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ABSTRACT: The impact of sampling methods on spectral
broadening in the gas phase and on the convergence of spectrum
in the aqueous solution when using microsolvation, continuum
solvation, and hybrid models is studied using pyrazine as a test
case. For the sake of comparing classical Maxwell—Boltzmann and
Wigner samplings in the gas phase, static and time-resolved X-ray
absorption spectra after photoexcitation to the lowest 'B,,(zz*)
state, as well as the static UV—vis absorption spectrum, are
considered. In addition, the UV—vis absorption spectrum of
pyrazine in the aqueous solution is also computed in order to
systematically investigate its convergence with the number of
explicitly included solvent shells with and without taking bulk

— Maxwell-Boltzmann
— Wigner

Photon Energy / eV

|

290
Photon Energy / eV

solvation effects into account with the conductor-like screening model to represent implicit water beyond such explicit solute
complexes. Concerning the static and time-resolved X-ray absorption spectra of pyrazine at the carbon K-edge as well as its UV—vis
absorption spectrum in the gas phase, we find that these spectra obtained with Wigner and Maxwell-Boltzmann samplings
substantially agree. For the UV—vis absorption spectrum in the aqueous solution, only the first two energetically low-lying bands
converge quickly with the size of the explicitly included solvation shells, either with or without an additional continuum solvation
taken into account. In stark contrast, calculations of the higher-lying excitations relying on finite microsolvated clusters without
additional continuum solvation severely suffer from unphysical charge-transfer excitations into Rydberg-like orbitals at the cluster/
vacuum interface. This finding indicates that computational UV—vis absorption spectra covering sufficiently high-lying states
converge only if continuum solvation of the explicitly microsolvated solutes is included in the models.

1. INTRODUCTION

Fundamental studies in the field of physical chemistry often
focus on quasi-rigid molecules such as aromatic compounds,
nucleobases, and transition metal complexes to name but a
few. For these kinds of systems in the gas phase, zero-point
vibration barely affects the physical properties, and the
vibrational broadening of various kinds of static spectra can
usually be included via Franck—Condon (FC) factors. The
photoinduced dynamics of such essentially rigid systems are
mostly simulated by semiclassical trajectory surface hopping at
finite temperature with initial conditions sampled from the
Wigner distribution corresponding to the harmonic vibrational
quantum ground state, thus at zero temperature. However,
molecules of practical interest have often a flexible structure
due to intramolecular large-amplitude motion or are embedded
in fluctuating environments such as molecular liquids or soft
matter matrices at ambient conditions providing intermolec-
ular couplings. For example, linear polyenes are of major
importance in many biological systems, such as carotenoids, for
the process of vision and in materials science. The torsional
motion of linear polyenes makes the reproduction of the UV—
vis absorption spectra or excited-state dynamics simulations

© XXXX American Chemical Society
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challenging, even for the simplest ones such as 1,3-butadiene
and 1,3,5-hexatriene.' ~* To the best of the authors’ knowledge,
nuclear dynamics simulations based on Tully’s fewest-switches
surface hopping (FSSH) algorithm® have never been
conducted for polyenes, despite the advantages of on-the-fly
sampling.

For molecules in solution, even if they are quasi-rigid, the
vibrational wave functions of the solute/solvent system are
practically unavailable, and Wigner sampling can hence not be
applied except in various approximate ways, e.g. in the local
harmonic or Gaussian approximations among others.® More- s6
over, solvent effects need to be included not only for the s7
ground state but also for excited states for interpretation of ss
spectra recorded for UV—vis absorption, fluorescence, or s9
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phosphorescence emission, etc. Thus, proper inclusion of
solvent effects at finite temperature is crucial for meaningful
excited-state dynamics simulations of chromophores in
solution, using either all-QM on-the-fly FSSH dynamics of
explicit aqueous bulk solutions’ (This pioneering work on
photoinduced chemical processes in a liquid that seamlessly
takes into account the full electronic structure of the
corresponding periodic bulk solution is based on a realization
of nonadiabatic Car—Parrinello molecular dynamics using
Tully’s surface hopping dynamics.*”) or a similar QM/MM
nonadiabatic surface hopping scheme in case of more complex
condensed bulk phase environments.'”'' About one to two
decades later, either pure QM of finite (nonperiodic) systems
or hybrid QM/MM electronic structure techniques of various
levels of sophistication combined with Tully’s FSSH dynamics
are not only broadly accepted in the field but also readily
accessible thanks to powerful and easy-to-use workflow
software such as SHARC/COBRAMM'? or INAQS."?

In this light, effects of sampling'*~"” on absorption spectra
and excited-state dynamics as well as methods for modeling
spectra of molecules in solution'®>* have been intensively
investigated recently. It has been shown that classical
Maxwell-Boltzmann sampling, abbreviated herein by MB,
does not always give distributions of coordinates and momenta
that are comparable to those obtained with Wigner sampling."*
If the initial conditions generated by different sampling
methods in the ground state are transferred to the potential
energy surface of a certain excited state, the difference of the
initial conditions may affect the results obtained for the
excited-state dynamics after a photoexcitation.'” Wigner
sampling can even provide extremely broad such phase space
distributions such that they cover regions which are irrelevant
in practical simulations.'® Moreover, it has been observed a
case where neither Wigner sampling nor sampling a classical
distribution function from an ab initio molecular dynamics
(AIMD) trajectory works well: For 2-nitronaphthalene, the
shifts of the peaks in the UV—vis absorption spectrum due to
displacement from the FC geometry were better reproduced in
the computational spectrum based on the Wigner sampling,
whereas the effects from the torsional dynamics of the nitro
group, leading to intramolecular large-amplitude motion, were
better reproduced with the sampling based on the AIMD
simulation."®

For taking solvent effects on ground and excited states into
account with low computational cost, implicit continuum
models such as the polarizable continuum model (PCM)*® or
the conductor-like screening model (COSMO)*® are efficient,
albeit these models do not describe well strong noncovalent
intermolecular interactions like hydrogen bonds between
solute and solvent molecules. They also do not account for
the spectral broadening due to fluctuations in the solvation
shell. These drawbacks of the implicit continuum models are
likely to be overcome with microsolvation models, consisting
of the solute and several explicit solvent molecules, either used
as such or embedded in continuum models such as PCM and
COSMO or in an electrostatic MM environment in the QM/
MM sense. The performance of such combinations has been
studied in the literature for hybrid microsolvation plus
continuum models and also for QM/MM models.'®'?****
However, convergence of the solvent effects for absorption
spectra in different energy regions with respect to the number
of explicit solvent molecules (solvation shells) in the QM
region has not been thoroughly discussed so far.

