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Computational investigation of explicit solvent
effects and specific interactions of hydroxypyrene
photoacids in acetone, DMSO, and water†

Niklas Sülzner * and Christof Hättig

This work employs the correlated wavefunction-based methods ADC(2) and CC2 in combination with

the implicit solvent model COSMO to calculate the UV/Vis absorption and fluorescence emission

energies of particularly strong hydroxypyrene photoacids in acetone. According to the Förster cycle, the

electronic transition energies are first used to compute DpKa ¼ pK�a � pKa, i.e., the pKa change upon

excitation and then the excited-state pKa (labeled pK�a ) with ground-state pKa values based on COSMO-

RS as additional inputs. Furthermore, for the strongest photoacid of that class, namely tris(1,1,1,3,3,3-

hexafluoropropan-2-yl)-8-hydroxypyrene-1,3,6-trisulfonate, the need to go beyond implicit solvation

and to account for explicit solvent effects on the electronic transition energies and the resulting DpKa is

investigated in the solvents acetone, dimethyl sulfoxide (DMSO), and water. For this, a hybrid implicit–

explicit approach is followed by comparing micro-solvated structures that are generated based on

Kamlet–Taft considerations. While implicit solvent effects are mostly sufficient for the aprotic solvent

acetone, one explicit solvent molecule seems relevant for DMSO due to its stronger hydrogen-bond

(HB) acceptance and hence larger interaction with the photoacid OH group as a HB donor. For the

protic solvent water, the situation is more complicated, involving at least one water molecule at the OH

group and up to three water molecules at the O� group of the corresponding base. Finally, these results

are used to rationalize the experimentally observed spectral evolution of the photoacid absorption band

in acetone–water solvent mixtures.

1. Introduction

Proton transfer (PT) is omnipresent in chemistry and its related
fields, including countless examples from biochemistry,
chemical synthesis, and (acid–base) catalysis, as well as indus-
trial applications.1–3 Proton transfer can also take place in an
electronically excited state, referred to as excited-state proton
transfer (ESPT), e.g., as observed in nature for the chromo-
phores of the green fluorescent protein4,5 and fireflys D-
Luciferin,6,7 or the anthocyanin pigments in plants.8,9

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

beginnings of chemistry, both with respect to the underlying
thermodynamics as well as the kinetics.10,11 From a thermo-
dynamic 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 strength.12 Nowa-
days, there is a broad variety of available methods, both
experimentally and computationally, for the determination of
pKa in aqueous and non-aqueous solutions.13–15

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. For this task, so-called
photoacids have been established as particularly powerful tools
during the last decades (vide infra). Photoacids are molecules
that exhibit an increase in acidity (i.e., a decrease in pKa) upon
electronic excitation.16,17 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 ESPT18 from
the photoacid to a nearby proton acceptor, e.g., the solvent or
any other Brønsted base.19 In particular, the use of pulsed
lasers has made it possible to temporally initiate the ESPT
event, which conveniently allows to investigate the associated
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dynamics in real time with time-resolved spectroscopy.20,21 Other
applications of photoacids include their use as proton sources for
(photo)catalysis,22,23 as pH-dependent imaging agents in biologi-
cal cells,24,25 or for single-molecule microscopy.26,27

While most weak (pK�a 4 0) photoacids like 8-hydroxypyrene-
1,3,6-trisulfonate (HPTS or pyranine) are restricted to ESPT in neat
water28,29 or aqueous solutions containing an additional base30

or co-solvent,31–34 those with a negative pK�a , referred to as
super-photoacids, can also perform an ESPT in other protic (e.g.,
alcohols)35,36 or even aprotic solvents such as dimethyl sulfo-
xide (DMSO).37 Known classes of super-photoacids include
cyanonaphthols,38–40 N-substituted hydroxyquinolines,41–44 cya-
nine dyes,45–50 and naphthalimides.51–54 Recently, Gregor Jung
and co-workers introduced a new class of hydroxypyrene super-
photoacids (see Fig. 1) by functionalizing the sulfonate groups of
HPTS with highly electron-withdrawing ester (A–B) or amide (C–E)
moieties.55 Overall, the substitution does not significantly alter
the pKa drop upon excitation (B6 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
(in water).

