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ABSTRACT: Time-resolved Raman spectroscopy has proven useful for
studying the formation of polarons in conjugated polymers, verifying the
presence of reactive intermediates in photochemical reactions, investigating
nonradiative transitions in the short lifetime of the photoexcited species, and
resolving electron−phonon coupling strengths and exciton dissociation in
crystalline materials. In this paper, we present an excited state transient
Raman analysis protocol combining ab initio direct molecular dynamics,
transient excited state Hessian, and excited state nonresonant Raman
activities evaluations. Prototypical molecules are used as test cases, showing
the evolution of the transient Raman signatures that follow electronic
excitation. This protocol provides a direct route to assigning the vibrations
implicated in the (photo)dynamics of several (photoactive) systems, complementary to the transient infrared analysis.

■ INTRODUCTION

Time-resolved vibrational spectroscopies, such as infrared (IR)
and Raman spectroscopies, have become increasingly important
in modern chemical, biological, and materials research. This
modern focus is primarily due to their unique capability to
investigate nonequilibrium structural dynamics of ultrafast
chemical phenomena.1−6 Infrared and Raman spectroscopy
are complementary tools for obtaining vibrational spectra.
Depending on the molecular symmetries, a vibrational mode
may contribute a peak to the infrared and/or Raman spectrum.
A vibrational mode is IR or Raman active (with non-negligible
intensity in the spectrum), if displacement of the nuclei along
the vibrational coordinate induces a change in the molecular
dipole or polarizability, respectively. While these are the
canonical selection rules, in general any monochromatic
electromagnetic radiation incident on a molecular system may
induce an electric moment in the system through the
polarizability tensor. The resulting scattered light can have
either the same frequency as the incident light (Rayleigh
scattering) or a different one (Raman scattering).7−9 When
such a vibrational spectroscopy experiment is carried out as the
“probe” pulse in a pump−probe architecture, the non-
equilibrium response of the vibrational degrees of freedom to
the initial pump pulse may be captured in the vibrational
spectra taken at different pump−probe delays.1−6,10,11 This
type of experiment has proven useful for studying the formation
of polarons in conjugated polymers,12−14 verifying the presence
of reactive intermediates in photochemical reactions,15−20

investigating nonradiative transitions in the short lifetime of
the photoexcited species21−23 and resolving electron−phonon
coupling strengths and exciton dissociation in crystalline
materials24−27 when the pump pulse is on-resonance with an
electronic transitions.
The ab initio prediction of static Raman spectra can be

accomplished via two distinctly different directions. The most
commonly applied method relies on the calculation of

vibrational energy eigenstates (typically within the harmonic
approximation) and the transition probabilities between them
to resolve the spectrum peak-by-peak.28−32 However, the
Raman scattering cross-section can also be related to the
Fourier transform of time correlation functions of certain
observables.33−36 However, neither of these approaches are
capable of reproducing the nonequilibrium response of the
vibrational degrees of freedom to an electronic excitation, and
in their basic formulations are therefore insufficient to
reproduce time-resolved Raman spectra. In some cases where
only a few degrees of freedom are important, semiclassical
perturbative approaches are sufficient and have been very
successful for computing time-resolved vibrational spectra.37−53

In this work, a computational approach relying on both ab
initio direct molecular dynamics and transient vibrational
analysis is presented to establish a time-dependent density
functional theory (TDDFT)-based protocol capable of
capturing transient Raman active vibrational phenomena. Due
to the success of Kohn−Sham DFT54−56 in describing the
electronic structure of molecular and condensed phase systems,
development of quantum mechanical methods relating to DFT
and its analogues has become a high priority in the field of
quantum chemistry. Use of DFT in the evaluation of molecular
energies,57−59 gradients,60 and higher order proper-
ties28−32,61−67 has become highly efficient over the years,
making its application to ground state calculations of a variety
of nontrivial systems quite routine.67−69

Via the adiabatic approximation, the description of electroni-
cally excited states in DFT is also made possible through the
time-dependent density functional theory (TDDFT)70,71

method. In relation to its Hartree−Fock counterpart, TDHF,
TDDFT represents a large stride forward in accuracy to cost
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ratio. While both methods utilize a multideterminantal
description of the excited states, TDDFT better captures the
effects of many-body correlation of both the ground and excited
states through the inclusion of the exchange-correlation (XC)
kernel.71 As such, for the computational cost of a single
reference method, one has the capability to, at least in principle,
obtain results of similar accuracy to multiconfigurational
methods. Evaluation of TDDFT excited state energies,72−75

gradients,76−81 and nonadiabatic couplings82−89 have become
common practice in computational chemistry.90−92 However,
methods for the evaluation of higher-order TDDFT properties,
such as the TDDFT Hessians,93−95 have only recently been
developed. To the authors’ knowledge, no implementation of
analytical expressions for TDDFT properties past second order,
such as those required in the case of excited state Raman
spectroscopy, exists.

■ METHODOLOGY
TDDFT Excited State Nonresonant Raman Intensity.

