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1 Introduction

Molecular electrostatic potential on the
proton-donating atom as a theoretical
descriptor of excited state acidityf

Yu-Fu Wang and Yuan-Chung Cheng ‘2 *

Organic photoacids with enhanced acidities in the excited states have received much attention both
experimentally and theoretically because of their applications in nanotechnology and chemistry. In this
study, we investigate the excited-state acidities of 14 hydroxyl-substituted aromatic photoacids, with a
focus on using theoretical molecular electrostatic potential (MEP) as an effective descriptor for
photoacidity. For these model photoacids, we applied time-dependent density functional theory
(TDDFT) at the ®B97X-D/6-31G(d) level to calculate the molecular electrostatic potentials of S; excited
states and show that the molecular electrostatic potential on the proton-donating atom exhibits a linear
relationship with the observed excited-state logarithmic acid dissociation constant (pK,*). As a result, the
molecular electrostatic potential on the proton-donating atom can be used to estimate the pK,* values
based on simple TDDFT calculations for a broad range of hydroxyl-substituted aromatic compounds.
Furthermore, we explore the molecular electrostatic potential as a quantum descriptor for the
photoacidities of cationic photoacids, and show a universal behavior of the pK,*~MEP dependence. We
also investigate the solvent effects on the photoacidity using TDDFT calculations with implicit solvent
models. Finally, we discuss the physical insights implicated by the molecular electrostatic potential as a
successful measure for photoacidity on the mechanism of proton transfer in the molecular excited
states. This pK,* descriptor provides an effective means to quantify the tendency of excited-state proton
transfer with a relatively small computational cost, which is expected to be useful in the design of
functional photoacids.

chemical reactions, interests arise in developing an efficient
estimation of their excited-state logarithmic acid dissociation
constant, pK,*, either by experiments or theoretical calculations.

Organic photoacids are compounds with enhanced acidity in
the excited state.'”> Combined with controlled photoexcitation
by using laser lights, photoacids allow temporal and spatial pH
control in condensed-phase environments. As a result, photo-
acids have received considerable attention both experimentally
and theoretically. For example, photoacids play important roles
in photo-initiated polymerization catalysts,®” photolithography,®
and even in novel drug-delivery systems.’ In particular, hydroxyl-
substituted aromatic molecules, such as phenol derivatives,>*°™*
naphthol derivatives,”*'> hydroxypyrene structures'* and additional
heteroaromatic molecules,'® have been investigated for their excited
state acidities. The acidities of these compounds are generally
enhanced upon photoexcitation, with strong tendencies for excited
state proton transfer (ESPT) to take place."*"”'® To understand the
mechanism of ESPT and to quantitatively treat these photoacids in
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Experimentally, fluorescence titration and the thermodynamic
Forster cycle’® are often applied to measure photoacidity.™” In
principle, the fluorescence of photo-excited species can be
measured as a function of pH,"” and the intensity of the
characteristic emission may reflect the degrees of dissociation
to yield the magnitude of the excited-state pK, (pK,*). Additionally,
based on the Férster cycle,"*" one can utilize the peak positions
of the ultraviolet absorption spectrum to obtain the free energy
difference between the excited state and the ground state of either
the protonated or the deprotonated species. With the combination
of the ground state pK, value and the excitation free energy of each
species, the excited-state pK,* value can be calculated. In practice,
these experiments are often complicated by factors such as
spectral congestion or contamination of impurities in the
samples, and an accurate measurement of pK,* values is often
a challenging task.

Theoretically, accurate determination of pK, values in
condensed-phase systems based on the thermodynamic Forster
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cycle entails a significant challenge even for ground-state
systems, because the procedure requires the calculations of
free energies. As a result, much effort has been devoted to seek
molecular proxies that can be used to efficiently determine
molecular acidities, and many descriptors have been proposed
for ground state systems. For example, the linear relationships
between the ground-state pK, values and specific C-O bond
lengths in the crystal structures of a broad range of organic
acids were reported previously and used as an acidity descriptor
by several groups.””* Based on semi-empirical quantum-
mechanical methods, Tehan et al>* have shown that the
properties derived from frontier electron theory, especially the
electrophilic superdelocalizability (SE), exhibit a strong correlation
with the pK, values for a large number of compounds. Further-
more, by applying the “Atoms in Molecules (AIM)” theory, quantum
structure-activity relationships (QSAR) have been developed®® to
describe the molecular acidity. These estimations based on the
quantum topological molecular similarity (QTMS)* performed
well in predicting the properties dominated by electronic effects,
including pK,. Besides, additional molecular properties such as the
energy of the highest occupied molecular orbital (HOMO),?® the
atomic partial charge,* the proton dissociation energy,*® and the
molecular quantum self-similarity measurements (MQS-SM)*"
were also demonstrated to be related to molecular pK, when
applied to a specific group of compounds. Nevertheless,
although these descriptors successfully provide a relationship
for the estimation of molecular acidities in the ground states,
they are often system specific and the correlations between these
properties and the strength of the excited state acidities have not
been investigated before.