The present study is aimed at (i) the evaluation of the
performance of rigorous MB sampling of classical nuclei at
finite temperature in comparison to Wigner sampling of
quantum harmonic oscillator modes at zero temperature in
practical spectral simulations including time-resolved (TR)
ones and (ii) the investigation of the convergence of the
solvation effects on absorption spectra with respect to the size
of the explicitly included solvation shell. We selected pyrazine
as a test case, mainly due to availability of the static™”** and
TR-XAS™® spectra as well as the static UV—vis absorption
spectrum”””’ in the gas phase as references for aim (i). This
selection also has an advantage concerning aim (ii) because of
the prominent effect of hydrogen bonds between pyrazine and
water molecules on the low-lying nz* excitations in the UV—
vis spectrum. Both need to be described correctly for modeling
TR-XAS spectra after photoexcitation into the lowest valence-
excited states not only of pyrazine in water but also of many
other chromophores in the aqueous solution for which the
current study lays cornerstones.

2. METHODS

2.1. Ab Initio Molecular Dynamics Simulations for
Maxwell-Boltzmann Sampling in the Gas and Aqueous
Phases. For thermal MB sampling of the gas and aqueous
phase systems under investigation at 300 K, we performed
constant temperature (NVT) AIMD simulations usin§ the
CP2K simulation package’"”” and its Quickstep module™ for
electronic structure calculations. The gas phase AIMD
simulation system contained a single pyrazine molecule,
while the aqueous phase system contained one pyrazine
solvated with 112 water molecules using the same cubic
supercell of length 15.0414 A subject to periodic boundary
conditions (also in the gas phase for consistency). This cell
dimension was determined based on force field molecular
dynamics (FFMD) simulations of the aqueous solution as
detailed in the next paragraph. In order to ensure that ergodic
MB sampling of all degrees of freedom was achieved, in
particular in the difficult case of isolated molecules in vacuum,
we thermostated the system at the given temperature with the
massive Nosé—Hoover chain thermostat method.”* This
particular approach, where each and every Cartesian degree
of freedom gets individually thermostated by its own Nosé—
Hoover chain, is known to produce the canonical distribution
even for molecular systems with stiff vibrational modes that are
largely decoupled from other degrees of freedom. The revised
version of the PBE functional, namely RPBE™’ along with the
D3 dispersion correction®® was used in the AIMD simulations.
We performed the calculations with the atom centered
Gaussian basis set TZV2P in conjunction with Goedecker-
Teter-Hutter”” ™ pseudopotentials in order to replace the
core electrons.

The lengths of the gas and aqueous phase trajectories used
to sample statistically independent snapshots were 200 and
100 ps, respectively, after equilibration. Based on these two
AIMD simulations, phase space snapshots were sampled every
1 ps in both gas and aqueous phases, thus providing 200 initial
conditions to compute the static X-ray absorption spectrum
and to launch FSSH simulations for computing the time-
resolved X-ray absorption spectrum in the gas phase and 100
explicit solvation environments to compute the UV-—vis
absorption spectra in the aqueous solution as described in
the following.

https://doi.org/10.1021/acs.jctc.2c01129
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183 In order to determine the length of the periodic simulation
184 box for the aqueous solution and its subsequent pre-
185 equilibration in the NVT ensemble, we first performed
186 FEMD simulations of one pyrazine molecule in 112 water
187 molecules in the NpT ensemble using Gromacs.”"~* Water
188 was represented by the TIP4P/2005 water model™ which
189 scored best in reproducing a large set of experimental
190 condensed phase properties of H,O among many rigid,
191 nonpolarizable force fields of water.*” The force field for
192 pyrazine was generated using the ACPYPE tool.*’

193 2.2. Surface Hopping Simulations. We conducted the
194 excited-state molecular dynamics simulations for pyrazine in
195 the gas phase in a manner corresponding to that of ref 28. The
196 FSSH method was employed as implemented in SHARC
197 2.1.1,""* with TDDFT/B3LYP/cc-pVDZ as the electronic
198 structure method adopting the RI-J] and COSX approxima-
199 tions, which was provided by the ORCA’>*" backend. Grid 3
200 was used for the DFT calculation. As initial conditions, 200
201 sets of coordinates and momenta generated by the AIMD
202 simulation in the electronic ground state of pyrazine were used
203 to carry out FSSH simulations corresponding to an UV laser
204 field at resonance with the 'B,, state of pyrazine in vacuum
205 that was enveloped by a Gaussian of 1.0 TW cm™” intensity
206 and 80 fs fwhm, up to the delay time of 340 fs (time zero was
207 considered as the instant of the laser pulse maximum). The
208 reference energy was —264.17706067897 hartree, the SCF
209 energy at the DFT/B3LYP/cc-pVDZ level calculated at the FC
210 geometry, which was optimized using ORCA at the DFT/
211 RPBE-D3/def2-TZVPP level for consistency with the AIMD
212 simulation. The vertical excitation energy of the 'B,, state,
213 5.4255 eV, was obtained as that calculated at the TDDFT/
214 B3LYP/cc-pVDZ level at the FC geometry. An energy-based
215 decoherence scheme was applied to the diagonal states.”” A
216 standard (nonrelativistic) electronic Hamiltonian, called
217 molecular Coulomb Hamiltonian, without the inclusion of
218 spin—orbit coupling (SOC) was utilized. The coefficients of
219 the wave functions were propagated by the local diabatization
220 technique using wave function overlaps.’

21 Applying this approach to the 200 phase space snapshots
222 obtained from the AIMD simulations of pyrazine in the gas
223 phase at 300 K, thus sampling the thermal MB distribution
224 function as described in Sec. 2.1, a total of 34 out of the
225 generated 200 FSSH trajectories underwent excitation from
26 the ground state to the 'B,, state. The excited state
227 configurations of these 34 trajectories at a propagation time
228 of 220 fs, corresponding to the pump—probe time delay
229 employed in the relevant TR-XAS experiment,”® were used to
230 compute the classical MB averaged TR-XAS spectrum of
231 pyrazine in vacuum that is presented below.

232 The resulting TR-XAS spectrum obtained from MB
233 sampling can be compared to that based on our previously
234 published data obtained from Wigner sampling of the initial
235 phase space conditions for the FSSH simulations, where 59
236 trajectories ended up in the excited state. We recapitulate only
237 the salient aspects of that work here and refer the interested
238 reader to the original publication®® for more details. The
239 default settings of the wigner.py module of SHARC 2.1.1
20 were used,” thus the vibrational quantum ground state
241 (formally corresponding to a temperature of 0 K) of pyrazine
242 was sampled in the harmonic approximation of its vibrational
243 motion (as described by the B3LYP/6-311++G** electronic
244 structure). In particular, Wigner’s version of the phase space
2s distribution function of a set of uncoupled quantum-
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mechanical harmonic oscillators was generated by starting 246
from the equilibrium structure of the molecule in its electronic 247
ground state and zero velocities in order to stochastically 248
sample the coordinates and velocities along all normal modes 249
of the molecule one after the other, which provided one initial 250
condition in classical phase space to be used in the subsequent 251
FSSH simulations as described above. 252

