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ABSTRACT: Born—Oppenheimer molecular dynamics of p-nitro-
aniline (PNA) in water was carried out and the electronic structure
was investigated by time-dependent density functional theory.
Hydrogen bonding involving the PNA nitro and amine groups and
the water molecules leads to an ~160 cm™" red shift of the z(N—O)
and v(N—H) stretching frequencies relative to the gas phase
species. Our estimate for the peak position of the charge transfer
(CT) band in the absorption spectrum of PNA in water (~3.5 eV) is
in good agreement with experimental data (3.3 eV). We have
investigated the specific role played by local hydrogen bonding and
electrostatic interactions on the electronic absorption spectrum. It is
shown that although electrostatic interactions play a major role for
explaining the structure of the PNA CT band in water, the
theoretical prediction of the observed red shift is improved by the
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explicit consideration of local hydrogen bonding of PNA to water. For isolated PNA, we predict that the dipole moment of the
second excited state (S,) is 9.6 D greater than ground state (S,) dipole, which is in good agreement with experimental
information (8.2—9.3 D). Calculation of charge transfer indexes for the two first excitations of PNA in water indicates that
despite the feature that a small fraction of S; states (<5%) may exhibit some CT character, CT states in solution are mainly

associated with S, < S transitions.

B INTRODUCTION

The electronic properties of “push and pull” dyes is a subject of
strong interest in chemistry, materials science, and biotechnol-
ogy." Push and pull dyes also exhibit large nonlinear optical
properties with a wide range of applications in the design of
photonic devices.'* A specific class of push and pull dyes are
disubstituted benzenes.” These dyes are characterized by the
presence of electron donor and electron acceptor substituents
connected by a z-system. Upon excitation, an intramolecular
charge transfer (CT) process takes place leading to the
formation of a CT absorption band. The structure of this band
is strongly dependent on the interactions with the environ-
ment.” Analysis of the dependence of the CT process on the
length of the 7z-system as well as the characterization of the
electronic density reorganization in terms of CT spatial indexes
were reported.””'? Solvent effects on the electronic absorption
spectra of different molecular species exhibiting CT states have
been the subject of numerous works."'~*

The electronic properties of disubstituted benzenes and in
particular of p-nitroaniline (PNA) where the substituents are
the electron donor amine group (—NH,) and the acceptor the
nitro group (—NO,), which are linked via a phenyl ring, have
been widely investigated.”'""*'***~** The dependence of the
CT band shift on the nature of the solute—solvent interactions
has been also investigated.23’24 In general, solvent effects lead to
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a bathochromic shift of the CT band relative to the gas phase
value. This shift is strongly dependent on the solvent
polarity””** and thermodynamic conditions.”® Here, we will
focus on a strong polar solvent (water), where the CT band
shift is —0.98 eV.'**” The origin of the CT bathochromic shift
in water was related to the energetic stabilization of the PNA
ground state due to Coulombic interactions with the solvent.”

Recent theoretical investigations of PNA in different solvents
have been reported.””***® Kosenkov and Slipchenko™* used a
quantum mechanics/effective fragment potential approach
(QM/EFP), where the QM solute (PNA) is described by an
ab initio method and the solvent molecules are represented by
effective fragment potentials parametrized by first-principles
calculations. A similar QM/EFP approach was adopted by Sok
et al*’ that reported a TDDFT/EFP1 study for the first
excitation of PNA in water.”” Thermal sampling with QM/EFP
has been exploited by molecular dynamics simulations for the
QM system coupled to the EFP solvent molecules.”® Frutos-
Puerto et al. presented a discussion on the preferential solvation
effect on the solvatochromic shifts of PNA by using a quantum
mechanics/molecular mechanics (QM/MM) approach, where
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different solvents are represented by classical force-fields.*®
More recently, Cardenuto et al.”® investigated the electronic
absorption spectrum of PNA in supercritical water by using a
sequential QM/Monte Carlo (MC) methodologym in which
the MC sampling relied on a classical force-field.

Although it is known that the CT band of PNA in water is
mainly determined by Coulombic interactions,” some specific
issues concerning the nature of CT states in water deserve
further analysis. They include the relationship between the
structural dynamics and the electronic properties of the dyes
and the characterization of the CT states in solution. To
investigate these issues, here we adopt a first-principles
approach. Initially, a Born—Oppenheimer molecular dynamics
(BOMD)*" was carried out for a PNA—water solution and for
isolated PNA at the same temperature of the solution. Then,
sequentially, the electronic properties in water were determined
by quantum mechanics calculations using a selected number of
configurations generated by BOMD. Emphasis was placed on
the analysis of the electronic absorption spectrum of PNA in
water that was calculated by using time-dependent density
functional theory (TDDFT).* Recent developments in density
functional theory, specifically double hybrid density func-
tionals,”> made possible the application of TDDFT to the
accurate calculation of excitation energies’* even for systems
involving charge transfer excitations. In these cases, it is well-
known that widely used approximations for the exchange-
correlation functional present serious limitations.”> In this
work, we also investigate the accuracy of a double hybrid
functional (B2GP-PLYP)*>* for predicting the electronic
properties of PNA in water.

