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Nuclear Quantum Effects Have a Significant Impact on UV/Vis
Absorption Spectra of Chromophores in Water

Shota Tsuru®,* Bikramjit Sharma®, Christof Hiittig, and Dominik Marx

Abstract: Despite the broadly acknowledged importance
of solvation effects on measured UV/Vis spectra in the
context of solvatochromism or chemical reactions in
solution, it is still an open challenge to calculate UV/Vis
spectra with predictive accuracy. This is particularly true
when it comes to the impact of nuclear quantum effects
on these experimental observables. In the present work,
we calculate the UV/Vis absorption spectrum of indole
in aqueous solution with a combination of a correlated
wavefunction method for computing electronic excita-
tion energies and enhanced path integral simulations for
rigorous sampling of nuclear configurations including
the quantum effects in solution. After validating our
approach based on gas-phase benchmarking, we demon-
strate that the lineshape of the spectrum measured in
aqueous solution is quantitatively recovered, without the
application of any shifting, scaling, or broadening, only
after including nuclear quantum effects in addition to
thermal fluctuations and solvation at ambient condi-
tions. Our findings demonstrate that nuclear quantum
effects are “visible” in UV/Vis spectra of chromophores
measured in solution even at room temperature and,
therefore, that they must be considered computationally

to achieve predictive accuracy. )

The significant solvent influence on spectra, as evidenced
by solvatochromism, has been recognized for centuries,?
yet it continues to be a subject of intense research.’'”! More
recently, the development of time-resolved spectroscopies
greatly extended the possibility of microscopic investigations
toward dynamical solvent effects.'"*"! In parallel to experi-
ments, significant advances have been achieved in electronic
structure-based computational spectroscopy of molecular
solutions, including work that takes classical thermal fluctua-
tions into account.” ! The importance of including nuclear
quantum effects (NQEs) in calculations is well documented
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for spectroscopic properties of molecular systems in the gas
phase.®™ When it comes to the impact of NQEs on
electronic spectra in solutions, there are a few reports in the
literature which studied their role through simulation
approaches. Most of them used ensemble approaches, where
the vibrational effects were explicitly considered,**® where-
as others used dynamical lineshape approaches, where the
lineshapes were calculated for each snapshot considering
vibronic effects.F’>! All of them reproduced the widths of
bands in measured spectra better by considering NQEs, as
expected from the well-known impact of NQEs on the
structural dynamics of water and aqueous solutions.'*”
Nevertheless, a thorough investigation of the solvent
influence on spectra, especially contribution of NQEs to
solvatochromism, comparing directly with spectra measured
both in the gas phase and in solution, has not yet been
accomplished.

In this Letter, we evaluate and quantify the combined
impact of NQEs and solvation on the UV/Vis absorption
spectrum of indole in water with reference to the gas phase
where reliable experimental benchmark spectra are avail-
able. We select indole (see Figure 1) not only due to its
broad multidisciplinary interest®*! but also in view of its
clearly observed solvatochromism™ ) and the considerable
interest in its photoinduced dynamics both in the gas
phase™”7™ and in neutral aqueous solution.”"! Moreover,
indole is a quasi-rigid molecule and amenable to well-
established Wigner sampling of NQEs based on the harmon-
ic approximation in the gas phase.”>**! In the gas phase,
this allows for one-to-one comparisons between Wigner
sampling and the same rigorous ab initio simulation
methodology!™ (namely path integral quantum thermal bath
(PIQTB) simulations ), which can also be used in
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Figure 1. (a) Schematic structure of indole. (b) Solvation structure of
indole in water. The dashed line indicates the hydrogen bond between
the N—H group and a water molecule.
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solutions to sample the combined effects due to solvation,
temperature, and NQEs. This capability of the PIQTB
simulation is a major advantage over Wigner sampling,
which requires significant approximations when applied to
practical finite-temperature simulations in solution. Com-
bined with such quantum sampling, we use the accurate
algebraic-diagrammatic construction through second order,
ADC(2),"**! approach to compute electronic excitation
energies without any need of artificial scaling or shifting.*"
Importantly, our quantum ensemble approach rigorously
accounts for thermal as well as vibrational broadening
effects, fully including state mixing and intensity borrowing
along the ground-state vibrational modes in solution;
vibronic effects such as those arising from the quantization
of vibrational levels in excited states and Franck—Condon
factors are not covered™' but would be accessible using
well-known dynamical lineshape approaches.””! Concern-
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Figure 2. UV/Vis absorption spectrum of indole in the gas phase
calculated based on Wigner sampling (green) as well as on canonical
sampling from trajectories generated at 300 K using classical (AIMD:
blue) and quantum (PIQTB: red) nuclei. The dashed black line is the
corresponding measured spectrum digitized from Ref. [70]. The purple
sticks indicate the vertical spectrum calculated at the optimized
geometry of indole.

