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ABSTRACT: Femtosecond stimulated Raman scattering (FSRS) is a spectroscopic
technique that probes the structural dynamics of molecules. The technique typically relies
on an electronic resonance condition to increase signal strength or enhance species
selectivity, giving a Raman enhancement that is vibrational-mode-specific and depends on <
the character of the resonant electronic state. The resonance condition is complicated for
molecules already in an excited electronic state and also for systems where multiple
electronic states are resonant or nearly resonant with the Raman excitation energy, both of
which are often the case for FSRS. This paper examines the excitation wavelength
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dependence of the FSRS spectrum for the lowest triplet state of 2-phenylthiophene (PT).

Except for an overall increase of the signal strength due to the resonance condition, the relative intensities of most Raman bands
are relatively insensitive to the excitation wavelength, and the spectrum is remarkably similar to the calculated off-resonance
spectrum obtained by neglecting the resonance condition. On the other hand, calculated resonance Raman spectra using a
gradient approximation to simulate the resonance condition correctly predict the excitation wavelength dependence for a few
modes but overestimate the relative enhancement of others. The weak wavelength dependence of the triplet spectrum of PT
contrasts the case of the singlet FSRS spectrum for the same molecule. We attribute this discrepancy to a combination of
homogeneous broadening, overlapping Ty, < T} transitions, and possibly vibronic coupling among states in the triplet manifold.
This work highlights important limitations in using standard approaches to simulate excited-state resonance Raman spectra.

1. INTRODUCTION

Femtosecond stimulated Raman scattering (FSRS) is a time-
resolved technique that provides detailed information about
the structural evolution of molecules."™ By monitoring
changes in the vibrational spectrum following photoexcitation,
the dynamics of the molecular structure and bonding is
observed as the system evolves along the excited- and/or
ground-state potential energy surfaces. FSRS measurements
often tune the Raman excitation wavelength to match an
electronic transition of a target molecule in order to give a
resonance enhancement of the transient Raman signal.
Resonance with a specific electronic state increases the
Raman transition strength of some modes by up to several
orders of magnitude, degending on the character of the
resonant electronic state.””’ Thus, tuning to a particular
resonance in the transient absorption spectrum allows for the
selective measurement of Raman transitions from a particular
species along the reaction path while also significantly
improving the signal-to-noise ratio.””"*

However, mode-specific resonance enhancements compli-
cate the interpretation of FSRS spectra, particularly the
assignment of the observed Raman bands to specific
vibrational modes of the molecule in an excited state.”®'°
Although some assignments are possible based on simple
chemical intuition and comparison with vibrational frequencies
from the ground electronic state, calculated frequencies and
intensities are important for making accurate assignments in
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the excited state, particularly in regions of the spectrum with a
high density of vibrational states. The excited-state vibrational
frequencies are relatively easy to compute, but the Raman
intensities are more challenging because they require the
evaluation of changes in the excited-state polarizability tensor
along each of the vibrational coordinates.'’~**

Using a series of conjugated thiophene derivatives for
benchmark comparison, we showed that it is possible to assign
resonance-enhanced FSRS bands for a series of structurally
similar molecules by calculating the off-resonant excited-state
Raman spectra and carefully considering which vibrational
modes are most likely to be enhanced by the electronic
resonance.'” Vibrations with the strongest scattering signals
have significant nuclear displacement along the potential
energy surface of the resonant higher-lying excited state
relative to the initial state upon Sy < S, or Ty < T excitation
with the Raman pump pulse. In a second contribution, we
examined the resonance condition explicitly using a gradient
approximation of the time-dependent resonance Raman (TD-
RR) theory to simulate the experimental FSRS spectrum of the
S, state of 2,5-diphenylthiophene (DPT).”> The simulated
spectrum qualitatively reproduced the mode-specific resonance

Received: June 21, 2019
Revised:  August 16, 2019
Published: August 17, 2019

DOI: 10.1021/acs.jpca.9b05955
J. Phys. Chem. A 2019, 123, 7720-7732


pubs.acs.org/JPCA
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpca.9b05955
http://dx.doi.org/10.1021/acs.jpca.9b05955

The Journal of Physical Chemistry A

enhancements by matching the gradients in a specific excited
state (Sy) to the assigned vibrations of S;.

In contrast with the S; spectra, where the resonance
enhancement is strongly mode-dependent, the calculated off-
resonance Raman spectra of the triplet states are in close
agreement with the experimental FSRS spectra for the T states
of DPT and other aryl thiophenes in our benchmark series.'” A
similarly weak wavelength dependence of the resonance
Raman spectrum has been observed for triplet states of other
conjugated organic systems,”* >® suggesting that triplet states
may be less sensitive to mode-dependent resonance enhance-
ment compared with the singlet states of the same molecules.
In this manuscript, we explore the weak wavelength depend-
ence of the triplet Raman spectrum of the model compound 2-
phenylthiophene (PT) in more detail. Comparing experimen-
tal FSRS spectra at different Raman excitation energies with
theoretical simulations of the on- and off- resonance spectra,
we determine that the weaker mode dependence of the T,
Raman intensities compared with S, is a result of contributions
from overlapping electronic transitions and increased homoge-
neous broadening of resonant Ty states, possibly due to
nonadiabatic coupling within the triplet manifold.

This paper is organized as follows. We briefly recount the
relevant aspects of the time-dependent theory for resonance
Raman scattering in Section 2 and then summarize our
experimental and theoretical approaches in Section 3. We
compare the experimental and calculated electronic absorption
spectra for the triplet state of PT in Section 4.1 and assign the
vibrational bands of the FSRS spectrum with off-resonant
calculations of the T, Raman spectrum in Section 4.2. In
Sections 4.3 and 4.4, we examine the excitation wavelength
dependence of the T; FSRS spectrum and then compare it to
simulations of resonance Raman spectra obtained using two
methods: (1) an extrapolation of harmonic potentials and (2)
the gradient approximation of TD-RR theory. Finally, we
discuss the results in Section S and summarize our main
conclusions in Section 6.