Other fundamental issue deserving further attention
concerns the nature of the excited states in solution that is
strongly dependent on the solute—solvent interactions and
consequently on the specific organization of the solvent around
the solute species. In this sense, we explore, probably for the
first time, the calculation of charge transfer indexes® for a dye in
liquid water. The present calculation of CT indexes underlines
the feature that only a fraction of electronic excitations of PNA
in water can be characterized as CT.

This work is organized as follows. After presenting some
details on the computational procedures, we investigate the
structure and electronic properties of small PNA—water
complexes. Then, we discuss results for the structure and the
vibrational dynamics of isolated PNA and PNA in water. The
structure was investigated through the calculation of the radial
distribution functions (RDFs) with emphasis on solute—solvent
hydrogen bond (HB) correlations. The calculation of the
vibrational properties relies on the calculation of time
correlation functions by using the Born—Oppenheimer
dynamics. This is followed by the analysis of the electronic
properties of PNA in water, including excited state dipole
moments, and the electronic absorption spectrum. Finally, a
discussion on CT indexes for PNA in water is presented and we
conclude by stressing the importance of adopting a sequential
TDDFT/BOMD approach for a better understanding of the
electronic properties of push and pull dyes in solution as well as
by the interest in calculating CT indexes in solution.

B COMPUTATIONAL DETAILS
Gas Phase Calculations for PNA and PNA-Water
Aggregates. Geometry optimizations for PNA and complexes

of PNA with S and 10 water molecules were carried out with
the BLYP-D3 functional, which is a combination of the Becke
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exchange functional®® with the Lee, Yang, and Parr correlation
functional®” plus an empirical correction to the dispersion
interactions D3.”® The Dunning’s cc-pVDZ (pvdz) basis-set’”
was used in the geometry optimizations. Excitation energies for
PNA and PNA—water aggregates were calculated with TDDFT
with the double hybrid B2GP-PLYP***° with the Tamm-
Dancoff approximation (TDA) to the TDDFT excitation
energies.40 Geometry optimizations and TDDFT excitation
energies were carried out with the ORCA program41 For the
isolated PNA molecule, excitation energies and excited state
dipole moments were also calculated by using the equation-of-
motion second-order approximate coupled cluster singles and
doubles method (EOM-CC2)**** as implemented in the PSI4
program.”* Excitation energies were calculated with the
Dunning’s aug-cc-pVDZ Dbasis-set” (apvdz in a simplified
notation).

Born—Oppenheimer Molecular Dynamics for PNA
and PNA in Water. BOMD for PNA in water was carried
out at a target temperature of T = 298 K for a system of one
PNA molecule and 96 water molecules (N,, = 96) in a cubic
box of size L = 14.59 A with periodic boundary conditions.
Additional BOMD was carried out, also at T = 298 K, for an
isolated PNA molecule in a cubic box with the same size L. For
the isolated PNA molecule, the Martyna and Tuckerman
Poisson solver for nonperiodic boundary conditions® was
employed. The BLYP combination of the Becke exchange
functional®® with the Lee, Yang, and Parr correlation func-
tional’” plus an empirical correction to the dispersion
interactions D3** or BLYP-D3 was adopted for BOMD that
was carried out with the hybrid Gaussian and plane-wave
method (GPW)* as implemented in the CP2K program.*’
The choice of the BLYP-D3 model was driven by first-
principles molecular dynamics of liquid water*® indicating that
this approach leads to a correct description of the water
structure when comparison is made with experimental
information. Goedecker, Teter, and Hutter (GTH) norm-
conserving pseudopotentials®” were used for representing the
core electrons and only valence electrons were explicitly
included in the quantum mechanical density functional theory
(DFT) calculations of the forces to generate the dynamics. In
the GPW approach, Kohn—Sham orbitals are expanded into
atom-centered Gaussian-type orbital functions, whereas the
electron density is represented with an auxiliary plane-wave
basis-set. A double-(-valence-polarization (DZVP-MOLOPT-
SR)>® was used to represent the Gaussian orbitals and the
charge density cutoff for the auxiliary basis-set was 280 Ry. The
self-consistent-field energy threshold for calculating the
electronic density was 107° Hartree. The time step was 0.5 fs
and the total BOMD time was SO ps (100000 steps). For
temperature control, we employed the canonical sampling
velocity rescale thermostat (CSVR).”" Average properties were
calculated by using the last 25 ps of the BOMD run.

Excitation energies for PNA in water were calculated with
TDDFT with the double hybrid B2GP-PLYP**** with the
Tamm-Dancoff apoproximation (TDA) to the TDDET
excitation energies.4

The electronic absorption spectra of PNA in water was
calculated by using 100 selected configurations equally
separated in time from the last 25 ps of dynamics. To calculate
the electronic spectrum, we defined supermolecular structures
with the solute (PNA) plus a given number (NQS) of explicit
solvent molecules. This quantum system (QS) is embedded
(EMB) in the polarizing electrostatic field of the remaining
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Figure 1. Left: BLYP-D3/pvdz optimized structures for complexes of PNA with n water molecules (PNA—W,; n = S, 10). Right: electronic
absorption spectra for the isolated PNA (full lines) and PNA—W,, (dashed lines). Top panels, PNA—W,,; middle panels, PNA—W, complex, where
the water molecules interact with the NH, group; bottom panels, PNA—Wj complex, where the water molecules interact with the NO, group. The
BLYP-D3 method was used for geometry optimizations. Time dependent density functional theory (TDDFT) excitation energies were calculated
with the double hybrid B2GP-PLYP functional. The aug-cc-pVDZ basis set was used in the TDDFT calculations.

