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ABSTRACT: This work applies the thermodynamic Forster cycle ROH* Férster Cycle
to theoretically investigate the pK¥, i.e,, excited-state pK, values of e ESsPr RO Jung's Photoacids
pyranine-derived superphotoacids developed by Jung and co- ~ K+ B

y R0,S, SOR
workers. The latter photoacids are strong enough to transfer a st:;';’:r"'a"rg:"rgf;s‘:r‘i’s;zon 6
proton to the aprotic solvent dimethyl sulfoxide (DMSO). The =

Forster cycle provides access to pK¥ via the ground-state pK, and
the electronic excitation energies. We use the conductor-like
screening model for real solvents (COSMO-RS) to compute the

OCH,CF
ground-state pK, and the correlated wavefunction-based methods % S OCH(CF), |
ADC(2) and CC2 with the continuum solvation model COSMO ! : N'\:fgﬂz))igg:i
to calculate the pK, change upon excitation. A comparison of the o Ty RO N(CH,Q)((((;E,H)Z)ZOH)

tecee ceee ”,32

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 pK, jump upon excitation
decreases with increasing solvent polarity, as rationalized based on the Forster cycle.

B INTRODUCTION Scheme 1. Forster Cycle

Proton transfer belongs to the most important elementary

reactions taking part in various chemical, biochemical, and G ROH

biological processes.' > To elucidate the precise mechanisms of S, \RO’* +H* I AGyiss

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.*”**
These photoacids are molecules that exhibit an acidity increase, AG oy i (ROT)
. . . . . . excl

i.e, a decrease in pK,, upon electronic excitation, which can AGeyci(ROH)

trigger an excited-state proton transfer (ESPT) to a suitable
proton acceptor.””** Due to limited acid strengths, the use of

most photoacids was restricted to the study of ESPT in water” or —_—
aqueous solutions containing either an additional base® or a RO™ +H

6—9 : : So AGgiss
cosolvent.””” Only special photoacids, referred to as super-

photoacids, are particularly strong and exhibit in water negative T hon
pK, values in the excited state,”> ™" which often also allows them
to perform an ESPT in neat protic'’”'> or even aprotic
solvents."* ™

Originally, it was Forster who pointed out that photoacidity
can be explained by a thermodynamic cycle that includes the
proton-transfer e%uilibria for the electronic ground and the
excited state.””’’ Based on this so-called Forster cycle
(Scheme 1), the excited-state pK, value, from now on denoted
pKZ, can be obtained from the ground-state pK, 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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A Gexci (RO—) - A Gexci (ROH)

K* = pK_ +
PR = PR RT In(10) (1)

with the excitation Gibbs free energies AG.,(ROH) and
AG,i(RO™) of the two species, the ideal gas constant R, and the
absolute temperature T. If used to calculate pKZ, the accuracy of
the results thus depends on the accuracy of these input
quantities. Nevertheless, it is the standard approach to
determine pK} in experimental as well as in theoretical
investigations since it is usually not possible to measure pK
as an equilibrium quantity.

Measurements of pK, values are in particular difficult in
nonaqueous, aprotic solution.”' > For these solvents, theoreti-
cal pK, prediction tools are crucial.**** Different methods are
nowadays available,***” including the conductor-like screening
model for real solvents (COSMO-RS).**~** COSMO-RS is an
extension of the conductor-like screening model (COSMO)™*
to reintroduce specific solute—solvent interactions and it has
been already successfully applied to 4EKa calculations in
water,”*® dimethyl sulfoxide (DMSO),” acetonitrile,”” and
acetone.™

Until today, only few examples of theoretical pK;* predictions
are reported in the literature, using quantum chemical
calculations*”™°® as well as molecular dynamics (MD)
simulations with hybrid quantum-mechanics/molecular-me-
chanics (QM/MM) techniques.”’~*° 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.®' ™%’ 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-hydrox?rpyrene-l ,3,6-trisulfonate (HTPS or pyranine) in neat
water’””" or acetate-containing aqueous solution,”””” the ESPT
dynamics of HPTS in 1-methylimidazole”* or water,”* and the
ESPT dynamics of the superphotoacid quinone cyanine 9
(QCy9) in water.”® 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.”” 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.”®
To the best of our knowledge, no comparable approach to the
full pK¥ 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)."* These are
obtained by functionalizing the sulfonate groups with electron-
withdrawing ester (A—B) and amide (D—F) moieties. The
solvatochromic properties' as well as ESPT kinetics'*'® 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.””®° Furthermore, for the