2.3. Simulations of Absorption Spectra. 2.3.1. X-ray 2s3
Absorption in the Gas Phase. We calculated the carbon 1s 234
core excitation energies from the electronic ground state of 255
pyrazine in the gas phase using all 200 configurations 256
generated by the AIMD gas phase simulation and another 257
200 coordinates which were taken from the Zenodo database 258
of ref 28. To compute the excited state TR-XAS spectrum, we 259
then launched FSSH simulations and carried out spectral 260
simulations for the excited pyrazine molecules in the gas phase 261
at 220 fs in the same manner as in ref 28 and described in Sec. 262
2.2. Thus, excitation energies and oscillator strengths of the 263
core excitations from the valence-excited states were calculated 264
at the coordinates given by those 34 FSSH trajectories that 265
were in the excited states at 220 fs. For the sake of consistency, 266
these calculations were performed as in ref 28 using TDDFT/ 267
B3LYP in conjunction with the 6-311++G** basis set. The 263
core—valence separation scheme was used to access the core- 269
excited states,” and the maximum overlap method™ was 270
employed to obtain reference wave functions corresponding to 271
the initial valence-excited states exactly as ref 28 to stay 272
consistent. 273

The X-ray absorption spectra were obtained by plotting the 274
oscillator strengths in histogram style and by shifting the 275
theoretical values by +10.7 eV before comparison with the 276
experimental data. The +10.7 eV constant shift was applied to 277
correct a systematic error of TDDFT, attributable to relaxation 273
of the electrons caused by the core hole and by self-interaction 279
errors as already determined in ref 28. All spectral simulations 280
for the core-to-valence transitions were Eerformed with the Q- 281
Chem 5.4 electronic structure package.”® 282

2.3.2. UV-Vis Absorption in the Gas Phase. We also 283
calculated the valence excitation energies from the electronic 284
ground state of pyrazine in the gas phase for the same set of 2ss
coordinates as used for the core excitation energies in Sec. 286
2.3.1 with the algebraic—diagrammatic construction through 287
second order method, ADC(2),”” in combination with the 288
resolution-of-identity (RI) approximation, adopting the aug-cc- 289
pVTZ basis set. All the calculations of the valence excitations 290
of the present work were performed with the TURBOMOLE 291
V7.6 electronic structure package.”®” In each excited-state 292
calculation, 12 roots were computed to include the third 203
absorption band. The UV—vis absorption spectra based on the 204
MB and Wigner samplings were obtained by plotting the 295
oscillator strengths in histogram style and compared with two 296
experimental spectra: one from ref 29 covering the second and 2907
third and some higher absorption bands and one from ref 30 298
covering the first and second bands. These UV—vis spectral 299
simulations in direct comparison to experiments were done not 300
only to investigate the effects due to using different sampling 301
methods but also to confirm the accuracy of RI-ADC(2) as 302
electronic structure method. Importantly, the well-known self- 303
association of pyrazine dissolved in water prevents such a 304
confirmation by comparison with the experimental UV—vis 305
absorption spectra of aqueous solutions of pyrazine.’”®'

2.3.3. UV-Vis Absorption in the Aqueous Solution. For 307
the investigation of the solvent effects on the UV—vis spectra 308

https://doi.org/10.1021/acs.jctc.2c01129
J. Chem. Theory Comput. XXXX, XXX, XXX—XXX


pubs.acs.org/JCTC?ref=pdf
https://doi.org/10.1021/acs.jctc.2c01129?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as

f1

w
—
—_

w
ey
—

w
@
(=1

339
340
341
342
343
344

Journal of Chemical Theory and Computation

pubs.acs.org/JCTC

of pyrazine dissolved in water at ambient conditions, we
calculated the valence excitation energies also with the
electronic structure model RI-ADC(2) but now in combina-
tion with the continuum solvation model COSMO, in the
following referred to as COSMO-RI-ADC(2).”> To system-
atically study the effect of solvation on UV—vis spectrum, two
solvation shells, namely the first and second solvation shells,
were identified around the pyrazine nitrogens based on the
radial distribution function of water oxygen (OW) around
these two atoms calculated from the AIMD trajectory. The first
and second minima at 3.15 and 520 A of that radial
distribution function were used to demarcate the first and
second solvation shells, respectively. Using this approach, the
average coordination number of each nitrogen site turned out
to be ~0.99 (the minimum and maximum numbers
encountered during the AIMD simulations being zero and
two whereas three is found to be negligible). The entire second
solvation shell around the two nitrogen atoms contained on
average about 23.8 water molecules in total (the minimum and
maximum numbers being 10 and 32, respectively). From the
100 configuration snapshots sampled from the AIMD
trajectory for pyrazine in the aqueous solution, we extracted
coordinates for (i) only pyrazine, (ii) pyrazine and water
molecules in the first solvation shells of both pyrazine
nitrogens, and (jii) pyrazine and water molecules in the first
and second solvation shells of both pyrazine nitrogens, in the
following denoted as (i) “bare pyrazine”, (ii) “pyrazine+lst
shell”, and (iii) “pyrazine+2nd shell”, respectively. One
snapshot of pyrazine+second shell together with the surface
charge induced on the COSMO cavity is displayed in Figure 1.

Figure 1. Representative configuration snapshot of pyrazine together
with the first and second solvation shells around its two nitrogen sites
sampled from the AIMD trajectory of pyrazine in explicit bulk water
at 300 K together with the surface of the COSMO cavity. The color of
the surface indicates the surface charge induced by the quantum
system (positive charge in red, negative charge in blue).

Using this approach, we calculated the valence excitation
energies up to 7 eV using ADC(2) for all three structural
models in conjunction with the COSMO continuum solvation
model to account for bulk solvation effects, thereby
considering implicit solvation beyond bare pyrazine and
pyrazine with explicit first/second solvation shell. We used

the post self-consistent field reaction field scheme as described
in refs 62 and 63 with the dielectric constant set to 80.4, the
refractive index set to 1.33, and default parameters for the
cavity construction. We adopted the aug-cc-pVTZ and aug-cc-
pVDZ basis sets to the pyrazine and water molecules,
respectively, as a compromise between accuracy and computa-
tional costs. Test calculations for pyrazine+first shell with
COSMO indicated that for the lowest six excitations the results

obtained with this mixed basis set deviate by less than 0.02 eV 353

from calculations using the aug-cc-pVTZ basis at all atoms.

To test for the importance of the bulk solvation effects
included by COSMO, we did similar calculations for the three
structural models without COSMO. For the bare pyrazine and
the pyrazine+first shell models, we computed again all states up
to 7 eV. For the pyrazine+second shell model, however, the
appearance of a huge number of unphysical surface excitations
(vide infra) made this technically unfeasible. Therefore, for this
setup, we limited the calculations to the 12 lowest excitations,
the maximum needed in any of the other setups to cover the
energy range up to 7 eV.