Recently, Liu and Pedersen®” have shown a strong correlation
between the ground state acidities and the molecular electrostatic
potential (MEP) on the proton-donating atom. They compared
the experimental pK, values of a large database of -OH, -NH, and
-SH substituted compounds and the MEP calculated using
ab initio density functional theory (DFT) to reveal a general linear
correlation between pK, and the difference between the MEP on
the proton-donating atom in a molecule and that of the atom in
the neutral atomic state. As a result they demonstrated an
efficient quantum descriptor for molecular acidity based on
simple DFT calculations. The idea of utilizing the electrostatic
potential to report on the acidity and the resulting universal
quantum descriptor for molecular pK, values are remarkable as
well as physically insightful, because the strong correlation
between the MEP on the proton-donating atom and molecular
acidity can be linked to a microscopic picture of the electrostatic
control of proton transfer.>*> We believe that the same physical
concept can be applied to excited states as well. It will be valuable
if this correlation between the acidity and MEP can be generalized
to excited-state systems to predict the excited-state pK, values
(pK,*) for photoacids.

In this work, we investigate the excited-state acidities of a
series of hydroxyl-substituted aromatic photoacids. We utilize
time dependent density functional theory (TDDFT) to calculate
the optimized geometries of the S; excited states and the
electrostatic potentials on the proton-donating atom of these
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compounds, and examine the correlation between the experi-
mentally measured pK,* values and the MEPs on the proton-
donating atom. To investigate the solvent effects, we also carry
out calculations using implicit solvent models. We aim to
reveal the factors that contribute to the excited-state acidities
of hydroxyl aromatic compounds and construct an effective
descriptor that yields excited-state acidity of photoacids based
on simple TDDFT calculations.

2 Computational details

A total of 14 hydroxyl photoacids were investigated in this work.
We optimized the ground and S; excited-state geometries of the
selected molecules by utilizing density functional theory
(DFT)***° and time dependent density functional theory
(TDDFT),**™*° respectively. The ®B97X-D exchange-correlation
functional®® and the 6-31G(d) basis set*>™” are used for these
calculations. Compared to the B3LYP functional applied in Liu
and Pedersen’s work,** the ®B97X-D*! functional includes the
long-range exchange correlation and dispersion terms that
might be important for the selected excited-state systems. We
have performed similar calculations using the B3LYP and
CAM-B3LYP*® functionals (see the ESI,t Fig. S1), which show
that ®B97X-D results in a slightly better performance in the
correlation between the MEP and pK,*. In addition, since there
is no significant long-range interaction as we only focus on the
intramolecular properties of a single photoacid molecule rather
than the acid-base pair in this study, the 6-31G(d) basis set is
selected. We have also tested the basis set dependence, and it is
found that the 6-31G(d) basis set is sufficient to give consistent
MEP values. The Gaussian09 quantum chemistry package
suite® is used for all the calculations reported in this work.

After structure optimizations, single point calculations were
carried out to obtain the local molecular electrostatic potentials
at the proton-donating oxygen atom for the S, and S; states.
The molecular electrostatic potential at the position of nucleus
A (R,) is defined as®*”"

dr(RA) = Z Zy J p(r) dr, 1)

&4 [Ra — R ~JIRa — 7]

where Zg is the atomic number of nucleus B, and p(7) is the
electron density at position r. Note that the contribution from
nucleus A itself is removed to avoid Coulomb divergence.
Because the calculations reported in this work concern the same
oxygen atomic center as nucleus A, removing the contribution
from the oxygen nuclear charge amounts to a constant shift in
the calculated MEP, and thus it does not affect the analysis
presented in this work. All single point calculations were also
carried out at the TDDFT ©B97X-D/6-31G(d) level of theory. In the
single point calculation, the electron density on the integration
grids can be obtained by either DFT or TDDFT. Using the electron
density on grids, the second term in eqn (1) can be numerically
evaluated and the MEP is obtained while the first term is trivial to
determine once the positions of the nuclei are determined. In
addition, population analysis as implemented in the Gaussian09
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package suite is used in single point calculations to obtain the
atomic charges in our comparative studies.