The solvatochromism in a broad range of 29 solvents56 and
the ESPT kinetics (on the ps–ns timescale) in DMSO55 have
been studied for the full set of these new photoacids (A–E). In
addition, for photoacids B and E, the ESPT has been studied
more thoroughly in water, methanol, and ethanol with ultrafast
time-resolved fluorescence spectroscopy (sub-ps timescale).57

Recently, the involvement of a hydrogen-bonded ion pair
(HBIP) as a spectrally distinct species and intermediate in the
excited state has been reported for the ESPT of photoacid A
within a complex with tri-n-octylphosphine oxide (TOPO) in
acetonitrile solution.58,59

Whereas most standard photoacids cannot transfer their
proton to DMSO, the strongest super-photoacid B of that class,
namely tris(1,1,1,3,3,3-hexafluoropropan-2-yl)-8-hydroxypyrene-
1,3,6-trisulfonate (pK�a � �4 in water) had shown indications to
do so even in acetone.55 As an aprotic and only moderately
basic solvent, acetone is a quite unusual medium for PT
reactions. Most recently, the ESPT of photoacid B has been
studied experimentally in acetone–water mixtures60 and neat
acetone.61 The study in acetone–water mixtures showed that a
reaction complex between the photoacid and water—formed
either already in the ground state or directly after excita-
tion—becomes crucial for the ESPT dynamics of photoacid B
in these solvent mixtures.60 In particular, association constants

could be determined from the changes in the UV/Vis absorp-
tion spectra, but more detailed spectroscopic information on
such intermediates was not directly accessible. Similarly, the
study in neat acetone did not fully answer the question regard-
ing the actual proton acceptor, keeping the possibility of ESPT
to acetone still unsettled.61

In a previous computational study, we have applied the
Förster cycle (Fig. 2) to determine the pK�a values of the
photoacids A–F in the related solvent DMSO through the
ground-state pKa and electronic transition energies.62 pKa has
been calculated using COSMO-RS (COSMO for real
solvents),63–66 while UV/Vis absorption and fluorescence emis-
sion energies have been computed using the wavefunction-
based methods ADC(2) and CC2 in combination with the
conductor-like screening model (COSMO).66–68 To the best of
our knowledge, that study has been the first that applied such
higher-level electronic-structure methods to the study of photo-
acids, in general, and pK�a , in particular, apart from some
studies by Aquino and co-workers on anthocyanins, also using
ADC(2) but not considering pK�a .69–73 However, the significant
efforts to obtain pK�a at the TDDFT level, both directly using a
thermodynamic cycle or approaches based on correcting
ground-state pKa values (like this work), should be noted as
well.74–81 Furthermore, that study (in DMSO) revealed some
interesting insights into the origin of photoacidity of these
systems, but fully remained within the implicit solvation pic-
ture, thus neglecting any explicit solvent effects on DpKa.

In this work, we address these open questions from a
computational perspective. The previous approach for the
theoretical spectroscopy will be extended to the new target
solvent acetone. The calculated pKa in acetone based on
recently determined linear free-energy relationship (LFER)
parameters for COSMO-RS82 in combination with DpKa from
calculated spectra will give access to the pK�a values of the
photoacids A–F in acetone. These allow to judge and compare
the thermodynamic possibility of ESPT of these different

Fig. 1 Molecular structures of the hydroxypyrene photoacids studied in
the current work. Compound F is also known as HPTA (8-hydroxy-
N,N,N’,N’,N’’,N’’-hexamethylpyrene-1,3,6-trisulfonamide).

Fig. 2 Schematic illustration of the Förster cycle.
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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 inves-
tigated. 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
(DpKa). Finally, the role of acetone and water as proton accep-
tors in acetone solution will be briefly compared by providing
additional spectroscopic information on possible reaction com-
plexes to complement the experimental studies.

2. Computational details
2.1 General information

All quantum-chemical calculations have been done using the
TURBOMOLE program package (version 7.6).83,84 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 to
10�15. Calculations in bulk solution refer to the implicit solvent
model COSMO with values for the relative dielectric constant er

and refractive index n for the respective solvents: acetone
(er = 20.56, n = 1.359), DMSO (er = 46.45, n = 1.479), and water
(er = 78.30, n = 1.333) at 25 1C (taken from ref. 56). 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 in the non-equilibrium solvation limit was used. Note
that the post-SCF scheme, as first introduced in ref. 85 for
Polarizable Embedding (PE) and later compared for COSMO86

to other reaction schemes, does only include linear-response
(LR) but no state-specific (SS) contributions. Although these
could be added via corrected linear response (cLR), we antici-
pate only a small effect from SS because of large transition
dipole moments of the relevant (first) electronic transitions
studied here. 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. All structures together
with their Hartree–Fock energies are available in ref. 87.

