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1 Computational Methods

1.1 Structural Sampling of Indole in the Gas and Liquid Phases

with Classical and Quantum Nuclei

The structural samplings of indole in the gaseous and solvated states with classical nuclei
(will be referred as ab initio molecular dynamics “AIMD” simulations!) were performed in
the constant temperature ensemble (NVT) at 300 K on the potential energy surface according
to the RPBE? density functional together with the D3 dispersion correction® (using as usual
only the two-body terms and zero damping). The Quickstep module? for electronic structure
calculations within the CP2K package®® used for the AIMD simulations. A TZV2P Gaussian
basis set with core electron represented by Goedecker-Teter-Hutter pseudopotentials™? and a
plane wave basis representation of the valence density using a kinetic energy cut-off of 500 Ry
were employed for the electronic structure calculations underlying all canonical simulations.
The temperature of the systems was maintained at an average of 300 K using massive Nosé-
Hoover chain!® thermostat. The gas-phase sampling was performed for 400 ps with the
indole molecule within a cubic box of length 18.3667 A (see text in the next paragraph for
choice of this box-length).

To set up the simulations of indole in bulk water, pre-parameterized force field molecular
dynamics (FFMD) simulations were performed by employing the OPLS force field!' for
indole and the TIP4P /2005 water model.'?> The FFMD simulations were started using the

13715 in the constant pressure NpT ensemble at 300 K and 1 atm pressure

Gromacs package
containing one indole molecule and 600 water molecules (will be referred to as FFMD,ge)
to determine the box length. The pressure and temperature was maintained by Parrinello-
Rahman barostatting!® and canonical sampling through velocity rescaling thermostatting, '
respectively. The obtained average box length of 26.3228 A was used for a subsequent NVT

simulation of FFMD, for another 1 ns. Because this relatively large system provides an

internal reference with respect to system size smaller systems can be gauged as to proper



solvation of the solute species in water. The radial distribution function (RDF) (Figure S1)
between the N-H atom of indole (NH) and oxygen atom of water (OW) atoms from the
FFMD NVT trajectory sets the benchmark for reducing the number of water molecules for
subsequent AIMD simulations. The number of water molecules were then varied, and it was
found that 200 water molecules around indole within a cubic box of dimensions 18.3667 A
subject to periodic boundary conditions perfectly reproduced the NH-OW RDF obtained in
the large reference system (Figure S1). Thus, AIMD simulations of one indole in 200 water
molecules were launched using this box length. The total length of the AIMD trajectory
was 410 ps for indole in water considering the first 10 ps as the equilibration phase. This
cubic box length was maintained for AIMD sampling of gas-phase indole as mentioned in

the above paragraph.
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Figure S1: Comparison of NH-O radial distribution functions from force field molecular
dynamics of one indole in 600 and 200 water molecules at 300 K. Because it reproduced the
solvation structure obtained with 600 water molecules, the system with 200 water molecules
was used for all subsequent ab initio simulations using either classical or quantum nuclei.

To include nuclear quantum effects, NQEs, the same simulation set-up (as explained in

the first paragraph of this section) was employed for conducting ab initio simulations based



on the rigorous path integral quantum thermal bath, PIQTB, technique'®! of indole in gas
phase and aqueous solution with 8 Trotter replica (path integral “beads”). The equation of
motions for the propagation of classical and quantum nuclei were integrated with time steps
of 0.5 and 0.25 fs, respectively. For indole in water, 10 independent snapshots were extracted
from the AIMD trajectory with classical nuclei after every 10 ps and 10 independent PIQTB
simulations were launched for each of length 20 ps after 2 ps of equilibration, adding up to
a total PIQTB sampling time of 200 ps. Snapshots were extracted every 100 fs from each of
the trajectories to perform quantum chemical computations of UV /Vis absorption spectra,
see below, which were all based on 4000 individual configurations each; in case of the PIQTB
simulations each half of the configurations came from beads number 1 and 5, to reduce the

correlations along imaginary time.
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Figure S2: (a) Geometric parameters used for the definition of NH - - - O hydrogen bonding.
Joint probability distributions of cos(f) and rog for NH--- O hydrogen bonding with (b)
classical, (c) quantum treatments of nuclei. The region below the red separatrix in each case
represent rog < —1.71cos(f) + 1.37 i.e. NH--- O hydrogen bonding.