Scheme 2. Molecular Structures of Jung’s Photoacids A—F
with the Different Substituents R

ROS, SOR  a:R = -OCH,CF,
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strongest superphotoacid B of that class, namely tris-
(1,1,1,3,3,3-hexafluoropropan-2-yl)-8-hydroxypyrene-1,3,6-tri-
sulfonate (pK#* ~ —4 in water),"* the possibility of ESPT in
acetone—water mixtures’' and in neat acetone were demon-
strated.”> 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 Forster cycle to theoretically predict the
pK 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 pK; via the ground-state pK,
and the electronic excitation energies. To the best of our
knowledge, this is the first attempt that uses highly accurate
wavefunction-based methods for pK;* 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 pK; values of the photoacids in DMSO
using the calculated results and analyze the individual
contributions to and the solvent effect on this quantity.

B METHODS

All electronic structure calculations were done with the
TURBOMOLE program package (version 7.4).**** Second
order Moller—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 107'° to ensure convergence with diffuse basis
functions. Solution-phase calculations refer to the solvent
DMSO as described by the COSMO model with €, = 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
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Table 1. Comparison of Vertical Electronic Excitation Energies in eV for the First Transition with Different Combinations of
Equilibrium Structures for S or S; (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)
So MP2 3.108
COSMO-MP2 3.096
cC2 3.067
COSMO-CC2 3.055
S, ADC(2) 2.765
COSMO-ADC(2) 2.733
CcC2 2.759
So MP2 2171
COSMO-MP2 2.160
CcC2 2.143
COSMO-CC2 2.135
S ADC(2) 0.928
COSMO-ADC(2) 1.999
cC2 1.953

COSMO-ADC(2) cC2 COSMO-CC2
acid
2.975 3.168 3.016
2.957 3.156 2.999
2.929 3.130 2.975
2910 3.120 2.958
2.602 2.862 2.690
2.547 2.844 2.655
2.599 2.852 2.683
base
2.134 2.350 2.251
2.174 2.350 2.283
2.107 2.329 2.229
2.135 2.332 2.253
1.631 1.356 1.682
2.001 2.219 2.129
1.989 2.178 2.102

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 pK,, 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)* 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 pK,, 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)*° was used to
calculate pK, 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.”" At
its core, COSMOtherm uses a linear free-energy relationship
(LFER) between pK, and the calculated Gibbs free energy
difference in solution (soln.) between RO~ and ROH, obtained
with COSMO-RS,

pKa =a+ b(Gsoln.(RO_) - Gsoln.(ROH)) (2)

where a and b are the implemented LFER parameters that were
originally derived from a linear fit to experimental pK, values in
the given solvent.”” G, (RO™) and G, (ROH) were
calculated according to the procedure described in refs 45—48.

All calculations involving pK, 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
set”” using MP2°*?* or CC2°° for the gas phase and in
combination with COSMO, COSMO-MP2”” and COSMO-
CC2,%® also for the solution phase. Similarly, the geometries for
the first excited state were optimized in the cc-pVDZ basis set
using ADC(2)”® and CC2” for the gas phase and COSMO-
ADC(2)"® for the solution phase. The vertical electronic
excitation energies were calculated in the larger au(%-cc-pVDZ
basis set””' %" at the gas-phase ADC(2)""" and CC2'"* as well as
solution-phase COSMO-ADC(2)”® and COSMO-CC2”* 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.

B 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
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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 S, 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 pK, prediction
(vide infra). 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 pK,
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 infra), 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)
and CC2 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 S
equilibrium structure in the gas phase about 60 meV and
between 40 and 60 meV in solution. At the S, 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 S,
amounting to about 110 meV.