2.2 Electronic transition energies

Ground-state (S0) equilibrium geometries were optimized in the
cc-pVDZ basis set88,89 using MP290,91 or CC292 in the gas phase
and COSMO-MP293 or COSMO-CC294 in solution with the er

values for the respective solvents as described above in the text.
Similarly, geometries for the first excited state (S1) were also
optimized in the cc-pVDZ basis set, but using ADC(2)92 or CC295

for the gas phase and only COSMO-ADC(2)94 for the solution
phase. If available, initial structures were taken from the
previous calculations in DMSO (see ref. 62; therein available
from ref. 96) 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
set89,97 with the desired method(s) ADC(2),98 CC2,99 COSMO-
ADC(2),94 or COSMO-CC2.94 UV/Vis absorption was calculated
at the S0 equilibrium structures, while fluorescence emission
was obtained at the S1 equilibrium structures. As in the usual
protocol for photoacidity,55 also this study uses the absorption
and emission energies to compute DpKa values based on the
Förster cycle (cf. Fig. 2), according to:

DpKa ¼ pK�a � pKa ¼
DGexciðRO�Þ � DGexciðROHÞ

RT lnð10Þ ; (1)

with the excitation Gibbs free energies DGexci(ROH) and
DGexci(RO�) for the two species, the ideal gas constant R, and
the absolute temperature T. These DGexci values were approxi-
mated by the corresponding experimental or calculated UV/Vis
absorption and fluorescence emission energies from S0 to S1

which is a bright pp* transition. Since the excitation energy for
S1 is insensitive to conformational changes in the substituents
of the sulfonate groups, these calculations have for each
molecule only been done for the conformer with the lowest
energy.

2.3 Ground-state and excited-state acidities

Ground-state pKa values were calculated with COSMO-RS as
implemented in COSMOtherm (version 2021)100 at the BP-TZVP
and BP-TZVPD-FINE levels of theory. These calculations
employ—in difference to those described in Section 2.2—
geometries that are optimized with er = N for COSMO. Details
on COSMO-RS itself,63–66,101 the difference between these two
levels,102 as well as the precise computational protocol for
pKa

82,103–105 can be found elsewhere. Multiple conformers for
both the acid and base species of the photoacids A–F (defined
in Fig. 1) were taken into account based on the conformer sets
that were already determined during the previous study in
DMSO.62 Since the geometries used for COSMO-RS are opti-
mized with COSMO for er = N, 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. 82. Excited-
state pK�a values are then obtained by adding the DpKa from
eqn (1) to the COSMO-RS ground-state pKa. All calculations
refer to a temperature of 298.15 K (25 1C).

3. Results and discussion
3.1 Theoretical spectroscopy in acetone with implicit
solvation

3.1.1 Reassessing the method performance for photoacid
B. First, the performance of the methods was validated, includ-
ing the implicit solvent model COSMO, but this time with a
focus on 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. S1 and tabulated in Table S1 (ESI†).

For the protonated form, referred to as acid, the implicit solvent
model COSMO introduces a bathochromic (i.e., solvatochromic
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red) shift between the gas-phase (without COSMO) and solution-
phase (with COSMO) excitation energies of B150 meV 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 from the
experiment, respectively. For the deprotonated form, referred
to as base, implicit solvent effects as described by COSMO
again cause a bathochromic shift of B100 meV for CC2
and o100 meV 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).

Regarding 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.62 The absorption energies at
the COSMO-CC2//COSMO-CC2 level are in excellent quantita-
tive 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. Except for the large devia-
tion for the acid emission energy that is further analyzed later
(vide infra), these results fall within the typical accuracy of
ADC(2) and CC2 that has been observed in benchmarking
studies.106,107

Since in solution we are restricted to COSMO-ADC(2) geo-
metries because COSMO-CC2 gradients are not available, we
use for consistency also the corresponding COSMO-MP2 geo-
metries in the ground state to maintain a consistent descrip-
tion 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. Therefore, COSMO-CC2 excitation energies at
COSMO-MP2 (S0) or COSMO-ADC(2) (S1) geometries are the
default levels in this work.

For photoacid B, CC2 still yields slightly smaller excitation
energies, which means here better agreement with experiment.
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 100–150 meV, but
only a slight to no effect on the geometries (as probed by the
excitation energies).

