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The real-time dynamics of solvation of 1-phenylpyrrole (PhPy) in acetonitrile (ACN) upon electronic excitation
is investigated by means of non-equilibrium molecular dynamics simulations. The interaction is modeled by
empirical intermolecular pair potentials using partial charges and intramolecular torsional potentials from high
level ab initio calculations of ground and excited states of PhPy. The intramolecular torsional motion following
sudden excitation from the twisted ground state to the 2 'B charge transfer state is strongly damped by the
viscous ACN solvent, leading to a near-exponential approach of the perpendicular conformation on a timescale
of about 5-10 ps. The intermolecular dynamics is characterized by rapid reorientation of the solvent molecules
on a timescale of 100 fs followed by weak quasi-coherent librations. The solvatochromic red-shift of the charge
transfer state with respect to the locally excited 1 'B state results in dual fluorescence, thus supporting the
twisted intramolecular charge transfer (TICT) mechanism for PhPy in a polar solvent.

1 Introduction

The understanding of photophysical or photochemical pro-
cesses in electronically excited molecules in solution presents
a challenging problem.! On the one hand, the electronic struc-
ture of excited states is rather complex because of the high
degree of electron correlation. On the other hand, the
solute-solvent interaction becomes particularly important
when charges are transferred, e.g. in intramolecular electron
or proton transfer processes. The former manifests itself in
the phenomenon of dual fluorescence, i.e. the occurrence of
two distinct fluorescence bands, which is found for a large class
of organic donor-acceptor compounds in polar solution. Com-
pared to “normal” fluorescence bands, which are due to local
excitation (LE) in either the donor or acceptor moiety, ““anom-
alous” fluorescence bands exhibit a characteristic Stokes shift.
It is attributed to an intramolecular charge transfer (CT) in
certain electronically excited states accompanied by a signifi-
cant molecular rearrangement. Hence, the different minimum
energy molecular conformation of ground and CT state causes
the frequency shift between the two emission bands. The time-
scale of the buildup of dual fluorescence is connected with the
dynamics of the intramolecular rearrangement. In a certain
class of donor-acceptor compounds the dominant internal
mode promoting the charge transfer is the torsion of the two
moieties about the single bond connecting them. This phenom-
enon is commonly referred to as twisted intramolecular charge
transfer (TICT).>>*

Another contribution to dual fluorescence and the corre-
sponding Stokes shift is the solvatochromic effect. It originates
from the solvent response to a charge transfer within the solute
molecule. Driven by the long range polar forces, the solvent
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molecules respond to the change in the charge distribution
by reorienting themselves. Usually the CT state is more polar
than the ground state and the stabilization of the former leads
to a bathochromic shift of the anomalous emission with
respect to the normal emission (““red-shift”) which increases
with the solvent polarity. If the excitation of the solute particle
to the CT state is induced instantaneously, e.g. by ultrafast
laser pulses, the dual fluorescence can be monitored in real
time.”> Hence, dynamic Stokes shifts offer a molecular view of
solvation dynamics upon CT within a solute molecule. In prin-
ciple, the solvation dynamics can be characterized as follows:®

'%(1) A purely inertial motion of the solvent particles leads to a
Gaussian increase of the Stokes shift. (2) A collective vibra-
tional/librational motion of the solvent particles may give rise
to oscillations of the dynamic Stokes shift. Typically, such
oscillations die out quickly due to the effect of dissipation.
(3) On a much longer timescale ““diffusive” processes involve
restructuring of the solvent environment.