In addition to the DFT calculations in vacuum, the Polarizable
Continuum Model (PCM)**™° implemented in the Gaussian09
package was also applied to take solvent effects into account. A
series of solvent conditions with dielectric constants ranging
from low to high were used: cyclohexane, dichloromethane,
tetrahydrofuran (THF), ethanol, methanol, and water solvents
were modeled. The optimization calculations for 14 photoacids
were carried out with each PCM model in both the S, and S;
states. For ground states, frequency analysis was performed on
each optimized structure to ensure the quality of the structure
optimization. For excited states, the stationary geometries were
carefully checked by having their maximum force, RMS force,
RMS displacement, and RMS displacement converged under the
Gaussian09 default threshold in the SCF iteration processes. By
utilizing the optimized structures, single point calculations with
PCM models were applied to obtain ¢o and ¢o* under different
solvent conditions. In the next section, we will first present the
results in vacuum and then investigate the MEP changes due to
the solvent effects.

3 Results and discussion
3.1 Ground state pK,-MEP relationship

We first investigate 12 mono-hydroxyl substituted aromatic
compounds with previously reported ground state and excited
state acid dissociation constants. The chemical structures and
labels for these molecules are shown in Fig. 1, and they can be
divided into three different classes. Compounds a-g are phenol
derivatives with methyl-, bromo-, methoxy- and cyano-functional

OH OH OH OH
OCH,
CH, Br
(a) phenol (b) p-cresol (c) BML (d) mMP
OH OH OH
CN
CN
CN
(e) p-CP (f)y m-CP (g) o-CP
OH CN OH
o o0
CN CN
(h) 2-naphthol (i) 5CN1 (j) DCN2
o ! _CH(CF,),

S
~o.
CH(CF,),

(k) HPTA

(I HFHPTS

Fig. 1 Mono-hydroxyl substituted aromatic photoacids.
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groups substituted at different positions. Compounds h-j are
naphthol derivatives that contain two aromatic rings. Compounds
k and 1 are both hydropyrene derivatives that exhibit the most
expanded aromatic system (4 rings) in this study. These molecules
represent a wide range of hydroxyl aromatic compounds that have
found broad applications as photoacids. Note that we focus on
hydroxyl compounds because they are among the most well-
studied photoacids and their excited-state pK,* values are available
in the literature. Other N- or S-containing compounds have also
exhibited strong excited-state acidities. However, since generally
speaking the experimental pK,* data are only available for a few of
these non-hydroxyl photoacids, we will only consider the hydroxyl
compounds in this study.

Table 1 lists the measured pK, and pK,* values of the
selected compounds. The experimental excited-state acidities
for these model compounds were obtained in an aqueous
environment either by fluorescence titration or by Forster cycle
methods (see references listed in Table 1). Notably, the phenol
derivatives generally exhibit larger pK, and pK,* values than
those of both the naphthol and hydropyrene derivatives,
because the extended aromatic rings for either naphthol or
hydropyrene derivatives may stabilize the conjugated bases of
these species, which leads to stronger acidities in either the
ground or the excited state.

To confirm the validity of utilizing MEP as a descriptor of
acidity and to justify the level of theory used in this work for the
selected model compounds, we first investigate the pK,-MEP
relationship in the ground states. To this end, the ground state
MEP values on the oxygen atom of the acidic hydroxyl group,
¢o, of these molecules under vacuum conditions are calculated
and compared with the experimental pK, value (see Fig. 2 and the
ESLT Table S1). Clearly, the ground state MEP on the hydroxyl
oxygen atom exhibits a strong linear correlation with pK, (R* =
0.9235). The results are in good agreement with Liu and Pedersen’s
work,* although different functional and basis sets are used for
the MEP calculations in our work. The linear relationship between
¢o and pK, provides an quantitative scale to estimate acidity.
Moreover, the excellent correlation also indicates that the level of
theory utilized in this study is sufficient to describe the acidity
dependence on the environmental electrostatic effect.

