic10−12 or even aprotic
solvents.13−22

Originally, it was Förster who pointed out that photoacidity
can be explained by a thermodynamic cycle that includes the
proton-transfer equilibria for the electronic ground and the
excited state.29,30 Based on this so-called Förster cycle
(Scheme 1), the excited-state pKa value, from now on denoted
pKa*, can be obtained from the ground-state pKa value and the
Gibbs free energy differences between the ground and the
excited state of the acid (ROH) and its conjugate base (RO−):
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Scheme 1. Förster Cycle
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with the excitation Gibbs free energies ΔGexci(ROH) and
ΔGexci(RO−) of the two species, the ideal gas constantR, and the
absolute temperature T. If used to calculate pKa*, the accuracy of
the results thus depends on the accuracy of these input
quantities. Nevertheless, it is the standard approach to
determine pKa* in experimental as well as in theoretical
investigations since it is usually not possible to measure pKa*
as an equilibrium quantity.
Measurements of pKa values are in particular difficult in

nonaqueous, aprotic solution.31−33 For these solvents, theoreti-
cal pKa prediction tools are crucial.

34,35 Different methods are
nowadays available,36,37 including the conductor-like screening
model for real solvents (COSMO-RS).38−42 COSMO-RS is an
extension of the conductor-like screeningmodel (COSMO)43,44

to reintroduce specific solute−solvent interactions and it has
been already successfully applied to pKa calculations in
water,45,46 dimethyl sulfoxide (DMSO),45 acetonitrile,47 and
acetone.48

Until today, only few examples of theoretical pKa* predictions
are reported in the literature, using quantum chemical
calculations49−56 as well as molecular dynamics (MD)
simulations with hybrid quantum-mechanics/molecular-me-
chanics (QM/MM) techniques.57−60 Some theoretical studies
on photoacids also attempt to directly address the ESPT process
by modeling its reaction mechanism or providing information
on the molecular factors governing photoacidity, e.g., the
electronic structure.61−69 Recently, also the first ab initio (QM/
MM) MD simulations on the excited-state dynamics of
photoacids were reported, e.g., on the vibrational dynamics of
8-hydroxypyrene-1,3,6-trisulfonate (HTPS or pyranine) in neat
water70,71 or acetate-containing aqueous solution,72,73 the ESPT
dynamics of HPTS in 1-methylimidazole74 or water,75 and the
ESPT dynamics of the superphotoacid quinone cyanine 9
(QCy9) in water.76 However, all of these have in common that
they are typically limited to time-dependent density functional
theory (TDDFT) for the description of electronic excitations,
which gives sometimes wrong shapes for the excited state
potential energy curves.77 Apart from the known deficiency of
TDDFT regarding charge-transfer excitations, which could be
avoided by using long-range-adapted functionals such as CAM-
B3-LYP, the rather low accuracy in excitation energies still
remains a problem. In the extreme, this can lead to qualitatively
wrong results, e.g., a different order of the excited states as
recently reported by Acharya et al. for the photoacid naphthol.78

To the best of our knowledge, no comparable approach to the
full pKa* beyond TDDFT that uses accurate correlated
wavefunction-based methods (e.g., the algebraic diagrammatic
construction scheme through second order ADC(2) or the
approximate coupled cluster singles and doubles method CC2)
instead has yet been reported.
In this study, we focus on the non-charged HPTS derivatives

introduced by Jung and co-workers (Scheme 2).14 These are
obtained by functionalizing the sulfonate groups with electron-
withdrawing ester (A−B) and amide (D−F) moieties. The
solvatochromic properties15 as well as ESPT kinetics14,16 have
been studied experimentally in a variety of solvents including
water, methanol, ethanol, and DMSO. Recently, the dynamics
and ESPT intermediates of a strongly hydrogen-bonded
complex of compound A with a trialkylphosphine oxide in
nitrile solution were elucidated.79,80 Furthermore, for the

strongest superphotoacid B of that class, namely tris-
(1,1,1,3,3,3-hexafluoropropan-2-yl)-8-hydroxypyrene-1,3,6-tri-
sulfonate (pKa* ≈ −4 in water),14 the possibility of ESPT in
acetone−water mixtures81 and in neat acetone were demon-
strated.82 Despite the wealth of experimental knowledge
regarding this photoacid, only limited information on the
molecular origin of the exceptionally high photoacidity is yet
available in the literature.
Here we apply the Förster cycle to theoretically predict the

pKa* values of these pyranine-derived photoacids in the polar,
aprotic solvent DMSO, which we choose because of the amount
of experimental spectroscopic reference data for this class of
photoacids in this solvent. Moreover, from a computational
point of view, this solvent is a good compromise in accuracy for
the implicit solvent model COSMO as it is both aprotic and
polar. As a dielectric continuum solvation model, COSMO is
restricted to purely electrostatic solute−solvent interactions and
poorly describes specific interactions, e.g., hydrogen bonding.
This approach provides access to pKa* via the ground-state pKa
and the electronic excitation energies. To the best of our
knowledge, this is the first attempt that uses highly accurate
wavefunction-based methods for pKa* prediction.
First, a brief comparison of calculations at different levels of

theory for the geometries and excitation energies is used to
establish our defaults for computing electronic UV/Vis
absorption and emission spectra. These tools are then used to
thoroughly review the results for one selected photoacid with the
methods ADC(2) and CC2 with and without COSMO to
disentangle individual effects on the electronic excitation
energies. Next, we compare the calculated UV/Vis absorption
and fluorescence emission energies in DMSO with experimental
spectra to quantify the accuracy of the results. Here, the focus
will be on the differences between absorption and emission
spectra, and between the protonated and deprotonated species.
Finally, we compute pKa* values of the photoacids in DMSO
using the calculated results and analyze the individual
contributions to and the solvent effect on this quantity.

■ METHODS
All electronic structure calculations were done with the
TURBOMOLE program package (version 7.4).83,84 Second
order Møller−Plesset perturbation theory (MP2), ADC(2), and
CC2 calculations (with the ricc2 program) routinely used the
resolution-of-the-identity (RI) approximation for the electron
repulsion integrals and the frozen-core approximation for the 1s
orbitals at C, N, O, F and the 1s2s2p orbitals at S. The integral
screening threshold for the MO calculations ($scftol) was
lowered to 10−15 to ensure convergence with diffuse basis
functions. Solution-phase calculations refer to the solvent
DMSO as described by the COSMO model with ϵr = 46.45
for the (relative) dielectric constant and n = 1.479 for the
refractive index. Default cavity parameters were used unless
stated differently. For the calculation of electronic excitation

Scheme 2. Molecular Structures of Jung’s Photoacids A−F
with the Different Substituents R
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energies with ADC(2) and CC2 in combination with COSMO,
the post-SCF coupling scheme was used, as first introduced in
ref 85 for the polarizable embedding model and later also
combined with COSMO and compared in ref 86 to other
reaction field coupling schemes. The notation A//B refers to an
electronic excitation energy computed at a level A using a
geometry optimized at a level B. For visualization of electronic
excitations, natural transition orbitals (NTOs) were plotted at
contour values of −0.05 (red) and +0.05 (blue). Further details
on the individual calculations, e.g., the basis sets, are given below
and in the Supporting Information. All structures together with
their Hartree−Fock energies are available from ref 87.
For the calculation of pKa, initial conformer searches were

done to account for the conformational flexibility of the studied
photoacids. This was taken care of by using COSMOconf
(version 2021)88 in combination with its BP-TZVPD-FINE-
COSMO+GAS_18 template. Additional information on the
results from the conformer search is given in the Supporting
Information (see Tables S1 and S2). The full sets of conformers
for both the protonated and deprotonated species of the
photoacids were used for the calculation of pKa, while only a
single conformer was considered for the electronic excitation
energies since the later are insensitive to conformational changes
in the substituents at the sulfonate groups. COSMO-RS as
implemented in COSMOtherm (version 2021)89 was used to
calculate pKa in DMSO and water at the BP-TZVP and BP-
TZVPD-FINE levels of theory (e.g., see ref 90 for further
details). The main difference between these two is that the latter
uses refined energies calculated in the larger def2-TZVPD basis
set and with a smooth radii-based isosurface for COSMO.91 At
its core, COSMOtherm uses a linear free-energy relationship
(LFER) between pKa and the calculated Gibbs free energy
difference in solution (soln.) between RO− and ROH, obtained
with COSMO-RS,

K a b G Gp ( (RO ) (ROH))a soln. soln.= + (2)

where a and b are the implemented LFER parameters that were
originally derived from a linear fit to experimental pKa values in
the given solvent.89 Gsoln.(RO−) and Gsoln.(ROH) were
calculated according to the procedure described in refs 45−48.

All calculations involving pKa refer to a temperature T of 298.15
K (25 °C).
For investigating the importance of the ground-state singles

amplitudes, i.e., the difference between MP2 or ADC(2) and
CC2, and the role of direct and indirect solvent effects via the
molecular structure on the lowest excitation energy, we
performed a series of calculations on the protonated and
deprotonated forms of compound F (compare Scheme 2). The
ground-state geometries were optimized in the cc-pVDZ basis
set92,93 using MP294,95 or CC296 for the gas phase and in
combination with COSMO, COSMO-MP297 and COSMO-
CC2,98 also for the solution phase. Similarly, the geometries for
the first excited state were optimized in the cc-pVDZ basis set
using ADC(2)96 and CC299 for the gas phase and COSMO-
ADC(2)98 for the solution phase. The vertical electronic
excitation energies were calculated in the larger aug-cc-pVDZ
basis set93,100 at the gas-phase ADC(2)101 and CC2102 as well as
solution-phase COSMO-ADC(2)98 and COSMO-CC298 levels.
COSMO-CC2//COSMO-ADC(2) excitation energies for the
excited state are used as estimates for the COSMO-CC2//
COSMO-CC2 results. The obtained excitation energies for the
first vertical transitions are given in Table 1.

■ METHOD VALIDATION
Prior to a systematic study on the whole set of Jung’s photoacids,
we extensively tested our selected methods on the protonated
(acid) and deprotonated (base) forms of compound F (cmp.
Scheme 2). We studied the convergence of the ground-state
geometries with the methods and basis sets, the convergence of
the electronic excitation energies with the basis-set size, and the
difference between ADC(2) and CC2 excitation energies. The
corresponding results and further computational details are
given in the Supporting Information, and only the main aspects
will be briefly summarized here.

Convergence of the Excitation Energies with the
Ground-State Geometries and Basis Sets. Geometry
optimizations with different DFT functionals and MP2 with
different basis sets (see Table S3) show that the method for the
ground-state structure has only a small effect (≤0.1 eV) on the
ADC(2)/aug-cc-pVDZ excitation energies. We thus decided to

Table 1. Comparison of Vertical Electronic Excitation Energies in eV for the First Transition with Different Combinations of
Equilibrium Structures for S0 or S1 (Rows) and Methods for the Calculation of the Electronic Excitation Energy (Columns) of the
Protonated and Deprotonated Species of Photoacid F

excitation energies

geometries ADC(2) COSMO-ADC(2) CC2 COSMO-CC2

acid
S0 MP2 3.108 2.975 3.168 3.016

COSMO-MP2 3.096 2.957 3.156 2.999
CC2 3.067 2.929 3.130 2.975
COSMO-CC2 3.055 2.910 3.120 2.958

S1 ADC(2) 2.765 2.602 2.862 2.690
COSMO-ADC(2) 2.733 2.547 2.844 2.655
CC2 2.759 2.599 2.852 2.683

base
S0 MP2 2.171 2.134 2.350 2.251

COSMO-MP2 2.160 2.174 2.350 2.283
CC2 2.143 2.107 2.329 2.229
COSMO-CC2 2.135 2.135 2.332 2.253

S1 ADC(2) 0.928 1.631 1.356 1.682
COSMO-ADC(2) 1.999 2.001 2.219 2.129
CC2 1.953 1.989 2.178 2.102
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use�if nothing else is stated�MP2/cc-pVDZ as the method
for the geometry optimizations because of two reasons: First,
MP2 for the ground state will allow for a consistent description
with ADC(2) for the excited-state later on. Second, when
treating electronically excited states, we will be restricted to
smaller basis sets such as cc-pVDZ due to the computational
costs of the excited-state geometry optimizations.
We then compared the ADC(2) excitation energies for the

first five vertical transitions in different basis sets (see Table S4).
Based on the results, we chose the aug-cc-pVDZ basis as a
compromise between accuracy and computational costs. The
excitation energies for the lowest excited states obtained with
this basis set deviate from the results in the aug-cc-pVQZ basis
by ≈0.04 eV for the acid and by ≈0.03 eV for the base, which is
considerably smaller than the methodical error of ≈0.1 eV for
ADC(2) and CC2 (for S1 in organic chromophores with single-
reference ground states relative to the Full-CI limit). Besides,
not the absolute excitation energies, but the acid−base energy
difference will be of interest for the excited-state pKa prediction
(vide inf ra). Here, we observe a difference between aug-cc-
pVDZ and aug-cc-pVQZ for the acid−base difference of only 7
meV, which is probably an order of magnitude smaller than the
error due to the electronic structure method and the solvation
treatment. According to eq 1, such an error of less than 10 meV
in excitation energy corresponds to an error of only 0.17 pKa
units.
With ADC(2)/aug-cc-pVDZ for electronic excitation en-

ergies and MP2/cc-pVDZ for the geometry optimizations, we
thus use a combination of closely related methods and basis sets.
Moreover, aiming at a comparison of calculated and
experimental spectra (vide inf ra), other sources of error, in
particular regarding the solvation treatment, arise in any case
and are expected to be larger than the remaining basis set errors.

Difference between ADC(2) and CC2 Excitation
Energies. It turned out that for the lowest excited state in the
pyranine-based photoacids the differences between ADC(2)
andCC2 are not completely negligible. For the acid, a systematic
blue shift of the CC2 compared to the ADC(2) excitation
energies at identical geometries is observed. This shift is at the S0
equilibrium structure in the gas phase about 60 meV and
between 40 and 60 meV in solution. At the S1 equilibrium
structure, the differences are larger, between 80 and 110 meV
(compare with Table 1). The largest difference between CC2
and ADC(2) is found at the COSMO-ADC(2) geometry for S1,
amounting to about 110 meV.
Also the differences in the equilibrium structures obtained

with CC2 and MP2 (S0) or ADC(2) (S1) affect the excitation
energies, as can be seen by comparing excitation energies for the
same method but different geometries (columns in Table 1).
The excitation energies obtained at theMP2 and COSMO-MP2
structures for S0 are 35−60 meV higher compared to those at
CC2 and COSMO-CC2. For the gas-phase S1 equilibrium
structures, this deviation is much smaller (≤10 meV) with
almost coinciding excitation energies. Since excited-state
gradients for COSMO-CC2 are not available, we could not
optimize the S1 structure at this level. The above result, however,
gives us reason to assume that the corresponding excited-state
structures in solution will be similar as well and hence that
COSMO-CC2 excitation energies at the COSMO-ADC(2)
geometries will be a good approximation for the COSMO-CC2
excitation energies at the COSMO-CC2 S1 structure.
For the base, similar results are obtained, i.e.,

• a systematic, but considerably larger blue shift of CC2 vs
ADC(2): ≈ 190 meV (gas phase) and ≈110 eV (solution
phase) for S0 and >200 meV (gas phase) and >110 meV
(solution phase) for S1;

• only minor differences between the excitation energies at
the MP2 and CC2 ground-state geometries of only
≈20 meV (gas phase) and 20−30 meV (solution phase).

However, there are also distinct differences between the
spectroscopic properties of the acid and the base. ADC(2) fails
for the excited-state geometry optimization of the base in the gas
phase, yielding a nonphysically small excitation energy in the
near-infrared region (≫ 800 nm). Interestingly, this issue does
not seem to occur in solution, i.e., in combination with COSMO.
The COSMO-ADC(2) geometry results in excitation energies
that are close to that for the CC2 equilibrium structure. The
ADC(2) failure for the excited state in the gas phase is
presumably related to the negative charge of the base, on which
the solvent has a significant stabilizing effect. The main issue
with ADC(2) in the gas phase seems to be a different order of
the excited states in the different media: In the gas phase, the first
excitation is no longer a HOMO−LUMO (vide inf ra) but a
HOMO-3−LUMO transition, which occurs in solution only as
the third excitation.
The general deviations between ADC(2) and CC2 excitation

energies observed here for photoacid F are mainly due to
missing contributions in the description of the electronic ground
state for ADC(2) which is described as for MP2 using the first-
order correction (MP1) to the wave function, including only
double excitations out of the (closed-shell) Hartree−Fock
reference determinant. Contributions from singly excited
determinants to the ground state are missing. For the pyranine
derivatives, the single excitation from the HOMO to the LUMO
makes, however, a contribution to the correlated ground-state
that is not completely negligible, which can be tested by
checking the natural transition orbitals (NTOs) generated from
the (ground-state) CC2T1 amplitudes (see Figure S1). For both
the acid and base, the dominant NTO pair resembles that for the
first excitation, S1, especially the virtual NTO, indicating that
these orbitals are already partially occupied in the ground state.
Moreover, the weights of these NTOs are slightly larger for the
base (14.2%) compared to the acid (11.3%); i.e., the need for the
singles contribution for an accurate description of the ground
state is more pronounced for the base. The neglect of these
contributions in ADC(2) leads to an underestimation of the
excitation energy for S1.

■ SOLVENT EFFECTS: DISENTANGLING ENERGETIC
AND STRUCTURAL CONTRIBUTIONS TO THE
EXCITATION ENERGIES

After having selected MP2/cc-pVDZ for the ground-state
geometries and ADC(2)/aug-cc-pVDZ for excitation energies
for our purposes, we turn our focus on the structural and
energetic solvent contributions to the excitation energies of the
protonated and deprotonated species of photoacid F.

Limitations of Continuum Solvation with COSMO. In
general, the COSMO-related error in excitation energies
typically varies over a broad range, depending on the polarity
and proticity of the solvent. For the combinations of COSMO
with ADC(2) or CC2 based on the post-SCF coupling scheme,
we expect errors compared to experimental data of 0.05−0.07
eV in DMSO based on the reported errors in solvatochromic
shifts in water and acetonitrile.86 This error is significantly larger
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than the remaining basis set contributions and could amount to
up to one pKa unit. While the COSMO error is generally larger
for protic�and at the same time often strongly polar�solvents
due to the lack of describing H-bond interactions between the
solute and the solvent, the accuracy of COSMO is also for
nonpolar solvents limited by the neglect of London dispersion
and Pauli repulsion interactions. DMSO, as a polar and aprotic
solvent, thus appears to be a suitable solvent for COSMO, with
only the H-bond acceptance of the solvent missing in the
description. Since DMSO is no significant H-bond donor, we
expect the largest explicit solvation effects via specific
interactions on the protonated, rather than the deprotonated
species.

Stokes and Solvatochromic Shifts of the Acid. The
Stokes shift, i.e., the difference in absorption and fluorescence
emission energies of a given species, is of particular importance
for photoacidity. Calculated absorption and emission energies
refer to excitation energies at the ground-state (S0) and excited-
state (S1) equilibrium geometries. From a comparison of the
absorption and emission energies in Table 1, we obtain for the
Stokes shifts values of 343 meV for ADC(2) and 278 meV for
CC2 in the gas phase and, respectively, 410 and 303 meV in the
solution phase. Hence, the Stokes shift of the acid appears to be
larger in solution, but overall smaller for CC2.
Another interesting aspect are solvatochromic effects which

can be determined from the gas-phase and solution-phase
absorption and emission energies (diagonal elements of each S0
and S1 block in Table 1). Whereas bathochromic, i.e.,
solvatochromic red shifts of 151 and 172 meV are obtained
for the vertical excitation energies at the ground-state structures
for ADC(2) and CC2, respectively, the solvatochromic shifts are
larger for the vertical transition energies at the excited-state
structure rising to 218 and 197 meV. This finding is in
accordance with a strong charge redistribution upon excitation
of the photoacid, which increases the polarity (vide inf ra).
To separate structural and energetic effects on the excitation

energy, we can compare COSMO-ADC(2)//MP2 (2.975 eV)
with COSMO-ADC(2)//COSMO-MP2 (2.957 eV) energies
which demonstrate that the ground-state solvatochromism is
mainly due to a purely energetic effect on the excitation energy
itself, rather than a structural effect. Only 18 meV are missing
referring to the value in solution if the COSMO-ADC(2)
excitation energy is calculated at the MP2 gas-phase geometry.
Similar results are obtained for CC2: also COSMO-CC2//CC2
(2.975 eV) differs from COSMO-CC2//COSMO-CC2
(2.958 eV) by only 17 meV. For the excited-state solvatochrom-
ism, the largest contribution is again due to direct energetic
effects, but the difference between COSMO-ADC(2)//
ADC(2) and COSMO-ADC(2)//COSMO-ADC(2) is com-
parably larger (55 meV).

Stokes and Solvatochromic Shifts of the Base. For the
base, the results for the Stokes shifts are in the gas phase
151 meV for CC2 and in the solution phase 173 meV for
ADC(2) and 124 meV for CC2. For the solvatochromic shifts,
we obtained −3 meV with ADC(2) and +76 meV with CC2 for
the vertical transition at the ground-state structure and 49 meV
with CC2 for the vertical transition at the excited-state
equilibrium structure. The unreliable ADC(2) excited-state
geometry prevents an analysis of structural similarities, Stokes
shifts, and solvatochromic shifts for ADC(2) as consistently is
done above for the acid. As a replacement for the ADC(2)//
ADC(2) energy, either the ADC(2)//CC2 result, assuming
structural similarities between the methods, or the ADC(2)//

COSMO-ADC(2) result, assuming negligible solvent effects on
the structures, could be used. Using the former result, as
supported by the smaller energy deviation observed for excited-
state acid, we can estimate the ADC(2) gas-phase Stokes shift to
be 218meV and the excited-state solvatochromic shift to be−48
meV. The Stokes shift hence again appears to be smaller in
solution compared to the gas phase and smaller for CC2
compared to ADC(2), as observed for the acid.
Furthermore, both the ground-state and excited-state

solvatochromism of the base do not show a clear trend at
these levels since the shift is bathochromic for CC2, but
hypsochromic for ADC(2). Still, both results are much smaller
in magnitude compared to the acid, indicating that the polarity
difference between the ground and excited state seems either
less pronounced or even reversed. This is in accordance with the
experiments where bathochromic shifts are observed for the
protonated as well as methylated photoacids, whereas
pronounced hypsochromic shifts are observed for the
deprotonated species.15 This bathochromism is furthermore
known to increase linearly as a function of the Kamlet−Taft
dipolarity and polarizability parameter π*, while this hyp-
sochromism increases as a function of the Kamlet−Taft
parameter α for the hydrogen-bond donating ability of the
solvent. While the latter is not well described by COSMO as it is
a pure continuum solvation model, its effect in DMSO is still
considered negligible due to the lacking H-bond donating ability
(α = 0).15 Rather, H-bonding interactions between the
protonated photoacid acting as the donor and DMSO acting
as the acceptor are anticipated to have a somewhat larger effect,
e.g., as judged based on the large Kamlet−Taft H-bond
accepting ability β for DMSO (0.76),15 although the correlation
of excited-state acidity with β is experimentally found to be less
indicative compared to that for π*.
Moreover, as for the acid also for the base, the solvent does

not seem to affect the ground-state geometries significantly
because the ADC(2) and CC2 energies (i.e., without COSMO)
are almost identical at the equilibrium structures for the gas and
the solution phase. Calculating solution-phase excitation
energies at the corresponding gas-phase geometries, we obtain
residuals of −40 meV (COSMO-ADC(2)//MP2) and 24 meV
(COSMO-CC2//CC2), as well as −12 meV (COSMO-
ADC(2)//ADC(2)) and 49 meV (COSMO-CC2//CC2)
referring to the results at the actual ground-state and excited-
state structures in solution, respectively.
These results show that (i) the solvent, as described by an

implicit model, only has a minor effect on the molecular
structure; (ii) the difference between the ADC(2) and CC2
result for the lowest energy is considerably larger for the base;
(iii) ADC(2) fails in the excited-state geometry optimization for
the base in the gas phase; and (iv) acid and base appear to have a
different solvatochromic behavior.