2. THEORY

In order to motivate the different computational approaches
used in the following sections, we begin with a brief summary
of Raman scattering theory. More extensive descriptions of
Raman and resonance Raman (RR) scattering are available in
the literature,”'~"%>7 73!

The intensity of a Raman transition from an initial
vibrational state |v;) to a final state lvg) is proportional to the
square of the transition polarizability tensor,

I a)P(a)P — wy)’ gl (1)
where w, is the incident photon frequency and wy is the
frequency of the vibrational transition. As introduced by
Kramers, Heisenberg, and Dirac,®* and also in the Placzek
formulation of the second-order time-dependent perturbation
theory,” the generic expression for the transition polarizability
between any two initial and final states li) and If) can be
written as a sum over states,

fialn)(nlili
aﬁ=%2 (fatn)nlali)

- a)p—an

(Aln) (nlali)
@y ¢ + CUP + ll—;,l

Wy —

()

where {In)} are all possible intermediate vibronic states, I, are
phenomenological broadening terms related to the dephasing
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of each intermediate state, ji is the electric dipole operator, and
®,; and @, are the transition frequencies.

Due to the difficulty of evaluating the full sum-over-states
expression in eq 2, the transition polarizability can instead be
recast in terms of a Taylor series expansion of the full
electronic polarizability (@) with respect to the mass-weighted
displacement of each vibrational coordinate g,

ag = ao(yly) + Z ;3_05 (Ulq,lv) + ..
k

kJo

)

where the subscript 0 indicates values at zero displacement of a
vibration. Neglecting higher-order terms in the expansion and
assuming harmonic normal modes and an off-resonance
electronic condition (@, = 0), the transition polarizability for
the fundamental of each vibrational mode k is proportional to
the electronic polarizability derivative with respect to g, "**
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where @, is the vibrational frequency of the mode.

The Raman activity increases substantially when the incident
pump field is at or near resonance with an electronic transition,
in which case the transition polarizability is no longer simply
described by eq 4. The enhancement of the Raman signal is a
result of the small denominator in the first term of eq 2 as ,
approaches @,;. Thus, the expression for the transition
polarizability in eq 2 reduces to a sum over intermediate
vibrational states lv,), assuming that the Born—Oppenheimer
approximation holds and in the limit of weak vibronic
coupling.”'”*”** For resonance with a single electronic state,
the sum includes only vibrational levels of the resonant
electronic state IN). The second term in eq 2 is negligible
under resonance or near-resonance conditions.'”

In the time-dependent formalism for resonance Raman
scattering, the denominator in the first term of eq 2 is
converted from the frequency domain to the time domain
through a Fourier transform,” 783!

o0
I~ %Z _/ (Wt ) g e g
i 0

(s)
where (vd and ;) are both within the initial electronic state
II), uyy is the electronic transition dipole between the initial
and intermediate electronic states, and @, and ®; are the
energies of the intermediate and initial vibronic states,
respectively. The sum over states lv,) gives a time-dependent
wavepacket that evolves according to Hy, the Hamiltonian
describin% nuclear motion in the intermediate electronic state |
N).>"'7%> Thus, we recast eq 5 as the time-integrated overlap
of the wavepacket in the resonant state lz;(t)) = e ™/A|,)
with the vibrational wave function of the final state (r.**
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An implicit assumption in eq 6 is that the electronic
transition dipole follows the Condon approximation, which
gives only the A term in the Albrecht description of Raman
scattering.17’27’36 The other Albrecht scattering terms (B, C,
and D) are a result of Herzberg—Teller (HT) vibronic
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coupling between electronic states. The vibronic coupling
terms arise from a perturbative expansion of the transition
dipole in the nuclear coordinates of intermediate electronic
state IN).'”%°

(N)

ﬂNI = ('uNI)O + Z
! (7)

The derivative of the electromc transition dipole with respect
to the nuclear coordinates g™ glves the vibronic coupling of
electronic states IN) and II) with all other states {IM)} as a

perturbation of the electronic Hamiltonian H,..'
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Substituting the expansion for iy, and truncating eq 7 at first
order yields a more complete form of the transition
polarizability.
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The first term on the right-hand side is the Albrecht A term
from eq 6. Together, the second and third terms on the right-
hand side are the Albrecht B and C terms, where the B term
includes coupling between intermediate state IN) and all other
electronic states and the C term includes coupling of the initial
electronic state to the other electronic states. Similarly, the
final term in eq 9 represents D-term scattering, which includes
contributions from electronic states coupled to IN) and II)
simultaneously. Equation 8 shows that the B, C, and D terms
scale with the inverse of the energy separation between the
coupled electronic states and therefore are most important for
states nearby in energy. It is worth noting that the polarizability
derivative from eq 4 implicitly contains some degree of
vibronic coupling for transitions in which only one vibrational
quantum number changes.'”

The implementation of eq 9 using computatlonal methods
has been described in detail by Baiardi et al.,>* where the first
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term, containing no implicit vibronic coupling, corresponds to
the Franck—Condon (FC) approximation and the B-C terms
are labeled as FCHT to denote the inclusion of Herzberg—
Teller coupling. This implementation uses the extrapolation of
a harmonic potential expanded around the minimum-energy
geometry of IN) in order to obtain the vibrational wave
functions at the FC geometry. This approach works well for
ground-state resonance Raman spectra with resonant excitation
to relatively low-lying electronic states.”>*”>% However, FSRS
measurements of electronically excited systems tend to be
resonant with transitions to higher-lying states where the
density of states is larger and the states become more
anharmonic.