The relation between the molecular acidity and MEP on the
proton-donating atom can be interpreted in a microscopic

Table 1 Experimental ground state and excited state acidities

Compound pK. pK.* Ref.

a 10.0 4.0 11

b 10.26 4.3 1 and 11
c 9.36 3.1 1 and 11
d 9.65 4.6 1 and 11
e 7.74 3.33 12

f 8.34 1.89 12

g 6.97 0.66 12

h 9.5 3.1 1 and 56
i 8.5 —2.8 14 and 15
j 7.8 —4.5 14 and 57
k 5.6 —1.0 58

1 4.4 -3.9 58
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Fig. 2 Correlation between the ground state acidity and the calculated
MEP on the oxygen atom of the hydroxyl group under vacuum conditions.
Points are labeled according to Fig. 1. The best linear regression to the
dataset is y = —96.7-x — 2.1435 x 103, with R? = 0.9235.

picture of proton dissociation, in which the proton transfer is
highly dependent on molecular electrostatic interactions. The
electrostatic potential at the acidic site thus reflects the electro-
static influence of the local environments relevant to proton
dissociation. When the chemical structure is modified by the
addition of electron withdrawing/donating groups or the dielectri-
city of the environment, the electron density of the O-H bond
changes due to the electrostatic force acting on it, leading to
changes in the local MEP at the position of the oxygen atom. As
a result, the MEP on the oxygen atom measures the electron
density between the oxygen atom and the proton, which is
strongly correlated with the strength of the chemical bond
between the proton and the proton-donating atom, and hence
the molecular acidity. Therefore, if the MEP on the proton-
donating atom becomes more negative (positive) as the bond
electron density increases (decreases), the compound is expected
to become a weaker (stronger) acid. This principle should be
applicable to molecules in the excited states as well.

3.2 Excited state pK,*-MEP relationship

Now we turn to investigate the excited-state acidities. From
Table 1, the pK,* values of these hydroxyl photoacids range
from —7 to 4.6. Compared to the ground-state acidities, the
acidities in the excited states are enhanced by up to five orders
of magnitude upon photoexcitation. It was suggested that the
intramolecular charge transfer from the proton-donating atom
to the conjugated ring system upon photoexcitation decreases
the electron density on the hydroxyl group, leading to a much
stronger acidity in the excited state.'® The change of the partial
charge upon excitation can be clearly seen in the ESI,{ Table S2,
in which the Mulliken and Hirshfeld charges on the proton-
donating oxygen of the photoacids are listed. It is shown that
the partial charge on the hydroxyl oxygen systematically
decrease upon excitation. This charge transfer character of
the S, excited state is critical for the enhanced acidities of
hydroxyl aromatic photoacids, and the shift in electron density
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Fig. 3 Correlation between the excited state acidity and the calculated S;
excited-state MEP on the oxygen atom of the hydroxyl group under
vacuum conditions. Points are labeled according to Fig. 1. The best linear
regression to the dataset is y = —132.0-x — 2.9321 x 10°, with R? = 0.7785.

should reflect on the change in the MEP. To examine the
correlation between the excited state MEP and the excited state
acidities, we calculate ¢o* under vacuum conditions and
correlate the results with the experimental pK,* values (Fig. 3).

Fig. 3 shows the clear correlation between ¢o* and the
corresponding experimental pK,* value (R*> = 0.7785). The
correlation is not as high as that in the ground states, nevertheless
it shows that ¢o* is an adequate descriptor for excited-state
acidities. To examine the DFT functional dependence, we have
also calculated ¢o* using the B3LYP and CAM-B3LYP methods.
The ¢o*-pK,* correlations of these two alternative DFT functionals
are provided in the ESL{ Fig. S1, which shows that the ®B97X-D
functional yields a slightly better correlation than the ones
obtained by either B3LYP or CAM-B3LYP. Thus the level of
our TDDFT calculations can be justified. The linear regression
equation provides a simple way to estimate the excited-state
acidity for hydroxyl-substituted photoacids with simple TDDFT
calculations. Notably, the linear relation that correlates pK,* to
¢o* is different from the one obtained in the ground state
(Fig. 2). Compared to the ground-state pK,~MEP relationship,
the slope of the linear regression in the excited state appears to
be much steeper, indicating an enhanced sensitivity of pK,* to
the MEP on the proton-donating atom. It has been reported
that the polarizability of aromatic molecules may increase upon
excitation,*™®! leading to more substantial changes in the
electron density distribution in response to the environmental
electrostatic interactions. Thus the excited states show a different
pK.*-MEP relationship.