■ UV/VIS ABSORPTION AND FLUORESCENCE
EMISSION SPECTRA

For a systematic study of Jung’s photoacids and a comparison
with the available experimental UV/Vis absorption and
fluorescence emission spectra in DMSO, we did geometry
optimizations in the cc-pVDZ basis set using COSMO-MP2 for
the ground state and COSMO-ADC(2) for the first excited
state. Ground-state structures were used for calculating the UV/
Vis absorption spectra and excited-state structures for the
fluorescence emission spectra. These calculations were done in
solution phase using COSMO for the solvent DMSO. Because
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no implementation of COSMO-CC2 excited-state gradients is
yet available, COSMO-CC2 emission energies were estimated
based on COSMO-CC2 excitation energies at the COSMO-
ADC(2) geometries. All spectra, i.e., electronic excitation
energies and oscillator strengths, were computed with
COSMO-ADC(2) as well as with COSMO-CC2.

Character of the First Excitation. The first vertical
electronic transition is most relevant since it defines the
reference for comparison with experimental absorption (S0 →

S1) and emission (S1 → S0). The corresponding natural
transition orbitals (NTOs) relating to the first transition are
exemplarily shown in Figure 1 for the protonated and
deprotonated species of photoacid F. A full review of the
NTOs for the first five vertical transitions of photoacid F is given
in Tables S5 and S6 of the Supporting Information.
As can be seen in Figure 1, the first transition has for both

species π → π* character, which is typical for aromatic
molecules. Moreover, comparison with the molecular orbitals

Figure 1. Comparison of the occupied and virtual NTOs for the first NTO pair of the first vertical electronic transition of the protonated and
deprotonated species of photoacid F. Excitations are calculated with COSMO-ADC(2)/aug-cc-pVDZ at the COSMO-MP2/cc-pVDZ geometries,
plotted at contour values of ±0.05 au. The weights of these NTOs are 97.4% (protonated) and 98.0% (deprotonated), respectively.

Figure 2. Comparison of calculated and experimental Stokes shifts of the acid and base forms of the photoacids A−F in the solvent DMSO. Stokes
shifts based on the calculated absorption and emission energies of the first vertical transition at the COSMO-ADC(2) and COSMO-CC2 levels (cf.
Table S9) as well as for the experimental values taken from ref 14. The corresponding numerical values of the Stokes shifts are given in Table S10.
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revealed that these two excitations represent simple HOMO−
LUMO transitions. The additional lone pair and larger negative
charge at the O atom in the deprotonated species lead to a larger
contribution from the p orbital at the O atom to the occupied
NTO compared to the protonated form. Plots for the electron
density difference between S1 and S0 (see Figure S2, SI) show
that this electronic transition is associated with a large charge
redistribution, i.e., an intramolecular charge transfer (ICT)
which reduces the electron density at the −OH or −O− group,
shifting it toward the electron-pulling sulfonic acid groups.
Due to the structural similarity, the character of the electronic

transitions is basically identical for all pyranine derivatives
studied here and, especially, the most relevant first transition
remains unaltered, as verified by NTO analysis. For further
reference, the NTOs for the first vertical transition of the
protonated and deprotonated species of the photoacidsA−F are
shown in Tabs. S7 and S8. In particular, this first transition was
always found to be bright, i.e., to have nonzero oscillator
strengths. Therefore, it is sufficient to simply restrict the
discussion to the excitation energies for this transition. The
corresponding (de)excitation energies for the acid and base
forms of the six photoacidsA−F are listed in Table S9, at the two
levels of theory and together with their experimental values.

Comparison of Stokes and Substitution Shifts. The
direct comparison of the calculated absorption and emission
energies in Table S9 to their experimental counterparts is
significantly affected by the systematic errors arising from the
limitations of the computational approach (vide supra). This
includes the restriction to the second-order methods ADC(2)
and CC2 and to purely electrostatic solute−solvent interactions,
and importantly, that the experimental values refer to maximum
positions in the experimental spectra, whereas the calculated
results are vertical (de)excitation energies. In short, such a direct
comparison reflects that the overall performance is largely
affected by an error cancellation involving the inherent errors or
ADC(2) or CC2, the (missing) solvation contributions, and the
underestimation of fluorescence energies. As a result, best
agreements between the calculated and experimental values are
found for the emission energies of the acids and the absorption
energies of the bases, both at the COSMO-CC2 level. In
contrast, the absorption energies of the acids are systematically
overestimated (≤0.15 eV), while the emission energies of the
bases are underestimated (≤0.10 eV). Still, these errors appear
to benefit from further compensation when including explicit
solvent due to the experimentally observed solvatochromism,
i.e., the bathochromic and hypsochromic behavior of the acid
and base, respectively (vide inf ra).
To minimize the effect of systematic shifts, the comparison of

relative energies is much more reasonable instead. One such
quantity is the Stokes shift (see Figure 2 or Table S10). The
results show that ADC(2) and CC2 both overestimate the
Stokes shifts for the acids as well as for the bases: CC2 by 40−
70 meV for the acids and 100−140 meV for the bases, ADC(2)
by 110−130meV for the acids and 120−150meV for bases. One
exception is photoacid C, where the experimental Stokes shift is
between the CC2 and ADC(2) values. That the calculated
results overestimate the experimental Stokes shifts might
partially be due to the vertical approximation but, in particular
for the bases, also due to the approximations in the COSMO
solvation model.
The substitution shifts in Table 2 demonstrate an overall

better performance of COSMO-CC2 over COSMO-ADC(2).
In particular, almost quantitative agreement between the

calculated and experimental results is obtained for the relative
order of the absorption energies for the acids, with the exception
of photoacid D. The calculated trends for the absorption
energies of the bases are in good agreement with the
experiments; only for the photoacids B and D the substutional
shifts relative to F are overestimated somewhat. However, the
deviations are in the order of only a few hundredths of an eV.
Due to nearly quantitative ESPT yield in DMSO, no

experimental emission energies are available for the protonated
species of photoacids A and B.14 For the remaining photoacids,
no clear difference between the results for the two species can be
observed due to the reduced number of reference values.
However, the deviations from the experimental shifts between
the different substituents appear to be larger in emission
compared to absorption. The underestimation of fluorescence
emission energies is commonly known and originates from the
discrepancy between the excited-state equilibrium structures
used for the vertical approximation and those actually leading to
the emission band maxima in experiments. In contrast to UV/
Vis absorption spectroscopy, where the initial state is well-
defined, the choice of the initial state in fluorescence is less clear.
This is because the fluorescence (i.e., the radiative transition
from the electronically excited state, usually S1, to the electronic
ground state) can take place at any geometry after vertical
excitation, i.e., any structure in between the Franck−Condon
point and the excited-state equilibrium. Also, the computational
results for excited-state potential surfaces have larger un-
certainties than for the ground-state surfaces.103

An important factor for the Stokes shift is the change in the
equilibrium structure from the ground to the electronically
excited state due to changes in the electronic structure. The
larger Stokes shifts of the acids observed for the pyranine
derivatives indicate stronger structural changes after electronic
excitation which can be rationalized in terms of (anti)-
aromaticity, as reviewed, e.g., by Agmon23 or recently Wen et
al.:104 ROH is more aromatic compared to RO− in S0 and, thus,
experiences a larger loss in aromaticity upon excitation to S1. As a
consequence, the structural changes in the aromatic system from

Table 2. Substitutional Shifts in the UV/Vis Absorption and
Fluorescence Emission Energies of Jungs’s Photoacids in the
Solvent DMSOa

photoacids

level A B C D E F

acid
S0 COSMO-ADC(2) −72 −139 −56 −87 6 0

COSMO-CC2 −61 −117 −53 −78 7 0
experiment −59 −115 −46 0 7 0

S1 COSMO-ADC(2) −70 −137 −53 −77 8 0
COSMO-CC2 −50 −116 −45 −66 16 0
experiment � � −149 −11 0 0

base
S0 COSMO-ADC(2) −68 −150 −72 −67 15 0

COSMO-CC2 −54 −127 −63 −53 17 0
Experiment −55 −85 −55 −4 0 0

S1 COSMO-ADC(2) −58 −151 −65 −60 24 0
COSMO-CC2 −52 −134 −61 −51 26 0
experiment −34 −60 −42 −8 −4 0

aComparison of differences in the vertical electronic excitation
energies for the first transition taken from the calculations (cf. Table
S9) and experimental results (from ref 14) of the photoacids A−F
relative to photoacid F. Values are given in meV.
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S0 to S1 are larger. This observation is also confirmed by the root-
mean-square deviation for the C−C bond lengths in the pyrene
ring between the S1 and S0 structures, e.g., 2.2 pm for the acid
and 1.1 pm for the base of photoacid F.

■ PREDICTION OF PKA* IN DMSO
The calculated absorption and emission energies were used to
computeΔpKa values for Jung’s photoacids based on the Förster
cycle, according to

K K K
G G

RT
p p p

(RO ) (ROH)
ln(10)a a a

exci exci= * =

(3)

and pKa* values (via eq 1) using the pKa, calculated as described
in the Computational Details section. The results for pKa,ΔpKa,
and pKa* of the six photoacids in the solvent DMSO are
summarized in Table 3.

Ground-State Acidity. Since no experimental pKa values
are available for the photoacids A−F in DMSO, we additionally
calculated the corresponding values in water (see Table S11),
where experimental reference data for a comparison is available.
The results in water demonstrate that the pKa values calculated
at the BP-TZVP level of COSMO-RS are in much better
agreement with the experimental values than the BP-TZVPD-
FINE results, based on mean absolute errors of 0.4 and 0.8,
respectively. In particular, the BP-TZVPD-FINE results are
qualitatively wrong for the differences in acidity between the
compounds A−F. This lead us to infer that the performance of
BP-TZVP will be also better in the solvent DMSO.
Regarding the pKa values at the BP-TZVP level in DMSO

(Table 3), a similar order of acidity as in water can be observed:
Photoacid B is predicted to be most acidic (3.9) but close to A
(4.8), whereas D (7.9) is least acidic, and C, E, and F have
comparable acidities.

Acidity Increase Upon Photoexcitation. Computing
ΔpKa, i.e. the change in pKa upon excitation into S1, via the
Förster cycle does not require the ground-state pKa values and
could therefore be done with the experimental as well as the

calculated absorption and emission energies. Moreover, also
averaged ΔpKa values using the mean absorption and emission
energies were considered since these are frequently used in the
experimental pKa* determination. These mean energies
represent an approximation to the true 0−0 transition energies
that should be ideally inserted into the Förster equation. This
implicitly assumes that the shapes (i.e., curvature) of the
potential energy surfaces in the electronic ground and excited
states are similar, so that the vibrational contributions to the
vibronic 0−0 transition can effectively cancel out in the average.
Being based on the excitation energies in Table S9, the

calculated ΔpKa values reflect the trends and deviations that
were discussed before. In detail, the trends in the excitation
energies explain that (i) ΔpKa is larger when calculated from
absorption energies compared to the results obtained from the
emission energies for both the theoretical and the experimental
results, as rationalized by the Stokes shifts; (ii) the difference
between the results for COSMO-ADC(2) and COSMO-CC2 is
larger for absorption (≈ 1.2) compared to emission (≈ 0.2); and
(iii) the difference between the calculated and experimental
values is again smaller for absorption compared to emission
(e.g., for COSMO-CC2, 1.3 and 2.9, respectively).
Considering the relative order of ΔpKa at a specific level, we

observe that the studied photoacids basically reveal the same
experimental ΔpKa in absorption (of approximately −11),
largest for C and smallest for B. Similarly, this observations also
holds for the calculated results, but with larger fluctuations and a
noticeably overestimated result for photoacid B. In contrast, the
experimental ΔpKa in emission reveals a distinct difference
between photoacid C and photoacids D−F, which cannot be
reproduced by the calculations. Photoacid E gives the largest
experimental ΔpKa, whereas it is again photoacid B in the
calculations.

Solvent Comparison and Origin of Photoacidity. Due
to the missing experimental emission energies for the acid forms
of A and B in the solvent DMSO (cf. Table 2), no experimental
ΔpKa for emission and thus also no averaged values are available
for these two compounds. Consequently, comparing the

Table 3. Comparison of Calculated Ground-State and Excited-State Acidities of the Photoacids A−F in the Solvent DMSOa

photoacids

level A B C D E F

pKa COSMO-RS 4.8 (3.2) 3.9 (3.5) 6.5 (4.9) 7.9 (5.0) 6.9 (6.4) 7.2 (6.0)
absorption

ΔpKa COSMO-ADC(2) −13.2 −13.4 −13.5 −12.9 −13.1 −13.2
COSMO-CC2 −12.0 −12.3 −12.3 −11.7 −11.9 −12.1
experimental −10.7 −10.3 −11.0 −10.9 −10.9 −10.8

emission
ΔpKa COSMO-ADC(2) −9.0 −9.5 −9.4 −8.9 −8.9 −9.2

COSMO-CC2 −8.9 −9.2 −9.2 −8.6 −8.7 −8.9
experimental � � −5.0 −6.8 −6.9 −6.8

averaged
ΔpKa COSMO-ADC(2) −11.1 −11.4 −11.5 −10.9 −11.0 −11.2

COSMO-CC2 −10.4 −10.7 −10.7 −10.2 −10.3 −10.5
experimental � � −8.0 −8.8 −8.9 −8.8

averaged
pKa* COSMO-ADC(2) −6.3 (−7.9) −7.5 (−7.9) −5.0 (−6.6) −3.0 (−5.9) −4.1 (−4.7) −4.0 (−5.2)

COSMO-CC2 −5.7 (−7.3) −6.8 (−7.2) −4.3 (−5.9) −2.2 (−5.1) −3.4 (−4.0) −3.3 (−4.5)
apKa values using COSMO-RS at the BP-TZVP (BP-TZVPD-FINE) level. ΔpKa based on the Förster cycle using either the absorption, emission,
or averaged excitation energies at the COSMO-ADC(2), COSMO-CC2, and experimental levels. pKa* using the BP-TZVP (BP-TZVPD-FINE)
pKa and the averaged Förster cycle ΔpKa values at the two levels COSMO-ADC(2) and COSMO-CC2. Experimental results are calculated based
on ref 14, with no data for pKa* due to missing experimental ground-state pKa in DMSO.
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averaged ΔpKa is only of limited use in the special case of these
photoacids. On the contrary, all of these results are known in
water (see Table S11), allowing for a comparison of the two
solvents. In water, the averaged experimental acidity change is
smallest in magnitude for photoacids D−F (ca. − 6.5), slightly
increases via C (− 6.8) and A (− 7.4), and reaches its maximum
at B (− 8.3). A similar trend is found for our calculated averaged
ΔpKa values, but photoacids B and C are predicted to have the
largest and most comparable changes. However, whereas the
experimental ΔpKa of photoacid B in water is dominated by the
absorption contribution, the respective contributions in DMSO
are quite similar for all photoacids studied here, as proven by
both calculations and experiments.
Despite these slight deviations in the order of the photo-

acidity, the overall difference between the series for the two
solvents allows for an interesting observation on its own:ΔpKa is
generally smaller in water, i.e., in the more polar solvent,
compared to DMSO, the less polar solvent. This finding is
supported by both the experimental and the calculated spectra
and it can be rationalized on a simplified level by considering the
solvent effects on each of the four species in the Förster cycle (cf.
Scheme 1). Due to an intramolecular charge transfer (ICT)
upon excitation, ROH* is more polar than ROH and hence
stabilized more strongly by a polar solvent. This polarity change
is exemplarily illustrated in Figure 3 for ROH and ROH* of
photoacid F using the electrostatic potential. In analogy, the
strong polarity of the RO− anion is reduced by a similar ICT,
which causes RO−* to be less polar (see Figure S3) and hence
less strongly stabilized compared to RO−.
This implies that ROH reveals a bathochromic and RO− a

(more) hypsochromic shift, as indeed also observed in
experiments. Moreover, the ΔpKa is actually dominated by the
energy gap between ROH* and RO− because both ROH and
RO−* are rather nonpolar. However, since RO− is an anion, its
stabilization by a polar solvent is larger than that of the charge-
neutral ROH* species, and thus ΔpKa will decrease in
magnitude with increasing solvent polarity. In line with this,
the CC2 results for photoacid F (cf. Table 1) predict a ΔpKa in
the gas phase of −13.5 (absorption) and −11.4 (emission), i.e.,
−12.5 on average, which is even considerably more negative
than the corresponding result in DMSO (−10.5).

Excited-State Acidity. From the pKa and ΔpKa, we
computed the pKa* values listed in Table 3. For the sake of
brevity, only pKa* values based on the averaged COSMO-CC2
ΔpKa in combination with BP-TZVP pKa are considered. Our

calculations predict compound B with a pKa* of −6.8 to be the
strongest photoacid in the solvent DMSO, followed by
compounds A (−5.7), C (−4.3), E (−3.4), and F (−3.3)
toward the weakest photoacidD (−2.2). Interestingly, this order
exactly matches the one for the experimental Förster cycle pKa*
values in water.
Whereas in water the photoacids only span a range of three

pKa units, this range is predicted to be larger in DMSO, covering
almost five units. This is again due to the solvent effect causing
theΔpKa contribution to decrease in magnitude with increasing
solvent polarity (vide supra). However, the pKa jump upon
excitation is comparable for these six structurally related
photoacids and it is the ground-state pKa that decides which
of these photoacids is the strongest.
Moreover, our calculations predict negative pKa* values for all

of these photoacids. Since the pKa values of any two given
compounds (in the same solvent) determine the position of the
corresponding proton-transfer equilibrium, the pKa* of the
photoacid and pKa of the protonated solvent decide to what
extent protonation of the solvent is expected. A comparison with
the pKa value for an isolated protonated DMSO molecule of 2.9
at the BP-TZVP level (or −0.71 at BP-TZVPD-FINE level) or
with the ideal value37 of −log[S] = −1.15 (where [S] = 14.08
mol L−1 is the solvent concentration105) reveals that the pKa*
values for all six studied photoacids are all considerably more
negative. Thus, all six compounds are in the solvent DMSO true
superphotoacids; i.e., they will be able to efficiently protonate
the solvent.

■ CONCLUSIONS
This work applied the correlated wavefunction-based methods
ADC(2) and CC2 in combination with the implicit solvent
model COSMO to the theoretical spectroscopy of Jung’s
pyranine-derived photoacids in the solvent DMSO. Our
calculated UV/Vis absorption and fluorescence emission
energies are able to reproduce the experimental trends in the
Stokes shifts as well as substitution shifts of the protonated and
deprotonated species. In terms of trends, the calculations are
typically in better agreement with the experiments for
absorption compared to emission energies and for the
protonated compared to the deprotonated species. In contrast,
regarding absolute absorption and emission energies, we observe
that COSMO-CC2 performs particularly better for the ROH
emission and RO− absorption in comparison to ROH
absorption and RO− emission. However, this performance

Figure 3. Electrostatic potential plotted in the range from−0.03 (red) to 0.03 (blue) [au] at the electron density isosurface (contour value: 0.01 au) of
the electronic ground state S0 (a) and excited state S1 (b) of the protonated species of photoacid F in solution. Densities calculated at COSMO-MP2
for S0 and COSMO-ADC(2) for S1 in the aug-cc-pVDZ basis set using the COSMO-MP2/cc-pVDZ solution-phase geometry. The molecule is
oriented such that the −OH group is located on the bottom left with the H atom pointing to the lower right.
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should be considered the outcome of some beneficial error
cancellation due to the combination of the method, solvation
description, and the respective electronic state. An over-
estimation of the vertical absorption energies in the order of
0.1 eV is within the range of the typical errors observed for the
second-order methods ADC(2) and CC2 in benchmarks
relative to higher-order wavefunction methods.106 Probably
because of error compensation, the results for 0−0 energies are
for these methods typically in better agreement with experi-
ment.107 For vertical emission energies, the single-reference
methods ADC(2) and CC2 have probably a tendency to give
too low results because of an overestimation of ground-state
energies at distorted structures. For the comparison with band
maxima in experimental fluorescence spectra, an additional error
source is the assumption that the emission occurs from the fully
relaxed excited-state structure at the minimum of the S1
potential energy surface.
Despite being limited to purely electrostatic interactions,

implicit solvent effects as described by COSMO appear to be
sufficient for the solvation treatment of these photoacids in
DMSO in first order. More precisely, for these photoacids,
solvent effects on the electronic excitation energies occur mainly
through the energetic contribution itself rather than structural
effects on the geometries.
The strong photoacidity of these compounds originates from

an intramolecular charge transfer upon electronic excitation
from the −OH or −O− group to the aromatic ring system and
the sulfonate groups in both the protonated and deprotonated
species, causing the corresponding energy difference between
the two species to change in favor of the deprotonated form in
the excited state. Eventually, the relative energetic order of these
species in the respective electronic states also explains the
observed solvent effect: ΔpKa, the pKa jump during excitation,
decreases with increasing polarity of the solvent due to a
stronger stabilization of RO− relative to ROH*. For ΔpKa, we
found that our calculated averaged results in DMSO are accurate
within two pKa units. Moreover, this quantity serves as an
excellent example to illustrate the need for having directly
comparable computational and experimental results. For
example, the experimental ΔpKa values based on either
absorption or emission energies differ by more than four pKa
units. All studied photoacids are predicted to be actual
superphotoacids in DMSO, i.e., to perform an efficient
excited-state proton transfer to the solvent owing to negative
pKa*, with compound B being the strongest among them.
Careful analysis of the individual contributions to pKa* revealed
though that the exact order in excited-state acidity of these
compounds is controlled by their ground-state pKa, rather than
by ΔpKa.
As our main difficulties encountered in this study, we identify

the limitations due to the vertical approximation used during the
calculation of excitation energies, which does not take into
account vibronic effects and solvent-dependent broadening, as
well as those due to the restriction to an implicit solvent model.
Therefore, in order to obtain a better agreement with the
experiments, going beyond implicit solvation and performing
(ab initio) MD simulations with explicit solvent appears
necessary. Unfortunately, for the rather large molecules studied
here, this is rather difficult from a technical point-of-view,
especially for the electronically excited states. These are required
since the averaged absorption and fluorescence energies are
typically used in the experimental calculation of ΔpKa, as
pointed out before. Ab initio MD simulations are practically

limited to TDDFT for the electronic structure, not allowing for
CC2 MD in solution. Also, the large size of the molecules
probably poses another problem because a large simulation box,
i.e., a high number of solvent molecules, would be needed to
avoid self-interactions in a setup that uses periodic boundary
conditions.
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7. Toward Explicit Solvent Effects and Specific

Photoacid–Base Interactions

7.1. Introduction

The experimental study in acetone–water mixtures (Chapter 3) showed that a reaction complex between

the photoacid and water—formed either already in the ground state or directly after excitation—becomes

crucial for the ESPT dynamics of photoacid B (see Fig. 1.6 in Sec. 1.2.5) in these solvent mixtures.