3.1.2 Comparison of photoacids A–F in implicit acetone. In
order to compare the DpKa values of the different photoacids in
acetone, the UV/Vis absorption and fluorescence emission
energies of the compounds A–F were calculated in acetone. In
accordance with the results from the previous section and
results of the previous study in DMSO,62 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. The
COSMO-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.

3.1.2.1 Agreement between calculated and experimental excita-
tion energies. The calculated UV/Vis absorption and fluores-
cence emission energies are compared to the experimental
results in Fig. 3 and the corresponding numerical values can
be found in Table S2 (ESI†). In addition, a statistical analysis of
the errors is given in Table 1.

The results show that for the hydroxypyrene-based photo-
acids 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
o100 meV (i.e., better than the reported typical accuracy for
excitation energies of organic closed-shell molecules in
vacuum).108 The only case where the COSMO-ADC(2) results
happen to be closer to the experimental values are the absorp-
tion energies of the acid (Fig. 3(a)). The worst results are found
for the COSMO-ADC(2) emission energies of the base (Fig. 3(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 Table 1) 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 been shown
to be a 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/Vis absorption or fluorescence emission spectra.

The rather poor performance of COSMO-ADC(2)//COSMO-
MP2 absorption energies in case of the base motivated to re-
optimize the ground-state geometries at the COSMO-CC2 level
and calculate COSMO-CC2//COSMO-CC2 absorption energies
(red bars in Fig. 3(a and b)). For the compounds A–F, we find
that the COSMO-CC2 excitation energies are at the COSMO-CC2
geometries lower than at the COSMO-MP2 geometries, by ca.
50 meV for the acids and 25 meV for the bases, resulting in an
increased accuracy (Table 1). Note that the smaller effect for the
base compared to the acid is in line with the observations and
discussion in Section 3.1.1. As demonstrated by an ME close to
zero, COSMO-CC2//COSMO-CC2 reveals a good error compen-
sation for the base absorption, in contrast to COSMO-CC2//
COSMO-MP2 which consistently overestimated the energies.

3.1.2.2 Tracking the error for the outlier—photoacid E. Only
maxAE (photoacid E) has further increased owing to an under-
estimation of the experimental value already at the COSMO-
MP2 geometry that further amplifies for the COSMO-CC2
geometry due to additional stabilization. An important differ-
ence between E and the other compounds are the additional
OH groups in the side chains of the sulfonic acid amide
moieties, which offer additional hydrogen-bonding sites.
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It turned out that compound E is not flexible enough to
allow for intramolecular hydrogen bonding (HB), see Fig. 4 and
Table 2. Next, self-association, i.e., intermolecular hydrogen
bonding between the photoacid OH group at the pyrene moiety
of one molecule and an OH group in the side chain of another
molecule was conjectured as the cause. To test this, the second
photoacid molecule was represented by methanol (MeOH) to
decrease the computational costs of the model system (see
Fig. 4(h)).

The results for photoacid E in Table 2 reveal a strong effect
of intermolecular HB donation on RO� and RO�*, consisting in
blue shifts of B60 meV and B40 meV, respectively. These
shifts reduce the errors from B120 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 3.2.3.2,
Table 7). Since only one HB donor was considered, but each

Table 1 Statistical error analysis of the UV/Vis absorption and fluores-
cence 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 vertical tran-
sition energies and experimental band maxima (from ref. 56) as shown in
Fig. 3. An asterisk is used to differentiate absorption (ROH, RO�) from
emission (ROH*, RO�*) energies. Values are given in meV

Species Level 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

Fig. 3 Theoretical spectroscopy of Jung’s photoacids in acetone. Comparison of calculated vertical transition and experimental band maxima energies
in eV for UV/Vis absorption (top row) and fluorescence emission (bottom row) 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. 56.
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molecule of photoacid E has one OH group in each of the three
substituents, additional blue shifts that would further compen-
sate for that are anticipated.

For the acid, we studied the role of the aliphatic alcohol
group modeled by MeOH both as HB donor (Fig. 4(d)) and HB
acceptor (Fig. 4(e)). 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 a = 1.65 (HB donation) and b = 0.30 (HB
acceptance), whereas ethanol—as a model for the side-chain
OH group—has parameters a = 0.83 and b = 0.77.109 Conse-
quently, 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 occur more frequently compared to
the reverse scenario. For the acid of E, the excitation energy is
red shifted by B70 meV by a HB with MeOH as HB acceptor. In
contrast, HB donation by MeOH leads to a blue shift by 35 meV.
For ROH*, i.e., for emission energies, similar red (65 meV) and

blue (23 meV) shifts are found for MeOH acting as a HB
acceptor or donor, respectively.