The excited-state Raman activity expressions derived in this
paper are suitable for the off-resonance condition, which can be
obtained by one order of numerical differentiation of the
analytical TDDFT excited-state Hessian. We defer the
development of resonant Raman activities to a future work
because it requires an extra order of frequency-dependent
perturbation, which adds a great deal of complexity and
computational cost.
The intensity of the nonresonant Raman signal of the nth

electronic excited state is characterized by the differential
Raman scattering cross-section, which is proportional to the
Raman scattering activity measured directly in suitable
experiments,36,96−100
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where αn is the rank-2 static polarizability tensor of the nth
electronic excited state. j,k indices are the Cartesian
components (x, y, and z) of the polarizability tensor. The
primed notation refers to differentiation with respect to the pth
vibrational mode with the normal coordinate Qp. This quantity
can be readily obtained via a coordinate transformation from
differentiation in the molecular Cartesian coordinate to the
vibrational normal coordinate using eq 4, given the eigenvectors
U of the Hessian of the nth excited state. For calculations of
static Raman intensity, the vibrational normal coordinates
correspond to the minima on a potential energy surface.
However, U values become ill-defined at nonstationary points
of the potential energy surface.94 In the next section, we will
introduce a protocol to define time-resolved transient vibra-
tional modes for computing transient Raman intensities.

The excited-state polarizability tensor αn is defined as second
derivatives of the total energy of the nth excited state, n, with
respect to a static incident field, E,
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As a result, the evaluation of the Raman activity involves third
derivatives of the excited-state energy with respect to external

perturbations in the form of ∂
∂ ∂ ∂R E E

n

i j k

3
. Evaluations of this

quantity depend explicitly on up to the fourth functional
derivative of the XC kernel. While this may or may not present
an obvious problem in the evaluation of ground state
properties, the analytical evaluation of the functional derivatives
required for the evaluation of the TDDFT energy derivatives
becomes quite challenging and numerically unstable even as
early as second order.93,94

In practice, one can use numerical schemes for the evaluation
of the energy derivatives required to compute the excited-state
Raman intensities. However, a complete numerical third
derivative evaluation of TDDFT excited-state energy is
computationally prohibitive. Given the recent development of

analytical TDDFT second derivatives,95 ∂
∂ ∂ ∂R E E

n

i j k

3
can be

evaluated as a numerical first derivative of the Hessian.
Assuming that n is a smooth, analytic function of R and E
over the sampled parameter space, one may freely interchange
the order of differentiation in the 3-gradient ( ∂

∂Ri
, ∂

∂Ej
, ∂

∂Ek
).

Considering the 3N degrees of freedom of nuclear Cartesian
coordinates R and only 3 degrees of freedom of external electric
field E, it is much more computational efficient to evaluate the
TDDFT third derivatives with the expression
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where Δ refers to the numerical differentiation procedures, and
μ∂

∂R
k
n

i
is the nth excited-state electric dipole derivative. Equation 6

requires only m solutions of the coupled-perturbed TDDFT
equations at a given nuclear configuration for the chosen
numerical differentiation scheme. In this work, we chose a
three-point stencil numerical central differentiation scheme (m
= 7) to evaluate the third derivative of TDDFT excited-state
energy, since it provides the best balance between accuracy and
computational cost,
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where ΔE is an electric field displacement, and the nth excited-
state electric dipole derivative is evaluated analytically at each
displacement point.

Transient Raman Analysis. The discussion above
illustrates an efficient strategy to evaluate the instantaneous
nonresonant Raman intensities of electronically excited states
expressed in terms of the excited-state polarizability derivatives.
To obtain transient Raman signals, excited transient state
vibrational normal modes must be defined to represent
characteristics of excited-state reaction dynamics. In this
section, we present a brief review of the theoretical strategy
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used in the case of transient IR spectroscopy94 and develop the
necessary theory for the extension to transient Raman
spectroscopy.
Given a molecular geometry, one may evaluate the mass-

weighted nth excited-state energy Hessian, Hn, with respect to
the set of nuclear coordinates, R, to obtain a set of real
eigenvalues, λn, and eigenvectors, Un, of Hn,
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where mi is the mass of the nucleus associated with coordinate i.
If R represents a molecular geometry corresponding to a

local energetic minimum where the gradient vanishes, Un

represents a linear transformation of R from Cartesian
coordinates to the nth electronic excited-state normal vibra-
tional coordinates or modes with corresponding vibrational

frequencies ν =
λ

πp
n

2
p
n

. However, during the dynamical

evolution of a molecular system, the gradient gn(t) is usually
nonzero, and eigenvectors of Hn (or the instantaneous normal
modes) are poor representations of vibrational modes of a
reactive system.94

Recently, we have introduced a transient vibrational analysis
protocol that is based on a time-integrated potential energy
surface of excited state, over a fixed time window 0 centered
at time t,94
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where is any positive integer, 0 is the fundamental
vibrational period of interest, and we defined several time
integrated quantities according to the following definition:
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Note that the time-integrated gradient term disappears in eq
10. This is due to the fact that, after time 0, the dynamical
system has returned to its original point in phase space with no
net acceleration, so the conservative forces acting on the nuclei
must integrate to zero over 0. As a result, the time-
integrated potential surface, eq 10, is a simple quadratic
function of ΔR out to second order in the series expansion,
similar to the harmonic expansion around the equilibrium
geometry.
While eq 10 is only exact when all nuclear coordinates return

to their original positions, it is sufficient that only the particular

normal mode under consideration return to its initial position
at =t 0 (i.e., not concurrently with all other modes) for eq
10 to be approximately satisfied. Therefore, one can define
transient normal modes by diagonalizing the time-integrated
Hessian,

λ̅ ̅ ̅ = ̅t t t tU H U( ( ; )) ( ; ) ( ) ( ; )n T n n n
(12)

By employing the translating time-window strategy94,101 in eq
10, the modes expressed in eq 12 become time-resolved
transient vibrational modes.
The transient Raman signals can be computed using eq 1

with the time-resolved transient vibrational modes and
polarizabilities,
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where U̅p
n is the pth eigenvector of U̅n.