We also conducted single-point calculations of the vertical
excitation energies of pyrazine at the FC geometry using
(COSMO-)RI-ADC(2)/aug-cc-pVTZ, aiming to demonstrate
the configuration characters with the natural transition orbitals
(NTOs)**™ and the squares of the corresponding singular
values ox which indicate the weight of the respective
configuration in the excited-state eigenvector.

354
ERN

371

Note that reproduction of the well-known self-association of 372

pyrazine dissolved in water reported in ref 61 is not intended in
the present work, and therefore, the calculated spectra are not

373
374

compared to the experimental UV—vis absorption spectra of 375

the pyrazine aqueous solution.

3. RESULTS AND DISCUSSION
3.1. Comparison of the Sampling Methods for XAS

376

377

Spectra in the Gas Phase. We first show the comparison of 378

the ground state XAS spectra at the carbon K-edge (Figure 2)
calculated for the 200 configurations obtained from (a) the
MB sampling generated by the present AIMD simulation and

379 f2
380
381

(b) the Wigner sampling taken from the Zenodo database of 3s2

ref 28 plotted in histogram style, as well as the experimental
spectrum taken from Figure 2 of ref 28, which is in good
agreement with previous data obtained at a synchrotron
facility.”” The computational XAS spectra obtained from both
sampling methods reproduce the positions and intensities not
only of the main peaks but also their shoulders as seen in the
experimental XAS spectrum in reasonably good agreement.
The contrast between the spectra from MB and Wigner
samplings is seen only in the width of the computed spectra.
Although the lifetime of core-excited states is shorter than that
of valence-excited states, the lifetime width observed in the
carbon 1s photoelectron spectra is about only 0.1 eV.%* Since
the observed lifetime width is sufficiently smaller than the
fwhm of this experimental XAS spectrum, namely 0.4 eV, the
geometry effects are dominant also in XAS spectra. Therefore,
this performance of MB sampling supports future application
to other molecules or molecules dissolved in solvents for
assignments of the peaks in their XAS spectra.

Before comparing the TR-XAS spectra, it should be
emphasized that the two sampling methods differ in their
philosophy in several important ways. AIMD based MB
sampling of classical nuclear motion at finite temperature T
rigorously samples the classical rotational and vibrational

https://doi.org/10.1021/acs.jctc.2c01129
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3 (a) Maxwell-Boltzmann
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Figure 2. Carbon K-edge core excitation energies from the electronic
ground state of pyrazine calculated for the (a) Maxwell-Boltzmann
and (b) Wigner ensembles of pyrazine in the gas phase. The
experimental spectrum, shown as black solid lines, and the calculated
vertical excitation energies, black dashed vertical lines, included in
both panels are taken with permission from Figure 2 of ref 28.
Copyright 2021 The Author(s).

degrees of freedom of an isolated pyrazine molecule. The
corresponding average total energy is equally distributed
according to the equipartition theorem where each quadratic
degree of freedom contains on average a thermal energy of 1/2
kgT. Thus, high and low frequency vibrational modes get the
same amount of kinetic energy in the limit of purely harmonic
vibrations, which is distinctly different for the corresponding
zero-point motion in quantum mechanics which is frequency
dependent. Moreover, classical MB sampling also accounts for
ro-vibrational couplings and full anharmonicities according to
classical nuclear motion on the dynamically sampled potential
energy surface described by the particular electronic structure
method that is used in the AIMD simulations. So-called
Wigner sampling, which is sometimes grossly referred to as
quantum sampling,'*"* on the other hand, maps the quantum-
mechanical vibrational ground state in the harmonic
approximation to the phase space distribution according to
the Wigner phase space function to generate initial
configurations and velocities; note that there are many
different ways to catry out this mapping such as the Husimi
distribution function®” that is a proper phase space probability
distribution function which is nowhere negative, in stark
contrast to the Wigner function which is only normalized. In
the harmonic oscillator limit employed here, each vibrational
nuclear degree of freedom is assigned its harmonic oscillator
zero-point energy, which is larger (smaller) for higher (lower)
vibrational frequencies. Thus, using such initial phase space
conditions to launch dynamical simulations using classical
nuclei, such as FSSH, leads to the well-known zero-point
energy leakage problem, which implies systematic kinetic
energy flow from stiff to soft vibrational modes to eventually
establish energy equipartition. This artifact is absent when such
initial conditions for FSSH dynamics are consistently sampled
from the classical MB distribution function as generated here
from AIMD simulations. Moreover, the presently used Wigner

initial conditions include neither finite temperature effects nor
anharmonic and ro-vibrational couplings as customarily done
in the present context, while noting that applying Wigner
sampling that rigorously includes finite temperature, full
anharmonicity, and ro-vibrational coupling effects would be a
daunting task.

Figure 3 shows the excited state XAS spectra calculated at a
FSSH propagation time of 220 fs for (a) MB distribution and

(a) Maxwell-
Boltzmann

0.8
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0.4

0.2

Absorbance (arb. unit)
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(b) Wigner
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)
284 286 288 290

Photon Energy / eV

0 J
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Figure 3. Carbon K-edge core excitation energies from the valence
excited states of pyrazine at a FSSH propagation time of 220 fs
calculated for the (a) Maxwell—Boltzmann and (b) Wigner ensembles
(using the same initial states as those underlying Figure 6(b) of ref
28) of pyrazine in the gas phase. The blue lines in both panels are the
experimental spectrum measured at a pump—probe time delay of 220
fs taken with permission from Figure 6(a) of ref 28. Copyright 2021
The Author(s).

(b) Wigner distribution as well as the experimental spectrum
taken from Figure 6(a) of ref 28. Note that the histogram in
Figure 3(b) is computed here using the same initial states as
those underlying Figure 6(b) of ref 28. Satisfactory agreement
between the MB and Wigner sampled spectra is obtained,
despite the differences in widths seen in the ground state
spectra depicted in Figure 2. This agreement of the excited
state spectra indicates that the excitation generated by the
explicit pump process of a pump—probe scheme experiment
usually occurs in a region around the FC geometry, which
many of the trajectories pass during the pump process
regardless of slight differences in the initial geometries. One
might wonder whether the close resemblance of the excited-
state XAS spectra obtained using MB and Wigner initial
conditions for FSSH propagation is consistent with several
precedent studies where differences in the population
dynamics were observed.'"'” Concerning this comparison, it
should be emphasized that the explicit laser field of the pump
process has been taken into account only in the FSSH
simulations of the present work. In addition, massive Nose—
Hoover chain thermostatting as used in the present AIMD
simulations to sample the phase space initial conditions
according to the MB distribution function is a method that
ergodically thermalizes all vibrational modes even for
molecular systems with stiff vibrational modes with weak
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couplings to other degrees of freedom. As demonstrated in the 4 : —
next section, we also find overall agreement between our MB 35/ . (@ Maxwell- ) / ]
and Wigner samplings when it comes to computing the UV— ":5: 3. j ~ Boltzmann
vis spectrum of pyrazine in the gas phase subject to molecular S 25, |
vibrations. Thus, properly generating the initial conditions in < ‘
the framework of MB sampling, i.e. sampling the snapshot c 15 i
configurations in phase space, in conjunction with including 5 i
the pump process might be a decisive combination. Clearly, a = ! § '
definite answer would require systematic investigations of 05 i K J ‘ '
several representative systems thus leading beyond this study 0 A fl ‘
on pyrazine. 35 . (b) Wigner