The results for this model (Table 2) overall appear convin-
cing that such intermolecular HB interactions between two or
more photoacid molecules are the cause for the deviations of
photoacid E observed in the results for the set of photoacids
A–F (Fig. 3). Interestingly, no such distinct outlier character for
photoacid E was found in the previous study in DMSO. This
observation is attributed to the higher HB-acceptor strength of
DMSO (as also discussed in Section 3.2.2.1) which binds the
side-chain OH 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 literature.110–112

3.1.2.3 Discussion of acidity increase upon excitation. Through
the computational or experimental first electronic excitation
energies (cf. Fig. 3), the DpKa values, i.e., the change in pKa

upon excitation can be computed based on the Förster cycle
(eqn (1)). The corresponding results for COSMO-CC2 have been
collected in Table 3 and those for COSMO-ADC(2) can be found
in Table S3 (ESI†). Since the better performance of COSMO-CC2
over COSMO-ADC(2), as observed before, is also reflected in the
DpKa values of Table 3, we only focus on the COSMO-CC2
results in the following discussion.

That having said, the main focus is set—for brevity—to the
DpKa 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 DpKa 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 (B2) for
the emission contributions as the main error source. Note that

Fig. 4 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.

Table 2 Shifts induced for photoacid E by hydrogen bonding. Compar-
ison of calculated UV/Vis absorption and fluorescence emission energies
(*) in eV of the acid (ROH) and base (RO�) species 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 side-chain or methanol OH is
labeled with D (donor) and A (acceptor). The experimental results are taken
from ref. 56

Species No HB

iHB MeOH

Exptl.HB-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 2.322 — 2.383 — 2.450
RO�* 2.186 n.a. — 2.224 — 2.309
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the calculated values always overestimate DpKa in magnitude,
with the only exception of photoacid D.

In comparison to the previous results in DMSO (cf. ref. 62),
the calculated averaged COSMO-CC2 DpKa values show a ten-
dency 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 DpKa are based on the results in
Fig. 3, which revealed to be outliers (vide supra). Although the
averaged computed DpKa that is (additionally) averaged over
the five remaining photoacids 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 DpKa values is
prevented by missing experimental data on ROH* emission
for A and B in DMSO. However, on average, the experimental
DpKa based on absorption in acetone (�11.84) compares to a
value of �10.74 in DMSO. Similarly, this trend is also found in
the DpKa 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 HB-accepting (b) solvent acetone. 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 DpKa values are obtained
instead: �9.9 (absorption), �7.2 (emission), and �8.5 (aver-
aged). 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 DpKa in both absorption and
emission have changed by roughly two pKa units, but slightly
stronger in absorption.

3.1.2.4 Discussion of ground and excited-state acidities. As can
be seen in Table 4, the pKa at the two levels of theory (BP-TZVP
and BP-TZVPD-FINE) are generally quite similar and, more
importantly, share common characteristic features. For exam-
ple, 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-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 Table 4. Since the acidity increase (DpKa) 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 (DGdiss 4 0).
Still, photoacid B is closest to this threshold value, thus
suggesting the largest ESPT yield in acetone, which matches

Table 3 Differences in the photo-induced acidity increase as quantified
by DpKa between the photoacids A–F in the solvent acetone. DpKa based
on the Förster cycle (cf. eqn (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
Table S2, ESI) and the experimental band maxima (taken from ref. 56)

Level

Photoacids

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

Table 4 Comparison of calculated ground-state and excited-state acid-
ities of the photoacids A–F in the solvent acetone. pKa values using
COSMO-RS at the BP-TZVP (and BP-TZVPD-FINE) level, DpKa based on
the Förster cycle using the averaged excitation energies at the COSMO-
CC2 level (taken from Table 3), and pK�a based on these input quantities
according to eqn (1)

Photoacids

A B C D E F

pKa 15.6 14.2 18.6 20.9 19.4 19.9
(15.4) (14.7) (18.5) (19.6) (20.6) (20.3)

DpKa �10.4 �10.8 �10.8 �10.2 �10.4 �10.7
pK�a 5.2 3.4 7.8 10.7 9.0 9.2

(5.0) (3.9) (7.7) (9.4) (10.2) (9.6)
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the experimental finding that ESPT to solvent is observed only
for this compound.55