In the present work we investigate the dual fluorescence and
the corresponding solute—solvent dynamics of a molecule upon
excitation to a TICT state. The main emphasis will be on the
time dependence of the Stokes shift. In particular, the time-
scale of the two contributions to the frequency shift will be
compared. These are the conformational rearrangement, i.e.
the intramolecular twist, and the solvent reorientation, respec-
tively. The system to be investigated is 1-phenylpyrrole (PhPy)
dissolved in acetonitrile (ACN), which is motivated by several
reasons: First of all, PhPy is one of the simplest donor-accep-
tor compounds for which TICT has been identified both in
experiment '''3 and in high level CASSCF/CASPT2 ab
initio'* and DFT/MRCI15 calculations. Second, because of
the simple structure of the PhPy molecule, and by analogy with
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the related system 9-(N-carbazolyl)-anthracene,'®!'? the only

mode promoting the CT is the torsion of donor and acceptor
about the single bond connecting them. Note that for dimethy-
laminobenzonitrile (DMABN), which has served as a prototy-
pical molecule in many studies, other competing
intramolecular mechanisms have been discussed in refs. 18—
20, which can, however, be excluded for PhPy. Finally, aceto-
nitrile is the simplest aprotic polar solvent whose solvation
dynamics has been studied extensively.5

The remainder of the paper is organized as follows. In Sec-
tion 2 we propose our mixed quantum chemical/classical
mechanical treatment of solvation dynamics. Our results for
the intramolecular and intermolecular contributions to the
time-dependent fluorescence spectra are presented in Section
3. Finally, our conclusions are given in Section 4.

2 Model

Our approach to simulate the dynamic Stokes shifts is similar
to previous studies of CT states of DMABN in solution.'*?!
Instead of using reaction field methods which treat the solvent
as a dielectric continuum (see e.g. ref. 14), we employ a micro-
scopic picture to investigate the solvation dynamics. Because a
supermolecular ab initio treatment of excited states is prohibi-
tive even for a small number of solvent molecules, the potential
energy function is constructed from high level ab initio results
for the gas phase PhPy solute' augmented by empirical sol-
vent-solute interactions. The latter are based on charge distri-
butions for the different electronic states of the solute molecule
which are extracted from the corresponding electronic wave-
functions. Based on this model, classical non-equilibrium
molecular dynamics simulations of instantaneously excited
PhPy in acetonitrile solution are carried out.

A. Electronic structure of PhPy

The electronic structure of the ground and the lowest few
excited states of PhPy in vacuo has been thoroughly investi-
gated in ref. 14. For reasons of completeness, we shall briefly
report here the most important results. Using the MOLCAS-
4 quantum chemistry software,?> ab initio calculations
accounting for electronic correlation by means of a multicon-
figurational CASPT2 method have been performed. An ANO
C,N[3s2p1d]/H[2s] basis set has been employed, and the active
space has been constructed from 12 electrons in 11 & orbitals.
Fixing all intra-ring degrees of freedom, wavefunctions and
energies have been obtained as a function of the intramolecu-
lar torsional coordinate 7. Except for the special case of a
coplanar (tr = 0°) or perpendicular (t = 90°) conformation
with C,, symmetry, the molecule belongs to the C, point
group, see Fig. 1.

The resulting ground state (GS) potential energy curve
(1'A) is shown in Fig. 2. In good agreement with experimental
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Fig. 1 Molecular structure of l-phenylpyrrole. Note that the Cs,
symmetry for planar (r = 0°) and perpendicular (t = 90°) conforma-
tion reduces to C, symmetry in the general case.

55— 1T 1

energy [eV]
Y

©

N

T
emission |

7

/

1/
L 4
4
(i
\
N
N

1 N 1 N 1 L 1 L ] N
0 30 60 90 120 150 180
torsion [deg]

Fig. 2 Ground and excited state potential energy curves for the iso-
lated PhPy molecule obtained from high level CASPT2 calculations
vs. intramolecular twist angle for ground state (GS, 1 'A), locally
excited state (LE, 1 'B) and charge transfer state (CT, 2 IB) after geo-
metry optimization.'* The dashed curve shows the results of GS calcu-
lations for the geometry optimized for the CT state.

work'? and other calculations,'” the most stable geometry is
found to be twisted (r = 41.4°). Barrier heights of 0.101 and
0.064 eV for planar or perpendicular conformation have been
obtained, respectively. The first electronically excited state (1
'B) corresponds to a local excitation (LE) mainly within the
phenyl group with a minimum energy configuration at
Tt = 25.5°. Although this state is hardly accessible in absorp-
tion spectroscopy due to its low oscillator strength, it has been
identified as the source of “normal” fluorescence of twisted
PhPy at 4.03 eV." Its torsional dependence is also given in
Fig. 2. Note that both the GS and LE state are characterized
by relatively low dipole moments of —3 to —1 D (pyrrole more
negative than phenyl group).