An alternative to the FC and FCHT approach is the
semiclassical “gradient approximation” to the TD-RR formal-

m,”>**** where the time-dependent overlap integral (v du;(t))
is simplified by approximating the initial wave function (z(t))
with a Gaussian function at t = 0, which then propagates in
time on the potential energy surface (PES) of the intermediate
electronic state Vyy according to the Hamiltonian of that state.
Although the time evolution of this wavepacket depends on the
topology of the PES of IN), the Raman intensity observed for a
particular mode k depends on the time-integrated overlap of
(vi(t)) with the vibrational wavefunction (v of the final state.
Thus, the time evolution of the wavepacket using classical
equations of motion depends, to first order, on the gradient of
the upper-state PES along each of the vibrational coordinates
of the lower state %. Substituting a Gaussian wave function

k

into eq 6 gives the simplified version of the time-dependent
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where @y is the vertical transition energy between electronic
states N and I. The final expression for the resonance-
enhanced Raman scattering intensity of mode k is proportional
to the square of the transition polarizability term and therefore

depends on the square of the gradient of the potential along
23,38
k'

3,k2
L x wy(@, = 0 ) lagl” = o

(11)

Due to computational cost, our calculations using the
gradient approximation neglect vibronic coupling and therefore
include only A-term scattering. However, by numerically
calculating the adiabatic PES of the resonant electronic state
along the nuclear displacement coordinates of T, the
resonance Raman spectra obtained with the gradient
approximation partially account for the anharmonicity of the
higher-lying electronic states, unlike the FC and FCHT
approaches.

In Section 4, we compare the experimental FSRS spectrum
with both the off-resonance calculations and the simulated
resonance Raman spectra using the FC/FCHT models (eq 9)
and the gradient approximation (eq 11).
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3. EXPERIMENTAL AND COMPUTATIONAL
METHODS

The experimental setup for transient absorption (TA) and
FSRS measurements was described previously;* therefore, we
only summarize the main points here. We split the output of an
amplified Ti:Sapphire laser (Coherent, Legend Elite HP) into
three portions and use nonlinear frequency conversion to
generate actinic pump, Raman pump, and Raman probe pulses.
A commercial optical parametric amplifier (OPA) with two
additional stages of nonlinear frequency conversion produces
actinic pump pulses at 300 nm (~90 fs and ~1.0 yJ at the
sample). A second commercial OPA provides tunable near-IR
pulses that we subsequently pass through a 25 mm long f-
barium borate (BBO) crystal to produce spectrally narrow
(<0.5 nm) Raman pump pulses in the range 360—385 nm via
spectral compression of the second harmonic.””™*' We
generate Raman pump pulses at 400 nm by passing a portion
of the 800 nm fundamental directly through the long BBO.
Passing the narrowband pulses through a 4f spectral filter
eliminates asymmetry in the temporal profile and further
narrows the bandwidth.”” The resulting Raman pump pulses
have ~1 ps duration, 0.3—0.7 uJ per pulse, and <30 cm™
bandwidth. Using a focal diameter of ~100 ym at the sample
minimizes excited-state population depletion and ensures that
the resonant-ESRS signal scales linearly with pulse energy.*”
We generate fs Raman probe pulses by focusing a small portion
of the 800 nm laser fundamental into a translating CaF,
window to produce white-light continuum spanning 340—
750 nm.'”** We use the full bandwidth of the probe pulses for
TA measurements but only a narrow range of approximately
25—30 nm for FSRS. Dispersion of the uncompressed probe
pulses over the narrow range of the FSRS measurement is
negligible compared with the duration of the pump pulse. All
three pulses overlap in the sample with parallel polarization.

After the sample, a 1/8 m imaging spectrograph with 1800
line/mm grating disperses the Raman probe pulses onto a
2068 pixel linear CCD array (Hamamatsu, $11156-2048) with
instrument-limited resolution that ranges from ~4S5 to ~29
cm™' as we tune the excitation wavelength from 360 to 400
nm. We measure the intensity of the transmitted probe light at
1 kHz, chopping the actinic pump pulses at 500 Hz and the
Raman pump pulses at 250 Hz for active background
subtraction. Averaging 4 X10° laser pulses per spectrum gives
a standard deviation of <107° in the Raman gain signal. The
baseline subtraction method is described in the Supporting
Information. The sample consists of a 1.2 mM solution of 2-
phenylthiophene (TCI America) in cyclohexane (spectro-
scopic grade, Fisher).

We calculate electronic absorption and Raman spectra using
either unrestricted open-shell time-dependent density func-
tional theory (TD-DFT) with the B3LYP or BHLYP
functionals,"** or the equation of motion coupled cluster
theory with single and double excitations (EOM-CCSD).*~*
B3LYP and BHLYP are global hybrid functionals with 20 and
50% Hartree—Fock (HF) exchange, respectively, that typically
give good agreement with experimental ground-state Raman
spectra.***” In all cases, we use the aug-cc-pVDZ basis set”’ for
a good compromise between accuracy and computational cost
for the CCSD calculations. We calculate off-resonant T,
Raman spectra analytically for DFT and numerically for
CCSD.>'~>* We simulate the resonance Raman spectra using
both the FC and FCHT approaches (B3LYP only), as well as
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the gradient approximation (TD-DFT and EOM-CCSD), as
described above.

Due to the difficulty in optimizing the geometry of high-
lying states, our resonance Raman calculations using the FC
and FCHT approaches (without and with HT coupling,
respectively)®” only include the spectrum for resonance with a
single upper state Ty having the strongest electronic transition
strength. The contribution from Ty is determined following
the adiabatic Hessian model, which includes both Duschinsky
rotation and the normal mode frequency changes between
states.”® Both the FC and FCHT calculations were carried out
with an incident energy equal to the adiabatic transition energy
of the resonant state.