Considering the results of the comparisons above, our T 3L i i
particular approach of FSSH propagation based on classical s 25 Lo
MB initial conditions obtained from canonical AIMD = Ll TN
simulations at finite temperature is found to work with < 15 i ‘ i
reasonable accuracy compared to experiment; it also compares § ] e
satisfactorily to using Wigner initial conditions obtained from 2 05 ii i
harmonic normal modes in the vibrational ground state. ' ii i

Therefore, this FSSH approach combined with MB sampling
may be applied to other molecules in the gas phase or
molecules in solution not only for calculations of static ground
state spectra but also for simulations of time-resolved
experiments provided that the potential energy surfaces are
sufficiently accurate. Yet, the fundamental limitations of FSSH
propagation to approximate the exact nonadiabatic quantum
dynamics must be kept in mind when it comes to intricate
nuclear quantum effects occurring in the excited state
dynamics coupled to the ground state.

3.2. Comparison of the Sampling Methods for UV—
Vis Spectrum in the Gas Phase. We show UV-vis
absorption spectra of pyrazine in the gas phase calculated at
the RI-ADC(2)/aug-cc-pVTZ level for the 200 snapshots of
(a) MB and (b) Wigner samplings in Figure 4. The black
dashed bars indicate the valence excitation energies calculated
at the FC geometry optimized with DFT/RPBE-D3 adopting
the def2-TZVPP basis set. The experimental data of refs 29
and 30 are shown for evaluating the accuracy of the
computational first, second, and third absorption bands.
Although the excitation energies calculated at the FC geometry
are 0.2—0.3 eV higher than the centers of the absorption bands
due to an intrinsic error of ADC(2), the distances between the
absorption bands and the relative intensities are well
reproduced even in the vertical excitation energies. This
agreement indicates the accuracy of RI-ADC(2) for practical
UV—vis spectral simulations.

Qualitatively, the difference between the peaks of the
experimental and the computed spectra is slightly smaller when
using the 200 sampled configurations instead of the single
configuration at the FC point. In addition, the envelope of the
first absorption band is also well reproduced using the two
sampling methods. The second absorption band in the
sampled spectra covers almost the entire energy range of
that in the experimental spectrum, subject to the aforemen-
tioned slight ADC(2)-shift to higher energies, and a bit more
broadening when using Wigner sampling. When it comes to
the third band, the MB-based spectrum also reproduces the
shape of the low-frequency flank of the corresponding
experimental peak, again subject to the systematic overall
shift to higher energies due to using ADC(2), whereas Wigner
sampling generates a different peak structure with a rather high
intensity plateau to the left of the sharp peak maximum. Yet,
both sampling methods qualitatively reproduce fairly con-
sistently the systematic broadening of the three peaks due to

0 i !
3.5 4 45 5 5.5 6 6.5 7 7.5
Photon Energy / eV

Figure 4. UV—vis spectra of pyrazine in the gas phase calculated for
the (a) Maxwell-Boltzmann and (b) Wigner ensembles at the RI-
ADC(2)/aug-cc-pVTZ level. The black dashed bars indicate the
excitation energies calculated at the optimized geometry imposing the
D,;, symmetry. The experimental spectra, shown as black and blue
solid lines, are taken with permission from Figure 1 of ref 30 (energy
window: 3.6—6.2 eV, Copyright 2020 Elsevier B.V.) and Figure 4 of
ref 29 (energy window: 4.5 eV, Copyright 2011 IOP Publishing Ltd.),
respectively.

molecular vibrations as seen in experiment, thus providing
information beyond the single-point calculation at the FC
point.

Relying on the confirmed accuracy of the electronic states
calculated with RI-ADC(2) and the performance of explicit
configurational sampling for spectral simulations taking
molecular geometry effects into account, we evaluate another
important aspect of the simulation of electronic spectra of
molecules dissolved in a solvent, namely the computational
description of solvation effects depending on the solvation
model, in the subsequent part of this investigation.

3.3. Solvent Effects on UV—Vis Spectrum. In the next
step, we address the effects of implicit, explicit, and mixed
solvent models on the spectrum in solution. We concentrate
on the three absorption bands in the energy window from 3.5
to 7.0 eV. Here, we denote the first, second, third, etc. excited
states with A, B, C, .., respectively, because the nomenclature
Sy Sy for pyrazine may be confusing here since it
conventionally skips optically dark states.

In order to set the stage for understanding solvation effects
on the UV—vis spectrum of pyrazine in water, we determined
the characters of the excited states which contribute to the
three absorption bands of pyrazine based on NTO analysis.
Table 1 shows the energies, the oscillator strengths, and NTOs
of excitations from the ground state (X) at the optimized
equilibrium structure to the A, B, C, E, and F states of pyrazine
dissolved in water, calculated at the COSMO-RI-ADC(2)/aug-
cc-pVTZ level, thus taking the solvent fully implicitly into
account using the COSMO continuum solvation model.
Excitation to the D state is not discussed in the present
work, because the D state is optically dark and does not
contribute to any absorption band. The A state has a nz*
character, where the n orbital is the symmetric linear

https://doi.org/10.1021/acs.jctc.2c01129
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Table 1. Energies, Oscillator Strengths, and NTOs of
Valence Excitations at the Optimized Ground-State
Equilibrium Structure Calculated with COSMO

combination of the nitrogen lone pairs (see “Hole” in line A of s70

Table 1). Excitation to this state forms the first absorption
band. The B state has (at this level and geometry) a zn*