3.2 Beyond implicit solvation

Apart from E where self-association seems to effect the experi-
mental values, the results for photoacid B exhibit one of the
largest deviations between the calculated and the experimental
DpKa values (cf. Table 3), especially regarding the emission
energies. Furthermore, the experimental results have shown
that specific molecular interactions between the photoacid B
and the solvent or other proton acceptors become relevant in
acetone solution.60 This motivated us to include explicit solvent
molecules in the first solvation shell and to study their effect on
the electronic excitation energies of this photoacid.

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 config-
urations 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 experi-
mental 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 the neglect of solvent
fluctuation causing smaller HB distances at the equilibrium
structures compared to the thermodynamic ensemble average.
Therefore, the focus will be instead set to the differential effect
(of explicit solvent) between the acid and base, i.e., the effect on
DpK�a , since large parts of these two errors are anticipated to
cancel therein.

3.2.1 Kamlet–Taft considerations. To compare the effect of
explicit solvation on the spectral properties of the four species
(ROH, ROH*, RO�, and RO�*) in different environments, the
solvents acetone, DMSO, and water were selected. This
selection is chosen for comparison with experiments since all
three solvents were already part of experimental studies.55,56

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 a (0.08 for acetone and 0.00 for DMSO).109 They
mostly act as HB acceptors (HB-As) as quantified, e.g., by the
Kamlet–Taft parameter b (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 (a = 1.17) and a moderate HB-A (b = 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 the weakest HB-As. For photoacid B (referring to phenol as a
model), the OH group can either act as a weak HB-A (a = 0.30) or
strong HB-D (b = 1.65), whereas the O� group can only accept
hydrogen bonds from other solvent molecules.

Micro-solvated structures were generated by manually add-
ing 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.

3.2.2 Explicit solvent effects in acetone and DMSO
3.2.2.1 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 con-
siderations 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. 5(b and c)) and to
act as a HB-D for RO�/RO�* (Fig. 5(e and f)). Due to the
similarity between the S0 and S1 equilibrium structures, only
those for S0 are shown in Fig. 5. In Table 5, 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.

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.

3.2.2.2 Effect on acidity increase in acetone and DMSO. Using
the excitation energies for the micro-solvated structures in
acetone and DMSO (Table 5), the Förster-cycle DpKa values via
eqn (1) were re-calculated, as given in Table 6. In accordance
with the larger errors associated with the emission energies, the
results in Table 6 show that the DpKa improve significantly for
both solvents, in absorption as well as emission. For example,
we find a change of 1.27 units in the absorption DpKa for
acetone, while the fluorescence DpKa changes by 1.43 units,
which drastically improves the error from 42 (2.3) to o1 (0.87).

For DMSO, the absorption DpKa strongly improves by
roughly 2 units, achieving an excellent agreement with the
experiment (residual error o0.1), whereas the fluorescence
reveals an even more drastic change of B2.8 units. Unfortu-
nately, 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 DpKa highlight the larger HB-acceptor
ability of DMSO over acetone.

Similar solvatochromic shifts and effects on DpKa are also
observed for the photoacids A and F with explicit acetone or
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DMSO (see Table S4, ESI†), in line with the findings for
photoacid B. Therefore, 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*.

3.2.3 Explicit solvent effects in water
3.2.3.1 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. 6). The
OH group of the photoacid can only donate one hydrogen
bond, but accept up to two. Similarly, the O� group could
in principle accept up to three hydrogen bonds. Therefore,
micro-solvated structures with varying numbers of water

molecules and with different HB configurations need to be
considered. As in Section 3.2.2.1, the explicit solvent
was added manually to the structures in implicit solution
of the respective solvent and were subsequently re-opti-
mized. The corresponding results for different struc-
tures are shown in Table 7. Due to the similarity between
the S0 and S1 structures, only the former ones are
displayed.

Comparing the results in Table 7 for the implicitly solvated
species and those including one explicit water molecule
(Fig. 6(a, b and 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 (Section
3.2.2), the solvatochromic red shifts follow the order of the
solvents in HB-acceptor strength (b): DMSO 4 acetone \ water
(cf. Section 3.2.1 for the b 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 excita-
tion energies of the base are underestimated much more
strongly compared to the acid. It is also physically plausible
that for the negatively charged base more hydrogen bonds are
relevant than for the acid. Therefore, we considered the addi-
tion of additional water molecules to the first solvation shell in
the following.