In particular, association constants could be determined from the changes in the UV/Vis absorption

spectra, but more detailed spectroscopic information on such intermediates was not directly accessible.

Similarly, the study in neat acetone (Chapter 4) did not fully answer the question regarding the actual

proton acceptor, keeping the possibility of ESPT to acetone still unsettled. On the other side, our

computational study of these photoacids in DMSO (Chapter 6) revealed some interesting insights into

the origin of photoacidity of these systems, but fully remained within the implicit solvation picture, thus

neglecting any explicit solvent effects.

This chapter will try to address these open questions from a computational perspective. First, the

previous approach for the theoretical spectroscopy of the complete set of Jung’s photoacids will be

extended to the new target solvent acetone. The LFER parameters from Chapter 5 for the computation

of pKa in acetone with COSMO-RS in combination with the ∆pKa from the calculated spectra will give

access to the excited-state pKa (i.e., pK∗a ) values of the photoacids A–F (cf. Fig. 1.6 in Sec. 1.2.5) in

acetone. These will allow to judge and compare the thermodynamic possibility of ESPT of these different

compounds in acetone. Second, the need to go beyond implicit solvation by incorporating explicit solvent

molecules in the first solvation shells in different solvent environments will be investigated. Here, the

focus will be set to the additional effect of explicit solvent on the electronic excitation energies which

will also affect the calculated acidity increase upon excitation (∆pKa). Finally, the role of acetone and

water as proton acceptors (i.e., bases) in acetone solution will be briefly compared by providing additional

spectroscopic information on possible reaction complexes to complement the experimental studies.

7.2. Computational Details

All quantum-chemical calculations were performed using the TURBOMOLE program package (develop-

ment version V7-6-1323-gf7bfc1e)416,482. The resolution-of-the-identity (RI) approximation was used in

all MP2, ADC(2), and CC2 calculations with the ricc2 module. In addition, the frozen-core approximation

was applied for the 1s orbitals at C, N, O, F and the 1s2s2p orbitals at S. To ensure convergence with

diffuse basis functions, the integral screening threshold for the MO calculations ($scftol) was lowered
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to 10−15. Calculations in bulk solution refer to the implicit solvent model COSMO with values for the

relative dielectric constant εr and refractive index n for the respective solvents according to Tab. 7.1.

Default COSMO parameters were used for the cavity construction. For the combination of COSMO

with the methods ADC(2) and CC2 for electronic excitation energies, the post-SCF coupling scheme was

used, as first introduced in Ref. 477 and later compared for COSMO472 to other reaction schemes. The

notation A//B is used for referring to an electronic excitation energy that was computed at a level A

using a geometry optimized at a level B.

Table 7.1.: COSMO Parameters. Values for the relative dielectric constant εr and the refractive index
n of the solvents acetone, DMSO, and water (at 25 ◦C) used in this study; taken from Ref. 309.

Solvent εr n
Acetone 20.56 1.359
DMSO 46.45 1.479
Water 78.30 1.333

Ground-state (S0) equilibrium geometries were optimized in the cc-pVDZ basis set483,484 using the

methods MP2485,486 or CC2487 in the gas phase and COSMO-MP2488 or COSMO-CC2478 in solution.

In analogy, geometries for the first excited state (S1) were also optimized in the cc-pVDZ basis set, but

using ADC(2)487 or CC2489 for the gas phase and only COSMO-ADC(2)478 for the solution phase. If

available, initial structures were taken from the previous calculations in DMSO (see Chapter 6; also

available from Ref. 490) and re-optimized in the target solvent (mostly acetone). At the final geometries,

vertical electronic excitation energies were then calculated in the larger aug-cc-pVDZ basis set484,491

with the desired method(s) ADC(2)463, CC2492, COSMO-ADC(2)478, or COSMO-CC2478. UV/Vis

absorption was calculated at the S0 equilibrium structures, while fluorescence emission was obtained at

the S1 equilibrium structures. The calculated absorption and emission energies were used to compute

∆pKa values based on the Förster cycle (cf. Fig. 1.1 in Sec. 1.2.1), according to:

∆pKa = pK∗a − pKa = ∆Gexci(RO−)−∆Gexci(ROH)
RT ln(10) , (7.1)

with the excitation Gibbs free energies ∆Gexci(ROH) and ∆Gexci(RO−) of the two species, the ideal

gas constant R, and the absolute temperature T . These ∆Gexci values were approximated by the

corresponding experimental or calculated UV/Vis absorption and fluorescence emission energies.

Ground-state pKa values were calculated with COSMO-RS as implemented in COSMOtherm (version

2021)418 at the BP-TZVP and BP-TZVPD-FINE levels of theory. Details on COSMO-RS itself359–362,428,

the difference between these two levels442, as well as the precise computational protocol for pKa
365–367,493

can be found elsewhere. Multiple conformers for both the acid and base species of the photoacids A–F

(defined in Fig. 1.6) were taken into account based on the conformer sets that were already determined

during the previous study in DMSO69. Since the COSMO geometries used for COSMO-RS are based on

ε→∞, i.e., they are independent of the solvent, no additional changes were needed. For pKa in acetone,

the parameters for COSMO-RS were taken from Ref. 493. Excited-state pK∗a values are then obtained
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by adding the ∆pKa from Eq. (7.1) to the COSMO-RS ground-state pKa. All calculations refer to a

temperature of 298.15 K (25 ◦C).

7.3. Theoretical Spectroscopy in Acetone with Implicit Solvation

Using the above-mentioned methods for the theoretical spectroscopy of these photoacids in DMSO (cf.

Chapter 6), this approach was extended to acetone. After briefly reassessing the method performance for

one selected photoacid, the results for the full set of photoacids A–F will be discussed and then used to

predict their characteristic ∆pKa values in acetone.

7.3.1. Re-Assessing the Method Performance for Photoacid B

First, the performance of the methods was validated, including the implicit solvent model COSMO, but

this time with a focus on the photoacid B in acetone, as the center of the time-resolved experiments. The

vertical (de-)excitation energies obtained with different combinations of methods for the geometry and

for the electronic excitations are plotted in Fig. 7.1 and the numerical values can be found in Tab. C.1.

For the protonated form, referred to as acid, a systematic deviation between ADC(2) and CC2 of

< 0.1 eV is observed for the S0 absorption energies (Fig. 7.1(a)), whereas a deviation > 0.1 eV is observed

for the S1 emission energies (Fig. 7.1(b)). These differences appear rather independent of the inclusion

of implicit solvation effects via COSMO. However, the implicit solvent model COSMO does introduce

a bathochromic (i.e, solvatochromic red) shift between the gas-phase (without COSMO) and solution-

phase (with COSMO) excitation energies of ∼ 0.15 eV at all geometries. Best agreement between the

calculated and the experimental results is found for the COSMO-CC2//COSMO-CC2 level in absorption

and COSMO-CC2//COSMO-ADC(2) in emission, differing only by 14 meV and 45 meV, respectively.

For the deprotonated form, referred to as base, the inherent ADC(2)–CC2 difference is significantly

larger than for the acid in both absorption and emission. For S0 (Fig. 7.1(c)) as well as S1 (Fig. 7.1(d)),

differences of ∼ 0.15 eV with COSMO and > 0.2 eV without COSMO are observed. Implicit solvent

effects as described by COSMO again cause a bathochromic shift of ∼ 0.1 eV for CC2 and < 0.1 eV

for ADC(2). Note that best agreement between the calculations and experiments is found in case of

the base for absorption again with COSMO-CC2//COSMO-CC2 (differing by 6 meV) and for emission

with CC2//COSMO-ADC(2) (differing by 9 meV). For comparison, the COSMO-CC2//COSMO-ADC(2)

level, which gives the best result for the acid, underestimates the experimental emission energy of the

base by ∼ 0.1 eV.

The results for the base at the ADC(2) S1 gas-phase geometry are not included in Fig. 7.1 as this

geometry yields emission energies that are non-physically too small. Interestingly, this issue does neither

occur with CC2 in the gas phase, nor with ADC(2) in combination with COSMO, suggesting that both

the difference between ADC(2) and CC2 and implicit solvent effects could contribute. In general, the

deviation between ADC(2) and CC2 is caused by a significant contribution of singly excited determinants



116 7. Toward Explicit Solvent Effects and Specific Photoacid–Base Interactions

MP2 COSMO-MP2 CC2 COSMO-CC2 Exptl.
Geometry

2.4

2.5

2.6

2.7

2.8

2.9

3.0

3.1

3.2

Ex
cit

at
io

n 
En

er
gy

 / 
eV

(a) Acid Absorption

ADC(2) COSMO-ADC(2) CC2 Exptl.
Geometry

2.2

2.3

2.4

2.5

2.6

2.7

2.8

2.9

3.0

Ex
cit

at
io

n 
En

er
gy

 / 
eV

(b) Acid Emission

ADC(2) COSMO-ADC(2) CC2 COSMO-CC2 Experimental

MP2 COSMO-MP2 CC2 COSMO-CC2 Exptl.
Geometry

1.6

1.7

1.8

1.9

2.0

2.1

2.2

2.3

2.4

Ex
cit

at
io

n 
En

er
gy

 / 
eV

(c) Base Absorption

ADC(2) COSMO-ADC(2) CC2 Exptl.
Geometry

1.5

1.6

1.7

1.8

1.9

2.0

2.1

2.2

2.3
Ex

cit
at

io
n 

En
er

gy
 / 

eV
(d) Base Emission

Figure 7.1.: Disentangling structural and energetic effects of the solvent and methods on
the electronic excitation energies. Comparison of absorption (left) and emission (right)
energies in eV at different combinations of methods for the equilibrium structures (horizontal
axis; groups) and for the calculation of the electronic excitation energies (vertical axis; colored
bars) of the acid (top) and base (bottom) species of photoacid B. Structures were optimized
in the cc-pVDZ basis set and excitation energies were subsequently calculated in the aug-
cc-pVDZ basis set. Experimental values taken from Ref. 494 are included for comparison.
The results at the gas-phase ADC(2) S1 geometry of the base in (d) are not included due to
nonphysically low values.

to the ground-state wave function that is included in CC2, but missing in MP2 (as the ground-state

analogue of ADC(2)). However, the negative charge of the (anionic) base also seems to play a role as

ADC(2) works for the gas-phase S1 geometry of the neutral acid just fine. As already observed and

discussed in the previous study with DMSO as the solvent (cf. Chapter 6), this ADC(2) issue relates to

a different order of the excited states in the gas phase and in solution, indicating that the solvent in fact

has a stabilizing effect on the different excited states. These findings are also in agreement with the other

observations that (i) the ADC(2)–CC2 deviation is larger for the base compared to the acid, pointing

toward a higher need for singles contributions, and that (ii) the incorporation of implicit solvent effects

seems to effectively reduce this need as reflected in a smaller ADC(2)–CC2 differences when COSMO is

included. Another interesting observation is that the ADC(2)–CC2 deviation for the base is larger in S1
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compared to S0 (see Tab. C.3), which might be a more general feature of such cases where ADC(2) and

CC2 noticeably differ, posing a possible subject for more thorough investigations in the future.

Concluding on the reliability of the selected methods, the results for photoacid B in acetone are very

similar to the previous results for photoacid F in DMSO. The absorption energies at the COSMO-

CC2//COSMO-CC2 level are in excellent quantitative agreement with the experimental results, whereas

the emission energies at the COSMO-CC2//COSMO-ADC(2) level underestimate them by 0.1–0.2 eV.

For comparison, the mean absolute error of the methods ADC(2) and CC2 with respect to theoretical

best estimates (mainly CC3/aug-cc-pVQZ) for vertical transition energies is also on the same order467.

Therefore, except for the large deviation for the acid emission energy that is further analyzed later (vide

infra), all results fall within the typical accuracy.

Being restricted to (solution-phase) COSMO-ADC(2) geometries in the excited state due to the missing

availability of COSMO-CC2 for excited-state geometry optimizations argues for using the corresponding

COSMO-MP2 geometries in the ground state to maintain a consistent description of both electronic states.

This seems justified as the corresponding COSMO-CC2//COSMO-MP2 absorption energies likewise only

differ slightly (50–70 meV) from the experiments. However, even independent of the method for the

geometry, the use of COSMO-CC2 for the excitation energies clearly gives better results though and

thus remains highly anticipated. Therefore, COSMO-CC2 excitation energies at COSMO-MP2 (S0) or

COSMO-ADC(2) (S1) geometries are the default levels in this work.

For this photoacid, CC2 still yields geometries that give slightly smaller, which here means better,

excitation energies. Particularly for the absorption of the acid, a monotonous decrease from the MP2, over

the COSMO-MP2 and CC2, toward the COSMO-CC2 geometry is observed, independent of the method

for the excitation energy. Besides, implicit solvation has a significant effect on the excitation energies,

manifesting in the pronounced bathochromic shifts of 0.10–0.15 eV, but only a slight to no effect on the

geometries (as probed by the excitation energies). Moreover, the effect through the geometry is actually

larger for the acid compared to the base: Using the gas-phase geometry instead of the solution-phase

geometry to calculate (solution-phase) excitation energies introduces an additional error of ∼ 50 meV for

the acid, while both geometries basically yield identical results for the base.

7.3.2. Comparison of Photoacids A–F in Implicit Acetone

In order to compare the ∆pKa values of the different photoacids in acetone, the UV/Vis absorption

and fluorescence emission energies of the compounds A–F were recalculated in acetone. In accordance

with the results from the previous section and results of a previous study in DMSO, the geometries

were optimized in the cc-pVDZ basis set using COSMO-MP2 for the ground state and COSMO-ADC(2)

for the first excited state. UV/Vis absorption spectra were subsequently calculated at the ground-

state equilibrium structures, while fluorescence emission spectra were calculated at the excited-state

equilibrium structures. COSMO-ADC(2) as well as COSMO-CC2 were used for the calculation of

electronic excitation energies and oscillator strengths in the aug-cc-pVDZ basis set. The COSMO-
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CC2//COSMO-CC2 emission energies were estimated based on the COSMO-CC2//COSMO-ADC(2)

results, i.e., COSMO-CC2 energies at the COSMO-ADC(2) excited-state geometries. Furthermore,

the good performance of COSMO-CC2//COSMO-CC2 for the absorption energies of photoacid B in

acetone—in parallel to revisiting the results in DMSO—motivated to additionally include these also for

the other photoacids A and C–F.

Agreement between Calculated and Experimental Excitation Energies

The calculated UV/Vis absorption and fluorescence emission energies are compared to the experimental

results in Fig. 7.2 and the corresponding numerical values can be found in Tab. C.2. In addition, a

statistical analysis of the errors is given in Tab. 7.2.
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Figure 7.2.: Theoretical spectroscopy of Jung’s photoacids in acetone. Comparison of calculated
and experimental UV/Vis absorption (top row) and fluorescence emission (bottom row)
energies in eV for the acid (left) and base (right) forms of the six photoacids A–F in acetone.
Experimental values are taken from the original data from Ref. 309.

The results show that COSMO-CC2 does not only perform overall better than COSMO-ADC(2), but

also very well in general based on mean absolute errors (MAEs) or root-mean-square errors (RMSEs) of
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Table 7.2.: Statistical error analysis of the UV/Vis absorption and fluorescence emission
energies of the acid (ROH) and base (RO−) species of photoacids A–F in acetone.
Mean error (ME), mean absolute error (MAE), maximum absolute error (maxAE), and
root-mean-square error (RMSE) based on the calculated COSMO-ADC(2) and COSMO-CC2
excitation energies and experimental results (from Ref. 309) as shown in Fig. 7.2. An asterisk
is used to differentiate absorption (ROH, RO−) from emission (ROH∗, RO−∗) energies. Values
are given in meV.

ME MAE maxAE RMSE

ROH
COSMO-ADC(2)//COSMO-MP2 −18 32 42 (E) 33
COSMO-CC2//COSMO-MP2 −72 72 88 (E) 77
COSMO-CC2//COSMO-CC2 −25 36 44 (E) 36

ROH∗ COSMO-ADC(2)//COSMO-ADC(2) 143 143 213 (D) 147
COSMO-CC2//COSMO-ADC(2) 24 27 92 (D) 41

RO−
COSMO-ADC(2)//COSMO-MP2 105 105 244 (E) 125
COSMO-CC2//COSMO-MP2 −24 65 124 (E) 74
COSMO-CC2//COSMO-CC2 5 51 152 (E) 70

RO−∗ COSMO-ADC(2)//COSMO-ADC(2) 233 233 290 (B) 236
COSMO-CC2//COSMO-ADC(2) 87 87 130 (B) 93

< 100 meV (i.e., better than the reported typical accuracy for excitation energies of organic closed-shell

molecules in vacuum466). The only case where the COSMO-ADC(2) results happen to be closer to the

experimental values are the absorption energies of the acid (Fig. 7.2(a)). The worst results are found for

the COSMO-ADC(2) emission energies of the base (Fig. 7.2(d)), e.g., MAE of 233 meV and maximum

absolute error (maxAE) of 290 meV, which appears the most demanding of these four cases due to multiple

reasons. First, computational emission energies typically underestimate the experimental fluorescence

energies (cf. ME mostly equal MAE for S1 in Tab. 7.2) due to the assumption of a fully equilibrated

excited-state geometry, which in the current study is also seen in the results for the emission energies of

the acids. Second, ADC(2) has shown to be less accurate method for the bases of these photoacids due

to missing contributions for a proper description of the electronic ground state (vide supra). Third, our

calculated (de-)excitation energies refer to vertical transitions, whereas the experimental values denote

maximum peak positions in UV/absorption or fluorescence emission spectra.

The fact that the COSMO-CC2//COSMO-MP2 results for the absorption energies of the acid agreed

less well with the experimental results than those obtained with COSMO-ADC(2)//COSMO-MP2 served

as a motivation to re-optimize the ground-state geometries at the COSMO-CC2 level and calculate

COSMO-CC2//COSMO-CC2 absorption energies (red bars in Fig. 7.2(a-b)).

The COSMO-CC2 ground-state geometries generally give lower (COSMO-CC2) absorption energies

compared to the COSMO-MP2 geometries for all compounds A–F, decreasing by ca. 0.05 eV for the

acids and 0.025 eV for the bases. Note that the smaller effect of this energetic stabilization for the base

compared to the acid is in line with the observations and discussion in Section 7.3.1. Resulting from

this energy decrease, the accuracy increases with these COSMO-CC2 geometries. For the acid, MAE,

maxAE, and RMSE are reduced by a factor of 2, while the improvement is much more subtle, yet still

visible for the base. As demonstrated by an ME close to zero, COSMO-CC2//COSMO-CC2 reveals a

good error compensation for the base absorption (MAE and RMSE are also slightly reduced), in contrast
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to COSMO-CC2//COSMO-MP2 which consistently overestimated the energies. Only maxAE (photoacid

E) has further increased owing to an underestimation of the experimental value already at the COSMO-

MP2 geometry that further amplifies for the COSMO-CC2 geometry due to additional stabilization.

Tracking the Error for the Outlier—Photoacid E

Apart from this improvement in accuracy, the deviation between the computed and the experimental

results for the absorption energy of the base E, as the largest outlier, is not affected by changing the

ground-state geometry, which motivated us to further investigate this particular photoacid. An important

difference between this compound and the others are the additional OH groups in the side chains of

the sulfonic acid amide moieties, which offer additional hydrogen-bonding sites. It turned out that

compound E is not flexible enough to allow for intramolecular hydrogen bonding (HB) in either the

acid (Fig. 7.3(b–c)) or base (Fig. 7.3(g)) that would explain the observed discrepancies, especially the

huge underestimation of base absorption by > 0.15 eV. Thus, the absorption and emission energies

obtained after geometry optimizations for such attempted structures are very similar to the original

results (Fig. 7.3(a,f)) and, importantly, do not show any significant improvement with respect to the

experiments (Tab. 7.3).

(a) No HB (b) iHB-D (c) iHB-A (d) MeOH-HB-D (e) MeOH-HB-A

(f) No HB (g) iHB-D (h) MeOH-HB-D

Figure 7.3.: Intra and intermolecular hydrogen-bonding interactions for photoacid E.
Magnified acid (top) and base (bottom) structures without HB (No HB), for intramolecular
HB (iHB) with the side-chain OH either acting as HB donor (D) or acceptor (A), and for
intermolecular HB modeled by an interaction with MeOH acting as HB-D or HB-A. Only
HB donation is relevant for the base. All structures have been optimized at the COSMO-
MP2/cc-pVDZ level.

Next, self-association, i.e., intermolecular hydrogen bonding between the photoacid OH group of one

molecule and an OH group in the side chain of another molecule was conjectured as the cause. To test

this, first the effect of such hydrogen bonding on the base species was studied, i.e., the side-chain OH

acting as the HB donor, which is assumed to have a stronger HB interaction (i.e., more negative bond
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Table 7.3.: Shifts induced for photoacid E by hydrogen bonding. Comparison of calculated
UV/Vis absorption and fluorescence emission energies (*) in eV of the acid (ROH) and
base (RO−) species of photoacid E for different intra and inter-molecular interactions: no
interactions (No HB), intramolecular hydrogen bonding (iHB), and intermolecular hydrogen
bonding due to self-association (MeOH). The HB role of the photoacid OH/O− is labeled with
D (donor) and A (acceptor). The experimental results are taken from Ref. 309.

No HB iHB MeOH ExperimentalHB-D HB-A HB-D HB-A
ROH 3.033 3.023 3.028 3.068 2.967 2.945
ROH∗ 2.714 n.a. n.a. 2.737 2.649 2.719
RO− 2.326 2.310 — 2.383 — 2.450
RO−∗ 2.186 n.a. — 2.224 — 2.309

energy) due to larger electrostatic contributions. Here, the second photoacid molecule was represented

by methanol (MeOH) to decrease the computational costs of the model system (see Fig. 7.3(h)).