The second excited state (2 'A) carries most oscillator
strength (not shown in the figure). The calculated absorption
frequency (5.07 eV) is in good agreement with recent experi-
ments.'® It may be speculated that upon excitation of this state
population is “funneled” into the first excited state through a
conical intersection.?* The third excited state (2 'B) involves a
charge transfer (CT) from the pyrrole to the phenyl group with
small oscillator strength, and with a perpendicular minimum
energy configuration (t = 90°). The molecular dipole moment
increases strongly with the intramolecular twist from +6.6 D
(t =0°) to +11.0 D (zr = 90°), thus indicating a twisted intra-
molecular charge transfer (TICT) mechanism. The corre-
sponding vertical emission for perpendicular PhPy is
calculated as the difference of CT and GS potential energy
both calculated for the optimized geometry of the CT state.
The corresponding energy difference of 4.64 eV is blue-shifted
against the LE emission at 4.03 eV mentioned above. These
results for isolated PhPy serve as a reference for the investiga-
tion of PhPy in solution. As already suggested by reaction field
ab initio calculations,'* the very polar TICT state is stabilized
in a polar solvent leading to a red-shifted “anomalous” fluor-
escence as will be shown below in detail.

B. Interaction between PhPy and ACN

In order to obtain the total potential energy of a solute-solvent
system, the intramolecular twisting potentials for PhPy are
augmented by solute—solvent and solvent—solvent interactions.
We follow the standard force field approach using pairwise
additive potentials for the intermolecular interactions where
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each atom is described as one site with the exception of the
methyl group of ACN which is treated as a “united atom™.
The pair interactions are expressed as a sum of two contribu-
tions.

First, the short-range repulsion and the van der Waals
attraction are described by a Lennard-Jones potential. We
resort to Jorgensen’s optimized potentials for liquid simula-
tions (OPLS) model, adapting parameters for PhPy** and
ACN.? Although this force field was originally developed
for the electronic ground state, we use the parameters also as
an approximate description of the excited states.

The second contribution to the pair potentials comes from
the electrostatic interaction. While we resort to standard OPLS
partial charges for ACN,” the use of Mullikan partial charges
for PhPy extracted from the electronic wavefunctions allows us
to account for the different charge distributions of the indivi-
dual electronically excited states. Our results for the partial
charges of PhPy are collected in Table 1. The reversal and
the absolute change of the dipole moment upon excitation
from the GS to the CT state indicate a transfer of —0.53 ele-
mentary charges from the pyrrole to the phenyl ring. This
transfer is most apparent in the charges of nitrogen (N;) and
the phenyl carbon participating in the inter-ring bond (C,).
Furthermore, there are distinct changes in the charges of the
CH groups at the ortho position of the pyrrole group. In con-
trast, the partial charges obtained for the locally excited (LE)
state (not tabulated) are very similar to those for the ground
state with the difference being less than 0.02 e for each of the
atoms.

3 Non-equilibrium molecular dynamics

In this section we present results of classical non-equilibrium
molecular dynamics simulations of PhPy dissolved in ACN
for different electronic states of the solute molecule. In our
simulations we consider a model of 237 ACN molecules
solvating a single PhPy molecule employing periodic boundary
conditions to simulate a bulk liquid.?® Note that for the
purpose of the present work the intra-ring vibrations as well
as the internal ACN vibrations are not of interest. Further-
more, the fast oscillations would make the numerical integra-
tion of the equations of motion less efficient. Consequently
we use constraint dynamics to ““freeze’ these degrees of free-
dom by means of the iterative RATTLE scheme”’ in some of
the simulations. Other simulations were performed using the
GROMACS molecular dynamics software®® where the PhPy
is completely flexible. Typically, a time step of 2 fs was
employed.