1.2 Indole-Water Hydrogen Bonding and Nuclear Quantum Ef-

fects

A geometric criterion was adopted for defining hydrogen bonding between indole NH and

water oxygen (O). The distance between NH and O (ron) and the cosine of the angle (6)



formed by the N — H- - - O moiety (Figure S2(a)) were involved in the definition of hydrogen
bonds. In the joint probability distributions of rop and cos(6) for classical (Figure S2(b)) and
quantum (Figure S2(c)) nuclei trajectories regions could be divided into hydrogen-bonding
and non hydrogen-bonding regimes. The hydrogen-bonding region was characterised by high
probability of 7ox and cos(#) around 2.0 A and —1.0, respectively. An N — H--- O hydrogen
bond was defined if the criterion rog < —1.71cos(f) + 1.37 was met. Note that the upper
limit of this criterion i.e. rog = —1.71cos(f) + 1.37 defined the separatrix (red line) in each
contour. The same criterion nicely captured the hydrogen bonding regions in case of both

classical and quantum nuclei trajectories (see Figure S2).
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Figure S3: Distribution function of the number of indole-water hydrogen bonds for (green)
classical and (blue) PIQTB ensembles. The average numbers of indole-water hydrogen bonds
are 0.97 and 0.96 for classical ((npp)cn) and quantum ((nyp)on) nuclei, respectively.

This also implies that structural quantities, i.e. rop (enhanced probability around 2.0
A) and cos(f) (enhanced probability around -1.0) which characterize indole-water hydrogen
bonding are not much affected by NQEs on top of the classical thermal fluctuations. This

is not unexpected since the intermolecular solvent fluctuations in aqueous solutions at am-

bient conditions, such as in the present case, are thermally activated which is captured by



classical AIMD. In stark contrast, the intramolecular fluctuations in molecular liquids and

solutions are strongly impacted by NQEs which leads to considerable distortions of molecular
structures of both solute or solvent species. The negligible impact of the quantum nature of
the nuclei on the intermolecular indole-water hydrogen bonding is quantitatively confirmed
by the essentially identical hydrogen bond number distributions obtained from the classical
AIMD and quantum PIQTB simulations of indole in bulk water according to Figure S3.

Notably, they lead to the same average hydrogen bond number of 1.0 (namely 0.97 and 0.96,

respectively).

1.3 Excitation Energy Calculation and Spectral Simulation

As described in Sec. 1.1, the ground-state optimized geometry of indole was optimized and vi-
brational analysis was conducted at the DFT/RPBE-D3/def2-TZVPP level using the ORCA
package,?%?! for consistency with the AIMD simulation. As implemented in SHARC 2.1.,%2
4000 coordinate sets for the isolated indole molecule were generated according to the Wigner
distribution.

For calculating excitation energies for each snapshot of indole in aqueous solution, the
indole molecule and the HoO molecules with hydrogen bond to the N-H group of indole
were extracted following the criterion described in Sec. 1.1, and all the other H,O molecules
were replaced by the conductor-like screening model (COSMO).?* The atomic radii used
for construction of the COSMO surface were 2.00, 1.83, 1.72 and 1.30 A for the carbon,
nitrogen, oxygen, and hydrogen atoms, respectively. The COSMO cavity was initially con-
structed using the atomic radii plus 1.30 A to the outer solvent spheres and then smoothed
at the intersections of the atomic spheres to avoid electrostatic artifacts due to small dis-
tances between any cavity centers, as implemented in the TURBOMOLE electronic structure
package. 24726

Excitation energies for each snapshot were computed using the algebraic-diagramatic

construction through second order [ADC(2)] method with the resolution-of-identity (RI)



2128 in conjunction with the aug-cc-pVTZ basis set for indole and the aug-

approximation,
cc-pVDZ basis set??30 for HyO together with the corresponding optimized auxiliary basis
sets3! using the ricc2 program?™2832 of TURBOMOLE.?*# 25 The typical absolute error at
the ADC(2) level is around only 0.1-0.2 eV, whereas those are 0.2-0.4 eV and 0.1-0.3 eV for
TDDFT and EOM-CCSD, respectively®® The number of demanded roots in each calculation
was 15 and 8, respectively, in the gas phase and in aqueous solution. These numbers of
demanded roots were selected for the highest roots to reach the shortest wavelengths in the
energy windows of the spectra measured in the gas phase (6.2 eV)3* and in aqueous solution
(5.4 eV).%