The results for photoacid E in Tab. 7.3 reveal a strong effect of intermolecular HB donation on RO−

and RO−∗, consisting in blue shifts of ∼ 60 meV and ∼ 40 meV, respectively. These shifts almost reduce

the errors by 50 %, changing from 0.12 meV to only 60–70 meV. Moreover, the results for RO− and

RO−∗ both continue to underestimate the experimental value, which is in agreement with the explicit

solvent effect of water on the RO−/RO−∗ properties of photoacid B in water (see Section 7.4.3, Tab. 7.8).

Since only one HB donor was considered, but each molecule of photoacid E has one OH group in each of

the three substituents, additional blue shifts that would further compensate for that are anticipated.

In analogy, also the HB effect of MeOH, both as donor (Fig. 7.3(d)) and acceptor (Fig. 7.3(e)), on the

acid species was studied. Regarding these two different HB scenarios, one should note that the aromatic

OH group is only a weak HB acceptor, but a strong HB donor. For example, phenol—as a model for

the pyrenol core of photoacid E—has Kamlet-Taft parameters of α = 1.65 (HB donation) and β = 0.30

(HB acceptance), whereas ethanol—as a model for the side-chain OH group—has parameters α = 0.86

and β = 0.75495. Consequently, such configurations with the aromatic OH group as the HB donor and

the aliphatic side-chain OH as the acceptor should be more stable and hence be existent more frequently

compared to the reverse scenario. For ROH, the previous result without HB interactions overestimated

the experimental value by ∼ 90 meV, which becomes significantly reduced by a red shift of ∼ 70 meV in

case of the HB acceptance of MeOH. In contrast, HB donation leads to a blue shift (35 meV) that does

not further improve the result in this case. For ROH∗, similar red (65 meV) and blue (23 meV) shifts are

found for MeOH acting as a HB acceptor or donor, respectively. However, these shifts do not markedly

improve the error, as the result prior to any HB considerations was already—presumably accidentally

due to beneficial error compensation—in excellent agreement with the experiment.

Still, these results for the model (Tab. 7.3) overall appeared convincing that such intermolecular HB

interactions between the two or more photoacid molecules are the cause for the deviations of photoacid

E observed in the results for the set of photoacid A–F (Fig. 7.2). Interestingly, no such distinct outlier

character for photoacid E was found in the previous study in DMSO. This observation is assigned to the

higher HB-acceptor strength of DMSO (as also discussed in Section 7.4.2) which binds the side-chain OH
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groups more strongly and hence makes them less available for photoacid–photoacid interactions. This is

also in line with the general description of DMSO as an HB breaker in the literature496–498.

Discussion of Acidity Increase Upon Excitation

Through the computational or experimental first electronic excitation energies (cf. Fig. 7.2), the ∆pKa

values, i.e., the change in pKa upon excitation can be computed based on the Förster cycle (Eq. (7.1)).

The corresponding results have been collected in Tab. 7.4.

Table 7.4.: Differences in the photo-induced acidity increase as quantified by ∆pKa between
the photoacids A–F in the solvent acetone. ∆pKa based on the Förster cycle (cf.
Eq. (7.1)) using either absorption, emission, or averaged excitation energies calculated with
COSMO-CC2 at the COSMO-MP2 (S0) and COSMO-ADC(2) (S1) geometries (taken from
Tab. C.2) and the experimental results (taken from Ref. 309).

Photoacids
Level A B C D E F

Absorption COSMO-CC2 −12.0 −12.3 −12.3 −11.7 −11.9 −12.2
Experimental −11.8 −11.4 −12.2 −11.8 −8.4 −12.0

Emission COSMO-CC2 −8.8 −9.3 −9.3 −8.7 −8.9 −9.2
Experimental −7.4 −6.9 −8.9 −8.8 −6.9 −8.9

Averaged COSMO-CC2 −10.4 −10.8 −10.8 −10.2 −10.4 −10.7
Experimental −9.6 −9.2 −10.5 −10.3 −7.6 −10.4

Since the better performance of COSMO-CC2 over COSMO-ADC(2), as observed before, is also

reflected in the ∆pKa values of Tab. 7.4, we only focus on the COSMO-CC2 results in the following

discussion. Moreover, the ∆pKa values based on absorption energies are in better agreement with the

experimental values compared to those based on emission energies. The reasons for this have already

been discussed earlier. In particular, note that the more accurate COSMO-CC2 absorption energies at

the COSMO-CC2 ground state geometries (see Tab. C.4) have overall increased the accuracy of ∆pKa

to an excellent agreement with the experimental results (except for E, vide supra).

That having said, the main focus is set—for brevity—to the ∆pKa values that are averaged over

absorption and emission energies. These are generally in very good agreement with the experimental

data, differing by less than one pKa unit on average. The deviation is slightly larger for photoacids A

(0.8) and B (1.6) and largest for E (2.8), with large deviations (∼ 2) for the emission contributions as

the main error source. Note that the calculated values always overestimate ∆pKa in magnitude, with

the only exception of photoacid D.

In comparison to the previous results in DMSO (cf. Chapter 6), the calculated averaged COSMO-CC2

∆pKa values show a tendency to further decrease (i.e., increase in magnitude) in the less polar solvent

acetone. This phenomenon was already observed before when comparing DMSO to water and can be

explained based on the different stabilizing effect of the solvent polarity on the four different species

(ROH, ROH∗, RO−, RO−∗) involved in the Förster cycle. In the following, photoacid E is excluded

since its calculated ∆pKa are based on the results in Fig. 7.2, which revealed to be outliers (vide supra).

Although the averaged computed ∆pKa that is (additionally) averaged over the five remaining photoacids
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A–D and F only differs slightly, i.e., −10.50 in DMSO vs. −10.58 in acetone, the same trend is already

reflected in the experimental data. Unfortunately, a direct comparison of averaged experimental ∆pKa

values is prevented by missing experimental data on ROH∗ emission for A and B in DMSO. However, on

average, the experimental ∆pKa based on absorption in acetone (−11.84) compares to a value of −10.74

in DMSO. Similarly, this trend is also found in the ∆pKa based on experimental emission energies which,

averaged over compounds C, D, and F, yields values of −8.38 in acetone and −6.38 in DMSO.

In general, the agreement between the experimental and calculated results is overall better for acetone

than for DMSO, in line with the weaker, specific solute–solvent interactions in the less polar solvent

acetone and in view of the limitations of the implicit solvent model COSMO. The large deviations observed

for compound E, when describing an isolated molecule in the solvent cavity, are most probably due to

intermolecular interactions between two photoacid molecules (vide supra). For the photoacid–methanol

complex as a model system, the following ∆pKa values are obtained instead: −9.9 (absorption), −7.2

(emission), and −8.5 (averaged). These results demonstrate a significantly improved agreement with the

experimental values by reducing the errors to only 1.5, 0.3, and 0.9 for absorption, emission, and on

average, respectively. Compared to the COSMO-CC2 results without hydrogen bonding, the ∆pKa in

both absorption and emission have changed by roughly two pKa units, but slightly stronger in absorption.

Since the deviation from the experimental ∆pKa was already dominated by the absorption rather than

the emission contribution, the results for the model system indeed reveal a stronger improvement via the

absorption, in line with the larger effects on the ROH and RO− properties (Tab. 7.3).

Discussion of Ground and Excited-state Acidities

Table 7.5.: Comparison of calculated ground-state and excited-state acidities of the
photoacids A–F in the solvent acetone. pKa values using COSMO-RS at the BP-
TZVP (and BP-TZVPD-FINE) level, ∆pKa based on the Förster cycle using the averaged
excitation energies at the COSMO-CC2 level (taken from Tab. 7.4), and pK∗a based on these
input quantities according to Eq. (1.1).

Photoacids
A B C D E F

pKa 15.6 (15.4) 14.2 (14.7) 18.6 (18.5) 20.9 (19.6) 19.4 (20.6) 19.9 (20.3)
∆pKa −10.4 −10.8 −10.8 −10.2 −10.4 −10.7
pK∗

a 5.2 (5.0) 3.4 (3.9) 7.8 (7.7) 10.7 (9.4) 9.0 (10.2) 9.2 (9.6)

As can be seen in Tab. 7.5, the pKa at the two levels of theory are generally quite similar and, more

importantly, share common characteristic features. For example, compound B is predicted to be the

strongest ground-state acid at both levels and the same trends between compounds A–D are found. The

largest deviations between the two levels are found for photoacids D (1.3) and E (1.2), which causes the

overall trends for A–F to differ between these levels. D is the weakest at the BP-TZVP level, while it is

E for BP-TZVPD-FINE. These general trends in the pKa values are governed by the electronic effect of

the substituents. Photoacids A and B are the stronger acids owing to their strongly electron-withdrawing

trifluoromethyl groups in the ester moieties, while D–F are the weaker acids due to their less electron-
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withdrawing amide moieties that are either purely aliphatic (F) or carry only distal oxygen-containing

functional groups (D, E). Compound C is of medium strength due to its amide substituents—amides

are generally less electron-withdrawing compared to esters—that are directly substituted with strongly

(inductively) electron-withdrawing methoxy groups.

The resulting pK∗a , i.e., excited-state pKa values are also shown in Tab. 7.5. Since the acidity increase

(∆pKa) was found to be very similar for the compounds A–F, the relative order in pK∗a is mainly

determined by the order in pKa. As a result, photoacid B is predicted to be the strongest excited-state

acid with a pK∗a (on average) around 3.6, followed by A (5.1), C (7.8), E (9.6) and F (9.4), leading

to D (10.1) as the weakest acid in the excited state. These results are in line with those in the solvent

DMSO. However, two main differences compared to DMSO should be noted. First, the pK∗a values cover

a larger range in acetone (6.5) compared to DMSO (4.6) or water (3.1), which is due to the reduced pKa

windows in these solvents. Second, all pK∗a values are strongly positive which indicates a much lower

tendency for ESPT. This is due to the largely positive ground-state pKa values, as a consequence of the

low bulk basicity of the solvent acetone. Thus all compounds A–F are expected to be weaker acids than

the protonated solvent, which means that ESPT is thermodynamically unfavorable (∆Gdiss > 0). Still,

photoacid B is closest to these threshold values, thus suggesting the largest ESPT yield in acetone, which

matches the experimental finding that ESPT to solvent is observed only for this compound48.

7.4. Beyond Implicit Solvation

Compounds B and E are the photoacids for which the largest deviations between the COSMO-CC2

calculations and the experiments were observed. Photoacid B also revealed one of the largest deviations

between the calculated and the experimental ∆pKa values (cf. Tab. 7.4 in Section 7.3.2), especially

regarding the emission energies. Furthermore, the experimental results show that specific molecular

interactions between the photoacid B and the solvent or other proton acceptors become relevant in

acetone solution (see Chapter 3). This motivated us to include explicit solvent molecules in the first

solvation shell and to study their effect on the electronic excitation energies of photoacid B. Thereby, we

focus on the local solvation of the OH and O− group of the acid (ROH) and base (RO−), respectively.

It is important to note that the way of including explicit solvent that is followed here is purely

based on chemical intuition and does not constitute an approach that aims at systematically improving

the calculated results up to perfect agreement with the experiments, which would, e.g., require MD

simulations to obtain representative solvation structures. Rather, micro-solvated structures for hydrogen-

bonding configurations that appear most relevant based on the Kamlet-Taft parameters are considered

(vide infra). In particular, a strict comparison of the absolute excitation energies with the experimental

results is thus not meaningful, mainly because of two reasons: (i) an uncertainty due to the (larger)

intrinsic errors compared to the observed (smaller) solvatochromic shifts induced by explicit solvent, and

(ii) a possible overestimation of the solvatochromic shifts due to solvent fluctuation causing larger HB

distances at the equilibrium structures compared to the thermodynamic ensemble average. Therefore,
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the focus will be instead set to the differential effect (of explicit solvent) between the acid and base, i.e.,

the effect on ∆pK∗a , since large parts of these two errors are anticipated to cancel therein.

7.4.1. General Considerations

To compare the effect of explicit solvation on the spectral properties of the four fundamental photoacid

species (ROH, ROH∗, RO−, and RO−∗) in different environments, the solvents acetone, DMSO, and water

were selected. This selection is chosen for best comparison with experiments since all three solvents were

already part of experimental studies48,309 and DMSO part of my previous work (Chapter 6).

Before starting to include explicit solvent, it is worth to reconsider the H-bonding characteristics of

these solvents and that of photoacid B. Per definition, acetone and DMSO have as aprotic solvents no

or only a very small tendency to act as hydrogen-bond (HB) donors (HB-Ds) as quantified, e.g., by the

Kamlet-Taft solvent parameter α (0.08 for acetone and 0.00 for DMSO)495. They mostly act as HB

acceptors (HB-As) as quantified, e.g., by the Kamlet-Taft parameter β (0.48 for acetone and 0.76 for

DMSO). In contrast, water—as a dipolar protic solvent—can act as both a strong HB-D (α = 1.17) and

a moderate HB-A (β = 0.47). Thus, in this set of solvents, DMSO is the weakest HB-D and strongest

HB-A, while water is the strongest HB-D, and water and acetone are both similarly the weakest HB-As.

For photoacid B (referring to phenol as a model), the OH group can either act as a weak HB-A (α = 0.30)

or strong HB-D (β = 1.65), whereas the O− group can only accept hydrogen bonds from other solvent

molecules.

Micro-solvated structures were generated by manually adding a given number of explicit solvent

molecules according to the target HB configuration to the molecular structure of the implicitly solvated

photoacid species and then re-optimizing the full structure embedded in a COSMO cavity. In particular,

the S0 equilibrium geometries, used for the calculation of ROH and RO− absorption energies, are

optimized at the COSMO-MP2/cc-pVDZ level, whereas the S1 equilibrium structures, used for the

calculation of ROH∗ and RO−∗ emission energies, are optimized at the COSMO-ADC(2)/cc-pVDZ level.

All excitation energies are typically calculated with COSMO-CC2/aug-cc-pVDZ.

7.4.2. Explicit Solvent Effects in Acetone and DMSO

Local Solvation in Acetone and DMSO

Due to their similarity, the results for the solvents acetone and DMSO are discussed first. One explicit

solvent molecule was included to locally solvate the OH or O− group. Resulting from our considerations

regarding the HB characteristics of the different photoacid species as well as the solvents (vide supra), we

chose the solvent to act as HB-A for ROH/ROH∗ (Fig. 7.4(b–c)) and to act as a HB-D for RO−/RO−∗

(Fig. 7.4(e–f)). Due to the similarity between the S0 and S1 equilibrium structures, only those for S0 are

shown in Fig. 7.4. In Tab. 7.6, the excitation energies for these micro-solvated structures in both solvents

are compared to those with the purely implicit solvent model COSMO and the experimental reference

values.
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(a) Acid: Purely implicit (b) Acid: Acetone (c) Acid: DMSO

(d) Base: Purely implicit (e) Base: Acetone (f) Base: DMSO

Figure 7.4.: Implicitly solvated and micro-solvated structures of photoacid B in acetone and
DMSO. Acid (top) and base (bottom) structures without explicit solvent (purely implicit;
left) and with one explicit acetone (middle) or DMSO (right) molecule. All structures have
been optimized at the COSMO-MP2/cc-pVDZ level.

For both solvents, larger solvatochromic effects—due to the inclusion of explicit solvent—are found for

the protonated species ROH and ROH∗: red shifts of roughly 80–90 meV in acetone and 110–170 meV in

DMSO. In contrast, for RO− and RO−∗, the shifts fall below 10 meV, which is in agreement with the low

HB-D ability of these solvents. Furthermore, the larger shifts for ROH and ROH∗ in DMSO compared

to acetone emphasize the stronger HB acceptance of DMSO.

As mentioned before, a comparison of the absolute excitation energies with the experimental results

has its issues. For example, the inclusion of one solvent molecule apparently improves the agreement

with the experimental values in acetone for ROH (error < 10 meV), while it decreases for ROH∗ (error

of 70 meV), and is hardly affected for RO− and RO−∗. One should note that these residual errors are

much smaller than both the intrinsic error of CC2 and the error due to comparing (calculated) vertical

excitation energies and (experimental) band maxima. Thus, it is not possible to directly infer from these

results any reliable information on the main source of the remaining error, e.g., an incomplete solvation

description. Instead, focusing on the explicit solvent effect on ∆pK∗a appears a much more reliable way

to use micro-solvated structures for tracking down the largest contributions of explicit solvation.

Effect on Acidity Increase in Acetone and DMSO

Using the excitation energies for the micro-solvated structures in acetone and DMSO (Tab. 7.6), the

Förster-cycle ∆pKa values via Eq. (7.1) were re-calculated, as given in Tab. 7.7. In accordance with

the larger errors associated with the emission energies, the results in Tab. 7.7 show that the ∆pKa in

emission improves for both solvents more significantly compared to those in absorption. For example, we
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Table 7.6.: Solvatochromic shifts due to explicit solvent in the first solvation shell of photoacid
B in the solvents acetone and DMSO. Comparison of calculated UV/Vis absorption
(ROH, RO−) and fluorescence emission energies (ROH∗, RO−∗) in eV of the acid and base
species of photoacid B. Results are given for the structures without explicit solvent in purely
implicit solution and with one explicit solvent molecule. Experimental results are taken from
Refs. 309 and 48 for acetone and DMSO, respectively.

Acetone DMSO
Implicit Explicit Experimental Implicit Explicit Experimental

ROH 2.916 2.837 2.831 2.882 2.769 2.761
ROH∗ 2.573 2.481 2.551 2.539 2.373 —
RO− 2.191 2.187 2.156 2.155 2.164 2.153
RO−∗ 2.027 2.020 2.141 1.995 1.997 2.134

find a change of 1.27 units in the absorption ∆pKa for acetone that does not markedly affect the accuracy

due a transition from over (0.84) to underestimation (0.43) (in magnitude), while the fluorescence ∆pKa

changes by 1.43 units, which drastically improves the error from > 2 (2.3) to < 1 (0.87).

Table 7.7.: Effect of explicit solvent on the ∆pKa of photoacid B in acetone and DMSO.
Calculated ∆pKa based on the Förster cycle (cf. Eq. (7.1)) using absorption, emission, or
averaged energies for implicitly as well as explicitly solvated structures of photoacid B (cf.
Tab. 7.6) in comparison with the experimental ∆pKa values (cf. Tab. 7.4) using the data
from Refs. 48 and 309.

Acetone DMSO
Implicit Explicit Experimental Implicit Explicit Experimental

Absorption −12.26 −10.99 −11.42 −12.29 −10.23 −10.28
Emission −9.23 −7.80 −6.93 −9.20 −6.36 —
Average −10.75 −9.40 −9.18 −10.75 −8.30 —

For DMSO, the absorption ∆pKa strongly improves by almost 2 units, achieving an excellent agreement

with the experiment (residual error of 0.1), whereas the fluorescence reveals an even more drastic change

of ∼ 2.8 units. Unfortunately, no comparison with the experiment is possible due to the missing

experimental fluorescence emission energy for ROH∗ in DMSO. However, the larger changes in both

calculated absorption and emission ∆pKa highlight the larger HB-acceptor ability of DMSO over acetone.

In summary, we find some strong indications here that the largest contributions to the error with respect to

experiment for the purely implicitly solvated photoacid in acetone and DMSO are missing HB interactions

of the solvent with the photoacid OH group, especially the HB donation of ROH∗.

7.4.3. Explicit Solvent Effects in Water

Local Solvation in Water—One Explicit Water Molecule

Compared to the aprotic solvents acetone and DMSO, the situation in the protic solvent water is more

complicated due to more extensive hydrogen bonding (see Fig. 7.5). The OH group of the photoacid can

only donate one hydrogen bond, but accept up to two, i.e., two water molecules can act as HB donors

in this case. Similarly, the O− group could in principle accept up to three hydrogen bonds. Therefore,
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(a) H2O (A) (b) H2O (D) (c) (H2O)2 (A) (d) (H2O)2 (D) (e) 2 H2O (D, A)

(f) 1 H2O (g) (H2O)2 (h) 2 H2O (i) 3 H2O

Figure 7.5.: Micro-solvated structures of photoacid B in water for different numbers of
explicit solvent molecules. Magnified acid (top) and base (bottom) structures with up to
three explicit water molecules, either as HB donors (D) or acceptors (A). Water exclusively
acts as HB D for the base. All structures at the COSMO-MP2/cc-pVDZ level.

micro-solvated structures with varying numbers of water molecules and with different HB configurations

need to be considered. This study is restricted to a maximum of three water molecules. Water can act

as either a HB donor or acceptor in case of the acid, but only as a HB donor in case of the base. Like

in section 7.4.2, the explicit solvent was added manually to the structures in implicit solution of the

respective solvent and were subsequently re-optimized. The corresponding results for different structures

are shown in Tab. 7.8. Due to the similarity between the S0 and S1 structures, only the former ones are

displayed.

Table 7.8.: Solvatochromic shifts due to explicit solvent in the first solvation shell of photoacid
B in the solvent water. Comparison of calculated UV/Vis absorption (ROH, RO−) and
fluorescence emission energies (ROH∗, RO−∗) of the acid and base species of photoacid B.
Results are given for the structures without explicit solvent in purely implicit water and with
up to three explicit water molecules as either HB donor (D) or acceptor (A). Experimental
results are taken from Ref. 48.

Water
Implicit 1 H2O 2 H2O (H2O)2 3 H2O Experimental

HB-D HB-A HB-D HB-D HB-D HB-A HB-D
HB-A HB-D

ROH 2.913 2.915 2.822 2.814 — 2.908 2.758 — 3.00
ROH∗ 2.562 2.602 2.477 2.502 — 2.604 2.435 — 2.53
RO− 2.202 2.245 — — 2.268 2.231 — 2.311 2.36
RO−∗ 2.032 2.085 — — 2.112 2.088 — 2.144 2.20

Comparing the results in Tab. 7.8 for the implicitly solvated species and those including one explicit

water molecule (Fig. 7.5(a,b,f)) demonstrates that the specific hydrogen-bonding role of the solvent

matters. When acting as a HB donor, explicit water causes a solvatochromic blue shift for all species:

largest for RO−∗ (53 meV), slightly smaller for RO− (43 meV) and ROH∗ (40 meV), and almost zero for

ROH (2 meV). In contrast, when acting as a HB acceptor, red shifts are observed: 91 meV for ROH and

85 meV for ROH∗. In comparison with the results for acetone and DMSO (Sec. 7.4.2), the solvatochromic
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red shifts follow the order of the solvents in HB-acceptor strength (β): DMSO > acetone & water (cf.

Sec. 7.4.1 for the β values). Consistent blue shifts due to the solvent acting as the HB donor could only

be observed for water since the HB-donating ability of acetone and DMSO are close to zero.

The trends that are observed here indicate that the excitation energies of the base are underestimated

much more strongly compared to the acid. It is also physically plausible that for the negatively charge

base more hydrogen bonds are relevant than for the acid. Therefore, we considered the addition of

additional water molecules to the first solvation shell in the following.