More importantly, MEP correctly predicts the trends of
acidity changes upon photoexcitation, making it a useful descriptor
for pK,* in the excited states for the class of hydroxyl aromatic
photoacids studied here. For example, p-CP (compound e) and
m-CP (compound f) show distinct photoacidity behavior. In the
ground state, p-CP is more acidic than m-CP due to the resonance
effect which stabilizes the resonance structure of the conjugate
base of p-CP. On the other hand, in the S; state, the intramolecular
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charge transfer upon excitation from the hydroxyl group to the
aromatic ring will enhance the inductive effect of the electron-
withdrawing cyano-group, turning m-CP into a stronger acid than
p-CP in the excited state’® (see Table 1). In our calculations, the
MEP at the proton-donating site of p-CP in the ground state is less
negative than that of m-CP, reflecting less electron density on the
oxygen atom in p-CP, and hence the stronger acidity of p-CP.
However, in the S; excited state, the MEP at the proton-donating
site of p-CP becomes more negative than that of m-CP, predicting a
weaker acidity in p-CP (ESLT Tables S1 and S3). Therefore, the
theoretical MEP values capture the electronic effects and correctly
predict the order of acidity for p-CP and m-CP both in the ground
and excited states. Our results demonstrate that using MEP as an
acidity descriptor is valid not only in the ground states but also in
the excited states for hydroxyl aromatic photoacids.

Considering that alternative descriptors for ground-state
acidity have been proposed previously, it is of interest to
compare the performance of the MEP descriptor emphasized
in this work to other methods. To this end, we have examined
the correlations between the acidity and the Mulliken charge on
the oxygen atom, the Hirshfeld charge on the oxygen atom, the
O-H bond length, and the C-O bond length. For the same set of
model hydroxyl compounds, these descriptors exhibit reason-
able correlations with the ground-state acidity (ESL Fig. S3).
However, when the correlations in the excited states are exam-
ined, it is clear that these descriptors do not describe the
excited-state acidities at all (Fig. 4). This is in stark contrast
to the performance of the MEP-based descriptor. Notably, the
atomic partial charges on the proton-donating oxygen atom do
not seem to capture the trend in excited-state acidity as the
MEP indicator does. This result is unexpected, and we suspect
that the MEP has more long-range contributions and therefore

-4 R2<0.1 ¢ R2=0.2879

063 -062 -061 -06 -059 058 -057 019 018 -017 -016 -015 -0.14 -0.13
Mulliken charge on O Hirshfeld charge on O

°

00

o0

- ° R2<0.1

R2=0.5215

6.964 0966 0.968 097 0972 0974 0976 0978 0.98 TfﬁQE 1.33 1.335 134 1.345 135 1.355
O-H bond length (A) C-0 bond length (A)

Fig. 4 Correlations between the excited-state acidity and various theoretical
acidity descriptors proposed previously: (a) Mulliken charge on the
oxygen atom of the hydroxyl group, (b) Hirshfeld charge on the oxygen
atom of the hydroxyl group, (c) the O—H bond length, (d) the C-O bond
length.
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provides a better description of the local electrostatic environ-
ment for proton transfer. Thus, the MEP at the proton-donating
nucleus clearly is a more effective descriptor for the photoacidity
of hydroxyl chromophores.