■ RESULTS AND DISCUSSION
The following benchmark calculations were performed using a
locally modified development version of the Gaussian software
suite.102 The proposed protocol requires the calculation of the
instantaneous excited-state Hessian and the numerical evalua-
tions of the Raman activities for the nuclear configurations
collected by molecular dynamics at different time steps to
establish the time-integrated normal mode framework and
perform the excited-state transient Raman analysis, outlined in
eq 12 and eq 13. A direct Born−Oppenheimer molecular
dynamics (BOMD)103−106 trajectory was carried out for each
test case, using the velocity Verlet algorithm to integrate
Newton’s equations for the nuclear motion. Throughout the
direct excited-state BOMD trajectory, TDDFT energies and
energy gradients were evaluated “on-the-fly” at each time
step.70,71,73−75 Due to the computational cost for calculating
excited-state Hessians and numerical evaluations of the Raman
intensities, these terms are evaluated less frequently than the
Verlet nuclear integration steps. The transient Raman spectra
are obtained by reporting the transient Raman activity as a
function of the corresponding transient frequency both
obtained by applying the time-window procedure explained in
the Methodology section, for a given transient normal mode of
choice. In the current work, a Gaussian broadening (HWHM =
5 cm−1, fixed in time) is used to obtain the lineshapes of the
transient signals, although different approaches may be also
used for modeling lineshapes.94 The initial conditions for each
trajectory were generated to simulate a Boltzmann ensemble at
room temperature (298 K) in the ground state. Given a
Boltzmann-sampled vibrational energy in a specific normal
mode in the ground state structure, the initial phase (nuclear

Figure 1. Top Panel: Transient Raman vibrational spectra of Cl2 using (a) time-dependent instantaneous normal mode and (b) time-integrated
normal mode ( = 610 fs, given the harmonic frequency ∼540 cm−1). Gaussian broadening is employed for the lineshapes with a fixed HWHM = 2
cm−1, left, and HWHM = 5 cm−1, right.
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positions and momenta) was chosen randomly and classically
within the harmonic oscillator approximation.107,108 Since the
real potential energy surface is not strictly harmonic, the initial
vibrational coordinates generated by this procedure were scaled
to correct for the anharmonicity. In this work, we discuss only
the results of a single trajectory since the focus of the current
work is to gauge the reliability of the developed transient
vibrational analysis protocol rather than to perform the
exhaustive sampling of the phase space needed to compare
with experiments.
Ground State Transient Raman. In order to test the

robustness of the proposed transient Raman protocol and to
understand some intrinsic characteristics of the method, we
choose to analyze the ground state transient vibrational spectra
of a Raman active (IR inactive) homonuclear diatomic
molecule, Cl2. A trajectory with 0.1 fs nuclear time step and
500 fs in duration was computed at the B3LYP/cc-pVTZ level
of theory.109−111 Analytical evaluations of the energy Hessians
and numerical evaluations of the required 3-gradient terms
were performed every 1.0 fs. Figure 1 compares the ground
state transient Raman spectra computed using the instanta-
neous and time-integrated normal-mode analyses. The transient
Raman spectrum using the instantaneous normal modes
exhibits oscillatory vibrational frequency behavior even for
such simple one-dimensional near-harmonic vibrations. As
previously discussed, vibrational frequencies for the instanta-
neous normal modes are ill-defined because the potential
energy may not be simply expressed as a quadratic function of
the nuclear degrees of freedom. By contrast, the time-integrated
normal-mode analyses display the correct behavior of a steady-
state Raman spectruma near constant vibrational frequency
as a function of measurement time. When the integration
window deviates from the fundamental period of the
vibration of interest, the assumption that the gradient term
integrates to zero, as in eq 10, becomes less valid.94 As a result,
the transient frequency becomes unphysically oscillatory when

is far away from 0. This is easily reconciled with the fact
that the choice = 0 coincides with the limiting case of
instantaneous normal modes.
Excited-State Transient Raman. To demonstrate the

capability of the transient Raman protocol presented here to
realistically capture the temporal evolution of a vibrational
mode, we have computed the transient nonresonant Raman
signals following a vertical electronic excitation in the trans-
stilbene (Figure 2) molecule, which has been extensively
studied from both the experimental and theoretical vant-
age.112−118

Photoexcitation of the trans-stilbene molecule gives rise to a
spontaneous trans−cis isomerization on the excited state
S1