Local Solvation in Water—Two (and More) Explicit Water Molecules

Perhaps not the most intuitive but a very simple case of adding two water molecules consists in its dimer,

i.e., (H2O)2 (Fig. 7.5(c,d,g)) whose effect on the excitation energies is actually very similar to that of

a single water molecule. In details, no pronounced effect for HB donation but a red shift of 155 meV

for HB acceptance (larger than 1 H2O) are found for ROH, whereas ROH∗ reveals a small blue shift of

42 meV (close to 1 H2O) or a red shift of 127 meV (larger than 1 H2O). Consequently, the HB donation

of the dimer is comparable to that of the monomer, while the HB acceptance is enhanced—in line with

a positive polarization of the oxygen of the water accepting the HB from the photoacid due to the HB

donation of the second water molecule. In analogy, since only HB donation matters for the anion, blue

shifts (very similar to 1 H2O) of 29 meV and 56 meV are observed for RO− and RO−∗, respectively.

Apart from the dimer, also the interaction of two individual water molecules, i.e., non-hydrogen-bonded

to themselves, with the photoacid OH (O−) group was considered (Fig. 7.5 (e,h)), giving in theory three

possible HB motifs: (i) both acting as HB donors, (ii) one acting as a HB donor and one as a HB acceptor,

and (iii) both acting as HB acceptors. For the protonated form, scenario (i) was found to be unstable in

the calculations (preferring intra-H2O HB) and (iii) is impossible (just one OH group for HB donation),

leaving only (ii) to be considered; while (i) is the only relevant case for the deprotonated form. The mixed

(HB-D, HB-A) motif (ii) yields a red shift of 99 meV for ROH, i.e., slightly larger compared to HB-D

for 1 H2O, and an overall red shift of 60 meV for ROH∗ that falls in between the HB-D and HB-A shifts

for a single H2O. This larger similarity in the ROH result to HB-D for 1 H2O reflects a more dominant

effect of HB donation. Similarly, blue shifts of 66 meV (RO−) and 80 meV (RO−∗) are found for the

(HB-D, HB-D) case, which are larger than the results for 1 H2O and make a step in reducing the gap to

the experimental value.

Finally, the case of micro-solvation with three water molecules was studied (Fig. 7.5(i)) for the RO−

and RO−∗ species, mainly motivated by its negative charge. Here, each water acts as an HB donor (for

the photoacid) and the structures were checked to lack HB between the water molecules. These results

reveal even larger blue shifts of 124 meV for RO− and 112 meV for RO−∗, constituting in an apparent

improvement with respect to the experiments. Although a detailed analysis of the actual residuals is

less meaningful (vide infra), one should note that the underestimation of the results for RO− and RO−∗
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shows a continuous progression from no explicit water to three water molecules with increasingly larger

blue shifts.

Effect on Acidity Increase in Water

For water, studying the explicit solvent effect on ∆pKa becomes more involved due to the larger number

of possible solvent configurations. Based on the Kamlet-Taft parameters for phenol (cf. Sec. 7.4.1), as a

model for hydroxyarenes, the following discussion is mainly restricted to the results for the most relevant

micro-solvated structures in terms of the hydrogen bonding. This involves the configuration with one

water molecule as the HB acceptor for the acid and the one with three water molecules as HB donors for

the base. In addition, also the effect of water as a HB donor is studied in case of the acid (to illustrate

the difference in the HB role), as well as the configuration with two water as HB donors for the base

(to compare with the results for one and three water molecules). In all cases, the same number of water

molecules and types of hydrogen bonds is present in both electronic states.

Table 7.9.: Effect of explicit solvent on the ∆pKa of photoacid B in water. Calculated ∆pKa
based on the Förster cycle (Eq. (7.1)) using absorption, emission, or averaged energies
for implicitly as well as explicitly solvated structures of photoacid B in comparison with
the experimental ∆pKa values using the data from Ref. 48 (cf. Tab. 7.8). Whereas the
contribution for RO− and RO−∗ refers to the respective number of water molecules exclusively
acting as HB donors, just one water molecule as either donor (HB-D) or acceptor (HB-A) is
considered for ROH and ROH∗.

Water
Implicit 1 H2O 2 H2O 3 H2O Explt.

HB-D HB-A
Absorption −12.02 −11.33 −9.75 −9.36 −8.64 −10.78
Emission −8.96 −8.74 −6.63 −6.17 −5.63 −5.61
Average −10.49 −10.04 −8.19 −7.77 −7.14 −8.20

For the results purely based on the implicit solvent model COSMO (Implicit in Tab. 7.9), the deviation

from the experimental average ∆pKa in water is dominated by the error from the emission contribution

(> 3) rather than the absorption contribution (∼ 1.2), yielding an overall error of 2.3 pKa units. When

including one explicit water molecule, the HB interaction with the photoacid as the HB donor and

water as the HB acceptor is expected to be most relevant based on the Kamlet-Taft parameters. For

this configuration (1 H2O (HB-A) in Tab 7.9), significant changes of ∼ 2.3 units in both the ∆pKa in

absorption and in emission are observed, improving the agreement with the experimental results. In

contrast, for the less relevant configuration with water as the HB donor (1 H2O (HB-D) in Tab 7.9), only

a weak effect on ∆pKa is found, reflecting the much smaller changes in the absolute energies for water

as HB-D compared to HB-A (cf. Tab. 7.8). In fact, the ∆pKa values with water as a HB donor for ROH

and ROH∗ have larger contributions from the effect on RO− and RO−∗ instead. Thus, even if the (less

relevant) HB donation of water occurs, the effect on ∆pKa is much smaller. This comparison also shows

that the calculated ∆pKa in absorption switches (in magnitude) from an overestimation in implicit water
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to an underestimation with one explicit water of the the experimental value, while for the emission only

the error decreases but an underestimation remains.

Studying the effect of further solvation of the base with up to three water molecules as HB donors,

the configuration for the acid with one water molecule (as HB acceptor) is retained in the following. In

the progression 1 H2O → 2 H2O → 3 H2O at RO− and RO−∗, the previous trends in in the evolution of

∆pKa continue. Both the absorption and the emission parts further decrease in magnitude by 0.4 and

0.7 as well as 0.5 and 0.7 units, respectively, enhancing the underestimation in absorption, but improving

the agreement in emission. In fact, the ∆pKa in emission apparently reaches an excellent agreement with

the experiment. However, these results need to be interpreted carefully.

The strongest changes—and improvements—in ∆pKa were observed upon inclusion of the first water

molecule, which are dominated by the effect of water as a HB acceptor for both ROH and ROH∗,

as discussed before. Therefore, the fact that the ∆pKa in absorption starts to underestimate the

experimental value already with one explicit water molecule (as HB acceptor for ROH/ROH∗), might

refer to an overestimation of the red shifts of ROH and ROH∗ (with water as a HB acceptor) relative

to the blue shifts of RO− and RO−∗ (with water as a HB donor). As pointed out before, such issues

concerning solvatochromic shifts are common since the geometry-optimized micro-solvated structures will

typically have shorter HB distances compared to the ensemble average. Apparently, this issue is more

severe for the acid than the base, possibly due to the charges, i.e., a larger error due to a shorter HB

distance in the micro-solvated structures of the non-charged acid compared to the negatively charged

base. For comparison, RO− and RO−∗ also experience a systematic step-wise evolution in the absolute

energies from 0 H2O (purely implicit) to 3 H2O, while remaining underestimations of the experimental

results (cf. Tab. 7.8), which seems a physically correct description.

In summary, this section has demonstrated that the largest contributions to the deviation between the

∆pKa from calculations in implicit water and the experiments are due to the missing HB interactions of

the OH group of the acid species as a HB donor and the O− group of the corresponding base as a HB

acceptor.

7.4.4. Specific Photoacid–Base Interactions in Acetone–Water Mixtures

The previous section demonstrated that intermolecular interactions between the photoacid (as the solute)

and the solvent are relevant already in acetone or DMSO, but even more so in the solvent water.

Consequently, it is only natural to expect that such specific photoacid–co-solvent interactions also play a

major role in the acetone–water mixtures that were studied experimentally (Chapter 3), in which acetone

and water can compete with each other for the hydrogen-bonding sites of the photoacid. These specific

photoacid–co-solvent interactions will be discussed in this section.
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Spectral Evolution in Bulk Acetone–Water Mixtures

The experimental UV/Vis absorption spectra of the protonated form of photoacid B revealed a noticeable

peak progression with increasing water content in acetone–water mixtures (cf. Fig. 1 in Chapter 3).

Moreover, it was also already inferred from the experimental data that a photoacid–water complex with

the stoichiometry [ROH · H2O] is formed under these conditions. To test if such as peak progression

could be simply caused by a bulk electrostatic effect of changes in the solvent composition, we applied

the calculation of electronic excitation energies with the continuum solvation model COSMO to these

solvent mixtures. Due to the large similarity between the refractive indices of water (1.333) and acetone

(1.359), only the effect through the relative dielectric constant (εr) was considered, which is known to

vary linearly in the weight fraction of water in acetone499. The UV/Vis absorption energies for the first

transition calculated at the fixed COSMO-CC2/cc-pVDZ geometry optimized in acetone but using the

εr value of the respective acetone-water mixtures for the COSMO-CC2/aug-cc-pVDZ excitation energy

calculations are given in Tab. 7.10.

Table 7.10.: Spectral evolution in acetone–water mixtures. Comparison of the calculated UV/Vis
absorption wavelength of the acid species (ROH) of photoacid B in different acetone–water
mixtures as modeled by variation of the relative dielectric constant εr. Each solvent mixture
is characterized by its water content as expressed by the concentration c(H2O), molar fraction
x(H2O), and weight fraction w(H2O), together with the associated εr value based on a linear
interpolation (R2 = 0.999) of the data from Ref. 499. For further reference, the results in
bulk water (ε = 78.30) are also included. Experimental values are taken from Ref. 494.

c(H2O) / mol L−1 x(H2O) / % w(H2O) / % εr
λ / nm

Calc. Exptl.
0.0 0.0 0.0 20.56 433.89 436
0.8 5.8 1.9 21.64 433.94 438
1.6 11.0 3.7 22.68 434.00 439
2.4 15.6 5.4 23.68 434.05 440
3.1 19.7 7.1 24.65 434.09 440
4.1 24.7 9.2 25.89 434.15 441

(55.6) 100 100 78.30 434.88 414

A comparison of the calculated results in neat implicit acetone (εr = 20.56) and water (εr = 78.30)

demonstrate that a very small εr-related red shift between the two solvents is observed, from a wavelength

of ca. 434 nm in acetone to a wavelength of ca. 435 nm in water. Since the experimental absorption

maximum in water (414 nm) is actually blue-shifted relative to that in acetone (436 nm), the experimental-

ly observed spectral changes cannot be a purely electrostatic bulk effect. Rather, these changes appear

to be due to specific intermolecular interactions. This observation is in line with the calculations. While

the solvent composition changes dramatically on a molecular level within a concentration range of 0.0 to

4.1 mol L−1, reaching a final mole fraction of ca. 25 %, the changes in εr are much more subtle, increasing

only from 20.56 to 25.89 due to the more weakly pronounced linear dependence in the volume fraction.

The ROH absorption peak undergoes indeed a red shift from 436 nm to 441 nm in the experiments, but

this is not equally reflected in the calculations that yield a more or less constant value of ca. 434 nm,

despite a correct and yet very weak shift to the red.
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Specific Photoacid–Base Interactions

The addition of explicit water molecules has shown to cause distinct solvatochromic blue shifts when

acting as HB donors. To study the effect of water molecules as competing HB partners in acetone, we re-

calculated the UV/Vis absorption and fluorescence emission energies of the hydrogen-bonded complexes of

the acid species. Absorption and emission energies were calculated using COSMO-CC2/aug-cc-pVDZ at

the COSMO-MP2/cc-pVDZ and COSMO-ADC(2)/cc-pVDZ geometries, respectively. The corresponding

results together with those for one explicit acetone molecule are compiled in Tab. 7.11. The results for

acetone reproduce the values for one explicit solvent molecule (cf. Tab. 7.6), while those for H2O and

(H2O)2 refer to the structures from Fig. 7.5 (and related results from Tab. 7.8), but repeated in acetone

solution, i.e., using re-optimized geometries for calculating the excitation energies.

Table 7.11.: Effect of specific photoacid-base interactions on the spectral properties of
photoacid B in acetone. Comparison of calculated UV/Vis absorption (ROH)
and fluorescence emission energies (ROH∗) in eV for complexes of the protonated and
deprotonated species of photoacid B with different bases. The HB role of the base is specified
as acceptor (HB-A) or donor (HB-D).

Acetone H2O (H2O)2
(HB-A) HB-D HB-A HB-D HB-A

ROH 2.837 2.915 2.786 2.913 2.759
ROH∗ 2.481 2.602 2.479 2.604 2.450

A direct comparison of the results for the hydrogen-bonded photoacid–water complexes in acetone

(Tab. 7.11) to the related micro-solvated structures in water (Tab. 7.8) shows little to no differences, in

line with the large similarity between the two solvents when restricted to electrostatic interactions with

the bulk surrounding. When exchanging the acetone by a water molecule as a HB acceptor in the [ROH·S]

complex (where S represents the solvent), the associated solvatochromic red shift increases, matching the

experimental peak progression in acetone–water mixtures upon addition of water. Moreover, the results

for the water dimer even predict larger red shifts with a higher number of additional water molecules due

to a cooperative effect. In a first approximation, the binding to the photoacid is for the water monomer

∼18 kJ/mol higher in energy relative to acetone, in line with the HB-acceptor strengths. However, this

interaction already becomes slightly more favored (by ∼8 kJ/mol) for the dimer.

Moreover, water can also act as a HB donor. Despite of being the weaker interaction (disfavored

by ∼26 kJ/mol compared to HB acceptor), this configuration would lead to a blue shift. Interestingly,

the large experimental blue shift of the ROH absorption maximum in water (414 nm) with respect to

the COSMO prediction in implicit water (435 nm) (cf. Tab. 7.10)—in view of the good agreement in

acetone instead (434 nm calc. vs. 436 nm exptl.)—implies that the HB-D interaction will effectively

take over at some critical water content. This means that there should be a two-step progression upon

addition of water, i.e., first the observed red shift and second a counteracting blue shift, which was not

yet experimentally observed due to the restriction to a maximum of ca. 4 M (25 %) water. Still, the
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calculations lead us to infer that the experimental peak progression is indeed caused by the formation of

photoacid–water complexes via a displacement of acetone molecules in the first coordination shell.

7.5. Conclusions

This chapter has extended the previous approach for the theoretical spectroscopy of Jung’s photoacids

using the implicit solvent model COSMO in combination with the wavefunction-based methods ADC(2)

and CC2 to the solvent acetone. Revalidation of the methods demonstrated that COSMO-CC2/aug-cc-

pVDZ excitation energies still achieve a (very) good agreement with the experimental UV/Vis absorption

and fluorescence emission energies in acetone. However, the further improvement with COSMO-CC2

compared to COSMO-MP2 geometries motivated for a switch to COSMO-CC2/cc-pVDZ geometries,

which is currently restricted in TURBOMOLE to the ground state due to the missing implementation

of COSMO-CC2 excited-state gradients. Reasons for the inherent ADC(2)–CC2 deviations as well as

different effects on the excitation energies were thoroughly discussed.

Regarding an absolute agreement between the calculated and experimental absorption and emission

energies, COSMO-CC2 yields mean absolute errors and root-mean-square errors smaller than 0.1 eV for

photoacids A–F in acetone. The agreement is generally slightly better for the acid compared to the base

species and for absorption compared to emission. With COSMO-CC2 ground-state geometries, even an

MAE of less than 0.05 eV is obtained. In most cases, photoacid E was found to be the largest outlier,

which could be traced back to intermolecular hydrogen-bonding interactions between the photoacidic

OH group (or O− after deprotonation) and the additional OH groups in the side chains, which in the

calculations have been modeled by a photoacid–methanol complex.

The calculations using the implicit solvent model COSMO in combination with CC2 predict averaged

(over absorption and emission) ∆pKa values in the range of −11 to −10 for all the photoacids studied

here, in good agreement with the experimental results. Moreover, the change in ∆pKa when comparing

the two solvents DMSO and acetone fits to the trend regarding the solvent polarity that was already

observed and rationalized in our previous studies. Similar to the previous results in DMSO, the order in

pK∗a is mainly determined by the order in pKa since ∆pKa is virtually identical for all of these photoacids.

However, due to their much weaker ground-state acidities in acetone, these photoacids have a much lesser

tendency to protonate the solvent. Only photoacids A and B are expected to perform an efficient ESPT

in acetone.

The strong deviations for photoacid E demonstrated that H-bonding interactions can significantly

affect the spectral properties. Since any specific solute–solvent interaction had been completely neglected

so far, we decided to further investigate the effect of explicit solvation based on micro-solvated structures

for the solvents acetone, DMSO, and water. Following chemical intuition, the focus was set to the most

relevant HB configurations according to Kamlet-Taft considerations and the analysis of the differential

effect between ROH/ROH∗ and RO−/RO−∗, i.e., ∆pKa. This hybrid approach appears to very efficiently

capture the most important explicit solvent effects, as already one explicit solvent molecule (HB acceptor)
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in the first solvation shell of the OH and O− group (HB donor) gives rise to a significant improvement in

the calculated absorption and emission ∆pKa of photoacid B for acetone and DMSO, reaching almost

perfect agreement with the experiments. In contrast, a requirement for more than one solvent molecule is

indicated for water, where the HB configurations become more involved. Kamlet-Taft considerations

motivated one explicit water as HB acceptor at the OH group, which seems sufficient and already

introduces an underestimation in the absorption part of ∆pKa, whereas the emission seems less effected.

Increasing the number of water molecules at the O− group up to the chemically motivated number of

three further decreases both the ∆pKa in absorption and emission. In summary, by going beyond implicit

solvation, it could be shown that the largest missing contributions to ∆pKa are due to HB interactions

of photoacid with solvent, i.e., solvent as the HB acceptor for protonated species and as the HB donor

for the deprotonated species.

Closely related to the discussion of explicit solvent effects, also other specific photoacid–base interactions

in acetone were studied. For the acetone–water mixtures from the experiments it was shown that the

experimentally observed peak progression cannot be explained by a purely electrostatic bulk effect of the

solvent with changing solvent composition. Instead, the calculations support that the spectral changes

are due to a formation of photoacid–water complexes in acetone, i.e., the solvent molecules in the first

solvation shell get replaced by water.
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8. Conclusions and Outlook

This project presented a combined experimental–theoretical approach to study the ESPT kinetics

and thermodynamics of Jung’s pyrene-based photoacids A–F (cf. Fig. 1.6 in Sec. 1.2.5) in different

environments, including acetoneous solution. Among these, compound B is the strongest photoacid,

which is the reason why it received the largest attention in this work.

8.1. Conclusions from the Experimental Part

The first sub-project (Chapter 3) combined steady-state UV/Vis absorption and fluorescence emission

spectroscopy with streak-camera time-resolved fluorescence spectroscopy to study the ESPT kinetics of

the photoacid B in acetone–water mixtures. Water was found to have a significant effect in acetone

leading upon its addition already in the ground state to the formation of a reaction complex (CPX) with

the photoacid. With increasing amount of water in the mixtures, the molar fraction of CPX increases.

This complex turned out to be a key intermediate in the ESPT mechanism as described by a three-

step Eigen-Weller model. Due to spectral similarities, initial excitation near the ROH absorption band

maximum produces both the excited free (i.e., uncomplexed) photoacid (ROH∗) and the excited complex

(CPX∗) if present. Only CPX∗ can perform a short-range proton transfer yielding a hydrogen-bonded ion

pair (HBIP∗), whereas ROH∗ first needs to find a water molecule in a diffusive process. Furthermore, as

deduced from the concentration dependence of the rate constants, it seems that more than one additional

water molecule is required for the subsequent HBIP∗ separation into the free excited corresponding base

(RO−∗) and the proton (attached to its acceptor). Overall, the ESPT process is largely accelerated by

the addition of water. However, even in neat acetone, i.e., without the addition of water, ESPT was

observed, with acetone as the potential proton acceptor, but without a direct indication of contributions

from a HBIP∗ as an intermediate on the pico to nanosecond timescale. Finally, acidification of these

acetone–water mixtures revealed to be an efficient way to effectively counteract the effect of water since

it reduces the local hydration of the photoacid.

Having identified acidic conditions as an effective way to deal with small residual amounts of water,

the second sub-project (Chapter 4) could subsequently study the ESPT in neat acetone more thoroughly,

with a particular focus on the ultrafast dynamics. Using a combination of time-resolved fluorescence via

TCSPC and transient UV/Vis absorption spectroscopy, picosecond solvation dynamics and rotational

diffusion (∼ 70 ps) were identified as important contributions. By comparing neutral and acidic solutions

and the methylated analogue of the photoacid (that is not able to transfer a proton), the ROH dynamics

could be elucidated. However, instead of following a global target analysis as for the fluorescence data

in acetone–water mixtures, the complexity of the transient absorption data—especially dynamic spectral

shifts—motivated to use a different decomposition scheme to unravel the contributing components. Six
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relevant contributions to the transient spectra were identified: the ground-state bleach (GSB) of the ROH

form, the excited-state absorption (ESA) and stimulated emission (SE) signals of ROH∗ and of RO−∗

formed after ESPT, respectively, and the RO− ground-state absorption (GSA) from molecules formed

from ROH via the ESPT pathway.

These results, particularly the three-step Eigen-Weller model for the ESPT in acetone–water mixtures,

are in agreement with the previous studies on photoacid B (cf. Sec. 1.2.5). The involvement of hydrogen-

bonded species as proton-transfer intermediates was already observed by Vester et al. for the ground

state dynamics307,308. In comparison to the other solvents that were previously studied by Finkler et al.

and Spies et al., including water (3× 1011 s−1)302, methanol (8× 109 s−1)302, ethanol (5× 109 s−1)302,

and DMSO (1.25 × 109 s−1)48, the ESPT of photoacid B nicely fits into this progression as it is even

slower in acetone (0.25 × 109 s−1), approaching the fluorescence lifetime. After the beginning of this

project, two newer studies by Grandjean et al. on the ESPT of the related photoacid A in hydrogen-

bonded complexes with tri-n-octylphosphine oxide (TOPO) in acetonitrile solution were reported500,501,

which considerably influenced the analysis of the data in acetone–water mixtures presented here. Using

steady-state spectroscopy, the involvement of a reaction complex (CPX), comprising the photoacid A

and TOPO, and a hydrogen-bonded ion pair (HBIP) as spectrally distinct species was derived from

the fluorescence emission500. However, no distinction between a solvent-separated ion pair (SSIP)—

as an additional intermediate—and the free ion pair (FIP) was possible. Time-resolved spectroscopy

then allowed to identify an initial proton transfer within CPX on the sub-ps timescale, an excited-state

equilibrium between CPX and the generated HBIP, an an irreversible dissociation of the HBIP on the

nanosecond timescale501.