Table 1 Partial charges of PhPy obtained from Mullikan analysis of
the CASSCF wavefunctions for the ground state (GS, t = 41.4°) and
the charge transfer state (CT, t = 90°). The indices of the atoms refer
to Fig. 1

Atom GS CT

N —0.24 —0.07
C, —0.00 —0.22
Cys) —0.23 —0.13
Cs) -0.29 -0.23
Crs) ~0.26 ~0.33
Cg(l()) —-0.22 —0.22
Ch -0.24 —0.38
Hisas) 0.29 0.35
Hisas) 0.27 0.31
Higa7) 0.29 0.23
Hiso) 0.27 0.24
Hao 0.26 0.24
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A Intramolecular torsional dynamics

In a first set of molecular dynamics simulation we investigate
the intramolecular torsional dynamics of PhPy in acetonitrile
and compare it with that of isolated PhPy. For this purpose
we use torsional potentials for different electronic states
obtained by fitting a power series in cos’t to the ab initio
results for selected values of the twisting angle t. A set of initial
conditions for ground state PhPy in ACN is generated for
room temperatures (300 K) in the following way. Starting from
a random initial condition, a molecular dynamics run is per-
formed where the temperature is adjusted by scaling the velo-
cities of the particles appropriately.?® After that, the system is
allowed to equilibrate for 60 ps. The subsequent equilibrium
simulation with approximately constant temperature is used
to generate a set of initial conditions by sampling 500 config-
urations.

In order to simulate the non-equilibrium dynamics following
a sudden electronic excitation, both the torsional potential and
the partial charges of PhPy were changed to mimic the CT
state. Note that the charge distribution of the CT state for
the twisted geometry (t = 41.4°) is quite similar to that for
the perpendicular geometry (dipole moment of 8.5 D vs. 11.0
D). Hence, we used the partial charges of the latter and
assumed them to be approximately constant during our MD
simulations of the CT state torsional dynamics. Results for
typical trajectories are shown in Fig. 3. First consider the tor-
sional dynamics of PhPy in vacuum. Starting from the twisted
minimum geometry (t = 41.4°), the molecule begins to
undergo large-amplitude torsional vibrations around the per-
pendicular minimum energy configuration of the charge trans-
fer state, with slow damping due to intramolecular vibrational
energy redistribution (IVR). Due to the large moment of iner-
tia and the relatively shallow potential energy curve the period
of vibration is as long as 700 fs. The torsional dynamics for
PhPy in ACN is entirely different. The PhPy molecule reaches
the perpendicular conformation in a diffusion-like motion only
after about 5-10 ps, i.e. the torsional motion behaves like an
overdamped oscillator with a near-exponential approach of
the perpendicular conformation. The fast quasi-random
small-amplitude vibrations superimposed on that behavior
are due to hard collisions of single solute molecules with one
of the rings and reflect mainly the thermal motion of the sol-
vent at 7 = 300 K. The merely solute-induced contribution
to the solvent dynamics will be investigated in the following.
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Fig. 3 Intramolecular dynamics of PhPy following instantaneous

electronic excitation to the CT state. Dashed curve: isolated PhPy
molecule. Solid curve: PhPy solvated in ACN (7 = 300 K). See text
for the details of the non-equilibrium molecular dynamics simulations.



B. Intermolecular solvation dynamics

In this section we focus our attention on the intermolecular
dynamics of the ACN solvent upon electronic excitation of
the PhPy solute to the LE and CT state and its effect on
time-resolved fluorescence. In order to study the solvent
response to the change in the charge distribution of the solute
molecule independently of other dynamical effects, we perform
the following simplified Gedankenexperiment. Upon absorp-
tion the second excited state (2 'A) of the PhPy molecule has
been populated. Subsequently, there has been a radiationless
transition to either the LE or CT state which is correlated with
intramolecular torsional motion towards the new minimum
geometry of T = 25.5° or © = 90°, respectively. This hypothe-
tical initial state is assumed to remain constant for the dura-
tion of our simulation of time-resolved dual fluorescence of
approximately 1 ps. On the one hand, this is supported by
the above finding of relatively slow torsional dynamics. On
the other hand, the results of previous reaction field ab initio
calculations predict the “normal” (LE) and ‘“anomalous”
(TICT) fluorescence to originate from these conformations.'*
A more detailed study of the mentioned population transfer
is beyond the scope of the present study. However, it may be
speculated that the radiationless transition proceeds via a con-
ical intersection of the respective potential energy surfaces.