(N,-NQS) solvent molecules, which were represented by
atomic charges. The NQS solvent molecules explicitly included
in the quantum system were selected by ordering the solvent
molecules as a function of their distance to the nitrogen atoms
of the PNA nitro and amine groups. Thus, for a given NQS
value we selected NQS/2 water molecules closest to the nitro
group (N atom) plus NQS/2 molecules closest to the amine
group. This system is then embedded in the electrostatic field
defined by the remaining (N,,-NQS) atomic point charges of

the water molecules.
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Results for NQS = 0 (EMB) correspond to the PNA
molecule embedded in the charge distribution of the water
molecules. The charges of the embedding water molecules were
estimated by the polarizable continuum model (PCM)
method,” where the environment is represented by a
continuum medium with the experimental dielectric constant
of water (¢ = 78.35). The atomic charges were calculated by
fitting to the electrostatic potential with the CHELPG™
method. At the second-order Moller—Plesset perturbation
theory (MP2)"" level and by using the Dunning’s aug-cc-pVDZ
basis-set™ (apvdz in a simplified notation), this approach leads
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Table 1. Excitation Energies (in eV) and Oscillator Strengths (in Parentheses) for the Gas Phase PNA and Optimized Structures

of PNA—Water Complexes Shown in Figure 1%

PNA
So = S, n— 377 378
S, = S, 7 7t 427 (0.46) 431 (042) [424]
So— S n— m* 4.39 440
So = S, 4.64 (0.002) 4.60
So — Ss 5.12 (0.001)
So — S¢ T - ¥ 5.48 (0.077) [5.48]

PNA-W,, PNA-W,(T) PNA—W,(II)
3.42 (0.310) 3.73 3.47 (0.222)
3.77 (0.189) 430 3.68 (0.291)
4.21 (0.006) 4.34 (0.426) 4.21 (0.003)
4.36 (0.006) 4.67 4.29 (0.002)
5.01 (0.009) 5.53 (0.030) 5.02 (0.061)
5.46 (0.008) 5.59 (0.030) 5.36 (0.001)

“Assignments are made for the transitions with experimentally known excitation energies and for the three lowest transitions. Geometries optimized
at BLYP-D3/pvdz level. TDDFT excitations energies were calculated with the B2GP-PLYP exchange-correlation functional and the EOM-CC2
method (gas phase PNA, values in italic). Theoretical calculations carried out with the apvdz basis-set. Experimental values for gas phase PNA from

Millefiori et al.*' are shown in brackets.

to go = —0.786 au and gy = 0.393 au. In keeping with a recent
work on liquid and scCO,’> we have verified that the electronic
absorption spectrum of PNA in water is not significantly
dependent on the choice of the electrostatic embedding and
quite similar results are predicted by using charges from
different classical force field models. Excitation energies of PNA
in liquid water were calculated with the apvdz basis-set. The
excitation spectra were constructed by fitting a Lorentzian
distribution of 0.10 eV width to the excitation energies and
oscillator strengths.

The electronic densities and dipole moments for the ground
and excited states of gas phase PNA and for the selected
configurations of PNA in water were calculated with the
Gaussian-09 program.*® These calculations were carried out
with the CAM-B3LYP®’ and B2GP-LYP*** functionals. The
excited state electronic densities calculated with B2GP-PLYP
are not accounting for the “CIS(D)” like part correction to the
B2GP-LYP excitation energies. Therefore, they correspond to
the electronic densities predicted by the B2GP-LYP func-
tional.>>** The TDA" was adopted. Charge transfer indexes™®
were calculated with a program coded by Jacquemin.>”