Another important parallel is found in the work by Kumpulainen et al. on naphtalimide-based super-

photoacids (cf. Sec. 1.2.3), which are similarly strong as Jung’s pyrene-based photoacids, and capable of

performing an ESPT in alcohols and DMSO295. Detailed kinetic studies revealed that in both water and

DMSO the ESPT of these photoacids follows a two-step model involving a reversible short-range proton

transfer under formation of a contact ion pair and followed by its diffusive separation295,297,298. Further

restraining the proton transfer by changing to even less polar solvents, e.g., acetonitrile or benzonitrile,

then gives rise to the need for complexes with an additional base prior to the ESPT, overall requiring

a description based on a three-step model that takes into account hydrogen-bonded complexes and a

solvent-separated ion pair as additional intermediates296.

Similar observations for an initial, reversible proton-transfer step followed by an irreversible contact-ion

pair splitting have also been made by Pérez-Lustres and co-workers for the cationic photoacids 2-(1’-

hydroxy-2’-naphtyl)benzimidazolium502 and NM6HQ+271 in aliphatic alcohols. The ESPT mechanism

of these cationic photoacids in alcohols only consists of two steps, i.e., does not involve a CPX, which

is still in line with the three-step model for Jung’s photoacids A and B because a distinct hydrogen-

bonded reaction complex is only needed as the true proton-transferring species in aprotic solvents, in

contrast to the protic alcohols. Moreover, it was reported for the related photoacid 6HQ+ in water–
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acetonitrile mixtures that an ultrafast solvent-controlled PT takes place that is followed by a bimolecular

diffusion-controlled separation, whereas, in neat acetonitrile, only an intermediate PT state is formed,

being ascribed to a 1:1 photoacid:water complex due to water impurities270.

Furthermore, Kwon and co-workers demonstrated for NM7HQ+, which is a similarly strong photoacid

as compound B, that ESPT of this photoacid can only take place in the aprotic, weakly basic solvent

acetonitrile in the presence of additional bases272–274. For weaker bases, it was found that the alcohols

methanol and ethanol form ground-state complexes with a photoacid:base stoichiometry of 1:1, whereas

water (as an impurity) forms 1:2 complexes. In the excited state, an additional alcohol molecule is

then involved in the ESPT. Hence, the ESPT of NM7HQ+ to alcohols and water in total requires

two molecules (i.e., a dimer) that offers a small chain for the proton transfer. This preference for a

hydrogen-bonded chain of two base molecules in the excited state was even observed for the stronger base

N -methylbenzamide, despite the fact that it forms 1:1 complexes in the ground state275. In contrast,

in case of the strong base DMSO, 1:1 complexes are formed in the ground state and no additional base

molecule is required in the excited state, reflecting the deficiency of extensive HB for DMSO. These

results are in line with the ESPT of photoacid B in acetone and acetone–water mixtures, for which also

ground-state complexation with water and the involvement of an additional water molecule for the ESPT,

more specifically the HBIP separation, are observed. A 1:1 photoacid:water stoichiometry is found in

acetone though, which could be related to much higher basicity of acetone compared to acetonitrile and

thus stronger HB interactions of acetone with the solutes, preventing the formation of larger aggregates.

For the even stronger super-photoacid CBCyP (cf. Sec. 1.2.3), Gajst et al. showed that the fluorescence

dynamics in acetonitrile–water mixtures are bimodal due to a short-time contribution from the fast

ESPT (kPT ≥ 5 × 1012 s−1) of photoacid molecules that are hydrogen-bonded to water and a long-

time contribution from those that are not288. Similarly to this work, the amplitude of the short-time

contribution was found to depend on the water concentration. Importantly, Gajst et al. also inferred that

the ESPT rate constant to water in acetonitrile–water mixtures depends only slightly on the water cluster

size and structure surrounding the CBCyP molecule, as attributed to its large photoacidity and supported

by DFT calculations. In contrast, the data on B in acetone–water mixtures displays a concentration

dependence of the ESPT rate constant.

The experimental work shown here represents the first time-resolved study that investigated ESPT in

acetone and acetone–water mixtures, demonstrating the strong photoacidity of Jung’s HPTS derivatives.

Importantly, since the ESPT of photoacid B in these mixtures varies significantly, this allows either

tuning the emission properties by changing the environment or—vice versa—obtaining information on

the environment by analyzing the emission. Moreover, the highlighted large potential of these photoacids

as light-controlled proton sources in experiments can also motivate to study the ESPT under even harsher

conditions in the future (e.g., magic photoacids in concentrated sulfuric acid310). However, for the current

work, information on the actual protonated species in acetoneous environment is still missing since visible

spectroscopy is not suited to monitor changes taking place during the proton at the acetone molecule.
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Rather, apart from theoretical approaches (vide infra), transient mIR absorption (i.e., UV/Vis-pump–

mIR-probe) spectroscopy on the ps–ns timescale could be used for this. From a technical perspective, such

pump–probe measurements will require a setup with an additional pump laser (as visible source) that is

used—in combination with a digital delay generator—to trigger in a time-controlled fashion the probe

laser (as mIR source) if measurements on the larger ns–µs timescale are involved, due to the limitation

of optical delay generation.

8.2. Conclusions from the Theoretical Part

The theoretical part of this project shifted the focus from the kinetics to the thermodynamics of the ESPT

in acetone, as quantified by the pK∗a value. Based on the Förster cycle, calculation of pK∗a requires the

ground-state pKa value and electronic excitation energies.

Therefore, the third sub-project (Chapter 5) followed a quantum chemical route to pKa based on

COSMO-RS. Since acetone was not yet supported for pKa prediction due to missing LFER parameters,

these needed to be determined for a molecular training set first. Izutsu’s compilation of pKa values in

organic solvents503 was used as a starting point and newer results for the pKa in acetone from Refs.

504–509 were included, which resulted in a database of 120 compounds: 9 acrylic acids, 87 benzoic acids,

9 phenols, and 15 benzenesulfonamides. The Gibbs free energy of dissociation (∆Gdiss) was calculated

at the two levels BP-TZVP and BP-TZVPD-FINE with COSMO-RS and then subjected to a correlation

with the experimental pKa. Class-specific linear regressions revealed (squared) correlation coefficients of

r2 � 0.9 at both levels and an increase in r2 when switching to the refined BP-TZVPD-FINE level for

each class except for the phenols. In case of the phenols, the correlation slightly decreases at the higher

level, which seemed to be an issue that is related to the COSMO surfaces of some phenols including

o-nitrophenol. Still, both levels give overall very similar results in terms of the correlation and also for

the LFER parameter for the slope, with only the parameter for the intercept differing due to a downshift

in the calculated ∆Gdiss of BP-TZVPD-FINE vs. BP-TZVP.

The data set splits into two groups that prevent a uniform description with a single set of LFER

parameters. The carboxylic acids, i.e., the acrylic and benzoic acids, and the sulfonamides share the

same slope of ∼ 0.45, but an offset in the intercepts of ∼ 4 units needs to be taken into account; with an

overall excellent correlation (r2 > 0.95) at both levels. Such splitting has been observed before for the

pKa prediction with COSMO-RS in acetonitrile367, where it was assigned to the degree of charge (de-)

localization in the anions, which is in line with the shift between the carboxylic acids and sulfonamides

in acetone. In contrast, the phenols must still be treated differently as their slope is larger than one

and hence significantly differs for the other three classes. As discussed, this special role of the phenols

could be either due to a higher uncertainty in the experimental pKa values or an insufficient description

of the structural changes after deprotonation (if quinoidal structures are involved) with BP DFT as the

electronic structure method. Importantly, the obtained LFER parameters, especially the slope, differ

from their ideal values. The slope for the carboxylic acids and sulfonamides of ∼ 0.45 is in accordance
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with the literature, e.g., in view of the values in water (0.58 for acids and 0.75 for bases)365,366, DMSO

(0.70)365, or acetonitrile (0.92)367, and different reasons have been discussed. However, the order of these

solvents according to their slopes does not reflect a simple order in, e.g., neither the dielectric constant ε,

nor the Kamlet-Taft parameter α for hydrogen-bond donation, which would be expected if the deviations

from the ideal value of 1 were solely determined by electrostatic effects of HB interactions.

This study reported the first theoretical calculation of pKa in acetone by extending the applicability of

COSMO-RS to this solvent, which is considered highly valuable for the determination of pKa in such non-

aqueous environments in general. However, the dissection of the molecular data set also demonstrated the

sensitivity of this model toward the molecular classes, i.e., the different characteristics of these acids. To

further improve the pKa computation with COSMO-RS in acetone, different aspects could be addressed.

First, the reliability of the experimental data, especially for the phenols, should be ideally validated,

e.g., by performing pKa measurements (if possible). A pragmatic prediction method like COSMO-RS for

pKa can only be as good as the experimental reference data. Second, the COSMO-RS results for ∆Gdiss

could be refined by including zero-point vibrational energies (ZPVEs) or higher-level calculations for the

gas-phase contribution. These have not been included so far since the established protocol for pKa in

the other solvents (water, DMSO, and acetonitrile) was followed without modifications. It is assumed

though that the ZPVE will have an effect on ∆Gdiss, mainly because of the vibrational stretching mode

of the acidic functional group that is missing for the corresponding base, hence introducing a—more or

less—constant contribution for each molecular class. In general, higher levels of theory for the calculation

of the gas-phase dissociation reaction could become crucial when aiming at the best accuracy (e.g., see

Ref. 355). Third and more fundamentally, a different thermodynamic cycle for the pKa calculation could

also be used. Although the approach described here does not actually use a thermodynamic cycle, as

the Gibbs free energy in solution is calculated immediately with COSMO-RS, it implicitly relies on the

direct cycle for the dissociation reaction of the acid in solution HA(solv.)→ A−(solv.)+H+(solv.), which

is known to suffer from dealing with the (solvated) proton and from small error cancellation between the

anionic base and the neutral acid322. While the former does not matter in an approach to pKa that uses

an LFER fit (since the proton contribution ends up in the intercept), the latter is still an issue here.

However, other thermodynamic cycles have been reviewed in the literature and, e.g., the proton-

exchange method that uses a reference acid to avoid dealing with the (solvated) proton has shown best

performance in terms of error cancellation322,323,357. Moreover, other studies typically directly predict the

pKa without prior knowledge on an experimental test set, which then requires solvent-specific information

on the Gibbs free energy of solvation of the proton (∆Gsolv.(H+)) in the respective solvent and the total

Gibbs free energy of the proton in the gas phase (Ggas(H+)). Whereas Ggas(H+) can be calculated based

on statistical thermodynamics, ∆Gsolv.(H+) is more problematic and usually taken from experiments.

Data on ∆Gsolv.(H+) is readily available in water, but typically unknown in organic solvents such as

acetone. Therefore, if ∆Gsolv.(H+) would be involved in an alternative approach, still the pragmatic
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approach of fitting this value to a test set could be followed. Lastly, instead of improving the COSMO-RS

results, also different approaches to pKa, e.g., recently based on neural networks could be invoked510,511.

Apart from the ground-state pKa, electronic excitation energies are needed to calculate pK∗a values

based on the Förster cycle. The fourth sub-project (Chapter 6) investigated the performance of the

correlated wavefunction-based methods ADC(2) and CC2 in combination with the implicit solvent model

COSMO for the theoretical spectroscopy of Jung’s photoacids A–F in the related solvent DMSO, prior

to applying them to the target solvent acetone. It was found that the selected methods are sufficiently

accurate to calculate the UV/Vis absorption and fluorescence emission energies of these photoacids in

DMSO, reproducing the experimental trends in the Stokes shifts and substitution shifts. The calculations

were typically in better agreement with the experiments for absorption compared to emission energies and

for the protonated compared to the deprotonated species; with COSMO-CC2 generally outperforming

COSMO-ADC(2) for the excitation energies. However, in terms of the total accuracy, no clear classifica-

tion is possible as this appeared to crucially depend on error cancellation of contributions from the method,

the solvation description, and differences between the electronic states. An overestimation of the vertical

absorption energies on the order of 0.1 eV is within the error bar for ADC(2) and CC2466, whereas the

underestimation of vertical emission energies can be caused by too large ground-state energies at distorted

excited-state structures as well as the assumption of emission occurring from the fully relaxed excited-

state geometry. Despite the limitation to purely electrostatic solute-solvent interactions, the COSMO

model seems—in first order—sufficient to describe the solvent effects in DMSO.

An intramolecular charge transfer for the first electronic transition (S0 → S1) was identified as the

origin of photoacidity for these strong photoacids, involving a charge redistribution from the OH/O−

group and along the aromatic ring toward the sulfonic acid groups. The corresponding acidity increase

upon excitation (∆pKa) was found to be similar for the photoacidsA–F, e.g., approx. −10.5 for COSMO-

CC2 energies averaged over absorption and emission. In addition, an interesting dependence of ∆pKa on

the solvent polarity (e.g., quantified by ε) was observed: ∆pKa decreases (in magnitude) with increasing

solvent polarity, as rationalized based on the energetic effects on the different photoacid species. Another

observation that has been made is that despite the virtually identical ∆pKa values, the resulting pK∗a
values of the photoacids A–F in DMSO differ, spanning a range of almost 5 units, and are modulated by

the ground-state pKa that is—on its own—ruled by the substituent effects. For example, the strongly

electron-withdrawing perfluoroalkyl substituents give photoacid B its exceptional strength. Owing to

their negative pK∗a values, all compounds A–F can be truly classified as super-photoacids, i.e., they can

perform an efficient ESPT to the solvent in DMSO.

To the best of my knowledge, this study still represents the first that applies ADC(2) and CC2 instead

of TDDFT methods to the pK∗a prediction of photoacids. As basically the only other comparable reported

studies so far, Aquino and co-workers investigated the photoacidity of pyranoanthocyanins223,224,234 and

other hydroxyflavylium cations225,226 using TDDFT and ADC(2), but they only used TDDFT excitation

energies for calculating pK∗a (in Ref. 234). Importantly for this project, the successful use of CC2 in
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combination with COSMO for DMSO is fundamental to the later application in acetone. Regarding the

origin of the photoacidity, other studies, e.g., the theoretical work by Agmon mention an intramolecular

charge transfer (ICT) during the first electronic transition as the origin of photoacidity37,110. Importantly,

an even stronger ICT is supposed to takes place for ROH than for RO− to lead to an energetic stabilization

of RO− relative to ROH. Although this has been verified for weaker photoacids like HPTS104,107,108,138

or naphthols105, it is debated for stronger photoacids and super-photoacids where the situation becomes

more complex94,106. In this work, no clear indication of a stronger ICT for RO− vs. ROH could be

identified, which is even in agreement with the previous studies, e.g., steady-state measurements and

solvatochromic analysis revealing that intramolecular charge transfer on the photoacid side correlates

best with the observed photoacidity309. However, the larger Stokes shifts of the acid species of photoacids

A–F observed in this computational study indicate stronger structural changes after electronic excitation,

which are in line with the rationalization of photoacidity in terms of (anti)aromaticity (cf. Sec. 1.2.1).

The main difficulties encountered in this study are the limitations due to the vertical approximation for

the calculation of excitation energies that neglects vibronic effects and solvent-dependent line broadening,

and the restriction to an implicit solvent model. In order to further improve the agreement with the

experiments, a more accurate description of the solvation appears most relevant, which requires ab initio

MD simulations with explicit solvent for sampling the configuration space and finding representative

structures. For best comparison with the experiments, both UV/Vis absorption and fluorescence emission

energies are needed as usually an average of these two quantities is used to determine ∆pKa experimentally.

However, from a technical point of view, the rather large size of the photoacids as well as the solvent

acetone studied here and the need to sample in the first electronically excited state are quite demanding.

Classical MD is not an option since it provides no access to the fluorescence and also larger errors

in absorption energies are anticipated when using quantum-chemical methods at force-field geometries.

In turn, ab initio MD simulations are practically limited to TDDFT, which can have issues with the

excitation energies of photoacids (cf. Sec. 1.2.6) and hence potentially with the excited-state dynamics.

Accurate fluorescence emission energies that also take into account a finite lifetime could still be obtained

using surface-hopping MD techniques for sampling the excited-state dynamics using a WFT method

instead.

Motivated by the successful application of ADC(2) and CC2 in combination with COSMO for the

theoretical spectroscopy of photoacids A–F in DMSO, the fifth sub-project (Chapter 7) extended this

approach to acetone, as the target solvent of the experimental part. Since the experiments could not

fully answer the question regarding the actual proton acceptor in acetone, one of the aims was to judge

the thermodynamic possibility of ESPT to acetone based on calculated pK∗a values. First, after a careful

re-validation, it was found that the selected computational methods still worked very well in acetone;

or even slightly better than in DMSO. As for the study in DMSO, COSMO-CC2 excitation energies at

COSMO-MP2 (S0) or COSMO-ADC(2) (S1) geometries performed good in terms of the total accuracy
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(RMSD < 0.1 eV). In addition, an indication for switching to COSMO-CC2 geometries based on a further

improved accuracy of the absorption energies (MAE of 0.05 eV) was also found.

Implicit solvation via COSMO still gave a sufficient description of the solvation in acetone, with only

small effects on the geometry, but significant solvatochromic shifts in the excitation energies. Photoacid E

turned out to be a special case since intermolecular hydrogen-bonding interactions—with the photoacid

OH group as the HB donor and the side-chain OH group of another photoacid molecule as the HB

acceptor—must be taken into account to achieve a good agreement with the experimental results.

Similarly to DMSO, ∆pKa was also nearly identical for the photoacids A–F in acetone (ca. −10.6),

which is in line with the previously observed dependence of ∆pKa on the solvent polarity since ∆pKa

is even slightly larger in magnitude in the less polar acetone. In contrast to DMSO, the acidity of

compounds A–F is drastically reduced to pKa values between 14 and 21. Note that this range (7) is

also larger than in DMSO (5), demonstrating the wider pKa window of acetone as the less basic solvent.

Importantly, the weaker ground-state acidities (pKa) also translate into weaker excited-state acidities

(pK∗a ). Consequently, only photoacids A and B are expected to perform an efficient ESPT in acetone

and none of the compounds A–F earns to be called a super-photoacid in this solvent.

Another focus was set to exceeding implicit solvation and accounting for explicit solvent effects by

comparing the solvents acetone, DMSO, and water. For this, instead of performing MD simulations

(vide supra), explicit solvent molecules in the first solvation shell of the photoacids were incorporated

for the most relevant HB configurations, as judged based on the Kamlet-Taft parameters, to test if the

largest contributions to the residual errors of the ∆pKa values calculated with implicit solvent were due

to explicit solvation. For the aprotic solvents acetone and DMSO, one explicit solvent molecule appeared

sufficient, in agreement with the simplified HB interactions in these solvents. These solvents can only

efficiently act as HB acceptors for the OH group of the acid species, leading to a bathochromic shift in

the absorption and emission, but barely interact with the base species due to the lack of HB donation.

In contrast, the situation was much more difficult in the protic solvent water, which can act as both

a HB donor and acceptor. The additional HB interaction with the solvent as HB donor and the base

species as HB acceptor was verified as another relevant interaction. Kamlet-Taft considerations motivated

one explicit water as HB acceptor at the OH group, which seems sufficient and already introduces an

underestimation in the absorption part of ∆pKa, whereas the emission seems less effected. Increasing

the number of water molecules at the O− group up to the chemically motivated number of three further

decreases both the ∆pKa in absorption and emission.

Finally, water and acetone were compared as complexation partners for photoacid B in acetoneous

solution. The calculations provided supporting evidence that the experimentally observed spectral

evolution in acetone–water mixtures is due to a specific molecular interaction (involving CPX formation),

rather than a bulk effect. Interestingly, the experimental absorption maximum of the acid species is blue-

shifted in water relative to acetone, although the initial peak progression upon addition of water consists

in a red shift, indicating that water at very low concentrations is dominantly acting as HB acceptor,
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but that at larger concentrations the effect HB donation dominates the solvent shift. This interesting

observation provides a motivation to study acetone–water mixtures on the full range (0-100 %) of the

water content to further investigate these changes. Particularly, at some critical water concentration,

the progression is supposed to reverse in order to switch from the absorption maximum in neat acetone

(436 nm) to that in neat water (414 nm). A related question is the molecular interpretation of this

progression: Does this consist in a change in the (effective) HB role of water, as apparently the HB

donation takes over?

The improved accuracy for the excitation energies at the COSMO-CC2 ground-state geometries (vide

supra) and the generally rather large deviations between ADC(2) and CC2 for these photoacids highlight

that these molecules are an interesting case for a closer inspection of the ADC(2)–CC2 difference. To

date, this aspect has not been specifically addressed. Moreover, although adapting COSMO-CC2 as

the default level for geometries is easily done for the ground state, it poses a problem for the excited

state as the corresponding COSMO-CC2 excited-state energy gradients that are needed for the geometry

optimizations are currently not available in the TURBOMOLE program package, which is the primary

toolbox used in this project. Therefore and in order to investigate the different effects of COSMO-ADC(2)

and COSMO-CC2 on the excited-state geometries, the implementation of COSMO-CC2 energy gradients

for excited states within the framework of the existing post-SCF coupling scheme is considered a future

task.

In view of the current state of research, this combined experimental–theoretical project illustrated

advances in investigating the role of hydrogen bonding (HB), as an example of a specific molecular

interaction, on the kinetics and thermodynamics of the ESPT process. On the one hand, the experiments

revealed that HB has a dramatic effect on the ESPT in acetoneous solution as it leads to the formation

of hydrogen-bonded complexes between the photoacid B and the co-solvent water, which become the

dominant proton-transferring species. On the other hand, the calculations for the solvents DMSO and

acetone using ADC(2) and CC2 demonstrated that the accuracy of the implicit solvent model COSMO is

sufficient for reproducing the trends in the substitution shifts of Jung’s photoacidsA–F and for identifying

photoacid E (with side-chain OH groups) as an outlier. Based on this accuracy, it can be assumed with

a high probability that also the shifts for the micro-solvated structures are qualitatively correct. So far,

no other similar theoretical studies have been reported.
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A. Experimental Details

A.1. Time-Resolved Fluorescence Spectroscopy

A.1.1. Experimental Setup
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Figure A.1.: Experimental setup for TRF spectroscopy. Optical paths of the lasers are shown in
blue (405 nm), violet (375 nm), and light violet (266 nm). Fluorescence radiation is indicated
in green. A movable mirror allows to switch between 375 nm and 266 nm excitation. A
detailed explanation is given in Section B.1. Reprinted with permission from Ref. 481.

A.1.2. Post-Processing of Acquired Data

Prior to an analysis, the streak images should be corrected for calibration, proper intensity normalization,

and chirp in order to obtain a good comparability. This task, called post processing, is schematically

illustrated in Fig. A.2.