For the gradient approximation, we calculated the Ty « T,
transition moments for states up to N = 20 with either TD-
DFT or EOM-CCSD. The gradients of the Ty potential energy
surfaces were determined numerically by fitting a second-order
polynomial to three points along each of the T normal mode
coordinates, including the optimized geometry and +7.408 X
107 times the normalized displacement. The magnitude of the
displacement was optimized in previous work to minimize the
errors in calculated Raman activities.'” All calculations were
performed using a development version of the GAUSSIAN
software package,”” and all simulated Raman spectra include
25 cm™! Gaussian broadening.

4. RESULTS AND ANALYSIS

4.1. Excited-State Absorption Spectroscopy. The
evolution of the transient absorption (TA) spectrum of PT
is displayed in Figure 1. After S; < S, excitation at 300 nm, the

Time Delay:
—-0.5 ps

w— 0.1 ps
1ps

— 5ps
w10 ps
20 ps
50 ps
s 100 ps

I L]
500 600
Wavelength (nm)

T
400

©® 475 nm
© 360 nm

0 200 400
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Figure 1. Evolution of the transient electronic absorption spectrum of
PT following 300 nm excitation. Green arrows in the top panel
indicate Raman excitation wavelengths for FSRS measurements
(360—400 nm) at 408 ps delay. The lower panel shows the kinetics
at 475 and 360 nm to illustrate the simultaneous decay of S; and rise
of T,.
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TA spectrum has a strong excited-state absorption band at 475
nm and a stimulated emission band at 340 nm. The 475 nm
band is attributed to absorption from the S, state, and narrows
within the first ~10 gs due to structural relaxation and
vibrational cooling.“’5 The excited molecule undergoes
intersystem crossing (ISC) to T, with a single-exponential
time constant of 7gc = 102 & S ps, resulting in the appearance
of a series of triplet—triplet absorption bands that include a
strong transition centered near 360 nm and several weaker
transitions at longer wavelengths.1 119,56

Figure 2 compares the experimental absorption spectrum of
T, at a time delay of 408 ps (4 X 74c), with the calculated

we EOM-CCSD

[
250

w— TD-BHLYP

Absorbance

w— Exp. TAS
) \\ (408ps delay)
/ ~——
S~
T T T T T
250 350 450 550

Excitation Wavelength (nm)

Figure 2. Electronic absorption spectra for the T, state of PT.
Calculated spectra are offset by 0.720 (EOM-CCSD), 0.575 (TD-
BHLYP), and 0.110 eV (TD-B3LYP) to align the strongest transition
with experiments. Simulated spectra include 0.2 eV Lorentzian
broadening. Pink lines show a deconvolution of the experimental
spectrum with five Lorentzian bands.

spectra of the triplet state from EOM-CCSD, TD-B3LYP, and
TD-BHLYP. The figure includes a deconvolution of the
experimental triplet absorption spectrum with a sum of five
Lorentzian bands. The deconvolution uses the same adjustable
bandwidth for all of the transitions. The best fit to the data
gives a bandwidth of 0.197 + 0.001 eV, with relatively small
uncertainties in the band positions and amplitudes. Details of
the deconvolution are given in Figure S3.

For comparison, the simulated spectra in Figure 2 have been
shifted to align the strongest calculated transitions in each case
with the maximum of the TA spectrum. The simulated spectra
include Lorentzian broadening with FWHM of 0.2 eV,
consistent with the deconvolution of the experimental
spectrum. The three computational methods give slightly
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different Ty < T, excitation energies, but the qualitative
structures of all three calculated spectra are in good agreement
with experiments. Each of the calculated spectra has a single,
strong transition to T}, or T3, depending on the method, as
well as several weaker transitions. Although TD-B3LYP
requires the smallest shift to align the strongest transition
with experiments, the other methods reproduce the shape
better, particularly EOM-CCSD. The calculations indicate that
there are as many as six optically accessible states within ~0.4
eV of the state with the strongest transition.

4.2. Vibrational Assignments for the T, FSRS
Spectrum. The experimental FSRS spectrum for the T,
state of PT is shown in Figure 3, along with the calculated

= CCSD
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sz \’[15 V23 / V3\§ ‘
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AN /I\M ,/\| |
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Figure 3. Raman spectra for the T, state of PT. Calculated off-
resonance Raman spectra include 25 cm™' Gaussian broadening and
frequency correction factors given in the text. The experimental
spectrum was measured with 365 nm Raman excitation and 408 ps
delay, with thin black lines showing a deconvolution of the 1350—
1600 cm™ region using four Gaussian functions. The cyclohexane
solvent spectrum (gray) is included for comparison.

off-resonance Raman spectra using B3LYP, BHLYP, and
CCSD. A complete list of calculated frequencies and Raman
activities is included in Table S2. The frequencies of the
calculated spectra in Figure 3 are multiplied by empirical
scaling factors of 0.970, 70.924,°® and 0.963% for B3LYP,
BHLYP, and CCSD, respectively. The experimental spectrum
was measured with the Raman pump excitation at 365 nm and
a delay of 408 ps. The long time delay and resonance with the
triplet absorption band ensure that the resonance-enhanced
FSRS spectrum includes contributions from only the T, state.

Using the calculated frequencies as a foundation, we assign
the Raman bands by identifying the vibrations most likely to
have strong resonance enhancement.'” We predict the
resonance enhancements of the vibrational modes based on
two criteria: (1) the mode must be totally symmetric (a°) to
provide a nonzero contribution to the resonance Raman
activity'”*® and (2) the PES of the resonant electronic state
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Table 1. Assignment of T, Raman Transitions

calc. frequency” calc. relative Raman

vibration ~symmetry (em™) intensity
123 a’ 544 0.035
Uiy a’ 622 0.027
1Z% al 877 0.096
Vg a 981 0.234
Vsg a 1370 0.005
Vsg a 1392 0.019
Vyo al 1427 0.007
122 a 1513 1.000
Uy a 1551 0.322

exp. frecllllency

exp. relative Rbaman

(em intensity motion
562 0.030 C—S—C bend and phenyl dist.
652 0.071 C—S—C str. and phenyl dist.
891 0.146 C—C~—C bend/ring dist.
987 0.396 C—C—C bend/phenyl dist.
1402 0.295¢ bridging C=C str. and C—H
bend
bridging C=C str. and C—H
bend
1444 0.208° thienyl C=C str. and C—H bend
1501 1.000° C=C str. and phenyl dist.
1548 0.339° C=C str. and ring dist.