B RESULTS AND DISCUSSION

Electronic Absorption Spectra of Gas Phase PNA and
PNA—-Water Complexes. Figure 1 shows the structure of
PNA—water complexes. To investigate the influence of the
local hydrogen bond (HB) of PNA with water molecules, and
to assess separately the influence of HB to the PNA amine and
nitro groups on the electronic absorption spectra the structure
of three PNA—water complexes was determined by carrying out
geometry optimizations at the BLYP-D3/pvdz theoretical level.
By carrying out geometry optimizations for a PNA—water
complex, we have verified that hydrogen bond lengths
calculated at the BLYP-D3 level are in good agreement with
MP2°* results. Therefore, it is expected that this theoretical
level is adequate to investigate the structure of the larger PNA—
water aggregates. The optimized structures correspond to local
minima on a complex energy surface and were determined with
the specific purpose of investigating the influence of local HB
on the electronic absorption spectra. Two complexes of PNA
with five water molecules were optimized. The first one (left
bottom panel of Figure 1) illustrates HB formation in the
PNA—-W; complex through interactions with the PNA nitro
group. The second (left middle panel of Figure 1) illustrates
HB formation through the amine group. The structure of a
PNA—water complex with 10 water molecules is illustrated in
the left top panel of Figure 1. The electronic absorption spectra
for the different complexes are also shown in Figure 1 (right
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panels), where the intensity f is the oscillator strength. Our
results show that in comparison with the isolated PNA
molecule, HB formation with the PNA nitro and amine groups
influence in a different way the electronic energy absorption by
PNA—water complexes. The electronic absorption spectrum of
the complex involving HB to the amine group is not
significantly modified in comparison with the spectrum of the
isolated species and only a small blue shift is observed (middle
panel of Figure 1). The weak dependence of the electronic
absorption on hydrogen bonding interactions with the amine
group was pointed out by different works.””®" On the other
hand, HB to the nitro group leads to a significant red shift of
the first electronic absorption band relative to the isolated
species. As shown in the right top and bottom panels of Figure
1, the first electronic absorption bands in the PNA—W,; and
PNA—W; for HB to the nitro group are quite similar although
some differences in the intensities are observed. For gas phase
PNA, comparison between the theoretical results (B2GP-
PLYP**** and EOM-CC2****) shown in Table 1 and the
experimental excitation energies’' shows a very good agree-
ment, leading credence to the presently adopted model (B2GP-
PLYP/apvdz) to investigate the electronic properties of PNA in
water. The magnitude of the red shift, relative to the isolated
PNA species of the first absorption band in the PNA-W,
complex (~—0.85 eV) is close to the experimentally observed
value (—0.98 eV)'*** and reflects the importance of the role
played by hydrogen bonding to the nitro group on the red shift
of the PNA CT band in liquid water. However, it is expected
that the results for the optimized structures overestimate the
shift due to the absence of thermal effects. These effects need a
statistical sampling procedure to be taken into account.
Structure and Vibrational Properties of PNA in Liquid
Water. Structure. Structural information on the PNA—water
solution can be assessed by calculating the radial distribution
functions (RDFs), specifically those related to specific
interactions between the nitro and amino groups with water.
The RDFs describing these interactions are shown in Figure 2.
Additional data on the structure and coordination numbers are
reported in Table 2. Comparison between the structural
correlations with water of the nitro and amine groups,
particularly, between the role played by the PNA as hydrogen
bond acceptor described by O[NO,]..H,, correlations, and
hydrogen bond donor, described by H[NH,]...O,, correlations,
indicates that PNA in water is a better H acceptor than donor.
Specifically, as shown in Table 2, the average coordination
numbers N(r,,) are 1.4 and 1.1 for O[NO,]..H, and
H[NH,]...0,, respectively. Further information on the
organization of the water molecules around the nitro and
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Figure 2. Radial distribution functions (RDFs). Left panels: RDFs
describing PNA—water hydrogen bonding, where PNA plays the role
of proton acceptor (top left) and proton donor (bottom left). Right
panels: RDFs related to the N—O,, correlations involving the nitrogen
atom of the NO, (top right) and NH, (bottom right) groups with the
water oxygen atoms (Ow).

Table 2. Data on the Structure of the PNA—Water Solution”

Tmax N, c(rmax) Tmin N, c(rmin)
O(NO,)—Hy 1.9 0.5 2.3 14
H(NH,)—Ow 2.0 0.5 2.6 1.1
N(NO,)-0y 3.6 2.5 4.9 12.1
N(NH,)-Oy 3.1 22 3.7 43
N(NH,)—Hyy 2.0 02 24 04
O(NO,)—Oy 3.1 1.9 42 82
Ow—Ow 2.8 1.8 3.5 52

“Average values (in A) for the maxima (r,,,,) and minima (ryy,)
positions of the radial distribution functions (RDFs) and correspond-
ing coordination numbers N..

amine groups is given by the RDFs describing the N[NO,]—0O,,
and N[NH,]-0O,, structural correlations. Integration of these
RDFs up to the first minima leads to coordination numbers of
12.1 and 4.3, which represent the average number of water
molecules in the first coordination shell of the nitro and amine
groups, respectively. Data on the RDF related to the oxygen
atom of PNA and water oxygen atoms correlations (O[NO,]—
Oy) as well on the RDF describing the water oxygen—oxygen
atoms correlations [Ow—Oy] are reported in Table 2.
Integration of these RDFs up to the first maximum leads to
an estimate of the average number of water molecules in close
interaction with the PNA oxygen atom (1.9) and the number of
water molecules in close interaction with a reference water
molecule in liquid water (1.8). This result indicates that the
interactions between the oxygen atoms of liquid water and
between the water and PNA oxygen atoms are similar.