Table 5 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. Results are
given for the structures without explicit solvent in purely implicit solution
and with one explicit solvent molecule. Experimental results are taken
from ref. 55 and 56 for acetone and DMSO, respectively

Species

Acetone DMSO

Impl. Expl. Exptl. Impl. Expl. Exptl.

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

Fig. 5 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.
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3.2.3.2 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. 6(c, d and 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.

The photoacid OH (O�) group can also form more than one
hydrogen bond with the solvent. For two water molecules, the
following cases were considered: (i) both acting as HB donors
and (ii) one acting as a HB donor and one as a HB acceptor.
For the protonated form, scenario (i) was found to be unstable
in the calculations (preferring intra-H2O HB), leaving only
(ii) to be considered; while (i) is the relevant case for the
deprotonated form. The mixed HB motif (ii) (Fig. 6(e)) 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*

Table 6 Effect of explicit solvent on the DpKa of photoacid B in acetone and DMSO. Calculated DpKa based on the Förster cycle (cf. eqn (1)) using
absorption, emission, or averaged energies for implicitly as well as explicitly solvated structures (cf. Table 5) in comparison with the experimental DpKa

values (cf. Table 3) using the data from ref. 55 and 56

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 —

Fig. 6 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.

Table 7 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. 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. 55

Species

Water

Implicit

1 H2O 2 H2O (H2O)2 3 H2O

ExperimentalHB-D HB-A HB-D, HB-A HB-D, HB-D 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
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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
motif (i) (Fig. 6(h)), 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
as HB donors was studied (Fig. 6(i)) for the RO� and RO�*
species, mainly motivated by its negative charge. 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.

3.2.3.3 Effect on acidity increase in water. Due to the different
possible HB configurations in water, inclusion of explicit
solvent effects on DpKa becomes more involved for this solvent.
We assumed for all cases that the number of water molecules
and types of hydrogen bonds is the same in both electronic
states.

For the results purely based on the implicit solvent model
COSMO (implicit in Table 8), the deviation from the experi-
mental average DpKa in water is dominated by the error from
the emission contribution (43) rather than the absorption
contribution (B1.2), 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 Kam-
let–Taft parameters. For this configuration (1 H2O (HB-A) in
Table 8), significant changes of B2.3 units in both the DpKa in
absorption and in emission are observed, improving the agree-
ment with the experimental results. In contrast, for the less
relevant configuration with water as the HB donor (1 H2O (HB-
D) in Table 8), only a weak effect on DpKa is found, reflecting
the much smaller changes in the absolute energies for water as
HB-D compared to HB-A (cf. Table 7). In fact, the DpKa 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 DpKa is much smaller. 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 DpKa continue.

The strongest changes—and improvements—in DpKa 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
DpKa 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. Table 7),
which seems a physically correct description.

In summary, this section has demonstrated that the largest
contributions to the deviation between the DpKa from calcula-
tions 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.

3.2.4 Specific photoacid–base interactions in acetone–
water mixtures. Lastly, the effect of specific photoacid–co-
solvent interactions is studied for acetone–water mixtures, in
which acetone and water can compete with each other for the
hydrogen-bonding sites of the photoacid.

3.2.4.1 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.60 More-
over, 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 electro-
static effect of changes in the solvent composition, we applied
the calculation of electronic excitation energies with the con-
tinuum 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 (er) was considered, which is known to vary
linearly with the weight fraction of water in acetone.113 The
UV/Vis absorption energies for the first transition calculated at
the fixed COSMO-CC2/cc-pVDZ geometry optimized in acetone
but using the er value of the respective acetone-water mixtures
for the COSMO-CC2/aug-cc-pVDZ excitation energy calculations
are given in Table 9.

Table 8 Effect of explicit solvent on the DpKa of photoacid B in water.
Calculated DpKa based on the Förster cycle (eqn (1)) using absorption,
emission, or averaged energies for implicitly as well as explicitly solvated
structures in comparison with the experimental DpKa values using the data
from ref. 55, (cf. Table 7). 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
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A comparison of the calculated results in neat implicit
acetone (er= 20.56) and water (er = 78.30) demonstrate that a
very small er-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 experimentally
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 dra-
matically 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 er 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.