The molecular dynamics simulations are organized in the
following way. First, ground state ensembles of initial condi-
tions are generated as described above but for the PhPy twist-
ing degree of freedom fixed to © = 25.5° or 7 = 90°. The initial
velocities are set to zero in order to study the solvent rearran-
gement unperturbed by thermal motion. Then the partial
charges are suddenly changed to those corresponding to the
electronically excited LE or CT state. Subsequently, the solva-
tion dynamics is monitored in time for the duration of 1 ps. A
sensitive observable of the system evolving on the excited state
potential energy surfaces is the time-dependent fluorescence
spectrum. Assuming the electronic transition to the electronic
ground state to be fast enough that the system configuration
is left unchanged (vertical Franck—Condon transition), the
emission frequencies for each trajectory are obtained as the dif-
ference between the total potential energy for the LE or CT
state and the ground electronic state (GS) calculated for the
same geornetry10

AE g/cr(t) = Hig/er + Urgjer — (Hos + Uss). (1)

Here it is sufficient to consider only the solute intramolecular
energy H and the solute-solvent interaction U because the sol-
vent-solvent interaction is independent of the electronic state
of the solute.

Simulated time evolutions of the distributions of the energy
shifts defined in eqn. (1) are displayed as histograms in Fig. 4.
For the LE state no notable evolution is observed. The distri-
butions are confined to a relatively narrow energetic regime
around the calculated emission frequency of 4.03 eV for iso-
lated PhPy. In accordance with reaction field calculations,
the solvatochromic shift of the LE state is negligible because
of the very similar charge distribution of the GS and LE
states.'* In contrast, the solvent is reacting strongly to an exci-
tation of PhPy (GS, t = 90°) to the polar CT state. Upon sud-
den excitation we observe the CT state energy to be centered
around 5.05 eV (¢ = 0). The blue-shift with respect to the
vacuum emission frequency at 4.64 eV indicates that the
charge transfer is not compatible with the solvent environment
equilibrated for the GS. Hence there is a strong impetus for
rearrangement of the solvent ACN molecules. This can be
observed in the histograms for later times: For = 100 fs the
mean value is already found at 4.27 eV. One picosecond after
the excitation the spectrum is already almost stationary and
should thus be comparable to a conventional fluorescence
spectrum. With a band center at 3.87 eV, the contribution of
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Fig. 4 Vertical LE-GS (dashed) and CT-GS (solid) energy differ-
ences for PhPy in ACN for selected times after instantaneous electronic
excitation, see eqn. (1). Note that the LE and CT histograms are not
normalized with respect to each other. In the limit of long times
(t = 1 ps) the simulations compare well with the experimental fluores-
cence spectrum of ref. 11.

the solvent response to the red-shift of the ““anomalous” fluor-
escence amounts to 4.64 —3.87 = 0.77 eV. Thus the TICT
emisson indeed becomes red-shifted vs. the LE emission
because of the strong stabilization of the charge transfer state
in a polar solvent. This is in reasonable agreement with the
reaction field calculations published in ref. 14, yielding a shift
of 0.92 eV. Moreover, the combined fluorescence of LE and
CT state very closely resembles the experimental spectrum'’
reproduced in the lower part of Fig. 4. Its main peak and its
low-energy shoulder can be attributed to normal (LE) and
“anomalous” (CT) fluorescence, respectively.