Figure 3 (left panels) shows the distributions P[d(N—O)]
and P[d(N—H)] of the bond lengths d(N—O) and d(N—H)
for the gas phase PNA and for PNA in water. The results
indicate that due to hydrogen bonding, in liquid water the
d(N—O) bond length is slightly increased relative to its gas
phase value. The average values of d(N—O) are 1.262 and
1.284 A for gas phase PNA and PNA in water, respectively.
Quite similar values for the average d(N—H) bond lengths are
presently predicted for the PNA molecule in the gas phase and
water (1.017 and 1.025 A, respectively). The average 6(O—
N—O) angle for isolated PNA is 123.9°, and the value for PNA
in water is 120.5°. However, the average d(O—O) distances

3882

T T L L L TTT T T T T 7]
— PNA T 0.03f— /l\ -
15| —. PNA-W ] - 7
= [ 1 =00l —
S 10k - =
2100 \\ 2 J
5k \ — 0.01f— —
- / - - -
ol [ | h S | , | 141 L
1.1 115 12 125 13 135 60 40 20 0 20 40 60
d(N-O)/A 0(C-C-N-O)/Degree
TTTTT T T T
0.03— —
5 0.02— VAN —
A - / \ -
0.01— —
7 \
- 7 N -
AL L1y S
09 095 1 1.05s 1.1 115 -60 40 -20 0 20 40 60
d(N-HY/A ®(C-C-N-H)/Degree

Figure 3. Distribution of structural parameters from BOMD of PNA
in the gas phase and liquid water (PNA—W). Left panels: distributions
P[d] of the d(N—O) and d(N—H) bond distances. Right panels:
distribution P[¢] of the dihedral angle ¢ describing the twisting of the
NO, [¢(C—C—N—O0)] and NH, [¢p(C—C—N—O)] groups
around the ring plane.

for PNA and PNA in water are identical (2.23 A), a feature that
can be explained by the increase of the d(N—O) distance in
water relative to the isolated species. This structural change
contributes to increase the dipole moment of PNA in water.
The right panels of Figure 3 show the distribution of the
dihedral angles ¢y(C—C—N—O) (top panel) and ¢(C—C—
N—H) (bottom panel) for PNA and PNA in water and when
¢ = 0 the plane defined by nitro or amine groups coincides with
the ring plane. This parameter provides information on the
twisting dynamics of the nitro and amine groups. For both the
nitro and amine groups, the distributions P[¢] indicate
significant deviations from the equilibrium value (¢ = 0).
P[¢p(C—C—N—O0)] shows an expected Gaussian behavior
with a maximum value at ¢ = 0. Quite similar distributions of
¢(C—C—N—O) are observed for PNA and PNA in water.
Comparison between P[¢y(C—C—N—H)] for PNA and PNA
in water indicates that the NH, twisting dynamics is modified
by the interactions with the water molecules. These interactions
lead to a slightly narrower P[¢)(C—C—N-H)] in water.

As previously discussed, significant deviations from ¢(C—
C—N—O) = 0 are observed for PNA in water. The adequate
treatment of the nitro and amine twisting dynamics is
important for predicting the electronic properties of PNA. It
has been verified that the twisting of the nitro group relative to
the conjugated structure leads to a broadening of the electronic
absorggtion spectrum and stabilizes the charge transfer excited
state.

Vibrational Spectrum. As in previous BOMD studies,” the
vibrational spectrum is presently investigated through the
calculation of time correlation functions. For example, the
distribution of the v(N—X) (X = O,H) stretching frequency of
PNA can be analyzed by calculating the Fourier transform of
the average velocity autocorrelation function defined as C,,(t)

= (BA(t + ) SA(t)/6A(t) SA(t) ) where A = 2, ¢, is a time
origin, y = d(N—X), and 6A =A — (A). Figure 4 shows the
distribution of the N—O [¢(N—O)], top panel) and N—H
[v(N—H)], bottom panel) frequencies.

The v(N—O) stretching frequency distribution of gas phase
PNA at T = 298 K indicates the presence of a doublet at
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Figure 4. Frequency distributions describing the N—O (top) and
N—H (bottom) stretching dynamics of isolated PNA (black) and
PNA in water (red).

~1460/1420 cm™ corresponding to the asymmetric N—O,
stretching. At lower frequencies, a maximum at ~1282 cm™!
associated with the symmetric stretching can also be identified.

Upon hydration, a much broader (N—O) distribution is
observed. Two maxima near 1300 and 1330 cm™" are present
although a clear assignment is difficult due to the broad nature
of the calculated distribution. Despite this limitation,
experimental data for PNA in water also gredicts a broad
distribution in the 1300—1350 cm™ range.éz’ ° It is also known
that the v(N—O) distribution exhibits a str0n§ dependency on
the solvent and thermodynamic conditions.””*> Our results
show a ~ 160 cm™' red shift of the whole v(N—O)
distribution of PNA in liquid water relative to the gas phase
result, which is a fingerprint of hydrogen bonding of the PNA
nitro group to the water molecules.