Table 1: Energies (in eV), oscillator strengths (OSs) and occupied
(Occ.) as well as virtual (Vir.) natural transition orbitals (NTOs) for the
vertical excitations up to 5.4 eV from the ground state of indole at the
ground-state optimized geometry in the gas phase (NTO isosurface is
0.02 for Rydberg-type orbitals and 0.05 for others). The value of &
denotes the singular values for the NTO pairs and o provides the
relative weight of each NTO pair in the excitation. See Table ST for
higher excitations.

Energy oS Occ. o’ Vir.
L, 4.7 0.0300 m* 0.73 ‘:ﬁ
a’ 0.26 m
L, 4.95 0.1118 @Q 0.92 C:Q
m 0.07 m
Ryd  5.06 0.0025 &9 o I:%
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ing the methods used, we refer to the Supporting Informa-
tion.

Figure 2 shows the UV/Vis absorption spectrum of gas-
phase indole calculated based on the classical AIMD (ab
initio molecular dynamics), Wigner, and PIQTB samplings,
compared one-to-one to the experimental benchmark.”
The vertical excitation energies and the natural transition
orbitals (NTOs)®®! calculated at the ground-state opti-
mized geometry are given in Table 1. The combined
absorption bands in the energy window of 4.2 to 5.4eV
originate from the two 'mn* states named 'L, and 'L, in
accordance with Platt nomenclature.®! The absorption
bands above 5.4 eV, with intensity more than five times
larger than that of the bands below 5.4 eV, originate from
further 'nn* states. In this energy window, excited states like
the third one in Table 1, where an electron is transferred to
a Rydberg orbital, are also located. The close agreement
between the gas-phase spectra of the quasi-rigid indole
molecule calculated from Wigner and PIQTB samplings
shown in Figure 2 explicitly demonstrates that the PIQTB
sampling properly accounts for NQEs in the gas phase.

The spectrum calculated based on classical AIMD
exhibits positions and intensities of the bands close to those
of the vertical spectrum. More importantly, the classical
spectrum does not reproduce the band shapes of the
measured spectrum, although the positions of the maxima
(4.93 and 5.98 eV) are somewhat close to the measured ones
(4.88 and 6.02 V). Meanwhile, the spectra calculated based
on the Wigner and PIQTB samplings are broader than those
based on the classical AIMD sampling and agree much
better with the measured spectrum.

To quantify the NQEs on the excitation energies, we
collect in Table 2 the results for the S;('L,), S,('L,), and
S;(Ryd) states calculated at the optimized geometry and
those obtained as averages for the AIMD, PIQTB, and
Wigner ensembles. For the classical AIMD ensemble, small
red shifts, 0.06 and 0.03 eV, are obtained for the S; and S,
states, respectively. For the PIQTB and Wigner ensembles,
these shifts are as large as 0.17-0.18 and 0.11-0.13 eV for S,
and S,, respectively. In contrast to S; and S, dominated by
the configurations of 'mm* character, a red shift of S is
observed only for the PIQTB and Wigner quantum
ensembles. This can be explained by the configuration of
Rydberg character which is insensitive to molecular dis-
tortions and, thereby, to NQEs. Similar shifts from including
NQEs when sampling nuclear configurations were observed
for other cases.*¥ However, it should be noted that the

Table 2: Excitation energies (eV) of the S,('L,), S,('L), and S;(Ryd)
states calculated at the optimized geometry (vertical) and those
obtained as averages of vertical excitation energies calculated for the
classical AIMD, PIQTB, and Wigner ensembles of indole in the gas
phase.

S S, S3
Vertical 4.71 4.95 5.06
Classical AIMD 4.65 4.92 5.06
PIQTB 4.53 4.84 5.04
Wigner 4.54 4.82 5.00
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observed difference between the gas-phase spectra calcu-
lated with or without considering NQEs is specific not only
to the molecular species, but also to the character of each
electronic state: For the lowest spin-singlet excited states of
pyrazine, the difference is limited to the width of the bands
and the shift due to NQEs is not obvious.*! Given the state-
specificity of NQEs, one cannot account for quantum effects
on UV/Vis absorption spectra even of a given molecule by a
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Figure 3. UV/Vis absorption spectra of indole in the gas phase (top)
and in aqueous solution (bottom) calculated based on the canonical
trajectories generated at 300 K representing quantum nuclei according
to PIQTB sampling (red). Dashed black and blue lines are the
corresponding measured spectra digitized from Refs. [70] and [71],
respectively. The purple sticks indicate the vertical spectrum calculated
at the optimized geometry of the isolated indole molecule (top) and in
aqueous solution according to COSMO solvation (bottom), see text.