Directly after importing the time-resolved fluorescence data as images, intensity and wavelength calibra-

tions are performed. The actual shape of the images depends on the current parameter settings of the

streaking setup and thus intensity calibration is needed whenever one of these changes. Time-resolved

spectra of a white-light lamp were therefore measured 20 times, averaged, background subtracted, and

normalized (to one). Using the intensity value of each pixel as a scaling factor, all sample streak images

were calibrated afterward. Moreover, the spectrum of a mercury-vapor (Hg-Ar) lamp was measured in

the non-streaking mode for wavelength calibration. The positions of the observed emission lines were

subjected to a linear fit and used to shift the fluorescence wavelengths.

Despite calibration and intensity normalization, the images still revealed a significant chirp, i.e. a

temporal delay concerning shorter (“blue”) and longer (“red”) wavelengths, due to the severe group-
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Figure A.2.: Illustration of the post-processing after data acquisition as performed by the developed
MATLAB (MathWorks, Inc.) routine ReadData.

velocity dispersion (GVD) after passing through the 3 m long optical fiber. This dispersion was treated by

fitting the positions (t, λ) of the intensity maxima to a function of time using a third-order polynomial512

of the form

t = f(λ) = a ·
(λ− λc

100

)3
+ b ·

(λ− λc
100

)2
+ c ·

(λ− λc
100

)
+ d, (A.1)

where a, b, c, d are the coefficients and λc is the central wavelength of the spectra, respectively. Chirp

correction, based on this polynomial fit, was subsequently achieved by transforming the streak images

in such a way that the temporal delay of shorter wavelengths is compensated. A matrix that describes

this geometric transformation was constructed from a defined set of moving points, lying on the fitted

polynomial, and fixed points, lying on a constant function that approximates the early spectral regime.

Each pixel array (wavelength) of the streak image was individually re-scaled according to its matrix

entries, a method called warping. Finally, the chirp-corrected images could be plotted, exported as an

ASCII file and/or subjected to fitting.
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A.2. Transient UV/Vis Absorption Spectroscopy

A.2.1. Experimental Setup
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Figure A.3.: Experimental setup for TA spectroscopy. BS(R:T): beam splitter
(reflection:transmission), WP: half-wave plate, SHG: β-barium-borate crystal for the
second-harmonic generation, F: filter, ND: neutral-density filter, L: lens, CaF2 : calcium
fluoride plate for the generation of the white-light continuum, CCD: charge-coupled device,
IR OPA: optical parametric amplifier working in the IR region, CPU: chirped-pulse
up-conversion. Note that not all optical elements are drawn for clarity. Reprinted with
permission from Ref. 377.
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Sample Preparation  

The photoacid tris(1,1,1,3,3,3-hexafluoropropan-2-yl)-8-hydroxypyrene-1,3,6-trisulfonate 

was used as received from the Jung group. For sample preparation, acetone (99.5 %, 

spectrophotometric grade; abcr), purified water (Milli-Q, Millipore Corp.), and trifluoroacetic 

acid (99 %, extra pure; Acros Organics) were used. All samples were prepared from 

a 26 µM parent solution, i.e., dissolving 2.3 mg photoacid in 100 mL acetone. 

For the water sample series in neutral solution, 600 µL of a ∼ 26 µM parent solution of the 

photoacid in acetone were filled into the static sample cell. Afterward, the following 

amounts of water were gradually added to the same sample: 4 × 1.5 µL, 8 × 3.0 µL and 

6.0 µL. This corresponds to increasing concentrations of water covering 0 M, 0.14 M, 0.28 M, 

0.41 M, 0.55 M, 0.82 M, 1.09 M, 1.35 M, 1.62 M, 1.89 M, 2.14 M, 2.39 M, 2.64 M, and 

3.14 M.  

For the water sample series in acidic solution, 600 µL of a ∼ 26 µM parent solution of the 

photoacid in acetone and 3 µL of a 1:10 solution of TFA in acetone were filled into the static 

sample, corresponding to a final TFA concentration of ∼ 6.5 mM. Afterward, the following 

amounts of water were gradually added to the same sample: 4 × 1.5 µL and 2 × 3.0 µL. 

This corresponds to the following concentrations of added water: 0 M, 0.14 M, 0.28 M, 

0.41 M, 0.55 M, 0.82 M and 1.09 M. 

For the TFA sample series, one individual sample was prepared for each initial amount of water, 

i.e. for 0 M, 0.14 M, 0.28 M, 0.41 M, and 0.55 M. First, 600 µL of a ∼ 26 µM parent solution 

of the photoacid in acetone were filled into the static sample cell. The respective volume of 

0 µL, 1.5 µL, 3.0 µL, 4.5 µL or 5.0 µL of H2O was then added to the parent solution. These 

volumes correspond to initial concentrations of 0 M, 0.14 M, 0.28 M, 0.41 M, and 0.55 M of 

H2O. Afterward, the following amounts of pure TFA were gradually added to the same sample: 

2 × 1.5 µL, 3 × 3.0 µL, and 2 × 6.0 µL. These correspond to increasing concentrations of added 

TFA covering 0 M, 0.03 M, 0.06 M, 0.13 M, 0.19 M, 0.25 M, 0.38 M, 0.50 M, 0.73 M, and 

0.96 M. For the series with the largest concentration of water (0.55 M), two additional volumes 

of TFA were added: 2 × 12.0 µL, yielding final concentrations of 1.38 M and 1.78 M. 

 

Basic Spectroscopic Characterization 

Prior to the time-resolved measurements, steady-state linear absorption and fluorescence 

emission spectra were measured using the commercially available JASCO V-770 

spectrophotometer and JASCO FP-8300 spectrofluorometer. A 10 mm × 10 mm quartz cuvette 

(Hellma Analytics 115-F-10-40) was used as static sample cell for both investigations. 

Absorption was measured along the 2 mm optical path of the cell and referenced to acetone 

(spectroscopic grade). To prevent self-absorption (reabsorption) of fluorescence, the optical 

density at excitation wavelength (400 nm) was monitored to fall below 100 mOD for all 

samples. Fluorescence emission spectra were recorded via excitation at 400 nm along the 

10 mm path and perpendicular detection along the 2 mm path. Subsequently, the emission 

spectra were subjected to a white-light spectral correction. 
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Time-resolved fluorescence spectroscopy 

Time-resolved fluorescence measurements were performed by use of a custom-made 

spectrometer. The excitation light (405 nm) was provided by a pulsed laser diode (PicoQuant 

LDH-P-C-405B) driven by an oscillator module (PicoQuant PDL800-B) and operating 

at 20 MHz. Using a collinear excitation-detection geometry, this light was first focused into the 

static sample cell (Hellma Analytics 115-F-10-40: 10 mm× 10 mm quartz cuvette, 2 mm path 

length) and removed by a low-pass reflective filter afterward. The emitted fluorescence 

radiation was collected (at 180°) using a system of two lenses imaging the excitation focus onto 

the entrance of a glass fiber. In addition, a polarizer was set at magic angle (54.7°) in between 

the lenses to exclude fluorescence anisotropy contributions. After passing through a glass fiber 

(3 m, fused silica), spectral separation of the emitted light was accomplished by use of a 

spectroscope (Princeton Instruments SP2150i) with a 150 mm grating. The streak camera 

(Hamamatsu C10627-11) subsequently performed the temporal analysis creating a two-

dimensional image on its phosphor screen that was recorded by employing a 2D-CCD camera 

(Hamamatsu C9300-508) with an acquisition rate of 20 MHz. 

 

Global analysis scheme 

For global analysis of the time-resolved emission data, the measured fluorescence intensity was 

modeled by the decay function 

𝐼(𝑡; 𝜆) = ∫ 𝐿(𝑡)𝐷(𝑡 − 𝑡′; 𝜆)𝑑𝑡′
∞

−∞
    (S1) 

representing a convolution of the normalized (usually Gaussian) instrument response function 

(IRF) 𝐿(𝑡) and the molecular response 𝐷(𝑡). The molecular response 𝐷(𝑡) was expanded in 

terms of exponential decays starting at 𝑡 = 0 

𝐷(𝑡) = ∑ Θ(𝑡)3
𝑖=1 𝐴𝑖(𝜆)𝑒−𝑡/𝜏𝑖     (S2) 

where Θ(𝑡) is the Heaviside step function, 𝐴𝑖(𝜆) are the amplitudes and 𝜏𝑖 the lifetimes (i.e., 

the inverse of the rates 𝑘𝑖). The FWHM of the (Gaussian) IRF was ∼ 300 ps. 
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Water Titration: Large Amounts of Water  

Upon addition of water to the photoacid in acetoneous environment, the peak intensities show 

a two-step progression (as indicated by the arrows in Figure S1). The ROH peak intensity 

initially increases under H2O addition and finally starts to decrease at about 2 M H2O and, vice 

versa, the RO– peak intensity initially decreases and then starts to slightly increase again. The 

reversal in the progression seems to indicate a combination of two effects. Since water-induced 

deprotonation would shift the equilibrium, i.e., increase the concentration of RO–, we can 

conclude from the actually observed initial RO– peak intensity decrease that ground-state 

deprotonation is at most marginal for small [H2O] values. However, a comparison to a reference 

series, where water had been replaced by equal volumes of acetone, demonstrated that simple 

dilution was not the cause for the initial intensity decrease either. Besides, the actual initial 

ROH peak intensity increase also contradicts dilution effects. Furthermore, an isosbestic point 

near 570 nm, i.e., in the RO– regime, can be observed. A second isosbestic point expected in 

the range around 480 nm that would be characteristic for ROH/RO– interconversion (confer  

Fig. S2) is absent, which is an indication that a process other than deprotonation takes place 

during the addition of water. Hence, the early intensity progression of RO– can be rather 

explained by assuming the formation of a photoacid-water complex in the ground state with 

slightly different spectroscopic properties. Water-induced deprotonation is found to affect the 

ground-state equilibrium only at water concentrations larger than 2 M. 

 

 

 

Figure S1: Steady-state characterization of samples with increasing concentration of water in 

neutral acetone solution via UV/Vis absorption (a) and fluorescence emission (b) spectroscopy 

after 400 nm excitation. All samples refer to 20 µM photoacid [with absorption spectra (a) being 

compensated accordingly to exclude dilution effects]. Concentrations of water are color-coded 

according to the legend; first-row values correspond to the data also shown in Figure 1a and 1c 

of the main manuscript, while second-row values (dashed lines) are shown here in addition to 

visualize the effect of larger amounts of water. Arrows indicate the peak progressions upon the 

addition of water. 
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Acid Titration Monitored by UV/Vis Absorption Spectroscopy 

 
Figure S2: Steady-state absorption spectra referring to solutions of the photoacid in acetone 

with varying concentrations of water (in mM) and TFA (in µM) according to the values and the 

color coding in the legend. Neglecting the effect of water admixtures on the absorption spectra 

and focusing only on samples with identical amounts of water (e.g., comparing C1, C3, and C5 

or C0 and C2), a clear isosbestic point for the acid-base titration near 480 nm can be observed. 

This point is distinctly different from the other two isosbestic points observed in Fig. 1(a-b) of 

the main text, which were assigned to complex formation. 

 

Benesi-Hildebrand Analysis 

The Benesi-Hildebrand approach is frequently applied in host-guest chemistry to determine the 

association constant 𝐾 of a host-guest complex via absorption spectroscopy. For this, we 

consider the following association equilibrium between one host molecule (H) and 𝑛 guest 

molecules (G) 

H + 𝑛 G ⇌ H ⋅ (G)𝑛.     (S3) 

From now on, we will refer to the complex H ⋅ (G)𝑛 as HG. The corresponding equilibrium 

constant 𝐾 is given by the association isotherm 

𝐾 =
[HG]

[H][G]𝑛 .     (S4) 

First, we assume that either the host or the guest is in great excess relative to the other. For 

[G] ≫ [H], we can then approximate the equilibrium concentration of the guest as 

[G] = [G]0 − [HG] ≈ [G]0    (S5) 
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while the equilibrium concentration of the host is 

[H] = [H]0 − [HG].     (S6) 

Inserting (S5) and (S6) into Eq. (S4) yields 

𝐾 =
[HG]

([H]0−[HG])⋅[G]0
𝑛     (S7) 

that can be rearranged to the equilibrium concentration of the complex 

[HG] =
𝐾[H]0[G]0

𝑛

1+𝐾[G]0
𝑛 .     (S8) 

Next, the validity of Beer-Lambert’s law is assumed to relate 𝐾 to the absorption spectra. The 

total absorbance (𝐴) of the solution (at a given wavelength) is thereby assumed to be the sum 

of absorbances of all components: 

𝐴 = 𝐴H + 𝐴G + 𝐴HG.     (S9) 

The second approximation is that the guest does not significantly contribute to the total 

absorbance, i.e., 𝐴𝐺 ≈ 0. Furthermore, by introducing 𝐴H = 𝜖H[H]𝑑 = 𝜖H([H]0 − [HG])𝑑 and 

𝐴HG = 𝜖HG[HG]𝑑 into (S9), we obtain the following relation for the total absorbance (omitting 

the mathematical details): 

𝐴 = 𝑑[H]0 (𝜖H +
𝐾Δ𝜖[G]0

𝑛

1+𝐾[G]0
𝑛)    (S10) 

where Δ𝜖 = 𝜖HG − 𝜖H refers to the difference in the molar attenuation coefficients of HG and 

H. The difference between the total absorbance 𝐴 = 𝐴([G]0) at a given guest concentration [G]0 

and the initial absorbance 𝐴0 = 𝐴([G]0 = 0), i.e., without the guest, is given by 

Δ𝐴 = 𝐴 − 𝐴0 =
𝐾Δ𝜖[G]0

𝑛

1+𝐾[G]0
𝑛    (S11) 

which can be finally rearranged into the linearized form 

[𝐺]0
−𝑛 = 𝐾𝑑Δ𝜖[H]0(Δ𝐴)−1 − 𝐾.   (S12) 

This equation allows to determine 𝐾 and Δ𝜖 by finding the best linear fit (𝑦 = 𝑎𝑥 + 𝑏, with 

𝑦 = [𝐺]0
−𝑛 and 𝑥 = (Δ𝐴)−1) depending on 𝑛 and computing these desired quantities through 

the slope 𝑎 and intercept 𝑏: 

𝐾 = −𝑏      (S13) 

Δ𝜖 =
𝑎

𝐾𝑑[H]0
= −

𝑎

𝑏𝑑[H]0
 .    (S14) 
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Water Series in Neutral Solution: Triexponential Fits 

In analogy to the measurements in acidic solution (Fig. 4), the time-resolved fluorescence maps 

for neutral acetone solutions were also subjected to global analysis with three temporal 

components, with the results shown in Fig. S3. While these results are generally similar to those 

in acidic solution, it should be noted that contributions for RO–* formation can be already 

observed in the fastest component described by 𝑘1 and 𝐴1 (Fig. S3(a) and S3(d)), especially at 

large water concentrations. Overall, the observed progressions of the DASs and rate constants 

constitute a reasonable continuation of those results in neutral solution. However, in direct 

comparison to Fig. 4, 𝐴1 and 𝐴2 appear to be more intricate due to a stronger mixing of the 

individual contributions from CPX*, HBIP*, and RO–* emission. 

 

Figure S3: Results from the triexponential global fits to the fluorescence intensity decay of 

samples with increasing [H2O] in neutral acetone solution (cf. Fig. 1(a, c)) and analogous to 

Fig. 4. Decay-associated spectra (DAS) relating to amplitudes 𝐴1 (a), 𝐴2 (b), and 𝐴3 (c) are 

shown, together with a plot of the kinetic constants 𝑘1 (dots/solid line), 𝑘2 (circles/dashed line), 

and 𝑘3 (triangles/dashed lines) as a function of [H2O] (c). The values of [H2O] are color-coded 

according to the legend. The arrows indicate the progression with increasing [H2O]. 
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Water Series in Acidic Solution: Fluorescence and Residual Maps 
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Figure S4: Time-resolved fluorescence dynamics at 405 nm of samples with increasing 

concentration of water (as given in the captions) in acidic solution (6.5 mM TFA), relating to 

Fig. 1(d) and partially already depicted in Fig. 3(a-d). Left Column: Normalized time-resolved 

fluorescence maps as shown in Fig. 3(a-d). Right Column: Maps of the residuals from the 

triexponential fits to the (normalized) fluorescence intensity as defined by Eq. (S2) (see “Global 

analysis scheme” section) whose results for the main fit parameters, the decay-associated 

spectra and kinetic constants, are shown in Fig. 4. 
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Reference System: Methylated Analog (ROMe) 

 

Figure S5: Steady-state (a) and time-resolved (b-d) characterization of the methylated 

analogue ROMe of the photoacid ROH. ROMe was studied in different environments to 

exclude any effects from acid or water admixtures in acetone. Colors refer to the different 

combinations of TFA and H2O concentrations according to the legend. The steady-state 

measurements (a) comprise both absorption (solid lines) and fluorescence emission (dashed 

lines) spectra. The spectra for ROH in neutral solution are additionally included as a reference 

(in gray). The absorption spectra display a major absorption maximum at 440 nm, assigned to 

ROMe, and also a much weaker peak at 575 nm that disappears after acidification with 202 µM 

TFA, even in the presence of 271 mM H2O. This signal, matching the RO– absorption, is 

possibly due to a minor impurity of the sample with ROH. After excitation at 400 nm, ROMe* 

reveals a single emission maximum around 480 nm, without any additional features. In 

particular, with respect to the emission spectrum of a neutral ROH solution, the lack of 575 nm 

signals excludes any possible contribution from RO–*. An exemplary time-resolved map 

recorded with a streak camera after 405 nm excitation for the ROMe solution with 202 µM TFA 

is shown in (b) and the corresponding semi-logarithmic plots of the kinetic traces at 480 nm 

near the ROMe* emission maximum are given in (c). As can be seen in (c), ROMe* decays 

perfectly monoexponentially. The results from a global analysis are depicted in (d). Here, the 

time-resolved maps are fitted with Equation (2) of the main text, but with 𝐷(𝑡; 𝜆) being only a 

monoexponential function. As is evident from (d), the emission decay is described well with 

this model, yielding a lifetime of about 4.30 ns (or decay rate of 0.233 ns-1). Most remarkably, 

the emission behavior of ROMe* is virtually independent of TFA and/or H2O admixtures. 
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Phenol Subset: Fit Uncertainty

Figure S1: Comparison of different linear regressions for the phenol subset by selectively

excluding either one of the data points for o-nitrophenol (red) or 2,4,6-trinitrophenol (picric

acid, yellow), none (blue) or both (green): Experimental pKa values (pK
(exptl.)
a ) plotted

against reduced calculated Gibbs free energies of dissociation ( ∆G
RT ln(10)

) in the solvent acetone

at the computational level BP-TZVP. Linear regressions lines are included in the respective

color. The LFER fit parameters and correlation coefficients are given in Tab. S1.

Data point range c1 c0 R2

all points included 1.216 -1.708 0.916

excluding o-nitrophenol 1.398 -4.714 0.987

excluding picric acid 0.887 5.312 0.774

excluding both 1.245 -1.577 0.958

Table S1: Comparison of the results for the LFER parameters, i.e., the slopes c1 and the

intercepts c0 (cf. Eq. (1) of the main text) together the squared correlation coefficients R2

as a measure of the fit quality for fits that selectively exclude some of the data points as

described in Fig. S1.
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Effect of Symmetry Factors

For all compound classes (referring to rows in Fig. S2), the LFER parameters fits were also

re-done by varying the symmetry factors. We distinguish three levels:

• no symmetry: A naive case in which the conformer set, as an output of COSMOconf,

was simply used as it is, without checking and compensating for chiral structures (to

prevent a bias from chirality). I.e., all symmetry factors where set to one.

• enantiomeric symmetry: Symmetry factors of chiral conformers, whose other enan-

tiomer was not included in the set, were set to two for avoiding a chiral bias.

• full symmetry: In addition to the chirality check, symmetry factors of conformers

that exhibit molecular symmetry were set accordingly with respect to the symmetry

operations.

The results relating to these three different levels of accounting for symmetry are shown

in Fig. S2, which each column referring to one of the three levels. As can be seen from this

figure, the results appear almost independent from the symmetry level for the acrylic and

benzoic acids (with both c1 and r2 changing in the third decimal), with a more pronounced

dependence for the sulfonamides (c1 and r2 changing in the second decimal). However, the

quality of the LFER fits in terms of the linear correlation (slightly) reduces for all these three

classes (especially the sulfonamides) when moving from no symmetry to full symmetry. It

should be noted that both protonated (acid) and deprotonated (base) forms are typically

planar (i.e., achiral) for the carboxylic acids, while both forms are chiral for the sulfonamides.

Hence, chirality (i.e., including both enantiomers of all conformers) does not play a significant

role for the former, and seems to cancel out for the latter.

The phenols behave differently though: this class also exhibits a moderate dependence,

but the fit quality actually increases toward full symmetry. Here, the dominant (i.e., en-

ergetically lower) acid conformers are usually achiral (planar), while the low-energy base

conformers tend to be chiral. In particular, 2-nitro-, 2,4-dinitro-, 2,5-dinitro, and 2,4,6-

trinitrophenol have exclusively non-planar chiral conformers. It should be also noted that

2-nitrophenol displays the largest maximum absolute error in pKa in this subset.

3
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(a) no symmetry (b) only enantiomeric (c) full symmetry

(d) no symmetry (e) only enantiomeric (f) full symmetry

(g) no symmetry (h) only enantiomeric (i) full symmetry

(j) no symmetry (k) only enantiomeric (l) full symmetry

Figure S2: Comparison of results from COSMO-RS calculations including symmetry to

different extents (based on adjusting the symmetry factors): no symmetry (first column),

only enantiomeric symmetry (middle column), and full symmetry (last column). The rows

refer to the four different compounds classes in the order acrylic acids, benzoic acids, phenols,

and benzenesulfonamides (from top to bottom). Experimental pKa values (pK
(exptl.)
a ) plotted

against reduced calculated Gibbs free energies of dissociation ( ∆G
RT ln(10)

) in the solvent acetone

at the two computational levels BP-TZVP (blue) and BP-TZVPD-FINE (orange), together

the linear regression lines in the respective color. The line equations and squared correlation

coefficients are included as well.

4

B18 B. Supporting Information of the Articles



B.3. Theoretical Spectroscopy in DMSO B19

B.3. Theoretical Spectroscopy in DMSO

The following Supporting Information belongs to the publication J. Phys. Chem. A 2022, 126 (35),

5911–5923. Copyright © 2022 American Chemical Society. Available online at https://doi.org/

10.1021/acs.jpca.2c04436 and reprinted in Chapter 6.

https://doi.org/10.1021/acs.jpca.2c04436
https://doi.org/10.1021/acs.jpca.2c04436




Supporting Information

to

“Theoretical Study on the Photoacidity of

Hydroxypyrene Derivatives in DMSO using

ADC(2) and CC2”

Niklas Sülzner∗ and Christof Hättig

Lehrstuhl für Theoretische Chemie, Ruhr-Universität Bochum, 44780 Bochum, Germany

E-mail: niklas.suelzner@rub.de

Phone: +49 (0)234 32-24250

S1

B.3. Theoretical Spectroscopy in DMSO B21



Conformational Analysis

Table S1: Comparison of the global minima (lowest) and highest local max-
ima (highest) conformers of the protonated (Acid) and deprotonated (Base)
species of all photoacids A–F. The conformer sets refer to the BP-TZVPD-FINE level
of COSMOconf, i.e., DFT geometries using the BP86 functional and the def-TZVP basis set
in combination with COSMO for implicit solvation.