The v(N—H) stretching frequency distribution of gas phase
PNA shows two maxima at 3596 and 3492 cm™. These maxima
correspond to the asymmetric [1,(N—H)] and symmetric
[Vsym(N—H)] N—H stretching modes. Experimental data is
available for solid PNA®* and for PNA in ethanol and
methanol.> For solid PNA, two maxima at 3482 cm™
[v,(N—H)] and 3361 cm™ were reported.64 For PNA on
ethanol, a broad distribution with a single maximum at ~3400
em ™! was predicted.”> We are not aware of Raman experiments

for gas phase PNA. As expected, our results for isolated PNA
are blue-shifted relative to the experimental values for v(N—
H) in condensed phase. However, our predictions for gas phase
PNA are in very good agreement with the scaled DFT
frequencies reported by Kavitha et al.: v,(N—H) = 3590 cm™
and v,,,(N—H) = 3478 em™.* Our result for PNA in water
shows a broad distribution that peaks nearly at v(N—H)=
3440 cm™!, which is in good agreement with Fujisawa et al.
(~3400 cm™).** Comparison between the maximum position
of the v(N—H) distribution in water (3440 cm™) and the gas
phase value for [v,(N—H)] (3596 cm™) indicates that v(N—
H) is red-shifted by ~160 cm™" upon hydration.

Electronic Absorption of PNA in Water. Table 3
presents data for the dipole moments of the ground and
excited states of isolated PNA and PNA in water. Oscillator
strengths for the three lowest excited states are also reported.
The presently predicted ground state dipole moment of gas
phase PNA (5.2 D) is in good agreement with the experimental
data of 5.5 D from Sinha et al®® although it is 1 D below a
second prediction from the same group (6.2 D).%® However, it
should be noticed that the experimental data reported in Table
3 is for PNA in a dioxane solution at T = 298 K.*° A better
agreement with the higher experimental value (6.2 D)% is
observed for the CC2 (6.4 D) and CAM-B3LYP (7.1 D)
results.

Excited state dipole moments were calculated in the ground-
state geometry and are compared with experimental informa-
tion relying on electro-optical absorption methods that are
adequate to investigate intramolecular CT in vertical excited
states.”” The B2GP-LYP dipole moment for the S, excited state
of gas phase PNA (14.8 D) is also in reasonable agreement with
experimental information.””*® Moreover, the present DFT
results for the dipole moment change upon the S, « §,
transition [9.6 D (B2GP-LYP); 9.8 D (CAM-B3LYP)] are also
in good agreement with experimental information for PNA in a
dioxane solution (8.5 = 0.5;°° 9.3 D). Comparison between
DFT and EOM-CC2 results for PNA (italic values in Table 3)
shows a very good agreement. The B2GP-PLYP result for the
ground state dipole moment of PNA in water is 11.1 & 0.3 D,
which is 6 D above the gas phase dipole. A smaller change of
the PNA ground state dipole moment upon hydration (2.8 D)
is predicted at the CAM-B3LYP level. The average value of the
S, state dipole moment is modified upon hydration. The
changes are 8.1 + 0.5 D (B2GP-LYP) and 5.7 + 0.4 D (CAM-
B3LYP). The average oscillator strengths (f) for the S; « S
transition are 0.21 + 0.0 (B2GP-PLYP) and 0.10 + 0.01

Table 3. Dipole Moments (¢ in D) and Oscillator Strengths (f) of PNA and PNA in Water (PNA—W)“

PNA PNA-W
JZ (1) )
S 52 [5.5 + 02]%°[6.2]%° 111 £ 03
(7.1) 6.4 (9.9 +£03)
S, 4.4 121 + 0.5 0.21 + 0.02
(4.0) 3.9 (9.7 £ 04) (0.10 + 0.01)
S, 14.8 [13.7 + 0.5]%° 0.46 0.43 [0.32]*' 13.7 + 0.3 028 + 0.02
(16.9) 16.6 (0.49) (172 £ 03) (0.35 + 0.02)
S, 49 11.5 + 0.3 0.01
(4.4) 4.1 (10.6 + 0.4) (0.01)

“EOM-CC2 results for gas phase PNA in italics. CAM-B3LYP results in parentheses. Experimental data in brackets. Data for the ground (S;) and the
three lowest excited states (S;, S,, S;). Theoretical calculations carried out with the apvdz basis-set. For PNA—W the NQS = 0 approximation was

adopted.
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(CAM-B3LYP) thus indicating that this transition, which is
forbidden in the isolated molecule, is enhanced in liquid water.
The S, dipole moment is not significantly changed upon
hydration and DFT calculations predict that the changes are
below 1 D. The results also point out an increase of the S;
dipole in water. However, in this case, the average f is close to
zZero.

The electronic absorption spectrum of PNA in water is
shown in Figure S. The specific role played by the electrostatic

3

- [— NQs—0 L 5,5,
2.5 [—: NQs=10 1 — S8,

Figure 5. Electronic absorption spectrum of PNA in water. NQS is the
number of water molecules explicitly included in the quantum system.
For NQS = 0 only the electrostatic embedding of the water molecules
is being taken into account. NQS = 10 means that the nearest 10 water
molecules were included in the calculations (the S closest to NO, plus
the five closest to NH,). The inset panel shows the distributions of the
S, < Spand S, «S, excitation energies for NQS = 10 and the vertical
lines represent oscillator strengths.