116−118 around the ⟨C−CC−C⟩ dihedral angle (see Figure
2) that can be monitored via transient vibrational spectros-

copies. We focused on the effects of the ultrafast dynamics and
molecular rearrangements on the vibrational features immedi-
ately after the photoexcitation. There is an experimentally
observed ultrafast decreasing of the intensity of the resonant
Raman signal at short time after the photoexcitation, while no
significant decay of trans-stilbene excited-state population is
observed on this time scale (<0.5 ps) either by transient
absorption or time-resolved fluorescence.119,120 Although
experiments on this system were carried out in the resonant
Raman condition, the nonresonant Raman computational work
presented herein probes the same underlying physical
characteristics but with a different intensity profile of the
signal. Note that experiment in the off-resonance condition was
carried out on a much longer time scale.121 Experimental
evidence has shown that the nonradiative relaxation to the
ground state that terminates the isomerization process occurs
for the trans conformation on longer time scales (∼30
ps).116,117 The initial conditions for the BOMD nuclear
dynamics of this system were generated from the minimum
energy ground state trans-conformation. The trajectories were
collected for 500 fs with 0.1 fs time step computed at the TD-
B3LYP/6-311++G(d,p) level of theory on the first excited state
(S1) potential energy surface. Analytic evaluations of the
excited-state energy Hessians and numerical evaluations of the
required 3-gradient terms were performed every 1.0 fs. This
level of theory has been shown to be accurate for both the
electronic and vibrational analysis of this system.114 The S1
state is a π → π* transition from the highest occupied
molecular orbital (HOMO) to the lowest unoccupied
molecular orbital (LUMO), both of which are highly localized
in the ethylenic region.
Figure 3 plots both the time-evolution of the ⟨C−CC−C⟩

dihedral angle and the calculated transient vibrational spectra of
trans-stilbene following photoexcitation to track the progress of
the photoisomerization. Specifically, the transient Raman
activity for a characteristic composite CC backbone
stretching mode (see Figure 2) at ∼1685 cm−1 is computed
during the reaction dynamics. This mode has a high Raman
intensity with large contributions from the CC stretch, and
has been shown to be very sensitive to the bond elongation and
ring stretching mixing.114 Figure 3 also shows that this mode is
mostly IR inactive, exhibiting weak transient IR signal during
the reaction dynamics. This transient Raman signal of the C
C backbone stretching is highly correlated to the ⟨C−CC−
C⟩ dihedral dynamics, showing a frequency red shift when the
systems deviates from planarity (∼180°) along with a
significant decrease in intensity. The computed spectrum
exhibits an oscillatory decay in the intensity, in contrast to a
monotonic decay as observed in the experiment.116 This
discrepancy is likely due to the limited time-resolution in
experiment and the single molecular nature in simulation.
Although we can not make a direct comparison of the signal

profile of the nonresonant transient Raman calculated here to
those obtained in the resonant Raman experiments, we can
make an informative rationale to understand the experimentally
observed decreasing of the intensity at the ultrafast time scale
probed by resonant Raman experiments.116−118 The non-
resonant transient analysis presented here suggests that the
observed intensity decreasing arises as the system diverges from
the planar region, showing the capability of the proposed
protocol to provide a molecular interpretation of the transient
features in the spectrum.

Figure 2. Ball and sticks representation of the trans-stilbene. Left:
vibrational mode corresponding to the trans−cis isomerization. Right:
characteristic CC stretching mode sensitive to the change of
potential energy surfaces.
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■ CONCLUSION
In this work, we have developed a transient Raman analysis
protocol suitable for both ground and excited states, supported
and calibrated by benchmark tests. This technique combines ab
initio direct molecular dynamics with transient excited-state
Hessian and Raman activities evaluations, thereby establishing
an ab initio time-resolved approach that is capable of capturing
the time evolution of transient phenomena and providing an
interpretation for transient Raman spectroscopic signals in
terms of the evolution of molecular degrees of freedom.
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Computing Vibrational Spectra from Ab Initio Molecular Dynamics.
Phys. Chem. Chem. Phys. 2013, 15, 6608−6622.
(37) Mukamel, S.; Yan, Y. J.; Grad, J. In Stochasticity and
Intramolecular Redistribution of Energy; Lefebvre, R., Mukamel, S.,
Eds.; Springer Netherlands: Dordrecht, The Netherlands, 1987; pp
109−121.
(38) Mukamel, S.; Piryatinski, A.; Chernyak, V. Semiclassical
Simulations of Multidimensional Raman Echoes. J. Chem. Phys.
1999, 110, 1711−1725.
(39) Mukamel, S.; Piryatinski, A.; Chernyak, V. Two-Dimensional
Raman Echoes: Femtosecond View of Molecular Structure and
Vibrational Coherence. Acc. Chem. Res. 1999, 32, 145−154.
(40) Dellago, C.; Mukamel, S. Simulation Algorithms for Multi-
dimensional Nonlinear Response of Classical Many-Body Systems. J.
Chem. Phys. 2003, 119, 9344−9354.
(41) Jansen, T. l. C.; Mukamel, S. Semiclassical Mode-Coupling
Factorizations of Coherent Nonlinear Optical Response. J. Chem. Phys.
2003, 119, 7979−7987.
(42) Mukamel, S.; Maddox, J. B. All-Forward Semiclassical
Simulations of Nonlinear Response Functions. J. Chem. Phys. 2004,
121, 36−43.
(43) Mukamel, S.; Yan, Y. J. In Advances in Chemical Physics: Lasers,
Molecules, and Methods; Hirschfelder, J. O., Wyatt, R. E., Coalson, R.
D., Eds.; John Wiley & Sons, Inc.: Hoboken, NJ, 2007; Vol. 73; pp
579−604.
(44) Dorfman, K. E.; Fingerhut, B. P.; Mukamel, S. Broadband
Infrared and Raman Probes of Excited-State Vibrational Molecular
Dynamics: Simulation Protocols Based on Loop Diagrams. Phys.
Chem. Chem. Phys. 2013, 15, 12348−12359.
(45) Chung, H. S.; Khalil, M.; Tokmakoff, A. Nonlinear Infrared
Spectroscopy of Protein Conformational Change during Thermal
Unfolding. J. Phys. Chem. B 2004, 108, 15332−15342.
(46) Courtney, T. L.; Fox, Z. W.; Slenkamp, K. M.; Lynch, M. S.;
Khalil, M. In Ultrafast Phenomena XIX: Proceedings of the 19th
International Conference, Okinawa Convention Center, Okinawa, Japan,
July 7−11, 2014; Yamanouchi, K., Cundiff, S., de Vivie-Riedle, R.,
Kuwata-Gonokami, M., DiMauro, L., Eds.; Springer International
Publishing: Cham, Switzerland, 2015; pp 503−505.
(47) Gaynor, J. D.; Courtney, T. L.; Balasubramanian, M.; Khalil, M.
Fourier Transform Two-Dimensional Electronic-Vibrational Spectros-