Apart from yielding stationary spectra in the limit of long
times after the excitation process, the present simulations offer
a detailed insight into the dynamics of the solvation dynamics.
One way to characterize the solvent response upon CT excita-
tion is to calculate the normalized Stokes shift (relaxation cor-
relation function) defined by

S(t) = (AEcr (1)) — (AEcr(o0)) 2)

(AEct(0)) — (AEct(00))

where (...) denotes an ensemble average. The resulting curve
for PhPy in ACN is shown in Fig. 5. The initial dynamics
(0 < 1 <200 fs) is characterized by a rapid decay of S(¢) with
a 1/e time of about 100 fs. At longer times there are two weak
recurrences at ¢ = 300 and 550 fs superimposed on a much
slower decay with a picosecond timescale. The interpretation
of this signal is based on an inspection of the underlying sol-
vent dynamics: First there is an impulsive motion of the sol-
vent particles in order to adjust to the change in the solute
charge distribution. This motion extends beyond the new equi-
librium geometry, oscillates back and so forth. However, the
presence of dissipation in the solvent rapidly damps these oscil-
lations.

The molecular dynamics simulations also allow one to iden-
tify the nature of the motion of the solvent particles on a
microscopic scale. An investigation of radial distribution func-
tions reveals that—due to the dense packing of molecules in
the liquid—translational motions play only a minor role in
the solvent response. Instead we investigate the rotational/
librational motion of the solvent molecules. Fig. 6 shows the
distributions of the angular reorientation of the solvent parti-
cles comprising the first solvation shell. This quantity is defined
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Fig. 5 Normalized dynamic Stokes shift characterizing the solvent
response to instantaneous electronic excitation to the CT state, see
eqn. (2).

as the change of the angle between the ACN symmetry axis
and the vector from the center of mass of the ACN to the cen-
ter of the nearer of the two rings (donor or acceptor). On the
ultrashort timescale (¢ = 100 fs) the distribution function
peaks between 5 and 15 degrees. After the decay of the oscilla-
tions of the solvent response, also larger reorientation angles
up to 45 degrees are observed (f = 1 ps).

4 Conclusions

The real-time dynamics of electronically excited PhPy dis-
solved in ACN has been investigated using non-equilibrium
molecular dynamics simulations. The interaction has been
modeled by a combination of high level ab initio calculations
for ground and several excited states of the solute and empiri-
cal potentials for the solvent. Two different contributions to
the dynamic Stokes shift of the charge transfer state with
respect to the locally excited state have been studied in detail,
namely the intramolecular PhPy twisting and the ACN solvent
rearrangement.

The resulting picture of the intramolecular dynamics of
PhPy in ACN is that the solvent-solvent interaction is rela-
tively strong compared with the solute intramolecular twisting
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Fig. 6 Mean reorientation of ACN solvent molecules for selected
times after instantaneous electronic excitation of PhPy to the CT state.
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torque of the CT state. In particular, the torsional motion of
the solute towards perpendicularity can be slowed down to a
large extent. In this way our simulations provide microscopic
evidence of the viscosity of a polar solvent. Even though
ACN does not form hydrogen bonds, the strong dipole—dipole
interactions render ACN viscous enough to hinder the twisting
motion connected with the intramolecular charge transfer.

The intermolecular dynamics of PhPy upon electronic exci-
tation is characterized by the reorientation of the solvent to
the change in the charge distribution of the solute. In particu-
lar, the stabilization of the CT state is responsible for the red-
shift of the anomalous fluorescence. Thus, the simulated dual
fluorescence confirms the validity of the TICT mechanism
for PhPy in polar solution. In agreement with previous studies
of other model solutes in ACN, the microscopic mechanism
has been identified to be the orientational motion of the
ACN molecules.® After an ultrashort period (=100 fs) of free
inertial rotation of the solvent particles, our simulations show
weak recurrence structures indicating quasi-coherent libra-
tions. Indeed, the oscillatory structure of the corresponding
normalized Stokes shift has been obtained experimentally for
the first time for aminonitrofluorene solvated in ACN.® The
very similar course of the solvent relaxation in our simulations
suggests the interpretation that the oscillatory solvent response
is rather a genuine feature of the ACN solvent and is—to a cer-
tain extent—independent of the choice of the solute.
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