background on the spectrum can be assessed by carrying out
calculations with NQS = 0. As illustrated in Figure S,
electrostatic interactions play a significant role, leading to the
appearance of a band with a maximum at 3.6 eV, which means a
0.7 eV red shift relative to the gas phase species (4.3 eV). The
NQS = 10 curve corresponds to the average spectrum for a
system including PNA plus 10 water molecules embedded in

the electrostatic environment of the remaining water molecules
(N,, — 10). This calculation allows us to assess the importance
of taking explicitly into account local hydrogen bonding of
PNA to water. The NQS = 10 curve shows a maximum at 3.5
eV. Therefore, the maximum of the first absorption band of
PNA in water is red-shifted by ~0.8 eV relative to the S, band
of gas phase PNA. This result is in reasonable agreement with
the experimental results, which are close to 1.0 eV.'**” The
inset panel of Figure 5 shows for NQS = 10, the distributions of
the first and second excitation energies that define the first
absorption band of PNA in water. The distribution of the S, «
So excitation energies shows a maximum at ~3.2 eV that
practically coincides with the experimental value,'**” whereas
the distribution corresponding to S, « S, excitation energies
peaks at ~3.6 eV.

Further analysis on the modifications of the electronic
structure of PNA in water can be carried out through the
introduction of qualitative charge transfer indexes associated
with the charge reorganization upon excitation.’Details on the
definition of CT indexes can be found in several recent
works.” """ Here we will focus on the charge transfer (CT)
excitation length, which is defined as D¢y = IR, — R_|,¥ where
R, and R_ are the barycenters of positive and negative
electronic density, p,(r) and p_(r), respectively. In addition, the
difference between the ground- and excited-state dipole
moments can be estimated as |lucrll = Der/p,(r)dr =
—D¢r _/ p_(r)dr = Derqcer, where ger is the transferred charge.®

Electronic density difference isosurfaces for PNA and two
BOMD configurations of PNA in water are shown in Figure 6,
where the charge barycenters are represented by spheres. Some
CT indexes are reported in Table 4, where for completeness
oscillator strengths are also reported. In general, a good
agreement between B2GP-LYP and CAM-B3LYP results is
observed. The following discussion relies on CAM-B3LYP
results. Comparison between the two sets of data will be made
only when it is justified. For isolated PNA, CAM-B3LYP
calculations lead to D¢ep = 3.1 A, and gcr = 0.74 au. Therefore,
lltcrll = 9.9 D. For PNA in water, it is expected that the
excitation process is strongly influenced by the solute—solvent
interactions that include local hydrogen bonding as well as
long-range polarization effects. Therefore, the electronic density

Sz - So SZ

PNA PNA-W(I)

PNA-W(II)

Figure 6. Electronic density difference Ap(r) = pe(r) — pgs(r) for PNA and PNA in water. The isocontour value is 0.0004 au and positive and
negative density differences are represented as blue and red, respectively. The barycenters of the positive and negative Ap(r) are indicated by the
spheres (in purple). For PNA in water, two BOMD configurations I and II are illustrated and the isosurfaces correspond to the transitions S, < S,

(I); and S, «<S, (II).
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Table 4. Charge Transfer Indexes for PNA and PNA in
Water”

f Der qcr [lcrll
PNA
S, < S, 0.46 (0.38)  2.10 (3.11) 0.96 (0.67) 9.6 (9.9)
PNA-W(I)
S, < S 0.53 (0.49)  2.20 (2.60) 0.96 (0.92) 10.1 (1L.5)
PNA—-W(II)
S < Sy 0.57(0.51) 220 (2.67) 0.39 (0.46) 4.0 (5.9)
PNA-W
" (Der) (qer) Nzl
S, < S 043 + 0.01 21 £0.1 0.82 + 0.02 82 +03
(042 + 0.01) (25 +01) (0.83 + 0.01) (98 +£02)

“Der in A gep in au. [|pcrl| in D. PNA-W(I) and PNA-W(II) are
two configurations from BOMD. The average values are for PNA in
water (PNA—W). CAM-B3LYP results in parentheses.

reorganization is very dependent on the specific configuration
generated by the BOMD sampling procedure. This is illustrated
by the middle and right panels of Figure 6 for two
configurations. Configuration I (middle panel of Figure 6)
has an oscillator strength f= 0.5 (S, « S;) and f = 0 for the first
excitation. For configuration II (right panel) f=0.49 (S, < S,),
whereas for the second excitation, f = 0. For configuration I, the
dipole moment is significantly changed upon the S, « S,
transition (||gcrll = 11.5 D. For configuration II, ||gcrll = 5.9
D (S; < Sy). It should be noticed that B2GP-LYP leads to
smaller values of Dcr, when comparison is made with CAM-
B3LYP.