3.3 pK,* of charged species and MEP difference

In addition to the neutral compounds listed in Fig. 1, we have
also examined two positively charged photoacids (see Fig. 5) in
order to expand the chemical scope of using MEP on the
proton-donating atom as a quantum descriptor for excited-
state acidities. The question is to see whether or not the pK,*
of these charged species could be described by the same
PK,*-MEP relationship as the one obtained from the neutral
species (Fig. 3). The results are depicted in the ESI, T Fig. S2 and
Table S3. Notably, while the neutral molecules have MEP values
ranging from —22.15 to —22.3, the positively-charged trimo-
phonium cation and NM6HQ+ exhibit distinct behaviors (see
the ESL, Table S3 and Fig. S2). These two cations show strongly
positive MEP at the proton-donating site under vacuum conditions
which may be attributed to the positive charge on nitrogen in their
chemical structures. Because of the extra positive charge, the
electron density on the hydroxyl group is significantly reduced
through the resonance with the aromatic rings. As a result, the
electrostatic potential on the hydroxyl oxygen becomes much more
positive than those in neutral molecules. It is important to note
that the linear relations between MEP and pK, for different types of
molecules in the ground states are different.>* For excited state
acidities, the deviation of the correlations with MEP for different
types of molecules (neutral or positive here) should be expected.
The different dependences of acidity on MEP at the proton-
donating atom seem to limit the usefulness of MEP as a
descriptor of excited-state acidities. Nevertheless, for ground
state systems, Liu and Pedersen®” have shown that a universal
linear relationship can be constructed to provide acidity measures
over wide varieties of compounds through considering the
difference in the MEP values relative to that of the bare atoms.
Inspired by their work, we seek to explore an generalized
descriptor for the excited state acidities that could unify the
neutral and cationic pK,* data. To this end, we propose to
consider the differences in the pK,* and MEP values relative to
those of the ground state values, i.e. ApK, = pK,* — pK, and
Ao = po* — Po, as an effective descriptor of excited state acidity
for both the neutral and positive charged species. By subtracting
the ground-state pK, and ¢ values from the excited-state

OH
OH
| N
-
& ’|\1®
CH
//N\ 3
(m) Trimophonium cation (n) NMBHQ+

Fig. 5 Positively-charged mono-hydroxyl substituted photoacids studied
in this work.
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Fig. 6 Correlations between ApK, and AMEP for both the neutral (blue
circles) and positively-charged (red squares) hydroxyl photoacids. Points
are labeled according to Fig. 1 and 5. The best linear regression to the
dataset is y = —173.0804-x — 1.0943, with R? = 0.6630.

pK,* and ¢o*values respectively, we aim to focus on the effects
of photoexcitation. Note that since the ground state acidities for
organic compounds are often readily available, the difference in
values can be easily obtained. Fig. 6 shows the correlation plot
of the two difference values for all 14 compounds investigated in
this work, and a reasonable correlation between ApK, and A¢o
can be clearly seen. It is remarkable that after the correction, the
points for the two cationic photoacids fall in line with that of
the neutral species. The contribution of the positive charge to
the electron density distribution in the trimophonium cation and
NMG6HQ+ is removed by the correction, leaving only the electronic
excitation that perturbs the MEP and acidity of the system. Thus,
the description for neutral and positively charged photoacids can
be integrated as one to give a generalized estimation of the acidity
change due to excitation. The possibility to describe the excited-
state acidities of hydroxyl aromatic compounds in a universal
relationship indicates the generality of the MEP-based descriptor
for excited-state acidity and that a universal descriptor for excited-
state acidities covering compounds with a variety of chemical
structures could be established.

3.4 Solvent effects on photoacidity

Since the excited-state acidity strongly depends on the solvent"*
and the acidity is an important factor in the selection of
photoacids in various applications, solvent effects should play
important roles in the effectiveness of photoacids. Here, we
investigate the solvent effects in excited-state acidity by carrying
out TDDFT calculations with the PCM model in a series of
solvent environments ranging from low polarity to high polarity.
The solvent dependences of ¢o* for different compounds are
shown in Fig. 7 and in the ESI,i Table S4, and the dielectric
screening effect can be clearly observed. Note that with the
increase of solvent dielectricity, the screening effects should be
enhanced, and hence the oxygen atom on the hydroxyl group
should exhibit a less negative electrostatic potential. From the
ESI, T Table S4, it is clear that in most cases, ¢o* does increase
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Fig. 7 The excited state MEP on the hydroxyl oxygen atom (¢o*) as a
function of the inverse dielectric constant.

with the higher dielectric constant of the environment, except
for mMP, the trimophonium cation and NM6HQ+. These three
species, including the two cations investigated in the previous
paragraph, exhibit a minor negative dielectric constant dependence
that is opposite that of the other compounds. We believe that this
opposite effect can be attributed to the screening of the positive
charge on the molecular skeleton. For mMP, which is in the neutral
state, its relatively small dipole compared to the other hydroxyl
photoacids may result in poor sensitivity to the dielectric environ-
ment, and its MEP dependence on the dielectric constant is
negligible. Hence, the three data points are excluded from Fig. 7.