“B3LYP, includes frequency scaling factor of 0.970.%” See Table S3 for assignments using BHLYP and CCSD. bRatios of integrated band intensities
relative to the band at 1513 (calc.) or 1501 cm™ (exp.). The experimental Raman excitation wavelength is 365 nm. “From deconvolution of the

1350—1600 cm™" region of the FSRS spectrum.

&
(&) Var

(h) va

Figure 4. Vibrational displacement vectors for assigned vibrations of the T, state of PT (B3LYP).

will have a large gradient along the vibrational displacement
coordinate of the T; normal mode.””*"** We expect that the
Ty « T, transitions are most likely 7—7* excitations, and
therefore, the largest gradients in Ty will be along vibrational
modes with significant distortion of the z-conjugated frame-

work of the molecule.'”*
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The vibrational assignments based on B3LYP are listed in
Table 1, and the nuclear displacement vectors for the assigned
vibrations are represented in Figure 4. The majority of
assignments are straightforward, as there is only one calculated
totally symmetric vibration within ~40 cm™' of the
experimental bands. Two noteworthy exceptions are the
bands at 1402 and 1444 cm™!, for which there are three
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possible assignments: Lsg, V39, and v,. While the FSRS signals
may be attributed to any combination of these C=C stretching
and C—H bending vibrations, our calculations of the
resonance-enhanced Raman spectra (presented in a later
section) predict Usg and 14 to have the strongest resonance
enhancements despite their small amplitudes in the off-
resonance spectra. Similarly, the band at 987 cm™ could be
assigned as either v,, or v,5 but the calculations are most
consistent with the latter. The results for BHLYP and CCSD
are similar to those for B3LYP, and the assignments for all
three methods are listed in Table S3.

For a more quantitative comparison, Table 1 shows the
relative intensities of the assigned Raman bands in the
experimental and calculated (B3LYP) spectra. The ratios for
the calculated intensities are relative to the strongest transition
at 1513 cm™'. The relative experimental intensities are
obtained by integrating each Raman band and taking the
ratio relative to the strongest band at 1501 cm™. To
deconvolute the overlapping high-frequency Raman bands in
the experimental FSRS spectrum, we fit the 1350—1600 cm ™
region of the spectrum to a sum of four Gaussian functions.
We use a single, adjustable FWHM parameter of 46 cm™ to
match the experimental line width based on the instrument
resolution. The deconvolution, shown in Figure 3, reveals at
least four bands, including a band at 1548 cm™" that appears as
a shoulder of the stronger 1501 cm™ band, and the two bands
at 1402 and 1444 cm™, respectively. See Figure S4 for a more
detailed description of the deconvolution.

Comparing the spectra in Figure 3 and the relative
intensities in Table 1, we find good agreement between
experiment and theory for most of the assigned vibrations. The
relative intensities of the experimental bands agree with the
calculations to within 10%, except for the bands at 1402 and
1444 cm ™!, which are significantly stronger in the experiment.
The other computational methods have similar agreement to
the experimental FSRS spectrum and relative intensities that
differ from B3LYP by less than 20% in most cases (Table S3).
Therefore, all of the simulated off-resonance spectra are in
good agreement with the experimental FSRS spectrum, other
than the 1402 and 1444 cm™' bands, with B3LYP performing
slightly better than the other methods. Good agreement
between off-resonance calculations and the resonance-
enhanced Raman spectra also has been reported in the
literature for the triplet states of a number of other
molecules.”***”% In contrast, our previous studies of the
excited singlet (S;) states of PT, DPT, and other aryl-
thiophenes showed significant disagreement in the intensities
between the resonance-enhanced FSRS spectra and the
calculated off-resonant S; Raman spectra.'”*’ To the best of
our knowledge, the reason for the much weaker mode
dependence of the resonance Raman enhancement for the
triplet spectra compared with singlet spectra has not been
addressed.

4.3. Wavelength Dependence of the T; FSRS
Spectrum. In order to explore resonance-enhancement effects
in the T, spectrum of PT, we measure the Raman excitation
wavelength dependence by tuning the Raman pump from the
maximum absorption at 360 nm to a weaker band in the triplet
absorption spectrum at 400 nm in ~5 nm increments (see
green arrows in Figure 1). The FSRS signal is too weak to
observe at longer wavelengths. Figure S shows the FSRS
spectrum at each Raman excitation wavelength. To account for
differences in the signal strength due to slight variation of the
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Figure S. Excitation wavelength dependence of the FSRS spectrum
for the T, state of PT. Vertical dashed lines indicate assigned
vibrations from Table 1. The cyclohexane solvent spectrum (gray) is
shown for comparison.

Raman pump power and beam overlap at the different pump
wavelengths, we normalize the transient spectra based on the
intensities of the solvent Raman bands at the different
excitation wavelengths (Figure S2). We use the integrated
intensities of the four dominant Raman bands of the pure
solvent (801, 1028, 1266, and 1444 cm™ of cyclohexane) to
normalize the spectrum at each excitation wavelength. We also
account for the w (@, — w,)® frequency dependence of the
solvent Raman signal (eq 1) by multiplying each of the
normalized spectra with an additional correction factor relative
to the value at 400 nm.