The vertical excitation energies were also calculated using (COSMO-)RI-ADC(2) in con-
junction with the aug-cc-pV'TZ basis set at the ground-state optimized geometry to check
the configuration characters and to assign the peaks. For evaluation of quantum-mechanical
solute—solvent interactions, the excitation energies were calculated for the 194th snapshot
of the bead 5 PIQTB trajectory launched at 10 ps of the AIMD trajectory of indole in
water, considering the explicit H,O molecules within 3.5 A from any of the atoms forming
the indole molecule. All COSMO-RI-ADC(2) calculations employed the post-SCF reaction
field coupling scheme?®® with the default cavity and a dielectric constant (¢) of 80.4 and a

refractive index (n) of 1.33 for water.

1.4 Construction of the Calculated Spectra

The spectra for ensembles of representative structures were generated by sorting all tran-
sitions for all snapshots in the ensemble in histograms with a bin width of 0.05 eV. For each
histogram pre-normalized intensity was obtained by summing up the oscillator strengths for
all transitions sorted into the respective histogram. Given that the n-th excitation energy
calculated for the I-th snapshot was wr and the oscillator strength of the transition from

the ground state to this excited state was f;j, the absorbance of the simulated spectrum



was evaluated in terms of the following histogram,

Nsnapshots Nroots

ow)oc > > fralb(w — wrkl = hwin/2) + 0(hnin/2 — lw — wil)], (1)

where 0(w) denotes the Heaviside step function and hyy, = 0.05 eV the bin width. The
absorbance o(w) was evaluated for bins positioned at w = ...4.625,4.675,4.725... eV. It
should be emphasized that the histograms for all our ensemble spectra (i.e. calculated for the
various classial and quantum ensembles in the gas and liquid phases) were calculated using
the raw ADC(2) spectra for individual snapshots without shifting or additional broadening.
The digitized spectra measured in the gas phase and in aqueous solution were plots of the
absorbance in arbitrary unit with respect to the wavelength.343°

Each spectrum was then normalized such that the area under the calculated curve was
equal to that under the curve for the measured spectrum in the energy window of 4.0 - 6.2
eV. This scheme was also applied to normalizing each spectrum in aqueous solution, except
for the spectrum calculated based on the PIQTB snapshots in aqueous solution removing
all the solvent molecule and the experimental spectrum digitized from Ref. 35. In case of
the former exception, the intensity was multiplied by % after the normalization, because the
delayed increase of the second absorption band affected the normalization. In case of the
latter exception, whose energy window was truncated at 5.4 eV in the Ref. 35, the intensity

was multiplied by 0.6 after the normalization.

2 Supplementary Analyses

2.1 Configuration Characters of Vertical Excitations



Table S1: Energies, oscillator strengths (OSs) and natural transition orbitals (NTQs)36-39
of the excitations higher than 5.4 eV from the ground state of indole at the ground-state
structure in the gas phase (NTO isosurface is 0.02 - 0.035 for Rydberg-type orbitals and 0.05
for others). The value o denotes the singular values for the NTO pairs, and o gives relative
weight of each NTO pair in the excitation.
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Table S2: Energies, oscillator strengths (OSs) and NTOs of the excitations from the ground
state of indole embedded in COSMO higher than 5.4 eV at the ground-state structure (NTO
isosurface is 0.018 - 0.036 for Rydberg-type orbitals and 0.05 for others). The value o denotes
the singular values for the NTO pairs, and o2 gives relative weight of each NTO pair in the
excitation.
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2.2 Computational Spectrum Based on Classical Sampling
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Figure S4: UV/Vis absorption spectrum of indole (upper) in the gas phase and (lower) in
aqueous solution, calculated for snapshots from the classical AIMD trajectories, plotted for
energy window of 4.0 - 5.4 eV. Dashed black and blue curves are the spectra measured in the
gas phase and in aqueous solution, digitized from Refs. 34 and 35, respectively. Curves in
the upper panel are common to those in the same colors in Figure 2 of the main manuscript.
Purple sticks indicate the calculated vertical spectrum.