583

58S
586
587
588
589
590

T energy (V) | Osc. strength Tole 7 Particle character and dominant.ly contributes. to the second absorption
: band. The C state at this geometry with COSMO has also nz*
4 4.2168 0.0072 % 0.99 @ character, where the n hole is common with that of A (see
N “Hole” in lines A and C of Table 1). Although the excitation to
B 4.9250 0.1432 0.89 C i ically dark wh h ; lecule has th
C is optically dark when the pyrazine molecule has the D,
‘ symmetry, the characters of B and C may mix or even switch
9 0-10 zg with slight conformational changes since they are rather close
in energy. Therefore, as we will disclose below when
é 5.0063 B % 1.00 gg considering the MB ensemble of configurations extracted
from the AIMD ground state trajectory instead of just using
the optimized FC structure, the second absorption band has
E 6.4760 - % 0.99 m also contributions from the C state in the UV—vis spectrum of ss4
pyrazine. The excitation to the E state is found to be a Rydberg
~ transition in this COSMO-RI-ADC(2) calculation (see
E 6.6834 0-1708 g 087 :: “Particle” of line E of Table 1). It may, however, mix with
@ 0.00 * the F state at the distorted geometries sampled from the AIMD
’ simulation due to the small energetic separation of 0.21 eV and
% 002 ORRG also with further states. The transition to the F state is
' dominantly of the zz* type, albeit the NTO analysis also
shows a small mixture with a Rydberg transition as shown in
“Particle” of the third configuration.
3 ‘ ‘ ; ; ‘ ;
(a) Bare pyrazine / COSMO (d) Bare pyrazine / no COSMO
— 251 4 4 i
E i
s 2 | bl ]
g | |
o 15 I ) .
2 i i i
3 1 : | !
2 i i i
£ 05| | ifi a i
0 —t “:1 1 ‘ Il e I “1 LG
(b) Pyrazine+1st shell / COSMO (e) Pyrazine+1st shell / no COSMO
. 25} 1 1
.‘é
s 2
s
o 15
[&]
&
£ 1] i ]
3
< 05 i
0 }\HH } \‘ } “ } “ } ‘ }IH\\ } .l‘ } “‘ } |wu\|“‘ }
(c) Pyrazine+2nd shell / COSMO (f) Pyrazine+2nd shell / no COSMO
. 25} 1 1
.‘é
s 2r I 1
5
o 151 L |
e
®
£ 10 i ]
3
0 el ‘H ‘ ‘ ‘ erroommn 1111 oo LR
3. 4 4.5 5 5.5 6 6.5 35 4 4.5 5 5.5 6 6.5

Photon Energy / eV

Photon Energy / eV

Figure 5. UV—vis spectra of pyrazine in the aqueous solution calculated for (a,d) bare pyrazine, (b,e) pyrazine+first shell, and (c,f) pyrazine
+second shell. Calculations for panels (a)b,c) and (e,fg) are conducted with and without COSMO, respectively. In panels (a) and (d), excitation
energies calculated at the FC geometries are shown in black dashed bars with oscillator strength multiplied by 15. Note that the spectrum in panel
(f) is only complete up to 6 eV due to limiting the calculations to the lowest 12 excitations (see Sec. 2.3.3 for details).

https://doi.org/10.1021/acs.jctc.2c01129
J. Chem. Theory Comput. XXXX, XXX, XXX—XXX


https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/JCTC?ref=pdf
https://doi.org/10.1021/acs.jctc.2c01129?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as

f5

594
59S
596
597
598
599
600
60
602
603
604
60S
606
607
608
609
610
61
612
613
614
61S
616
617
618
619
620
62
622
623
624
625
626
627
628
629
630
63
632
633
634
635
636
637
638
639
640
64
642
643
64
645
646
647
648
649
65
65
652
653
654
655

—

—_

—_

hat

-

i

=]

Journal of Chemical Theory and Computation

pubs.acs.org/JCTC

Based on this knowledge, we can now proceed with a
comparison of the UV—vis spectra obtained with the different
solvent models using the configurational snapshots sampled
from the AIMD simulation of pyrazine in water, thus providing
MB sampling of both, the structural distortions of pyrazine
itself as well as of the fluctuations of its first (first) and second
(second) solvation shells in the aqueous phase at 300 K. We
refer to Sec. 2.3.3 for the details on how these solvation shells
have been defined in terms of the coordination numbers of the
two nitrogen atoms but recall here that the first solvation shell
of each nitrogen atom includes one water molecule on average,
whereas their combined second solvation shell contains in total
from 10 to 32 water molecules and on average about 24. The
left column of Figure 5 shows the UV—vis spectra of pyrazine
in the aqueous solution calculated for (a) bare pyrazine, (b)
pyrazine+first shell, and (c) pyrazine+second shell, including
COSMO to take bulk solvation effects into account beyond the
respective finite structural models, which includes explicit
microsolvation in variants (b) and (c). The peak maxima of the
three absorption bands in the spectrum calculated for bare
pyrazine agree with the vertical excitation energies shown in
Table 1, as expected from the rigidity of the pyrazine molecule.
The changes of the absorption bands with the inclusion of
explicit water molecules are mostly minor. As the number of
explicit water molecules is increased, the center of the first
absorption band shifts a bit to the blue, while those of the
second and third absorption bands slightly red-shift. Moreover,
all three bands get a bit broader as a result of solvation. The
right column of Figure 5 shows the results of the simulation
with exactly the same structures as those for the left column
apart from the absence of COSMO continuum solvation
beyond the corresponding finite structural models. As one
compares panels (a) and (d), the first absorption band is found
to be blue-shifted when COSMO is included. This difference
of the position of the first absorption band is barely discernible
between panels (b) and (e). In contrast, looking at the second
absorption band in panels (d), (e), and (f), a significant red
shift of the band in response to the inclusion of the explicit
water molecules is observed. Only after inclusion of explicit
water molecules in the second solvation shell, the position of
the second absorption band without and with COSMO are
practically the same as seen in panels (c) and (f). The third
absorption band, however, looks very different if the
calculations are done without COSMO embedding of the
respective microsolvation complexes. It exhibits a tail structure
at 5.5—6.3 eV, which is absent in the calculations with
COSMO, but most strikingly, it shows no convergence with
the size of the explicitly included microsolvation shell which
indicates that this band is not adequately described by these
models and that, instead of the physical correct states,
transitions to artificial surface states are obtained.

To check the convergence of the results with the number of
snapshots, we divided the complete set into two subsets and
compared the results. Table 2 shows the excitation energies
averaged over the 50 snapshots sampled at even or odd times
(in ps after equilibration) as well as the total average of all 100
snapshots. Since the difference of the excitation energy of each
state between the even and odd sets is less than 0.1 eV, which
is lower than the accuracy expected from ADC(2) for valence
transitions in closed-shell molecules dominated by single
excitations, ensemble convergence of the excitation energies
can be assumed already with S0 configuration that have been

Table 2. Excitation Energies Averaged over 50 Snapshots
with Even Numbers, Those with Odd Numbers, and All 100
Snapshots, of the Pyrazine+2nd Shell Model with COSMO

even set odd set total set
A 4.1686 4.1870 4.1778
B 4.8361 4.8434 4.8397
C 5.0984 5.0635 5.0809
D 5.8225 5.9337 5.8781
E 6.5336 6.5579 6.5458
F 6.6590 6.7185 6.6887

equidistantly sampled from the 100 ps AIMD simulation of 656

pyrazine in water.