Table 3: Energies (eV), oscillator strengths (OSs) and occupied (Occ.)
as well as virtual (Vir.) natural transition orbitals (NTOs) of the vertical
excitations up to 5.4 eV from the ground state of indole at the ground-
state optimized geometry in water according to COSMO solvation, see
text (NTO isosurface is 0.02 for Rydberg-type orbitals and 0.05 for
others). The value of ¢ denotes the singular values for the NTO pairs
and o’ provides the relative weight of each NTO pair in the excitation.
See Table S2 for higher excitations.

Energy (O Occ. o’ Vir.
L, 4.70 0.0487 m’ 0.83 ‘w
Qo0 oS
L, 4.85 0.1375 & 0.90 m
Ryd 5.29 0.0083 & 0.99 %
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global shifting or scaling of the excitation energies, thus
underlining the importance of explicit inclusion of NQEs in
predictive computations as the present ones.

We now turn to the importance of NQEs in aqueous
solution as well as the specific solvation effects on the
excited states of the solute as seen in the UV/Vis absorption
of indole in aqueous solution. Figure 3 shows the UV/Vis
absorption spectra of indole in the gas phase and in aqueous
solution calculated based on PIQTB sampling compared to
the experimental benchmarks.”" The vertical excitation
energies and the NTOs calculated by embedding indole into
the conductor-like screening model (COSMO)® ! at the
ground-state optimized geometry are given in Table 3. The
first sharp absorption at 4.36 eV (gas phase) and 4.30 eV
(aqueous solution) in the measured spectra originates from
the 0-0 component of the 'L, absorption band,® which is
not accessible by ensemble approaches. The maxima of the
combined absorption bands in the spectrum measured in
aqueous solution (4.44 and 4.56 eV) experience more than
0.3 eV red shifts from those in the spectrum measured in the
gas phase (479 and 4.88eV), and the more intense
absorption bands start to rise at 5.14 eV in aqueous solution
while this happens only at 542eV in the gas phase.
Importantly, PIQTB sampling succeeds in reproducing not
only the band maxima but also the width both in the gas
phase and in aqueous solution, including the increase of the
absorbance starting at 5.14 eV in aqueous solution, which
was not examined previously.”"

Next, to disentangle the specific solvation effects on the
molecular and electronic structures appearing in the UV/Vis
absorption spectrum, we first discuss the bulk solvation
effects. We do this by examining the vertical spectrum
calculated at the ground-state optimized geometry, embed-
ding the indole molecule in COSMO (compare Tables 1 and
3). In the energy window of 4.0-5.4 eV, the 'nn* ('L, and
'L,) states experience up to a 0.1 eV red shift without change
in the configuration characters. In contrast, 'nRyd states
experience more than a 0.2 eV blue shift with qualitative
changes in the virtual NTOs. These effects observed in the
vertical excitation do not fully account for the solvation
effects in the UV/Vis absorption spectrum observed in
Figure 3, since the shifts of the vertical excitation energies,
up to 0.1 eV, are small compared to the band maxima shifts
observed in the experiments, which are more than 0.3 eV.

We then compare the spectra calculated for the classical
AIMD ensembles in the gas phase and in aqueous solution
(see Figure S4). The band maximum of the spectrum
calculated for the aqueous solution (4.78 eV) is lower than
that of the spectrum calculated for the gas phase (4.93 eV)
by 0.15 eV. This red shift observed in the spectra calculated
for the classical AIMD ensembles is larger than that
observed for the 'L, state in the single-point calculations,
0.10 eV. Table 4 shows the excitation energy of each state
averaged for the classical AIMD ensemble (used for Fig-
ure S4) and the PIQTB ensemble (used for Figure 3) in
aqueous solution. For the S; and S, states, the average
excitation energies calculated for the classical AIMD
ensemble are lower than those calculated at the optimized
geometry by 0.09 and 0.05 eV, respectively. These differ-
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Table 4: Excitation energies (eV) of the S,('L,), S,('L,), and S;(Ryd)
states calculated at the optimized geometry (vertical) and those
obtained as averages of vertical excitation energies calculated for the
classical AIMD and PIQTB ensembles of indole dissolved in water.