2.3 Convergence of Spectrum Based on PIQTB Snapshots

Figure S5 shows UV /Vis absorption spectrum of indole in the gas phase calculated for
PIQTB snapshots for beads 1 and 5 and for the combination of the two ensembles. The
number of snapshots extracted from each bead is 2000. This assessment demonstrates that

the spectrum presented in the main text has sufficiently converged.
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Figure S5: UV/Vis absorption spectrum of indole in the gas phase calculated for PIQTB
snapshots from (violet) bead 1, (green) bead 5, and (red) combination of beads 1 and 5,
plotted for energy windows of (a) 4.0 - 6.2 eV and (b) 4.0 - 5.4 eV. The red curve is the
same as that in the same color in Figure 2 of the main manuscript.

2.4 Convergence of Spectrum with Respect to Solvation Model

Figure S6 shows UV /Vis absorption spectra for indole in aqueous solution based on the
snapshots extracted from PIQTB trajectories of indole dissolved in water. The three cal-
culated spectra have been obtained from ADC(2) calculations for the bare indole molecule,
indole embedded in COSMO, and a model where indole and explicit water molecules having
hydrogen bond to the N-H group of indole embedded in COSMO. The curve calculated for
the bare indole molecule indicates that the shape of the spectrum results from distortion
of the indole molecule which is sensitive to the solute-solvent interaction, while the peak
maxima are reproduced only when the solvent effects on the transitions to the excited states
are considered. Further inclusion of explicit water molecules with hydrogen bond to the N-H

group of the indole molecule causes only minor changes in the calculated spectrum, and thus
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the solvation effects on the transition energies observed in Figure S6 seem to be dominated

by electrostatic interaction.
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Figure S6: UV/Vis absorption spectra of indole dissolved in water calculated for PIQTB
snapshots with solvation models consisting of (orange) only indole molecule, (magenta) indole
molecule and COSMO, and (red) indole, explicit water molecules with hydrogen bond to the
N-H group, and COSMO. Red curve is same as that in the same color in Figure 3 of the
main manuscript. Dashed blue curve is the spectrum measured in aqueous solution digitized

from Ref. 35.

However, replacement of all the solvent molecules with an implicit solvent model like
COSMO does not always describe the solvent effects with reasonable accuracy, especially
those on Rydberg-type excited states. For more rigorous check of the solvent effects, we
chose the 194th snapshot of the bead 5 PIQTB trajectory launched at 10 ps of the AIMD
trajectory of indole in water, where the calculations for Figure S6 gives especially large
contribution to the band starting at 5.14 eV. The excitation energies and the oscillator
strengths were then calculated considering explicit 24 H,O molecules surrounding the indole
molecule and summarized the results in Table S3. NTOs of the four lowest transitions are
shown in Table S4, and the dominant virtual NTOs of the third and fourth excitations are
visualized in Figure S7 with respect to the number of explicit water molecules. As seen for
those of the lowest two 7w7* excitations, inclusion of the explicit 24 H,O molecules causes only
minor changes. Meanwhile, when it comes to the Rydberg-type excitations, it causes blue
shift by more than 0.2 eV as a result of distortion of the Rydberg-type orbital like shown in

Figure S7. As seen for the S3 and S4 states, such blue shift might cause configuration mixing

14



between Rydberg-type and mn* excited states. Therefore, the present reproduction of the
UV /Vis absorption spectrum of indole in water utilizing such simple solvation model based
on the PIQTB sampling is just a fortunate case due to optical darkness of the Rydberg-type
excitations.

Table S3: Excitation energy in eV (and oscillator strength in parenthesis) of each excited
state calculated for the 194th snapshot of the bead 5 PIQTB trajectory launched at 10 ps
of the AIMD trajectory of indole in water. In each calculation, all the HoO molecules are
replaced with COSMO, those except for the one with hydrogen bond to the N-H group of
indole are replaced with COSMO, or those except for 24 H,O molecules surrounding the
indole molecule are replaced with COSMO.