Acid Base
Photoacid Lowest Highest Lowest Highest

A

B

C

D

E

F

S2
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Table S2: Comparison of the number of conformers Nconf in the determined
conformer sets and the energies Erel, max of the highest-energy conformers relative
to the global minima for the protonated (Acid) and deprotonated (Base) species
of all photoacids A–F. The results refer to the BP-TZVPD-FINE level of COSMOconf,
i.e., refined BP86 DFT energies in the def2-TZVPD basis set with a refined COSMO cavity
calculated at the COSMO-DFT geometries using the BP86 functional and the def-TZVP
basis set (shown in Tab. S1). Energies are given in kJ mol–1.

Acid Base
Photoacid Nconf Erel, max Nconf Erel, max

A 22 6.3 16 10.0
B 14 16.7 11 16.3
C 7 9.6 9 5.9 9.6
D 19 28.0 17 17.2
E 30 13.0 27 22.2
F 17 10.5 13 8.8
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Method Evaluation (Bench-marking)

Computational Details

Start structures were taken from a previous conformer search with COSMOconf (version

2021)1 at the BP-TZVP level (vide infra) in the gas phase. The ground-state geometries for

energetically most stable conformers of the protonated and deprotonated species of photoacid

F were then re-optimized using RI-DFT2–4 with the functionals BP86,5,6 PBE,7 PBE0,8 and

B3-LYP9,10 as well as with RI-MP2,11,12 either in the def2-TZVP13 or def2-TZVPD14 basis

set (and with the corresponding auxiliary basis sets15–18), for the protonated or deprotonated

species, respectively. In addition, the geometries were further optimized in the smaller

def2-SVP13 and larger def2-QZVP14 basis sets for B3-LYP, and in Dunning’s correlation-

consistent basis sets19,20 cc-pVDZ, cc-pVTZ, and cc-pVQZ (and additionally aug-cc-pVDZ

and aug-cc-pVTZ for the deprotonated species)20,21 for MP2, utilizing the corresponding

auxiliary basis sets.22 To probe geometrical changes, vertical electronic excitation energies

using ADC(2)23 in the aug-cc-pVDZ basis set19–21 were calculated at all of these geometries.

At the minimum structures at the MP2/def2-TZVP (protonated) or MP2/def2-TZVPD

(deprotonated) level, the ADC(2) vertical excitation energies were additionally calculated in

the cc-pVXZ and aug-cc-pVXZ with X = D,T,Q basis sets.

Convergence of ground-state geometries

Different combinations of electronic structure methods, i.e., several DFT functionals and

MP2, and basis sets were used for geometry optimizations of the electronic ground state,

consequently probed by the electronic excitation energy for the first vertical transition cal-

culated with ADC(2) in the aug-cc-pVDZ basis set (see Tab. S3).

Considering the acid first, the excitation energies at the def2-TZVP geometries based on

GGA functionals are shifted by ca. 80 meV to the blue compared to those for the hybrid

functionals, and the MP2 result lies in between the two. For B3-LYP and referencing to the
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Table S3: Method and basis-set dependence of the ground-state geometry probed
by the first vertical excitation. Comparison of ADC(2)/aug-cc-pVDZ excitation ener-
gies in eV for the protonated (acid) and deprotonated (base) species of photoacid F at the
respective geometries.

Method and basis set Vertical Excitation Energies
Acid Base

BP/def2-TZVP(D)a 3.158 2.201
PBE/def2-TZVP(D)a 3.155 2.202
PBE0/def2-TZVP(D)a 3.240 2.265
B3-LYP/def2-SVP 3.176 2.218
B3-LYP/def2-TZVP 3.233 2.248
B3-LYP/def2-TZVPD — 2.250
B3-LYP/def2-QZVP 3.239 2.253
MP2/def2-TZVP(D)a 3.196 2.208

MP2/cc-pVDZ 3.135 2.163
MP2/cc-pVTZ 3.190 2.219
MP2/cc-pVQZ 3.195 2.224

MP2/aug-cc-pVDZ — 2.140
a (D): larger def2-TZVPD basis set only used for base form

def2-TZVP result, the excitation energy noticeably shifts to the red (57 meV) in the smaller

def2-SVP basis set, but only slightly to the blue (6 meV) in the larger def2-QZVP basis

set. Similarly, it can be seen for the MP2 geometries that the largest change is found when

moving from cc-pVDZ to cc-pVTZ (55 meV), and only marginal when further proceeding

toward cc-pVQZ (5 meV). Hence, the geometries appear to be converged in the larger TZ

and QZ basis sets, but the MP2 geometries generally give red-shifted excitation energies

compared to the DFT geometries with hybrid functionals.

Similar observations are made for the base, for which def2-TZVP was replaced by the

def2-TZVPD basis set due to the anionic character. Here, the GGA functional geometries

also yield red-shifted excitation energies compared to the hybrid functionals with similarly

large shifts. In addition, no pronounced differences between the def2-TZVP, def2-TZVPD,

and def2-QZVP results with B3-LYP are found. While the MP2 results in the cc-pVXZ

basis sets fall again in between GGA and hybrid functional DFT, the excitation energy

in the larger aug-cc-pVDZ basis set, additionally including diffuse functions, is even more
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largely red-shifted than the GGA/def2-TZVPD results, indicating that aug-cc-pVDZ is not

suitable for geometries.

Convergence of electronic excitation energies

The effect of different basis sets on the electronic excitation energies themselves was another

part of our initial test calculations. Table S4 compares the ADC(2) excitation energies for

the first five vertical transitions in the cc-pVXZ and aug-cc-pVDZ (X=D,T,Z) basis sets for

the acid and base. Due to the dominating role in the discussion of photoacids, we will stick

to the results for the first excitation in the following.

Table S4: Basis-set convergence of the electronic excitation energies. Comparison
of ADC(2) electronic excitation energies in eV for the first five vertical transitions com-
puted at the COSMO-MP2/cc-pVDZ ground-state geometries of the acid and base form of
photoacid F.

Transition cc-pVDZ cc-pVTZ cc-pVQZ aug-cc-pVDZ aug-cc-pVTZ aug-cc-pVQZ
Acid

1 3.200 3.115 3.094 3.128 3.095 3.089
2 3.486 3.407 3.388 3.412 3.386 3.381
3 4.248 4.122 4.092 4.149 4.096 4.085
4 4.368 4.249 4.219 4.261 4.218 4.209
5 4.466 4.342 4.314 4.348 4.312 4.305

Base
1 2.291 2.209 2.187 2.208 2.180 2.176
2 2.694 2.660 2.666 2.637 2.637 2.658
3 2.888 2.811 2.799 2.804 2.791 2.793
4 3.580 3.474 3.451 3.424 3.434 3.435
5 3.770 3.712 3.715 3.472 3.593 3.635

For both the acid and base, a systematic convergence of the excitation energy can be

observed for the series of correlation consistent basis sets as well as the related series of

augment basis sets. As anticipated, the results for aug-cc-pVXZ are always slightly red-

shifted and hence closer to the basis-set limit comapred to cc-pVXZ at the same cardinal

number (X). The convergence consists in an almost monotonous decrease of the excitation

energy from 3.200 eV at cc-pVDZ to 3.089 eV at aug-cc-pVQZ for the acid and from 2.291 eV

to 2.176 eV for the base, respectively. Hence, the acid and base exhibit roughly the same

decrease in energy by approx. 110 meV. It should be noted that the largest change (70-

80 meV) takes place when moving from cc-pVDZ to its augment counterpart aug-cc-pVDZ,
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i.e., when providing additional diffuse functions. This effect is slightly larger for the base

(∼80 meV) compared to the acid (∼70 meV) as can be rationalized based on the higher

demand for charge delocalization in the base due to its anionic nature. Furthermore, the

addition of diffuse functions seems to have almost the same effect on the first transition as

increasing the cardinal number, i.e., adding basis functions for each valence electron. For the

higher excitations, similar observations can be made, but the addition of diffusive functions

becomes more important than increasing the cardinal number due to the increasingly diffusive

character of the excited states.

S7

B.3. Theoretical Spectroscopy in DMSO B27



Difference between ADC(2) and CC2 Excitation Energies

(a) F-Acid (Occ) (b) F-Acid (Vir)

(c) F-Base (Occ) (d) F-Base (Vir)

Figure S1: Overview of the occupied (occ) and virtual (vir) NTOs for the first NTO pair
of the ground-state COSMO-CC2 T1 amplitudes of the acid and base forms of photoacid F;
Based on COSMO-CC2/aug-cc-pVDZ single-point calculations for the ground state at the
COSMO-MP2/cc-pVDZ geometries. The weights of these NTO pairs are 11.3 % (acid) and
14.2 % (base), respectively.
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UV/VIS Absorption and Fluorescence Emission Spectra

of all Photoacids

NTO Analysis – Acid and Base of Photoacid F

Table S5: Comparison of the first five electronic transitions of F-Acid in terms
of vertical excitation energy (VEE; in eV), oscillator strength, contribution (in
%) of the first NTO pair, and plots of the occupied and virtual NTOs. Excitations
calculated with COSMO-ADC(2)/aug-cc-pVDZ at the COSMO-MP2/cc-pVDZ ground-state
equilibrium geometry.

# VEE [eV] Oscil. Str. contri. occ. NTO vir. NTO

1 2.96 0.66552924 97.40

2 3.42 0.03302052 66.75

3 4.00 0.32931335 71.55

4 4.18 0.25536917 81.09

5 4.28 0.00975374 74.47

S9

B.3. Theoretical Spectroscopy in DMSO B29



Table S6: Comparison of the first five electronic transitions of F-Base in terms
of vertical excitation energy (VEE; in eV), oscillator strength, contribution (in
%) of the first NTO pair, and plots of the occupied and virtual NTOs. Excitations
calculated with COSMO-ADC(2)/aug-cc-pVDZ at the COSMO-MP2/cc-pVDZ ground-state
equilibrium geometry.

# VEE [eV] Oscil. Str. contri. occ. NTO vir. NTO

1 2.17 0.55065512 98.01

2 2.97 0.07865403 96.03

3 3.10 0.00032939 99.79

4 3.54 0.02819263 97.37

5 3.88 0.14997231 84.51
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Intramolecular Charge Transfer – Difference Electron Density

(a) F-Acid (Gas) (b) F-Acid (Solution)

(c) F-Base (Gas) (d) F-Base (Solution)

Figure S2: Difference electron density between the excited state (S1) and the ground state
(S0) plotted at isosurface values of −5 × 10−4 (blue) and +5 × 10−4 (red) of photoacid F.
Acid (Base) on the top (bottom) and gas-phase (solution-phase) on the left (right). Densities
calculated at MP2 for S0 and ADC(2) for S1 in the aug-cc-pVDZ basis set using the MP2/cc-
pVDZ gas-phase geometry. Solution-phase refers to COSMO calculations at the same gas-
phase geometry.
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NTO Analysis – Comparison of all Photoacids

Table S7: Comparison of the first NTO occupied-virtual pair for the first vertical
electronic transition corresponding to ground-state absorption of the protonated
(Acid) and deprotonated (Base) species of all photoacids A–F. Excitations calcu-
lated with COSMO-ADC(2)/aug-cc-pVDZ at the COSMO-MP2/cc-pVDZ ground-state (S0)
equilibrium geometries.

Acid Base
Photoacid Occ Vir Occ Vir

A

B

C

D

E

F

S12

B32 B. Supporting Information of the Articles



Table S8: Comparison of the first NTO occupied-virtual pair for the first vertical
electronic transition corresponding to excited-state emission of the protonated
(Acid) and deprotonated (Base) species of all photoacids A–F. Excitations calcu-
lated with COSMO-ADC(2)/aug-cc-pVDZ at the COSMO-ADC(2)/cc-pVDZ excited-state
(S1) equilibrium geometry.

Acid Base
Photoacid Occ Vir Occ Vir

A

B

C

D

E

F
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UV/VIS Absorption and Fluorescence Emission Energies

Table S9: Comparison of vertical electronic (de-)excitation energies in eV for
the first transition calculated at the COSMO-MP2/cc-pVDZ ground-state ge-
ometry (for S0 absorption) and at the COSMO-ADC(2)/cc-pVDZ excited-state
geomtery (for S1 emission) of the acid and base form of the six photoacids A–F
in DMSO.

Photoacids
Level A B C D E F

Acid

S0

COSMO-ADC(2) 2.885 2.818 2.901 2.870 2.963 2.957
COSMO-CC2 2.938 2.882 2.946 2.921 3.006 2.999
Experimenta 2.818 2.761 2.831 2.877 2.883 2.877

S1

COSMO-ADC(2) 2.477 2.410 2.494 2.470 2.555 2.547
COSMO-CC2 2.605 2.539 2.610 2.589 2.671 2.655
Experimenta — — 2.450 2.588 2.599 2.599

Base

S0

COSMO-ADC(2) 2.106 2.024 2.101 2.106 2.189 2.174
COSMO-CC2 2.229 2.155 2.220 2.229 2.300 2.283
Experimenta 2.183 2.153 2.183 2.234 2.238 2.238

S1

COSMO-ADC(2) 1.943 1.850 1.936 1.942 2.025 2.001
COSMO-CC2 2.078 1.995 2.068 2.079 2.155 2.129
Experimenta 2.160 2.134 2.153 2.187 2.191 2.194

a Experimental values are taken from Ref. 24 and converted into eV.

Stokes Shifts

Table S10: Comparison of calculated and experimental Stokes shifts of the acid
and base forms of the photoacids A–F in the solvent DMSO. Stokes shifts based
on the calculated absorption and emission energies of the first vertical transition
at the COSMO-ADC(2) and COSMO-CC2 levels (cf. Tab. S9) as well as for the
experimental values taken from Ref. 24.

Photoacids
Levels A B C D E F

Acid
COSMO-ADC(2) 0.408 0.408 0.407 0.401 0.409 0.410
COSMO-CC2 0.333 0.343 0.337 0.332 0.335 0.344
Experiment — — 0.380 0.288 0.284 0.277

Base
COSMO-ADC(2) 0.162 0.173 0.165 0.165 0.164 0.172
COSMO-CC2 0.151 0.160 0.151 0.151 0.145 0.153
Experiment 0.023 0.019 0.030 0.047 0.047 0.044
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Ground-state and Excited-state Acidity in Water

Table S11: Comparison of ground-state and excited-state acidities of all pho-
toacids A–F in the solvent water. Predicted pKa values using COSMO-RS at the
BP-TZVP and BP-TZVPD-FINE levels and experimental values taken from Ref. 24. Cal-
culated experimental ∆pKa values based on the Förster cycle using either the absorption,
emission, or averaged excitation energies; in comparison to the reported value. Comparison
of reported experimental pK∗

a in water as determined using the Förster-cycle or fluorescence
titration and of our calculated pK∗

a estimate using the BP-TZVP pKa in water and the
averaged COSMO-CC2 ∆pKa value determined in DMSO.

Photoacids
A B C D E F

pKa calc. (BP-TZVP) 4.6 4.6 4.9 5.3 4.9 5.4
calc. (BP-TZVPD-FINE) 4.0 4.9 4.1 5.0 4.9 4.9
experimental 4.7 4.4 5.6 5.7 5.6 5.6

∆pKa absorption (exptl.) -8.6 -10.8 -7.7 -7.1 -7.2 -7.2
emission (exptl.) -6.1 -5.6 -5.8 -5.8 -5.8 -6.0
mean (exptl.) -7.3 -8.2 -6.7 -6.4 -6.5 -6.6
experimental (reported) -7.4 -8.3 -6.8 -6.5 -6.5 -6.6

pK∗
a exptl. (Förster cycle) -2.7 -3.9 -1.2 -0.8 -0.9 -1.0

exptl. (Fluorescence Titration) -2.9 -2.5 -1.0 -1.0 -0.6 -0.3
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Electrostatic Potential – Base of Photoacid F

(a) (b)

Figure S3: Electrostatic potential plotted in the range from −0.20 (red) to 0.00 (green) [a. u.]
at the electron density isosurface (contour value: 0.01 a. u.) of the electronic ground state S0
(a) and excited state S1 (b) of the deprotonated species of photoacid F in solution. Densities
calculated at COSMO-MP2 for S0 and COSMO-ADC(2) for S1 in the aug-cc-pVDZ basis set
using the COSMO-MP2/cc-pVDZ solution-phase geometry. The molecule is oriented such
that the O− (formerly OH) group is located at the bottom.
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C1

C. Additional Materials for Chapter 7

C.1. Numerical Complements to Plotted Data

Table C.1.: Numerical values for Fig. 7.1. Comparison of vertical electronic excitation energies in
eV for the first transition with different combinations of equilibrium structures for S0 or
S1 (rows) and methods for the calculation of the electronic excitation energy (columns) of
the protonated and deprotonated species of photoacid F. For comparison, the experimental
results from Ref. 494 are from top to bottom: 2.844 eV, 2.551 eV, 2.156 eV, 2.141 eV.

Excitation Energies
Geometries ADC(2) COSMO-ADC(2) CC2 COSMO-CC2

Acid

S0

MP2 3.028 2.888 3.103 2.954
COSMO-MP2 2.992 2.848 3.070 2.916

CC2 2.968 2.821 3.050 2.896
COSMO-CC2 2.932 2.779 3.018 2.858

S1

ADC(2) 2.670 2.514 2.784 2.629
COSMO-ADC(2) 2.621 2.442 2.749 2.573

CC2 2.636 2.480 2.752 2.597
Base

S0

MP2 2.133 2.055 2.309 2.190
COSMO-MP2 2.121 2.051 2.305 2.191

CC2 2.097 2.023 2.282 2.163
COSMO-CC2 2.083 2.017 2.277 2.162

S1

ADC(2) 0.573 1.410 1.061 1.462
COSMO-ADC(2) 1.883 1.867 2.132 2.027

CC2 1.909 1.864 2.129 2.022



C2 C. Additional Materials for Chapter 7

Table C.2.: Numerical values for Fig. 7.2. Comparison of vertical electronic excitation energies in
eV for the first transition calculated of the acid and base form of the photoacids A–F in
acetone. Absorption energies were calculated at the COSMO-MP2/cc-pVDZ S0 geometry,
while emission energies were calculated at the COSMO-ADC(2)/cc-pVDZ S1 geometry; both
either with COSMO-ADC(2) or COSMO-CC2 in the aug-cc-pVDZ basis set. In addition,
COSMO-CC2/aug-cc-pVDZ absorption energies were also calculated at the re-optimized
COSMO-CC2 S0 geometry. Experimental values are taken from Ref. 309.

Photoacids
Level A B C D E F

Acid

S0

COSMO-ADC(2)//COSMO-MP2 2.912 2.848 2.927 2.898 2.987 2.983
COSMO-CC2//COSMO-MP2 2.970 2.916 2.977 2.951 3.033 3.029
COSMO-CC2//COSMO-CC2 2.920 2.858 2.935 2.905 2.989 2.989

Experiment 2.883 2.831 2.904 2.938 2.945 2.945

S1

COSMO-ADC(2)//COSMO-ADC(2) 2.483 2.428 2.535 2.500 2.598 2.588
COSMO-CC2//COSMO-ADC(2) 2.603 2.561 2.652 2.621 2.714 2.698

Experiment 2.605 2.551 2.684 2.713 2.719 2.719
Base

S0

COSMO-ADC(2)//COSMO-MP2 2.130 2.048 2.121 2.126 2.206 2.190
COSMO-CC2//COSMO-MP2 2.263 2.189 2.249 2.258 2.326 2.310
COSMO-CC2//COSMO-CC2 2.235 2.153 2.224 2.231 2.298 2.281

Experiment 2.187 2.156 2.183 2.242 2.450 2.234

S1

COSMO-ADC(2)//COSMO-ADC(2) 1.928 1.851 1.958 1.962 2.048 2.017
COSMO-CC2//COSMO-ADC(2) 2.080 2.011 2.100 2.108 2.186 2.152

Experiment 2.168 2.141 2.160 2.191 2.309 2.194



C.2. NTO Analysis C3

C.2. NTO Analysis

Table C.3.: Comparison of NTOs for T1 amplitudes and first electronic excitations. Overview
of the occupied (Occ) and virtual (Vir) NTOs for the first NTO pair of the ground-state T1
amplitudes and first electronic excitation with COSMO-CC2/aug-cc-pVDZ at the COSMO-
MP2/cc-pVDZ (S0) and COSMO-ADC(2)/cc-pVDZ (S1) equilibrium geometries of the acid
species of photoacid B. The weights of the corresponding NTO pairs and the CC2 D1
diagnostic are included as well.

T1 Amplitudes First Electronic Excitation
Occ Vir Occ Vir

S0(eq.)

(8.162 %) (96.640 %)
(D1 = 0.1075)

S1(eq.)

(11.178 %) (97.116 %)
(D1 = 0.1298)

C.3. Additional Results

Table C.4.: Supplement to Tab. 7.4. ∆pKa based on the Förster cycle (cf. Eq. (7.1)) using either
absorption, emission, or averaged excitation energies calculated with COSMO-ADC(2) and
COSMO-CC2 at the COSMO-MP2 (S0) or COSMO-ADC(2) (S1) geometries (cf. Tab. C.2)
and the experimental results (taken from Ref. 309). For absorption, COSMO-CC2 absorption
energies at the COSMO-CC2 S0 geometry are additionally included.

Photoacids
Level A B C D E F

Absorption

COSMO-ADC(2)//COSMO-MP2 −13.2 −13.5 −13.6 −13.1 −13.2 −13.4
COSMO-CC2/COSMO-MP2 −12.0 −12.3 −12.3 −11.7 −11.9 −12.2
COSMO-CC2//COSMO-CC2 −11.6 −11.9 −12.0 −11.4 −11.7 −12.0

Experimental −11.8 −11.4 −12.2 −11.8 −8.4 −12.0

Emission
COSMO-ADC(2)//COSMO-ADC(2) −9.4 −9.7 −9.8 −9.1 −9.3 −9.7
COSMO-CC2//COSMO-ADC(2) −8.8 −9.3 −9.3 −8.7 −8.9 −9.2

Experimental −7.4 −6.9 −8.9 −8.8 −6.9 −8.9

Averaged
COSMO-ADC(2) −11.3 −11.6 −11.7 −11.1 −11.2 −11.5
COSMO-CC2 −10.4 −10.8 −10.8 −10.2 −10.4 −10.7
Experimental −9.6 −9.2 −10.5 −10.3 −7.6 −10.4
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