The molecular acidity should be enhanced in solvents with
larger dielectric constants,®” which is described by the MEP at
the proton-donating atom (¢o*). The MEP based pK,* descriptor
we proposed here correctly captures the dielectricity induced
acidity change (Fig. 7). Due to the negative linear correlation
between ¢o* and pK,*, the increased ¢o* in stronger dielectric
environments for most of the molecules we examined in this
work represents increased acidities. With the use of ¢o* as a
pK,* descriptor, the strength of the solvent effects on the excited
state acidity can be estimated. It will be interesting to compare
our results to the experimental data quantitatively, especially for
the three compounds whose MEP descriptor predicts an opposite
solvent dielectric dependence. However, the experimental solvent-
dependent pK,* values for these compounds are not available.

Furthermore, Fig. 7 shows that the solvent induced MEP
changes are relatively small compared to the MEP differences
between species, and the dependence of MEP on solvent
dielectricity for different compounds exhibit similar slopes.
As a result, the relative MEP values of different chemical species
exhibit only a weak solvent dependence. To further quantify the
strengths of the solvent effects on MEP, we assume that the
MEP changes in Fig. 7 share a universal simple dielectric
screening effect. Thus, the ¢o* in different solvents should
then be described by

6060 = b =) 425~ ), @
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Fig. 8 Relationship between the predicted ¢o*(¢;) obtained by egn (2) and
¢o* calculated by DFT with implicit solvent models.

where ¢o*(e; = &) is the ¢o* obtained under vacuum conditions,
&o is the vacuum dielectric constant, and « is a screening factor
representing the common solvent effects on MEP shared by all
the examined photoacids. By linear fitting of eqn (2) to the data
shown in Fig. 7 (also in ESL{ Table S4), « is determined to
be about —0.0151. We then obtain a simple relationship to
quantify the value of MEP at different solvent dielectricities. In
other words, the determination of the excited-state pK,* value
only requires the MEP value calculated in vacuum.

To confirm the effectiveness of eqn (2), we calculated the
estimated solvent-dependent ¢o* for each molecule in different
solvents by utilizing ¢o* obtained under vacuum conditions
and eqn (2). The comparison of these predicted MEP values
with the ones calculated by TDDFT with PCM implicit solvent
models is shown in Fig. 8, which clearly shows that eqn (2)
provides an accurate estimation of the solvent-dependent MEP
on the proton-donating atom. If only a continuous solvation
model is considered, the solvent screening effects on ¢o*
can be easily determined, therefore DFT calculations under
vacuum conditions are sufficient to provide an effective quantum
descriptor for the excited-state acidities.

In summary, the excited state acidities and ¢o* exhibit a strong
linear correlation, providing us with an relatively efficient theoretical
PK,* descriptor compared to thermodynamic calculations. The
MEP based pK,* descriptor can effectively predict the trends of
acidity changes upon photoexcitation. Furthermore, the regression
equation can be generalized to give descriptions of both the
neutral and positively charged photoacids, by applying the ground
state MEP and experimental ground state pK, values as correction
terms. The solvent effects on molecular acidity are included by
utilizing the implicit solvent model. The dielectricity induced
acidity change can be observed not only for ground state acids,
but also for the photoacid category by applying the MEP based
pK,* descriptor we developed here. With eqn (2), the strength of
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the dielectric effects on MEP is quantified, which provides us with
an efficient means to predict the photoacidity in different solvents.
Finally, we note that explicit solvent effects such as hydrogen-
bond interactions and micro-solvation environments are not
included in our calculations, and they could play a significant
part in the excited-state acidities.