The Journal of Physical Chemistry A Article

DOI: 10.1021/acs.jpca.7b02905
J. Phys. Chem. A 2017, 121, 3958−3965

3963

http://dx.doi.org/10.1021/acs.jpca.7b02905


copy Using an Octave-Spanning Mid-IR Probe. Opt. Lett. 2016, 41,
2895−2898.
(48) Shi, Q.; Geva, E. A Comparison between Different Semiclassical
Approximations for Optical Response Functions in Nonpolar Liquid
Solutions. J. Chem. Phys. 2005, 122, 064506.
(49) Shi, Q.; Geva, E. A Comparison between Different Semiclassical
Approximations for Optical Response Functions in Nonpolar Liquid
Solution. II. The Signature of Excited State Dynamics on Two-
Dimensional Spectra. J. Chem. Phys. 2008, 129, 124505.
(50) Sun, X.; Geva, E. Nonequilibrium Fermis Golden Rule Charge
Transfer Rates via the Linearized Semiclassical Method. J. Chem.
Theory Comput. 2016, 12, 2926−2941.
(51) Chapman, C. T.; Cina, J. A. Semiclassical Treatments for Small-
Molecule Dynamics in Low-Temperature Crystals using Fixed and
Adiabatic Vibrational Bases. J. Chem. Phys. 2007, 127, 114502.
(52) Cina, J. A. Wave-Packet Interferometry and Molecular State
Reconstruction: Spectroscopic Adventures on the Left-Hand Side of
the Schrödinger Equation. Annu. Rev. Phys. Chem. 2008, 59, 319−342.
(53) Cheng, X.; Cina, J. A. Variational Mixed Quantum/Semiclassical
Simulation of Dihalogen Guest and Rare-Gas Solid Host Dynamics. J.
Chem. Phys. 2014, 141, 034113.
(54) Hohenberg, P.; Kohn, W. Inhomogeneous Electron Gas. Phys.
Rev. 1964, 136, B864−B871.
(55) Kohn, W.; Sham, L. J. Self-Consistent Equations Including
Exchange and Correlation Effects. Phys. Rev. 1965, 140, A1133−
A1138.
(56) Pople, J. A.; Gill, P. M. W.; Johnson, B. G. Kohn-Sham Density-
Functional Theory within a Finite Basis Set. Chem. Phys. Lett. 1992,
199, 557−560.
(57) Stratmann, R. E.; Scuseria, G. E.; Frisch, M. J. Achieving Linear
Scaling in Exchage-Correlation Density Functional Quadratures. Chem.
Phys. Lett. 1996, 257, 213−223.
(58) Perez-Jorda, J. M.; Yang, W. An Algorithm for 3D Numerical
Integration that Scales Linearly with the Size of the Molecule. Chem.
Phys. Lett. 1995, 241, 469−476.
(59) Burow, A. M.; Sierka, M. Linear Scaling Hierarchical Integration
Scheme for the Exchange-Correlation Term in Molecular and Periodic
Systems. J. Chem. Theory Comput. 2011, 7, 3097−3104.
(60) Pople, J. A.; Gill, P. M.; Johnson, B. G. KohnSham Density-
Functional Theory within a Finite Basis Set. Chem. Phys. Lett. 1992,
199, 557−560.
(61) Porezag, D.; Pederson, M. R. Infrared Intensities and Raman-
Scattering Activities within Density-Functional Theory. Phys. Rev. B:
Condens. Matter Mater. Phys. 1996, 54, 7830−7836.
(62) Stirling, A. Raman Intensities from Kohn-Sham Calculations. J.
Chem. Phys. 1996, 104, 1254−1262.
(63) Cheeseman, J.; Frisch, M.; Devlin, F.; Stephens, P. Ab Initio
Calculation of Atomic Axial Tensors and Vibrational Rotational
Strengths Using Density Functional Theory. Chem. Phys. Lett. 1996,
252, 211−220.
(64) Barone, V.; Festa, G.; Grandi, A.; Rega, N.; Sanna, N. Accurate
Vibrational Spectra of Large Molecules by Density Functional
Computations beyond the Harmonic Approximation: the Case of
Uracil and 2-Thiouracil. Chem. Phys. Lett. 2004, 388, 279−283.
(65) Rappoport, D.; Furche, F. Lagrangian Approach to Molecular
Vibrational Raman Intensities using Time-Dependent Hybrid Density
Functional Theory. J. Chem. Phys. 2007, 126, 201104.
(66) Biczysko, M.; Panek, P.; Scalmani, G.; Bloino, J.; Barone, V.
Harmonic and Anharmonic Vibrational Frequency Calculations with
the Double-Hybrid B2PLYP Method: Analytical Second Derivatives
and Benchmark Studies. J. Chem. Theory Comput. 2010, 6, 2115−2125.
(67) Thompson, L. M.; Lasoroski, A.; Champion, P. M.; Sage, J. T.;
Frisch, M. J.; van Thor, J. J.; Bearpark, M. J. Analytical Harmonic
Vibrational Frequencies for the Green Fluorescent Protein Computed
with ONIOM: Chromophore Mode Character and Its Response to
Environment. J. Chem. Theory Comput. 2014, 10, 751−766.
(68) Janesko, B. G.; Scuseria, G. E. Molecule- Surface Orientational
Averaging in Surface Enhanced Raman Optical Activity Spectroscopy.
J. Phys. Chem. C 2009, 113, 9445−9449.