3.2.4.2 Specific photoacid–base interactions. To study the
effect of water molecules as competing HB partners in
acetone, we re-calculated the UV/Vis absorption of the
hydrogen-bonded complexes of the acid species. Absorption
energies were calculated using COSMO-CC2/aug-cc-pVDZ at re-
optimized COSMO-MP2/cc-pVDZ geometries in implicit
acetone. The corresponding results are compiled in Table S5
(ESI†).

The result with one explicit acetone molecule (437 nm) is in
almost perfect agreement with the experimental value (436 nm,
Table 9). 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
(reaching 445 nm), matching the experimental peak progres-
sion in acetone–water mixtures upon addition of water
(Table 9). In a first approximation, the HB interaction energy

is for water (as a HB acceptor) B18 kJ mol�1 weaker in energy
compared to acetone, in line with the HB-acceptor strengths.

Besides, water can also act as a HB donor. Despite of being
the weaker interaction (disfavored by B26 kJ mol�1 compared
to HB acceptor), this configuration leads to a blue shift (toward
425 nm). 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.
Table 9)—in view of the good agreement in acetone instead
(434 nm calc. vs. 436 nm exptl.)—implies that the HB donation
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, at low concentrations, the observed
red shift and second, at higher concentrations, a counteracting
blue shift. Interestingly, this was not yet experimentally
observed due to the restriction to a maximum of ca. 4 M
(25%) water. Still, the calculations lead us to infer that the
experimental peak progression is indeed caused by the for-
mation of photoacid–water complexes via a displacement of
acetone molecules in the first coordination shell.

4. Conclusions

This work has extended the previous approach for the theore-
tical 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. Reva-
lidation of the selected methods demonstrated that COSMO-
CC2/aug-cc-pVDZ excitation energies still achieve a good agree-
ment with the experimental UV/Vis absorption and fluores-
cence emission energies in acetone, in fact even better in direct
comparison with DMSO. However, the further improvement
with COSMO-CC2 compared to COSMO-MP2 geometries moti-
vated 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.

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 agree-
ment 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 intermolecu-
lar 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. Photoacid E had
not been specifically identified as an outlier in the previous
study in DMSO, in line with higher HB donation of the latter
leading to stronger interactions with the photoacids and pre-
venting intermolecular HB among them.

Table 9 Spectral evolution in acetone–water mixtures. Comparison of
the calculated (vertical) 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 er. 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 er value based on a linear interpolation (R2 = 0.999) of the
data from ref. 113. For further reference, the results in bulk water (e = 78.30)
are also included. Experimental values are taken from ref. 60

c(H2O)/mol L�1 x(H2O)/% w(H2O)/% er

l/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
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The calculations using the implicit solvent model COSMO in
combination with CC2 predict averaged (over absorption and
emission) DpKa values in the range of �11 to �10 for all the
photoacids studied here, in good agreement with the experi-
mental results. Moreover, the change in DpKa 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 DpKa 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.

Another focus was set to going beyond implicit solvation and
accounting for explicit solvent effects by comparing the sol-
vents acetone, DMSO, and water. For this, instead of perform-
ing MD simulations, 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. By going beyond implicit solvation,
it could be shown that the largest missing contributions to
DpKa are due to HB interactions with the solvent. For the
aprotic solvents acetone and DMSO, one explicit solvent mole-
cule appeared sufficient, in agreement with the simplified HB
interactions in these solvents. These solvents can only effi-
ciently act as HB acceptors for the OH group of the acid species,
leading to a bathochromic shift in the absorption and emis-
sion, 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.

Finally, water and acetone were compared as complexation
partners for photoacid B in acetoneous solution. The calcula-
tions provided supporting evidence that the experimentally
observed spectral evolution in acetone–water mixtures is due
to a specific molecular interaction, rather than a bulk effect.
Interestingly, the experimental absorption band 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, but that at larger concentra-
tions the effect HB donation dominates the solvent shift. This
interesting observation provides a motivation to study acetone–
water mixtures of the full range of the water content to further
investigate these changes.

In order to further improve the agreement with the experi-
ments, a more accurate description of the solvation is antici-
pated most relevant, which will inevitably require MD
simulations with explicit solvent for sampling the configuration
space and finding representative structures. For best compar-
ison with the experiments, both UV/Vis absorption and fluores-
cence emission energies are needed as usually an average of
these two quantities is used to determine DpKa experimentally.

Apart from the rather large size of these photoacids, this need
for sampling the first electronically excited state appears most
demanding.
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