The Raman intensities of PT become significantly weaker as
the excitation wavelength moves off resonance with the
strongest Ty < T transition at 360 nm (Figure S). Even at
longer wavelengths, all of the bands assigned in Figure 3 are
resolved, except the 652 and 1548 cm™! bands, which fall
below the noise level. We also observe a change in the relative
intensities of the high-frequency bands. The 1501 cm™ band,
which dominates the spectrum at Raman pump wavelengths of
<375 nm, becomes weaker in intensity than the 1402 and 1444
cm™! bands at 400 nm excitation.

Figure 6 compares the Raman excitation profiles for each of
the assigned vibrational bands with the profile of the triplet
absorption spectrum. The intensities of the 1402, 1444, 1501,
and 1548 cm™' bands are obtained through the same
deconvolution procedure at each wavelength, as described
above for the FSRS spectrum at 365 nm. The deconvolution at
each wavelength is shown in Figure SS. The relative behaviors
of the mode-specific excitation profiles at longer wavelengths
are difficult to distinguish in Figure 6a due to the strong
resonance enhancement; therefore, we scale the excitation
profiles by dividing the Raman gain at each excitation
wavelength by the square of the triplet absorption signal
(AA)? at that wavelength in Figure 6b. The result is similar to
dividing the Raman gain by a factor lpy|* in order to eliminate
the mode-independent electronic contribution to the reso-
nance enhancement (see below). Although the (AA)? term is
phenomenological, dividing by this value allows for a better
comparison of the relative wavelength dependence of the
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Figure 6. Raman excitation profiles for the assigned FSRS bands. (a)
Comparison of resonance Raman intensities with the triplet
absorption spectrum. (b) Comparison of resonance Raman intensities
divided by the square of the triplet absorption (AA)? at each
wavelength to compensate for the strong electronic contribution to
the resonance enhancement. The Lorentzian deconvolution of the T1
absorption spectrum from Figure 2 is shown as thin gray lines for
comparison.

Raman gain profiles for the individual Raman bands by
compensating for the strong electronic resonance enhance-
ment of the experimental FSRS signal.

Figure 6b shows that the excitation profile of the 1548 cm™"
band closely follows the shape of the deconvoluted absorption
band at 360 nm, whereas the profile of the 1444 cm™" band has
a maximum near 385 nm that roughly matches the center
wavelength of a second transition in the deconvolution of the
TA spectrum. The 987, 1402, and 1501 ¢cm™ bands have
excitation profiles that follow both electronic transitions,
initially dropping in intensity from 360 to 370 nm, increasing
at 380—385 nm, and then decreasing again at longer
wavelengths. In contrast, the 562, 652, and 891 cm™! bands
have comparatively little variation in normalized intensity with
the Raman excitation wavelength. In order to explore the
resonant Ty < T, transitions that contribute to these mode-
specific enhancement trends, we simulate the excited-state
resonance Raman spectrum in the next section.

4.4, Simulated Resonance Raman Spectra. First, we
simulate the resonance Raman spectrum of the triplet state of
PT using the FC and FCHT methods with TD-B3LYP. The
calculated spectra are shown in Figure 7 for resonance with a
single electronic state at the adiabatic transition energy. It is
immediately apparent that the calculations do not accurately
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Figure 7. Comparison of simulated resonance Raman spectra from
FC and FCHT approaches with calculated off-resonance and
experimental FSRS spectra. FC/FCHT spectra are calculated for
resonance with the T, state at the adiabatic transition energy (26470
cm™"). All simulated spectra are from B3LYP and include 0.970
frequency scaling factor and 25 cm™' Gaussian broadening. Asterisk
denotes an artifact from the CaF, sample window.

reproduce the experimental spectrum, regardless of the
inclusion of vibronic coupling. Both the FC and FCHT results
are dominated by several strong bands below 1000 cm™’,
which contrasts with the experimental FSRS spectrum in the
bottom panel of the figure.

Next, we simulate the resonance Raman spectrum using the
gradient approximationzs’3’4’3’8 with TD-BHLYP, TD-B3LYP,
and EOM-CCSD, as shown in Figure 8. The calculated Raman
intensities have a strong dependence on the electronic
absorption strength that makes it difficult to distinguish
qualitative features for the weaker Ty « T, transitions. Thus,
the simulated resonance Raman spectra in Figure 8 are divided
by the square of the electronic oscillator strength f* which is
proportional to lpyl* for each transition. This scaling is similar
in approach to the phenomenological scaling of the
experimental Raman gain profiles in Figure 6b and reveals
the gradients of each excited state Ty along the totally
symmetric (a;) normal modes of T,. The figure only shows
simulated spectra for the two states with the strongest
electronic transitions at each level of theory. Gradient
calculations for additional electronic states Ty are shown in
Figure S6. Due to computational cost, we restrict the EOM-
CCSD gradient calculations to include only the vibrations
within a limited range of frequencies near the assigned
experimental bands.

The simulated resonance Raman spectra from the gradient
method have several features that are in good agreement with
experiments. For example, many of the vibrations that have
intensity in the simulated spectra match the assigned vibrations
in Figure 3, including the 1501 and 1548 cm™" bands. Notably,
the Raman spectra for resonance with the strongest (T, or
T,3) and second strongest (T, or T}) electronic transitions at
each level of theory predict significant intensities in v35 and v,
respectively. The resonance enhancements of v and v, are
consistent with the relatively strong experimental FSRS bands
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Figure 8. Comparison of simulated resonance Raman spectra from the gradient approximation with calculated off-resonance and experimental
FSRS spectra: (a) TD-BHLYP; (b) TD-B3LYP; (c) EOM-CCSD. Simulated spectra are shown for resonance with the two strongest electronic
transitions only and include frequency scaling and 25 cm™' Gaussian broadening. Asterisk denotes an artifact from the CaF, sample window.

at 1402 and 1444 cm™'. Furthermore, the stronger enhance-
ment of v, for resonance with Ty/ T}, compared with T,/T|;
matches the experimental excitation profile for the 1444 cm™
band in Figure 6. We also point out that the Raman intensities
of the low-frequency vibrations using the gradient method are
much more reasonable than those from the FC/FCHT
methods in Figure 7.