(69) Petrone, A.; Goings, J. J.; Li, X. Quantum Confinement Effects
on Optical Transitions in Nanodiamonds Containing Nitrogen
Vacancies. Phys. Rev. B: Condens. Matter Mater. Phys. 2016, 94, 165402.
(70) Casida, M. E. In Recent Advances in Density Functional Methods:
(Part I); Chong, D. P., Ed.; World Scientific; Singapore, 1995; Vol. 1;
pp 155−193.
(71) Dreuw, A.; Head-Gordon, M. Single-Reference Ab Initio
Methods for the Calculation of Excited States of Large Molecules.
Chem. Rev. 2005, 105, 4009−4037.
(72) Bauernschmitt, R.; Ahlrichs, R. Treatment of Electronic
Excitations within the Adiabatic Approximation of Time Dependent
Density Functional Theory. Chem. Phys. Lett. 1996, 256, 454−464.
(73) Stratmann, R. E.; Scuseria, G. E.; Frisch, M. J. An Efficient
Implementation of Time-Dependent Density-Functional Theory for
the Calculation of Excitation Energies of Large Molecules. J. Chem.
Phys. 1998, 109, 8218−8224.
(74) Liang, W.; Fischer, S. A.; Frisch, M. J.; Li, X. Energy-Specific
Linear Response TDHF/TDDFT for Calculating High-Energy Excited
States. J. Chem. Theory Comput. 2011, 7, 3540−3547.
(75) Lestrange, P. J.; Nguyen, P. D.; Li, X. Calibration of Energy-
Specific TDDFT for Modeling K-Edge XAS Spectra of Light Elements.
J. Chem. Theory Comput. 2015, 11, 2994−2999.
(76) Van Caillie, C.; Amos, R. D. Geometric Derivatives of Excitation
Energies Using SCF and DFT. Chem. Phys. Lett. 1999, 308, 249−255.
(77) Van Caillie, C.; Amos, R. D. Geometric Derivatives of Density
Functional Theory Excitation Energies Using Gradient-Corrected
Functionals. Chem. Phys. Lett. 2000, 317, 159−164.
(78) Furche, F.; Ahlrichs, R. Adiabatic Time-Dependent Density
Functional Methods for Excited State Properties. J. Chem. Phys. 2002,
117, 7433−7447.
(79) Furche, F.; Ahlrichs, R. Erratum: Time-Dependent Density
Functional Methods for Excited State Properties (vol 117, pg 7433,
2002). J. Chem. Phys. 2004, 121, 12772−12773.
(80) Scalmani, G.; Frisch, M. J.; Mennucci, B.; Tomasi, J.; Cammi, R.;
Barone, V. Geometries and Properties of Excited States in the Gas
Phase and in Solution: Theory and Application of a Time-Dependent
Density Functional Theory Polarizable Continuum Model. J. Chem.
Phys. 2006, 124, 094107.
(81) Isborn, C. M.; Li, X.; Tully, J. C. TDDFT Ehrenfest Dynamics:
Collisions between Atomic Oxygen and Graphite Clusters. J. Chem.
Phys. 2007, 126, 134307.
(82) Send, R.; Furche, F. First-Order Nonadiabatic Couplings from
Time-Dependent Hybrid Density Functional Response Theory:
Consistent Formalism, Implementation, and Performance. J. Chem.
Phys. 2010, 132, 044107.
(83) Fatehi, S.; Alguire, E.; Shao, Y.; Subotnik, J. E. Analytic
Derivative Couplings between Configuration-Interaction-Singles States
with Built-in Electron-Translation Factors for Translational Invariance.
J. Chem. Phys. 2011, 135, 234105.
(84) Alguire, E. C.; Ou, Q.; Subotnik, J. E. Calculating Derivative
Couplings between Time-Dependent Hartree-Fock Excited States with
Pseudo-Wavefunctions. J. Phys. Chem. B 2015, 119, 7140−7149.
(85) Ou, Q.; Alguire, E. C.; Subotnik, J. E. Derivative Couplings
between Time-Dependent Density Functional Theory Excited States
in the Random-Phase Approximation Based on Pseudo-Wave-
functions: Behavior around Conical Intersections. J. Phys. Chem. B
2015, 119, 7150−7161.
(86) Li, Z.; Suo, B.; Liu, W. First Order Nonadiabatic Coupling
Matrix Elements between Excited States: Implementation and
Application at the TD-DFT and pp-TDA Levels. J. Chem. Phys.
2014, 141, 244105.
(87) Zhang, X.; Herbert, J. M. Analytic Derivative Couplings in
Time-Dependent Density Functional Theory: Quadratic Response
Theory versus Pseudo-Wavefunction Approach. J. Chem. Phys. 2015,
142, 064109.
(88) Ou, Q.; Bellchambers, G. D.; Furche, F.; Subotnik, J. E. First-
Order Derivative Couplings between Excited States from Adiabatic
TDDFT Response Theory. J. Chem. Phys. 2015, 142, 064114.