4 Conclusions

In this work, we investigated a series of neutral aromatic
hydroxyl-substituted photoacids to reveal the strong linear
correlation between the measured excited state acidities and
molecular electrostatic potentials on the proton-donating atom
calculated using the ®B97X-D*'/6-31G(d) level of TDDFT theory
in vacuum. In addition, we showed that the MEP based pK,*
descriptor correctly reproduces the trends in the substituent
and ring-size effects for the photoacids studied in this work.
Moreover, we have also studied two additional photoacids that
are positively-charged. Compared to the neutral hydroxyl photo-
acids, these two compounds exhibit different pK,* dependences
on MEP; however, when we consider the differences in the
excited-state pK,* and MEP values relative to those of the ground
states, both the neutral and positively-charged photoacids exhibit
the same linear ApK,*-AMEDP relationship. The linear correlation
provides us with an efficient quantitative descriptor to estimate
the pK,* values of hydroxyl photoacids using simple TDDFT
calculations. Note that the number of compounds studied in
this work (14 molecules) is limited by the availability of experi-
mental data on the excited-state pK,* values. Although the size of
the database studied here is not as satisfactory as we would like
to have, we believe that the trend and correlation are clearly
demonstrated to make the MEP on the proton-donating atom a
useful indicator for the photoacidity of hydroxyl chromophores.
In addition to the DFT calculations in vacuum, we have also
carried out calculations with the PCM solvation model for
several solvent environments. With the solvent effect taken
into account, the strong linear correlation still holds, and we
showed that the solvent-dependent changes in MEP on the
proton-donating atom can be described by a simple dielectric
solvation expression. As a result, we demonstrate that the
vacuum MEP values can be used to estimate the excited-state
pK,* values under different solvent conditions, indicating that the
contribution of solvent screening effects on the electron density
distribution determines the pK,* changes of the photoacids.
Significant efforts have been invested to understand the
mechanisms of photoacidity and excited state proton transfer
in chromophores. The pK,* values in the molecular excited
states are critical for the effectiveness of photoacids in organic
synthetic processes as well as the mechanisms of excited-state
proton transfer reactions. Therefore, our results should have
important implications for the design of photoacids and the
study of excited-state proton transfer reactions. The linear
relation between the MEP on the proton-donating atom and
pK,* could be very useful for the studies of photoacids.
The simple quantum descriptor for pK,* based on MEP would
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enable a fast screening of chemical structures so that the photo-
acids suitable for specific photoacid generators for photolitho-
graphy or photoinitiators for catalytic polymerization reactions can
be efficiently selected without performing costly experiments.

Furthermore, we believe that the molecular electrostatic
potential on the proton-donating atom directly reflects the
impact of environmental interactions on the O-H bond and
serves as an appropriate measuring scale of acidity. This
measuring scale, which has been shown to be successful for
ground state acidity in the literature,*” is demonstrated to also
be valid in the excited-state systems in this study. It is remarkable
that a simple MEP value can capture system-dependent pK,*
reasonably well. We believe that our work also reveals significant
physical insights towards the understanding of molecular acidity.

The confirmation of MEP as an effective quantum descriptor
for molecular acidity in the excited states lends strong support
to the model that electrostatic interactions and electron density
changes to the proton-donating atom determines the acidity
of a molecular system. It is interesting to note that the acidity is
determined by the free energy difference between the protonated-
and deprotonated molecular states, and it should be a complex
chemical property that depends on many system variables, for
example, the O-H bond dissociation energy, bond polarizability,
solvent environment, and stability of the deprotonated species.
Nevertheless, these factors affecting acidity also contribute to the
changes in the value of the molecular electrostatic potential at the
position of the proton-donating atom. Our results might imply
that the electrostatic interactions dominate proton transfer in
acid-base reactions both in the ground and excited states of
molecular acids. In particular, for hydroxyl-substituted aromatic
molecules, it was shown that the charge-transfer (CT) character of
the excited state plays a key role in driving the proton transfer
reactions in the excited state.'® Our calculations indicate that the
CT character could be described by the MEP at the proton-
donating atom, which is effective for measuring the local CT
effect at the position. In addition, our results also imply that the
entropic effect at most plays only a minor role in determining the
pK,* value for the systems studied in this work.

Finally, we note that the correlation revealed in this research
is specific to mono-hydroxyl-substituted photoacids. Investigations
on N- or S-substituted photoacids are currently work in progress.
According to the ground state study by Liu and Pedersen, we expect
that photoacids with different proton-donating atoms will show a
distinct pK,*-MEP relationship; nevertheless, there remains a pos-
sibility that a universal scale might exist to describe the excited-state
acidities of different types of photoacids on the same footing.
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