However, there are also some important discrepancies using
the gradient approach that require closer investigation, such as
the relative intensities of the 1501 and 1548 cm™' Raman
bands. The gradient calculations consistently predict stronger
enhancement of the 1548 cm™ band, in contrast with the
dominant 1501 cm™" band in both the experimental FSRS and
calculated off-resonance spectra. To highlight this point, Figure
9 compares the high-frequency region of the experimental and
simulated resonance Raman spectra. The figure shows the
FSRS spectrum measured at 360 nm and includes only the
calculated resonance Raman spectrum for the electronic state
with the strongest transition strength (T, or Tj;) in each
computational method. The simulations also predict the wrong
relative intensities of these high-frequency modes for
resonance with the second strongest transition (T, or T,
depending on the level of theory). The enhancement of the
higher-frequency mode for both electronic states contrasts the
experimental excitation profile, which decreases sharply with
increasing wavelength for the 1548 cm™' band. Similarly, the
simulated resonance Raman spectra for To/T), have much
lower intensities in the 987, 1402, and 1501 cm™ bands
compared with T,,/T 3, which does not match the recurrence
of the experimental excitation profiles around 380—38S5 nm.

5. DISCUSSION

The simulated Raman spectra using resonance and off-
resonance methods agree with different aspects of the
experimental FSRS spectrum of the T, state of PT, but

7728

Vasi  Vao
Tis
£=0.5804
c : Tz
3 |7 - =0.4678
& V3g!
E H
3
o
x5 T12
/ f=0.4066
T \ -
LA S S E—
1300 1400 1500 1600

Frequencies (cm™)

Figure 9. High-frequency region of the simulated resonance Raman
spectra for the strongest Ty <= T transitions. Assigned vibrations are
indicated by vertical dotted lines. Simulated Raman spectra are
normalized and include 25 cm™ Gaussian broadening. The
experimental FSRS spectrum at the 360 nm Raman pump is shown
for comparison, including deconvolution with four Gaussian bands.

neither approach fully reproduces the experimental results. Off-
resonance calculations generally are in good agreement with
the experimental spectrum, with a few notable exceptions
where the calculations underestimate the intensities of the
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experimental bands. Simulated resonance Raman spectra using
the FC/FCHT methods and the gradient approximation
introduce the effects of electronic resonance but do not
provide a better overall agreement with the experimental
spectrum than the off-resonance calculations. The failure of the
FC/FCHT methods in reproducing the experiment is likely a
consequence of using the harmonic approximation to
extrapolate the PES of the higher-lying triplet state from its
minimum to the Franck—Condon geometry. On the other
hand, simulated resonance Raman spectra using the gradient
approximation correctly predict strong enhancements for
several of the high-frequency vibrations (>1200 cm™) and
explain the strong 1402 and 1444 cm™' bands that are absent
from the off-resonant spectra. However, the gradient approach
does not accurately predict the relative intensities for many of
the bands in the FSRS spectrum, for example, the bands at
1501 and 1548 cm™, or give the correct excitation profiles for
many of the assigned vibrations.

In the limit of energetically well-separated electronic
transitions, resonance Raman spectra are dominated by
contributions from a single electronic state, as observed in
our previous work on the resonance Raman spectrum for the
S, state of DPT.”® The experimental FSRS spectrum of DPT
has strongly mode-dependent resonance enhancements and
excitation profiles that follow the amplitude of the excited-state
absorption spectrum. However, considering that the approach
of calculating resonance enhancements for individual excited
states is not sufficient to reproduce the observed spectra for the
T, state of PT, we speculate that, in this case, it is necessary to
consider the combined effect of multiple states simultaneously.
This hypothesis is consistent with the deconvolution of the
experimental TA spectrum in Figure 2, which shows multiple
overlapping electronic transitions. The simultaneous signal
enhancement from multiple states can be described in terms of
additive and nonadditive effects. The gradient approximation
should be able to capture the former by summing the properly
weighted contributions from each adiabatic state Ty but not
the latter without including nonadiabatic (i.e, HT) coupling.
In principle, the FCHT method should be able to partially
capture both effects, but the reliance on the harmonic
approximation severely limits the applicability of that approach
in this case because the harmonic potentials do not accurately
represent the interacting electronic states far from their
equilibrium geometries.

The role of multiple electronic states in the T, spectrum of
PT is supported by the mode-specific experimental excitation
profiles in Figure 6b. The Raman bands with vibrational
frequencies above ~900 cm™' have the greatest intensity for
either ~360 or ~380 nm excitation, suggesting resonance
enhancement from at least two separate electronic transitions.
The lower intensities for these vibrations near 370—375 nm
may indicate a possible resonance de-enhancement due to
nonadiabatic coupling between electronic states. As detailed in
the literature,” " resonance de-enhancement is a result of
population transfer between coupled electronic states and
would manifest as a decrease in the Raman excitation profile
near the energy of the nonadiabatic curve crossing. Non-
adiabatic effects are likely for the triplet states of PT, given the
close proximity of several electronic transitions in both the
calculated and experimental absorption spectra. However, our
simulations do not account for these nonadditive de-enhance-
ment effects.
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Notably, the resonance Raman calculations using the
gradient approximation correctly predict the strong resonance
enhancements of the 1402 and 1444 cm™' bands based on
specific electronic resonances (T,/Ty3 and T,/T,, respec-
tively). Although these modes are very weak in the off-
resonance calculation, the gradient calculations indicate strong
enhancements of the two vibrations in resonance with the two
different electronic states. The character of the vibrations may
explain both the different intensities in the off-resonant and
resonant spectra, as well as the different electronic states
responsible for enhancement of the two modes. The
displacements in Figure 4 show that modes v33 and v,, have
more in-plane C—H bending than C=C stretching character.
The C—H bending motion is not expected to significantly
change the polarizability of the conjugated system, which
would explain the relatively weak off-resonance intensities for
these vibrations (cf. eq 4). In contrast, the calculated gradients
along the normal mode coordinates for v55 in T,,/T,5 and for
Uy in To/T)y are larger than the gradients of most other
vibrations, which explains the relatively large resonance Raman
intensity of the experimental bands (eq 11). The different
gradients for the two modes in the two electronic states may
reflect the relative degree of delocalization of the C=C
stretching excitation. Both vibrations have similar C—H
bending character, but the C=C stretching is more localized
on the thienyl ring for vy,.