The Journal of Physical Chemistry A Article

DOI: 10.1021/acs.jpca.7b02905
J. Phys. Chem. A 2017, 121, 3958−3965

3964

http://dx.doi.org/10.1021/acs.jpca.7b02905


(89) Lingerfelt, D. B.; Williams-Young, D. B.; Petrone, A.; Li, X.
Direct Ab Initio (Meta-)Surface-Hopping Dynamics. J. Chem. Theory
Comput. 2016, 12, 935−945.
(90) Peach, M. J. G.; Benfield, P.; Helgaker, T.; Tozer, D. J.
Excitation Energies in Density Functional Theory: an Evaluation and a
Diagnostic Test. J. Chem. Phys. 2008, 128, 044118.
(91) Jacquemin, D.; Wathelet, V.; Perpete, E. A.; Adamo, C. TD-
DFT Extensive Benchmark: Singlet-Excited States of Organic
Molecules. J. Chem. Theory Comput. 2009, 5, 2420−2435.
(92) Caricato, M.; Vreven, T.; Trucks, G. W.; Frisch, M. J.; Wiberg,
K. B. Using the ONIOM Hybrid Method to Apply Equation of
Motion CCSD to Larger Systems: Benchmarking and Comparison
with Time-Dependent Density Functional Theory, Configuration
Interaction Singles, and Time-Dependent Hartree-Fock. J. Chem. Phys.
2009, 131, 134105.
(93) Liu, J.; Liang, W. Analytical Approach for the Excited-State
Hessian in Time-Dependent Density Functional Theory: Formalism,
Implementation, and Performance. J. Chem. Phys. 2011, 135, 184111.
(94) Petrone, A.; Lingerfelt, D. B.; Williams-Young, D. B.; Li, X. Ab
Initio Transient Vibrational Spectral Analysis. J. Phys. Chem. Lett. 2016,
7, 4501−4508.
(95) Williams-Young, D. B.; Scalmani, G.; Sun, S.; Frisch, M. J.; Li, X.
On the Accurate and Efficient Evaluation of the Analytical Hessians of
Electronically Excited States within the Random Phase Approximation.
To be submitted for publication.
(96) Person, W. B.; Zerbi, G. Vibrational Intensities in Infrared and
Raman Spectroscopy; Elsevier Science, Ltd: Amsterdam, The Nether-
lands, 1982; Vol. 20.
(97) Frisch, M. J.; Yamaguchi, Y.; Gaw, J. F.; Schaefer, H. F., III;
Binkley, J. S. Analytic Raman Intensities from Molecular Electronic
Wave Functions. J. Chem. Phys. 1986, 84, 531−532.
(98) Neugebauer, J.; Reiher, M.; Kind, C.; Hess, B. A. Quantum
Chemical Calculation of Vibrational Spectra of Large Molecules-
Raman and IR Spectra for Buckminsterfullerene. J. Comput. Chem.
2002, 23, 895−910.
(99) Egidi, F.; Bloino, J.; Cappelli, C.; Barone, V. A Robust and
Effective Time-Independent Route to the Calculation of Resonance
Raman Spectra of Large Molecules in Condensed Phases with the
Inclusion of Duschinsky, Herzberg-Teller, Anharmonic, and Environ-
mental Effects. J. Chem. Theory Comput. 2014, 10, 346−363.
(100) Vidal, L. N.; Egidi, F.; Barone, V.; Cappelli, C. Origin
Invariance in Vibrational Resonance Raman Optical Activity. J. Chem.
Phys. 2015, 142, 174101.
(101) Auer, B. M.; Skinner, J. L. Dynamical Effects in Line Shapes for
Coupled Chromophores: Time-Averaging Approximation. J. Chem.
Phys. 2007, 127, 104105.
(102) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Mennucci,
B.; Petersson, G. A. et al. Gaussian Inc. Development Version, revision
I.04; Gaussian Inc., Wallingford, CT, 2016.
(103) Millam, J. M.; Bakken, V.; Chen, W.; Hase, W. L.; Schlegel, H.
B. Ab Initio Classical Trajectories on the Born-Oppenheimer Surface:
Hessian-Based Integrators using Fifth-Order Polynomial and Rational
Function Fits. J. Chem. Phys. 1999, 111, 3800−3805.
(104) Li, X.; Millam, J. M.; Schlegel, H. B. Ab Initio Molecular
Dynamics Studies of the Photodissociation of Formaldehyde, H2CO→
H2 + CO: Direct Classical Trajectory Calculations by MP2 and
Density Functional Theory. J. Chem. Phys. 2000, 113, 10062−10067.
(105) Li, X.; Millam, J. M.; Schlegel, H. B. Glyoxal Photodissociation.
An Ab Initio Direct Classical Trajectory Study of C2H2O2→H2 +
2CO. J. Chem. Phys. 2001, 114, 8897−8904.
(106) Li, X.; Millam, J. M.; Schlegel, H. B. Glyoxal Photodissociation.
II. An Ab Initio Direct Classical Trajectory Study of C2H2O2→CO +
H2CO. J. Chem. Phys. 2001, 115, 6907−6912.
(107) Hase, W. L.; Duchovic, R. J.; Hu, X.; Komornicki, A.; Lim, K.
F.; Lu, D.; Peslherbe, G. H.; Swamy, K. N.; Linde, S. R. V.; Varandas,
A. J.; et al. VENUS96: a General Chemical Dynamics Computer
Program. J. Quant. Chem. Prog. Exch. 1996, 16, 671.