S, S, S
Vertical 4.70 4.85 5.29
Classical AIMD 4.61 4.80 5.23
PIQTB 448 4.76 5.18

ences are larger than those in the gas phase (0.06 and
0.03 eV, see Table 2), indicating a contribution from thermal
fluctuation of the solvent to the red shift. Nevertheless, the
0.15 eV shift of the band maximum is still too small in
comparison to 0.32 eV observed in the experiments. Thus,
distortions of the molecular skeleton of indole in solution
caused by the interaction with solvent molecules obtained
with classical thermal fluctuations generated by AIMD do
not fully account for the solvation effects, either. In contrast,
as seen in the upper and lower panels of Figure 3, the
020 eV shift of the band maximum obtained in the
calculations based on PIQTB sampling from the gas phase
(4.78 eV) to aqueous solution (4.58 eV) match the exper-
imental shift much better. These results clearly indicate that
the solvatochromic effects observed in experimental UV/Vis
spectra are highly sensitive to NQEs!

Given these findings, let us now disentangle the distinct
factors due to solvation that do—and do not—affect the
calculated spectrum. Figure S6 presents the underlying full
details by presenting the spectra obtained in the PIQTB
ensemble of indole in bulk water calculated (i) without
taking solvent into account at all when calculating the UV/
Vis spectrum [PIQTB (no COSMO)], (ii) replacing all
solvent molecules with continuum embedding [PIQTB
(Indole+ COSMO)], and (iii) replacing water with the
COSMO continuum solvent except for those explicit water
molecules that are within the hydrogen bonding region of
the indole N—H group [PIQTB (Indole+Hbond H,O -+
COSMO)]; only the spectrum obtained using the most
accurate approach (iii) is shown in the bottom panel of
Figure 3. We find that the shape of the absorption band is
rectified even without considering the solvent molecules in
the excited-state calculations, although the band maximum
is still somewhat too high. These results clearly indicate that
distortions of the molecular skeleton of the solute species
due to its interactions with the solvent molecules is a
dominant factor that affects the experimentally observed
solvatochromism. Nonetheless, classical sampling does not
correctly capture these structurally subtle distortions, which
yet have a significant impact on the excited-state electronic
structure, although pronounced NQEs on indole-water
hydrogen bonding in solution are not observed (see Fig-
ure S3). Once the solvent molecules are considered in
addition, the calculated spectrum based on PIQTB quantum
sampling qualitatively matches the measured one also in the
positions of the band maxima in the energy window below
5.1 eV. Furthermore, the increase of the absorbance starting
at about 5.14 eV is reproduced only when both the impact of
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NQEs on the solute structure and the solvent impact on the
local electronic structure are considered.

The above results unambiguously prove that both the
distortions of the solute molecule caused by solvent fluctua-
tions and the changes in its excited states in solution
contribute substantially to the total solvent effect on UV/Vis
spectra in aqueous solution. The effects by the former
structural factor are accurately reproduced only in sampling
Schemes that rigorously take account of the quantum-
thermal fluctuations in the liquid state, such as PIQTB,
whereas those by excited-state electronic structure are
already described for the 'mn* transitions of indole with
sufficient accuracy by an implicit solvation model. Never-
theless, we emphasize that such good performance of simple
continuum solvation models such as COSMO can be
expected only when the dominant NTOs do not reach into
the region of hydrogen bonds. In such a regime, explicitly
hydrogen-bonded water molecules are involved in the
dominant NTOs of the electronic transitions (see Tables S3,
S4 and Figure S7). We finally note that NQEs also increase
the degree of level inversion between 'L, and 'L, upon
solvation. Further details of this are given in Section 2.5 of
the Supporting Information.

In summary, we have calculated the UV/Vis absorption
spectra of indole in the gas phase and in aqueous solution
with a focus on assessing the importance of nuclear quantum
effects on the experimental spectra. The present calculations
of the electronic excitations are based on an accurate
wavefunction-based approach, which avoids any scaling or
shifting of excitation energies. The key finding is that purely
thermal fluctuations, as obtained from molecular dynamics
with classical nuclei, are insufficient to reproduce either the
proper positioning of the bands or the overall lineshape of
the UV/Vis absorption spectrum in solution. Only after
considering quantum-statistical fluctuations in the aqueous
solution at ambient conditions obtained from path integral
simulations that quantize the motion of all nuclei in the
system, good agreement between the calculated and meas-
ured UV/Vis spectra is achieved—concerning not only the
band widths but also the magnitude of the solvatochromic
shifts. The general conclusion is therefore that the effects of
quantized nuclear motion are clearly “visible” in UV/Vis
spectra of such chromophores in aqueous solution and, thus,
must be included in calculations if one aims for predictive
accuracy.
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