Indole + COSMO | Indole + 1 H,O + COSMO | Indole + 24 H,O + COSMO
S1 3.92 3.91 3.96
(0.1305) (0.1323) (0.1029)
Sy 4.44 4.43 4.37
(0.0305) (0.0291) (0.0301)
S3 4.95 4.96 5.17
(0.0163) (0.0190) (0.1475)
S4 5.28 5.27 5.30
(0.8334) (0.8161) (0.5757)
S5 5.48 5.49 5.73
(0.0072) (0.0165) (0.0094)
Se 5.53 5.57 5.76
(0.0058) (0.0019) (0.0273)
S7 5.63 5.61 5.85
(0.0243) (0.0214) (0.0049)
Ss 5.90 5.88 5.86
(0.0262) (0.0211) (0.0221)
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Table S4: Energies, oscillator strengths (OSs) and NTOs of the excitations from the ground
state of indole calculated for the 194th snapshot of the bead 5 PIQTB trajectory launched
at 10 ps of the AIMD trajectory of indole in water, where the solvent molecules except for 24
H>0 molecules surrounding the indole molecule are replaced with COSMO. (NTO isosurface
is 0.02 for Rydberg-type orbitals and 0.05 for others). The value o denotes the singular
values for the NTO pairs, and o2 gives relative weight of each NTO pair in the excitation.
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Figure S7: Excitation energies and oscillator strengths calculated for (a) only the indole
molecule, (b) indole and a water molecule with hydrogen bond to the N-H group, and (c)
indole and surrounding 24 water molecules, at the 194th snapshot of the bead 5 PIQTB
trajectory launched at 10 ps of the AIMD trajectory of indole in water. Each microsolvation
model is embedded in COSMO. Curve of each panel is obtained by fitting Lorentzian function
with full width of half maximum (FWHM) of 0.6 eV to the bars. Orbital pictures in each
panels are the dominant virtual NTOs of the excitations to the S and S, states.

2.5 Level Inversion between Excited States due to Solute—Solvent

Interaction

We discuss the influence of the level inversion between the 'L and 'L, states on the UV /Vis

spectrum by analyzing the snapshots for the classical AIMD and PIQTB ensembles (used for

17



Table S5: Number (percentage) of snapshots where level inversion between the 'L, and 'L,
states occurred (oscillator strength of the Sp—S; transition is more than 0.10 while 0.0487
and 0.1357 for the 'L, and 'L, states at the optimized geometry, respectively) among the
4000 snapshots analyzed for each of the four setups (gas phase versus solution and classical
versus quantum nuclei).

1, lower than 'L,
Classical AIMD (gas) 60 (1.5%)
PIQTB (gas) 337 (8.4%)
Classical AIMD (solution) 968 (24.2%)
PIQTB (solution) 1600 (40%)

Figure S4 and Figure 3 of the main manuscript, respectively) both in the gas phase and in
aqueous solution. Table S5 reports the number and percentage of snapshots where such level
inversion occurred, i.e. the oscillator strength of the Sp—S; transition is more than 0.10 while
0.0487 and 0.1357 for Sp—S; (L) and Sp—Sz('L,) at the optimized geometry, respectively. In
the gas phase, we find that level inversion is a minor effect because it is observed for only 8.4%
of the snapshots even when NQEs are included. In stark contrast, level inversion effects are
very significant in solution: They are observed for 40% of all quantum (PIQTB) snapshots
and even important for classical nuclei obtained from AIMD sampling. The observed 'L, 'L,
inversion indicates that a '1;,/'L, conical intersection lies close to the optimized geometry
when the indole molecule is dissolved in water. Since the ensemble approaches do not take
account, of nonadiabatic effects caused by conical intersections near the optimized geometry,
the 11,/'L, conical intersection may partially account for the lineshapes missing in the
simulated spectrum especially in aqueous solution, as in the case of pyrazine: Lineshape
approaches including such nonadiabatic effects by a model vibronic Hamiltonian almost fully
reproduced the lineshapes in the UV /Vis absorption spectrum measured for the isolated
pyrazine molecule,*’ which was not fully reproduced by an ensemble approach based on
Wigner sampling.*! In this context, solvent effects, including NQEs, may further complicate

UV /Vis absorption by shifting conical intersections between excited states.
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