(108) Peslherbe, G. H.; Wang, H.; Hase, W. L. Advances in Chemical
Physics; John Wiley & Sons, Inc.: Hoboken, NJ, 2007; pp 171−201.
(109) Becke, A. D. Density-Functional Thermochemistry. III. The
Role of Exact Exchange. J. Chem. Phys. 1993, 98, 5648.
(110) Lee, C.; Yang, W.; Parr, R. G. Development of the Colle-
Salvetti Correlation-Energy Formula into a Functional of the Electron
Density. Phys. Rev. B: Condens. Matter Mater. Phys. 1988, 37, 785.
(111) Miehlich, B.; Savin, A.; Stoll, H.; Preuss, H. Results Obtained
with the Correlation Energy Density Functionals of Becke and Lee,
Yang and Parr. Chem. Phys. Lett. 1989, 157, 200−206.
(112) Choi, C. H.; Kertesz, M. Conformational Information from
Vibrational Spectra of Styrene, trans-Stilbene, and cis-Stilbene. J. Phys.
Chem. A 1997, 101, 3823−3831.
(113) Watanabe, H.; Okamoto, Y.; Furuya, K.; Sakamoto, A.;
Tasumi, M. Vibrational Analysis of trans-Stilbene in the Ground and
Excited Singlet Electronic States Revisited. J. Phys. Chem. A 2002, 106,
3318−3324.
(114) Tsumura, K.; Furuya, K.; Sakamoto, A.; Tasumi, M. Vibrational
Analysis of Trans-Stilbene in the Excited Singlet State by Time-
Dependent Density Functional Theory: Calculations of the Raman,
Infrared, and Fluorescence Excitation Spectra. J. Raman Spectrosc.
2008, 39, 1584−1591.
(115) Egawa, T.; Shinashi, K.; Ueda, T.; Ocola, E. J.; Chiang, W.-Y.;
Laane, J. Vapor-Phase Raman Spectra, Theoretical Calculations, and
the Vibrational and Structural Properties of cis-and trans-Stilbene. J.
Phys. Chem. A 2014, 118, 1103−1112.
(116) Weigel, A.; Ernsting, N. P. Excited Stilbene: Intramolecular
Vibrational Redistribution and Solvation Studied by Femtosecond
Stimulated Raman Spectroscopy. J. Phys. Chem. B 2010, 114, 7879−
7893.
(117) Dobryakov, A. L.; Ioffe, I.; Granovsky, A. A.; Ernsting, N. P.;
Kovalenko, S. A. Femtosecond Raman Spectra of cis-Stilbene and
trans-Stilbene with Isotopomers in Solution. J. Chem. Phys. 2012, 137,
244505.
(118) Quick, M.; Dobryakov, A. L.; Ioffe, I. N.; Granovsky, A. A.;
Kovalenko, S. A.; Ernsting, N. P. Perpendicular State of an
Electronically Excited Stilbene: Observation by Femtosecond-Stimu-
lated Raman Spectroscopy. J. Phys. Chem. Lett. 2016, 7, 4047−4052.
(119) Baskin, J. S.; Bañares, L.; Pedersen, S.; Zewail, A. H.
Femtosecond Real-Time Probing of Reactions. 20. Dynamics of
Twisting, Alignment, and IVR in the trans-Stilbene Isomerization
Reaction. J. Phys. Chem. 1996, 100, 11920−11933.
(120) Kovalenko, S. A.; Schanz, R.; Hennig, H.; Ernsting, N. P.
Cooling Dynamics of an Optically Excited Molecular Probe in
Solution from Femtosecond Broadband Transient Absorption Spec-
troscopy. J. Chem. Phys. 2001, 115, 3256−3273.
(121) Sakamoto, A.; Tanaka, F.; Tasumi, M.; Torii, H.; Kawato, K.;
Furuya, K. Comparison of the Raman Spectrum of trans-Stilbene in
the S1 State Calculated by the CIS Method and the Spectra Observed
under Resonant and off-Resonant Conditions. Vib. Spectrosc. 2006, 42,
176−182.

The Journal of Physical Chemistry A Article

DOI: 10.1021/acs.jpca.7b02905
J. Phys. Chem. A 2017, 121, 3958−3965

3965

http://dx.doi.org/10.1021/acs.jpca.7b02905