To further analyze the solvent effects on the excited states
and how they are captured by the six models, we did a
comparison of the excitation energies and the transition
characters for the six models using the SOth snapshot, where
the NTOs are close to those at the optimized ground-state
equilibrium structure. Table 3 shows the energies and the
oscillator strengths of the excitations from the ground state to
the six lowest states calculated for the bare model, the first-
shell model, and the second-shell model, of the 50th snapshot
computed without and with COSMO. Tables 4 and 5 show the
NTOs of these excitations (except for that to D which has very
low intensity compared to all six models) obtained in the
calculations without and with COSMO, respectively. In the
calculation for the pyrazine+second shell model without
COSMO, the E and F states are quasi-degenerate and have
similar configuration characters. Therefore in Tables 3 and 4,
the data of the F and G states are shown instead of E and F,
respectively.

Although we observed good performance of the bare solute
and COSMO model for the description of the three lowest
excited states of pyridazine in our previous work,”” it does not
fully describe even the A, B, and C states of the very similar
pyrazine molecule in all details as seen by the results for
snapshot number S0: For the nz* transitions, the excitation
energies of A and B in bare pyrazine with the COSMO model
are lower than those calculated for the pyrazine+second shell
models by 0.2 and 0.3 eV (note that in the first-shell and
second-shell models the second nz* transition is C). This
significant additional blue shift due to the explicit water
molecules originates from the stabilization of the nitrogen lone
pairs by hydrogen bonds in the case of pyrazine, which is not
captured by COSMO. Moreover, the switch of the energy
ordering of the second and third singlet states caused by the
water molecules (compare Tables 3 and S) in the first
solvation shell for snapshot number 50 is not observed for bare
pyrazine when only implicitly solvated with the COSMO
model. We note, however, that due to the small energy
separation, the ordering of these two states does also depend
on small fluctuations in the geometry: At the FC geometry, the
zw* transition calculated for the bare pyrazine with COSMO is
already below the second nz* transition (compare Table 1).
This difference in the performance of the continuum solvation
model between pyridazine and pyrazine is most likely related
to the fact that pyrazine is apolar contrary to pyridazine, yet the
two nitrogens of pyrazine have strong hydrogen bond with
water molecules, and that this makes the effects of explicit
inclusion of the hydrogen bonds essential: In pyridazine, the
excitation energies for the lowest two nz* transitions obtained
for the average of the sampled MB ensemble describing

https://doi.org/10.1021/acs.jctc.2c01129
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Table 3. Excitation Energy in eV (and Oscillator Strength in Parentheses) of Each Valence-Excited State Calculated for the
50th Snapshot Modeled by Bare Pyrazine, Pyrazine with the First Solvation Shell, Pyrazine with the First and Second
Solvation Shells, and These Three Combined with COSMO*“

bare

+first shell

+second shell

no-COSMO
A 3.8287
(0.0061)
B 4.5689
(0.0007)
C 5.0670
(0.0882)
D 5.3312
(0.0005)
E 6.0448
(0.0024)
F 6.1908
(0.0049)

COSMO

3.9190
(0.0081)
4.7590
(0.0060)
4.9654
(0.1258)
5.5393
(0.0008)
62245
(0.0022)
6.5050
(0.0103)

no-COSMO

3.9615
(0.0052)
4.8363
(0.0084)
5.0229
(0.0897)
5.4050
(0.0045)
5.9072
(0.0007)
6.2617
(0.0017)

COSMO

4.0714
(0.0076)
4.8702
(0.1155)
5.0560
(0.0220)
5.6457
(0.0044)
6.6287
(0.0010)
6.7077
(0.0433)

no-COSMO

4.1209
(0.0069)
4.8880
(0.0780)
5.0750
(0.0140)
5.6843
(0.0029)
6.2918
(0.0275)
6.3119
(0.0014)

“For the pyrazine+2nd shell model without COSMO, the data of the F and G states are shown instead of E and F, respectively.

COSMO

4.1147
(0.0078)
4.8630
(0.0969)
5.0827
(0.0125)
5.6754
(0.0032)
6.7066
(0.1049)
6.7326
(0.0159)

Table 4. NTOs of Excitations from the Ground State to the ;i, i}, é, E’, and F States Depicted for the Models without COSMO*

Bare +1st shell +2nd shell

Hole Particle Hole Particle Hole Particle
- -
Pk 8w w
8 & v e
P B e e
N A

“For the pyrazine+2nd shell model, the data of the F and G states are shown instead of E and E, respectively.

Table S. NTOs of Excitations from the Ground State to the ;1, E, E,', IE, and F States Depicted for the Models with COSMO

Bare +1st shell +2nd shell

Hole Particle Hole Particle Hole Particle
il o D | ae @ | W
A A : B .
cl g | e w -
IR IR
Pl olle 33 S+ B e

707 solvation in the aqueous solution with the first solvent shell
708 and COSMO included are blue-shifted by 0.4 and 0.5 eV. The
709 COSMO calculation at the FC point without explicit waters

710 captured ~0.3 and 0.4 eV of this shift.” In the apolar pyrazine,
511 the blue shifts of the first two nz* states are smaller, but with
712 only ~0.1 eV, also a smaller fraction of it is captured by the

713 implicit solvent model.

From these results, one can conclude that simple
replacement of all explicit solvent molecules by a continuum
solvation model such as COSMO does not satisfactorily
describe the solvent effects for pyrazine in the aqueous solution
even for these low-lying valence excitations. Despite these
changes, the differences between the absorption spectra
obtained with the bare pyrazine, pyrazine+first shell, and
pyrazine+second shell models that include COSMO continu-

https://doi.org/10.1021/acs.jctc.2c01129
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um solvation (panels (a), (b), and (c) in Figure S) are minor,
mainly due to the fact that the nz* transitions have low
intensities and that the effects of explicit water molecules on
the bright 7™ transitions are smaller: A red shift of about 0.1
eV is found for the first zz* state, which is obtained at 4.97 eV
as C in the bare pyrazine with the COSMO model and at 4.86
eV as B in the pyrazine+second shell with the COSMO model.
_ Agreement between the excitation energies of the A, B, and
C states calculated for the second-shell models without and
with COSMO indicates convergence of the solvent effects in
the second solvation shell for these lowest excited states. Thus,
the second solvation shell can practically be replaced by
COSMO continuum solvation for this spectral region.