Although, the S; « S, transition becomes allowed in liquid
water, the average value of its oscillator strength is still smaller
than the average oscillator strength ({(f)) of the S, « S,
transition. What is more important, the average charge
transferred upon excitation, gcr, for S; < S, (0.34 + 0.01
au) is smaller than that one for S, « S, (0.76 + 0.02). In
addition, for the first excitation (Dcr) = 1.2 £ 0.1, which is
much smaller than (Dcy) for the S, state (2.5 + 0.1 A at the
CAM-B3LYP level). Therefore, the present results indicate that
there is no charge transfer/charge separation for the S; « §,
transition in liquid water, despite the feature that for a small
fraction of configurations (<5%) this transition may exhibit
some CT character. On the other hand, not all the S, « S,
transitions of PNA in liquid water lead to charge transfer. For
nearly 20% (CAM-B3LYP) and 40% (B2GP-PLYP) of the
selected configurations, the oscillator strength fis below 0.3 and
dcr < 0.4 au. It seems reasonable to assumed that S, < S; can
be identified as a CT transition when f > 0.3 and gcr > 0.5 au.
By adopting this criterium (driven by the values of f and g¢r in
the gas phase PNA), we estimate that ~60—75% of the S, < S,
excitations of PNA in water will be related to a CT process.
Within the adopted criterium, the average values of CT indexes
for PNA in water are reported in Table 4. It is interesting to
notice that quite similar values of |[|ucp|| are predicted for
isolated and hydrated PNA (9.9 D). If the criterium for CT is
relaxed, we predict that (||pcrll) = (Der){gcr) = 8.1 = 04 D,
However, this value should not be interpreted as an estimate
only associated with S, < Sy, CT excitations in water.

B CONCLUSIONS

Born—Oppenheimer molecular dynamics for a PNA—water
solution was carried out with the BLYP-D3 functional. The
choice of this functional was driven by a recent BOMD of

3885

liquid water"® that pointed out a very good agreement between
the structure predicted by BLYP-D3 and experimental data.
Radial distribution functions, vibrational frequencies, and
electronic properties of the solution were investigated. The
present results provide a set of useful information for a better
understanding on the relationship between the structure,
hydrogen bonding, vibrational dynamics, and the electronic
properties of the PNA—water system. Moreover, we have also
discussed a fundamental question concerning the hydration of
PNA in water, namely, the nature of the excited states in
solution. This discussion relies on the calculation of charge
transfer indexes describing the electronic density reorganization
upon excitation.””'" The electronic properties of PNA in water
were investigated by carrying out DFT calculations for a
selected set of configurations generated by Born—Oppenheimer
molecular dynamics. Emphasis was placed on the electronic
absorption spectrum of PNA in water that was calculated by
using TDDFT with the B2GP-PLYP double hybrid functional.
Our results show that for the isolated PNA molecule, B2GP-
PLYP excitation energies are in very good agreement with those
predicted by EOM-CC2 calculations and experiment.”" This
agreement supports the present choice of this functional for
investigating the electronic properties of PNA in water.

A preliminary analysis of the electronic properties of small
PNA—water aggregates allowed us to conclude that hydrogen
bond interactions between the water molecules and the PNA
nitro group red shift the maximum position of the absorption
spectrum by ~0.85 eV relative to the gas phase PNA, whereas a
small blue shift is induced by interactions with the amine group.

In line with the results for the small PNA—water aggregates,
the structure of the PNA—water solution is characterized by
hydrogen bonding interactions between the PNA nitro and
amine groups and the water molecules. These interactions lead
to structural changes with a fingerprint in the vibrational
properties of PNA in water. Specifically, the v(N—O) and
v(N—H) stretching frequencies in water are red-shifted by
~160 cm™" relative to the gas phase species. We notice that our
analysis on the vibrational fingerprint of hydrogen bonding is
based on BOMD for PNA in water and a separated BOMD for
isolated PNA at the same temperature.

For isolated PNA, the S, dipole moment is 9.6 D greater than
the S, dipole, a result in good agreement with experimental
information for PNA in a dioxane solution (8.5 + 0.5;65 9.3
D).'* The results indicate that the ground state dipole of PNA
in water is increased relative to the gas phase species although
different values are predicted by the B2GP-PLYP and CAM-
B3LYP functionals. However, similar values of the S, dipole
moment in the gas phase and water were obtained. The dipole
moment and oscillator strength of the S, stated of PNA in
water is considerably changed relative to isolated PNA. The
average oscillator strength is in the 0.1—0.2 range thus
providing an indication that S, « S transitions become
allowed in solution. However, an analysis relying on the
calculation of CT indexes strongly indicates that the PNA S, «
Sy transition in liquid water is not a CT transition. In addition,
it appears that not all the S, < S, transitions of PNA in water
are of CT nature. Our prediction for the peak position of the S,
CT band of PNA in water (3.5 eV) is in good agreement with
experimental data (~3.3 eV)."**” What is more important, we
are providing evidence that although electrostatic interactions
play a major role for explaining the structure of the S; CT band
in water, the explicit consideration of PNA—water hydrogen
bond improves the agreement between theoretical and
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experimental results. As illustrated in Figure 5, this conclusion
relies on TDDFT calculations for 100 configurations from
BOMD including a quantum system (QS) with the solute
(PNA) plus a given number (NQS = 10) of explicit water
molecules. This QS is embedded in the electrostatic field of the
remaining N,-NQS water molecules represented by point
charges. The importance of taking into account the dynamics
and its relationship with the electronic properties of PNA in
water is well illustrated by the present results. The interest in
the definition and calculation of topological indexes to
investigate CT transitions in complex molecular systems should
be stressed.
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