Also the differences in the equilibrium structures obtained
with CC2 and MP2 (S,) or ADC(2) (S;) 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 the MP2 and COSMO-MP2
structures for Sy are 35—60 meV higher compared to those at
CC2 and COSMO-CC2. For the gas-phase S, 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 S; 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 S, 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 Sy and >200 meV (gas phase) and >110 meV
(solution phase) for S;;

e 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 infra) 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) CC2 T, amplitudes (see Figure S1). For both
the acid and base, the dominant NTO pair resembles that for the
first excitation, S;, 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 S,.

B 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 regported errors in solvatochromic
shifts in water and acetonitrile.”* This error is significantly larger
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than the remaining basis set contributions and could amount to
up to one pK, 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 (S,) and excited-
state (S;) 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 S
and S; 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 infra).

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 €V) 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 218 meV 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.”> This bathochromism is furthermore
known to increase linearly as a function of the Kamlet—Taft
dipolarity and polarizability parameter #*, while this hyp-
sochromism increases as a function of the Kamlet—Taft
parameter a 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
(a = 0)."° 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 3 for DMSO (0.76), although the correlation
of excited-state acidity with /3 is experimentally found to be less
indicative compared to that for 7*.

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.

B 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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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 +0.0S au. The weights of these NTOs are 97.4% (protonated) and 98.0% (deprotonated), respectively.
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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.

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, ie. 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 (S, —

S,) and emission (S; — S;). 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 # — ¥ character, which is typical for aromatic
molecules. Moreover, comparison with the molecular orbitals
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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 S; and S, (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 photoacids A—F are
shown in Tabs. S7 and S8. In particular, this first transition was
always found to be bright, ie.,, 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 photoacids A—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 infra).

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—130 meV for the acids and 120—150 meV 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

Table 2. Substitutional Shifts in the UV/Vis Absorption and
Fluorescence Emission Energies of Jungs’s Photoacids in the
Solvent DMSO“

photoacids

level A B C D E F

acid
So  COSMO-ADC(2) =72 -139 -56  —87 6 0
COSMO-CC2 —61 -117 =53 =78 7 0
experiment -59 -115 —46 0 7 0
S COSMO-ADC(2) =70  -137 =53 =77 8§ 0
COSMO-CC2 -50 -—116 —-45 =66 16 0
experiment — — —149 —11 0 0

base
S, COSMO-ADC(2) —68 —150 —-72 —67 15 0
COSMO-CC2 =54 -127 —-63 —S3 17 0
Experiment =55 -85 =55 —4 0 0
S,  COSMO-ADC(2) -58  —1581 —-65  —60 24 0
COSMO-CC2 =52 -134 —61 =51 26 0
experiment —34 —60 —42 -8 -4 0

“Comparison 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.

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.'* 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 S;, 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.'”

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 Agmon® or recently Wen et
al.:'** ROH is more aromatic compared to RO™ in S, and, thus,
experiences a larger loss in aromaticity upon excitation to S;. Asa
consequence, the structural changes in the aromatic system from
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Table 3. Comparison of Calculated Ground-State and Excited-State Acidities of the Photoacids A—F in the Solvent DMSO“

photoacids
level A B C D E F
pK, 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
ApK, 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
ApK, COSMO-ADC(2) -9.0 -9.5 —-9.4 -89 -89 -9.2
COSMO-CC2 -89 -9.2 -9.2 —-8.6 -8.7 -8.9
experimental — — =5.0 —6.8 -6.9 —6.8
averaged
ApK, COSMO-ADC(2) —11.1 —-11.4 —1LS —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 -89 -8.8
averaged
pKZF 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) -22(-5.1) —3.4 (—4.0) —3.3 (—4.5)

“pK, values using COSMO-RS at the BP-TZVP (BP-TZVPD-FINE) level. ApK, based on the Forster cycle using either the absorption, emission,
or averaged excitation energies at the COSMO-ADC(2), COSMO-CC2, and experimental levels. pK¥ using the BP-TZVP (BP-TZVPD-FINE)
pK, and the averaged Forster cycle ApK, values at the two levels COSMO-ADC(2) and COSMO-CC2. Experimental results are calculated based
on ref 14, with no data for pK¥ due to missing experimental ground-state pK, in DMSO.