The situation turns out to be quite different for the higher-
lying E and F states. With the first solvation shell included in
the microsolvation complex but without additional implicit
COSMO solvation beyond, a charge transfer from the water
molecules to pyrazine is found. With the second solvation shell
included, these transitions change into a Rydberg transition in
the outer solvent shell and a charge-transfer excitation from
pyrazine to the outer solvent shell. These are the unphysical
states mentioned in Sec. 2.3.3 which made it unfeasible to
compute all excited states for the pyrazine+second shell model
up to 7 eV because of the sheer number of such states between
6 and 7 eV for this size of the microsolvated structure model.
In the calculations for the same models but with COSMO
solvation, excitations of these types are not observed in this
energy region, and this observation accords with general
expectations for such chromophores in water. This qualitative
change of the configuration characters is explicable by the
presence of those hydrogen atoms of water molecules that are
not involved in hydrogen bonding, so-called dangling or free
OH bonds, at the cluster/vacuum interface of the micro-
solvation models. If COSMO is included, the excess of positive
charge that accumulates at these hydrogens is balanced by
negative charges on the cavity surface that delimits the
conductor-like continuum. In the models without such
additional continuum embedding, however, these regions at
the interface to vacuum lead to artificially low-lying charge-
transfer and Rydberg excitations. Meanwhile, also different
from what is observed for the lowest excitations, a combination
of the explicit first solvation shell and COSMO is still
insufficient for a full description of the solvent effects: The
Rydberg-type excitation (E in the first two columns of Table 5)
is only quenched when the second solvent shell is included as
explicit water molecules in the QM system. Based on this
analysis, we conclude that explicit water molecules in the first
and second solvation shells should be taken into account for
any meaningful description of the third absorption band
without unphysical excited states, replacing the rest of the
solvent water molecules with COSMO, although the effects on
the bright #z* transitions that dominate the absorption
spectrum are small.

4. CONCLUSIONS AND OUTLOOK

In the present work, we have evaluated the effects of structure
sampling on static and time-resolved X-ray absorption spectra
and on the UV—vis absorption spectrum in the gas phase, as
well as the convergence of the solvent effects on UV—vis
absorption spectrum with respect to the number of explicit
solvent molecules, selecting pyrazine in water as a test case.
In the static spectral simulations for X-ray absorption in the
gas phase, we computed the XAS spectrum based on sampling

pyrazine configurations from the classical Maxwell-Boltzmann
distribution at 300 K generated by ab initio molecular
dynamics simulations in the canonical ensemble and based
on sampling the quantum Wigner distribution of the harmonic
vibrations of pyrazine at 0 K. The computational XAS spectra
obtained from both sampling methods reproduce the positions
and intensities not only of the main peaks but also their
shoulders as seen in the corresponding experimental spectrum
in reasonably good agreement. In the simulations of the
corresponding time-resolved XAS spectra in the gas phase,
where the laser field of the pump process has been explicitly
taken into account to dynamically populate the 'B,, excited

state, the spectrum obtained at the experimental delay time of 795

220 fs based on the MB sampling of classical nuclei at 300 K
agrees well with that based on the Wigner sampling of the
harmonic quantum ground state in order to generate the initial
phase space conditions for the subsequent nonadiabatic surface
hopping simulations. The consistency of the two approaches
together with their agreement with the experimental TR-XAS
spectrum of pyrazine suggests the use of classical MB sampling
at finite temperature in those cases where appropriate Wigner
sampling is difficult or impossible to achieve, for instance when
flexible (rather than quasi-rigid) or solvated (rather than
isolated) molecules are of interest. In the latter case, it is
particularly important to sample the proper thermal solvent
fluctuations, notably including noncovalent hydrogen bonds to
the solute, at the relevant thermodynamic conditions of the
solution, which is straightforwardly and accurately accessible in
the framework of AIMD simulations in the appropriate
ensemble.

For the UV—vis absorption spectrum in the gas phase, the
results obtained with both MB and Wigner samplings show
good agreement in the positions and the relative intensity of all
three absorption bands with those in the experimental
spectrum of pyrazine. This agreement suggests that spectral
simulations based on ADC(2) in combination with MB

796

818

sampling might be sufficiently reliable for the evaluation of 819
solvent effects on excited states of such molecules in solution if 820

described by using appropriate solvation models as follows.

When it comes to studying the impact of solvation on the
UV—vis absorption spectrum of pyrazine in liquid water at
ambient conditions, we first of all note that the two nitrogen
sites of this apolar molecule are strongly interacting with water
molecules by accepting mostly one hydrogen bond each in
strongly fluctuating local arrangements as generated by the
AIMD simulation of the aqueous solution. Thus, we sampled
the configurations of this first solvation shell around the
nitrogens (first) as well as their combined second solvation
shell (second) that contains on average 24 water molecules.
This provides us with two sets of microsolvation complexes for
the spectroscopic calculations that have been rigorously
sampled from the thermal MB distribution which describes
the aqueous phase at ambient conditions, notably including the
hydrogen bond fluctuations in addition to the ro-vibrational
motion of the solute species and its coupling to the solvent
molecule.

821

838

With respect to the solvent effects on the excited states of 839

pyrazine, the present results indicate that such effects converge
only slowly with respect to the size of the explicit solvent shell
even for the lowest bands, unless such microsolvation models
are embedded in an implicit (continuum) solvent model in an
effort to avoid surface artifacts. For the models without implicit
solvent, absorption bands break down at about 6 eV (~1 eV

https://doi.org/10.1021/acs.jctc.2c01129
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below the first absorption band of the solvent) due to the
appearance of artificial Rydberg-like states on the outermost
boundary of the model. Due to its nature, this problem will
persist irrespective of how many solvent shells are included as
explicit water molecules in the QM system as long as it is not
embedded in an additional model potential which quenches
these unphysical states by avoiding the interface with vacuum
characterized by its low dielectric constant. If embedded in a
continuum solvation model, here COSMO, that creates instead
an interface with a structureless medium characterized by the
high dielectric constant of water, the excitation energies of the
valence-excited states and the UV—vis absorption spectrum
converge quickly with the size of the explicit solvation shell.
For the lowest-lying states, only the first shell shifts the
absorption bands by several hundreds of meV, whereas the
second explicit solvation shell is needed to quench Rydberg
excitations around 6 eV.

We thus conclude that for pyrazine in water the valence-
excited states of practical interest, which lie below the lowest
excited state of a solvent molecule, can be described with
reasonable accuracy by microsolvating pyrazine using its first
shell water molecules and embedding these complexes in their
turn in COSMO continuum water. Among these excited states,
the lowest ones, which do not have Rydberg character, are
affected by only solvent molecules in the first and second
solvation shells, and those in the second solvation shell can
already be replaced with COSMO. Therefore, static UV—vis
absorption spectra of solvated such chromophores in water can
be faithfully analyzed with a combination of MB sampling of
the thermal fluctuations of the solution and subsequent
computation of the desired spectrum for each sampled
configurational snapshot using the pyrazine+first shell or
pyrazine+second shell model in conjunction with COSMO, in
most of the practical cases.

Beyond the specific case, the insights obtained in the present
study are also major steps toward accurate simulations of the
photoinduced nonadiabatic dynamics of chromophores in the
aqueous solution in future work. Moreover, they help one to
understand the limitations of both microsolvation and implicit
solvent models when studying electronic excitations of
chromophores in aqueous solutions and at the same time
delineate pragmatic approaches to overcome such failures by
combining these models in the sense of hybrid “explicit
microsolvation plus implicit continuum solvation” approaches.
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