In contrast with the excitation profiles of the higher-
frequency vibrations, the bands at 562, 652, and 891 cm™! are
relatively insensitive to the Raman excitation wavelength. The
weak mode-specific enhancements of these FSRS bands may
be a result of nonadditive homogeneous broadening effects and
the overlapping contributions from several electronic tran-
sitions. Homogeneous broadening is likely to play a more
significant role for low-frequency vibrations where the
vibrational period is comparable to the dephasing time.**~%
Homogeneous broadening is related to the phenomenological
damping term I, in the denominator of eq 2, which represents
the dephasing of each vibronic state In). Typical homogeneous
broadening for vibronic transitions of a molecule in the
condensed phase is of the order 10'=10> cm™.'”**%® Thus,

the denominator @,; — , — il’,, for each term in the sum-over-

states expression of the transition polarizability (eq 2) is of the
order 10* cm™ for off-resonance transitions (@,; =~ 10% w, =
0) or 10'~10* cm™! for resonance terms (w,; — w, & 0) where
the denominator is determined by the magnitude of I',. As a
result, the contributions to the transition polarizability for
resonant electronic transitions are generally approximately
10>—-10° times larger than off-resonant transitions, which gives
an enhancement of approximately 10*~10° in the intensity (eq
1).

The FWHM broadening in the triplet spectrum of PT is
0.197 €V (or ~1590 cm™"). This is more than twice that of the
relatively well isolated Sy « S, absorption band of DPT
(~0.09 €V).”® Thus, the deconvolution of the experimental TA
spectrum of PT provides an upper limit for the magnitude of
homogeneous broadening of ~10° c¢m™. The additional
broadening compared with a more typical I', value of
approximately 10'—10* cm™" reduces the maximum amplitude
of the resonance enhancement for any individual electronic
transition by 1—2 orders of magnitude and also spreads out the
resonance across a wider range of excitation wavelengths. At
the same time, the broadening of nearby transitions leads to
contributions from those states as well. For example, the
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B3LYP calculations predict transitions to T}; and T, that are
0.24 eV below and 0.17 eV above the strongest transition to
T),, respectively. These differences in energy are comparable
to the upper limit of I', from the deconvolution of the
experimental spectrum. Therefore, all three of these states
could contribute to the Raman spectrum simultaneously.

Vibronic coupling may also play a role in determining the
relative intensities in the resonance Raman spectrum of the T
state of PT. The off-resonance Raman spectra calculated with
eq 3 already include contributions from B-term scattering
because the polarizability derivative implicitly contains some
vibronic coupling terms through the dipole derivative with
respect to vibrational displacements, as described by Long."”
Thus, the consistently good agreement between the off-
resonance Raman spectra and the experiment could be an
indication that vibronic coupling is involved. As mentioned
above, the FC and FCHT calculations are not helpful in
evaluating this effect due to shortcomings of the harmonic
approximation, whereas the gradient approach neglects any
explicit vibronic coupling contributions. Although beyond the
scope of this work, it would be desirable to extend the gradient
approximation to include such nonadditive, higher-order
effects.

6. CONCLUSIONS

We report the excitation wavelength dependence of the FSRS
spectrum for the T, state of PT and compare the trends we
observe to simulated on- and off-resonance Raman spectra
using several theoretical approaches. The experimental results
provide a rigorous benchmark for the accuracy of the
computational techniques, whereas the computational results
highlight the difficulties of interpreting FSRS spectra involving
more than one resonant or nearly resonant electronic
transition. These results also point to important limitations
of the FC and FCHT approaches for the calculation of
resonance Raman spectra in the presence of broad, overlapping
transitions. The more densely packed manifold of the high-
lying electronic states makes it difficult to extrapolate the PES
from the excited-state minimum to the Franck—Condon
geometry using the harmonic approximation.

The mode-specific excitation profiles in the experimental
FSRS spectrum may be explained by homogeneous broadening
of the Ty « T, transitions. A Lorentzian deconvolution of the
triplet absorption spectrum indicates several overlapping
transitions, each with significant homogeneous broadening.
Estimates of an upper limit to the I', values, based on the
experimental TA spectrum, show that these values are roughly
an order of magnitude larger than what is typically observed in
resonance Raman measurements. The reasonably large I',
values increase the relative importance of the mode-specific
resonance enhancement contributions from nearby transitions,
which may explain the broad excitation profiles observed for
the Raman bands. The significant homogeneous broadening is
possibly a result of increased vibronic coupling between the
electronic states of the triplet manifold. Thus, the good
agreement between the off-resonance Raman calculations and
the experimental spectrum may indicate that the contributions
from multiple transitions and vibronic coupling effects have an
influence on the FSRS spectrum that is comparable to or even
larger than the electronic resonance condition. In summary,
this work highlights the necessity of considering multiple
contributions when extracting information about resonant
electronic states in FSRS and helps explain the good agreement
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of off-resonant calculations with the resonance-enhanced FSRS
spectra of the triplet states of PT.
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