Soto S 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 S, and S structures, e.g,, 2.2 pm for the acid
and 1.1 pm for the base of photoacid F.

B PREDICTION OF PK} IN DMSO

The calculated absorption and emission energies were used to
compute ApK, values for Jung’s photoacids based on the Forster
cycle, according to

AGeXCi(RO_) — AGexci (ROH)
RT In(10)

ApK, = pK} — pK, =

(3)
and pKZ* values (via eq 1) using the pK,, calculated as described
in the Computational Details section. The results for pK,, ApK,,
and pKF of the six photoacids in the solvent DMSO are
summarized in Table 3.

Ground-State Acidity. Since no experimental pK, 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 pK, 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 pK, 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
ApK,, ie. the change in pK, upon excitation into S;, via the
Forster cycle does not require the ground-state pK, values and
could therefore be done with the experimental as well as the

calculated absorption and emission energies. Moreover, also
averaged ApK, values using the mean absorption and emission
energies were considered since these are frequently used in the
experimental pK} determination. These mean energies
represent an approximation to the true 0—0 transition energies
that should be ideally inserted into the Forster equation. This
implicitly assumes that the shapes (ie., 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 ApK, values reflect the trends and deviations that
were discussed before. In detail, the trends in the excitation
energies explain that (i) ApK, 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 ApK, at a specific level, we
observe that the studied photoacids basically reveal the same
experimental ApK, 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 ApK, 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 ApK,, 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
ApK, for emission and thus also no averaged values are available
for these two compounds. Consequently, comparing the
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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 S, () and excited state S; (b) of the protonated species of photoacid F in solution. Densities calculated at COSMO-MP2
for S, and COSMO-ADC(2) for S, 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.

averaged ApK, 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
ApK, values, but photoacids B and C are predicted to have the
largest and most comparable changes. However, whereas the
experimental ApK, 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: ApK, is
generally smaller in water, i, 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 Forster 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 ApK, 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 ApK, will decrease in
magnitude with increasing solvent polarity. In line with this,
the CC2 results for photoacid F (cf. Table 1) predict a ApK, 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 pK, and ApK, we
computed the pK} values listed in Table 3. For the sake of
brevity, only pK values based on the averaged COSMO-CC2
ApK, in combination with BP-TZVP pK, are considered. Our

calculations predict compound B with a pK 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 photoacid D (—2.2). Interestingly, this order
exactly matches the one for the experimental Forster cycle pK¥
values in water.

Whereas in water the photoacids only span a range of three
pK, units, this range is predicted to be larger in DMSO, covering
almost five units. This is again due to the solvent effect causing
the ApK, contribution to decrease in magnitude with increasing
solvent polarity (vide supra). However, the pK, jump upon
excitation is comparable for these six structurally related
photoacids and it is the ground-state pK, that decides which
of these photoacids is the strongest.

Moreover, our calculations predict negative pK values for all
of these photoacids. Since the pK, values of any two given
compounds (in the same solvent) determine the position of the
corresponding proton-transfer equilibrium, the pK¥ of the
photoacid and pK, of the protonated solvent decide to what
extent protonation of the solvent is expected. A comparison with
the pK, 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 value®” of —log[S] = —1.15 (where [S] = 14.08
mol L™! is the solvent concentration'*®) reveals that the pK¥*
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.

Bl 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
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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.'”® Probably
because of error compensation, the results for 0—0 energies are
for these methods typically in better agreement with experi-
ment.'”” 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 S;
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: ApK,, the pK, jump during excitation,
decreases with increasing polarity of the solvent due to a
stronger stabilization of RO™ relative to ROH*. For ApK,, we
found that our calculated averaged results in DMSO are accurate
within two pK, 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 ApK, values based on either
absorption or emission energies differ by more than four pK,
units. All studied photoacids are predicted to be actual
superphotoacids in DMSO, i.., to perform an eflicient
excited-state proton transfer to the solvent owing to negative
pK¥, with compound B being the strongest among them.
Careful analysis of the individual contributions to pKZ revealed
though that the exact order in excited-state acidity of these
compounds is controlled by their ground-state pK,, rather than
by ApK..

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 ApK,, 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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