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ABSTRACT
Some diarylethene molecular switches have a low quantum yield for cycloreversion when excited by a single photon, but react more effi-
ciently following sequential two-photon excitation. The increase in reaction efficiency depends on both the relative time delay and the
wavelength of the second photon. This paper examines the wavelength-dependent mechanism for sequential excitation using excited-state
resonance Raman spectroscopy to probe the ultrafast (sub-30 fs) dynamics on the upper electronic state following secondary excita-
tion. The approach uses femtosecond stimulated Raman scattering (FSRS) to measure the time-gated, excited-state resonance Raman
spectrum in resonance with two different excited-state absorption bands. The relative intensities of the Raman bands reveal the ini-
tial dynamics in the higher-lying states, Sn, by providing information on the relative gradients of the potential energy surfaces that are
accessed via secondary excitation. The excited-state resonance Raman spectra reveal specific modes that become enhanced depending
on the Raman excitation wavelength, 750 or 400 nm. Many of the modes that become enhanced in the 750 nm FSRS spectrum are
assigned as vibrational motions localized on the central cyclohexadiene ring. Many of the modes that become enhanced in the 400 nm
FSRS spectrum are assigned as motions along the conjugated backbone and peripheral phenyl rings. These observations are consistent
with earlier measurements that showed higher efficiency following secondary excitation into the lower excited-state absorption band and
illustrate a powerful new way to probe the ultrafast dynamics of higher-lying excited states immediately following sequential two-photon
excitation.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0126974

I. INTRODUCTION

Photochromic compounds based on a central diarylethylene
framework have found widespread use as thermally stable, optically
reversible molecular switches.1–8 Many such systems undergo
reversible electrocyclization and cycloreversion reactions when
exposed to UV and visible light, respectively.9–12 For example, the
compound in Fig. 1, which we label as DAE throughout this paper,
is a prototypical diarylethylene-based molecular switch. DAE under-
goes efficient ring-closure upon irradiation of the open-ring isomer
with UV light, whereas excitation of the closed-ring isomer with
visible light results in ring-opening with a quantum yield less than∼0.02.13–18

A low cycloreversion yield is favorable for applications that
require read-out of the molecular state without converting the
molecule back to the open-ring isomer, but an alternate means of
reversion is necessary for maintaining switchability.1,2,17,19 Along
these lines, a series of insightful measurements by Miyasaka and
co-workers13,14,20,21 revealed a “gated” photoswitching mechanism
in which the low cycloreversion yield of several photochromic
molecules, including DAE, could be overcome by sequential exci-
tation with two time-delayed photons. The initial studies noted
that enhanced photoswitching was only observed for irradiation
with intense ps-duration laser pulses, whereas excitation with
fs-duration laser pulses of comparable intensity did not increase the
reaction yield compared to one-photon excitation at low power.13
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FIG. 1. Absorption spectra of the open- and closed-ring isomers of 1,2-bis(2,4-
dimethyl-5-phenyl-3-thienyl)-perfluorocyclopentene, DAEo and DAEc, respec-
tively.

Those authors proposed a mechanism in which the molecule must
evolve in time between the initial excitation with one photon and
re-excitation with a second photon from the same laser pulse.13,20

Indeed, more recent measurements using independent time-delayed
fs laser pulses by our group and others confirm that the sequential
two-photon excitation mechanism requires evolution in the initially
excited state before the absorption of a second photon accesses a
higher-lying electronic state that more efficiently drives the cyclore-
version reaction.13–15,22–25 Furthermore, the sequential two-photon
excitation mechanism for DAE depends on the wavelength of the
second photon, which implies that accessing different higher-lying
states induces different reaction dynamics.16,23

Previous ultrafast measurements probed the sequential excita-
tion mechanism using transient absorption (TA) spectroscopy with
a pump–repump–probe pulse sequence.13,14,17,24,26,27 For example, a
change in the ground-state bleach intensity at time delays that are
much longer than the excited-state lifetime helps probe the impact
of sequential two-photon excitation on the cycloreversion quantum
yield compared to excitation by either of the individual photons
on their own. Notably, we showed that the increase of the reaction
yield depends on both the wavelength and the relative time delay
of the secondary (re-pump) excitation pulse.23 Similar measure-
ments probing the evolution of the TA signal at very short time
delays revealed the spectral signature of a short-lived (∼200 fs)
species immediately after secondary excitation, which we attributed
to the fleeting population of a higher-lying electronically excited
state.23 The TA measurements provide only limited information
about the dynamics following sequential excitation, due to the
very short lifetimes and broad, overlapping electronic absorp-
tion bands. Therefore, the current study turns to excited-state
resonance Raman spectroscopy as a means of probing the ultra-
fast dynamics in the higher-lying states following secondary
excitation.

Analogous to traditional resonance Raman spectroscopy
starting from the ground-state,28–33 excited-state resonance Raman
measurements provide information about the higher-lying states
based on mode-specific enhancements of the vibrational scattering
signal.34–36 Briefly, the frequencies in a resonance Raman spectrum

report on the structure of the lower electronic state, whereas
mode-specific enhancements reflect the relative gradient (or dis-
placement) of the upper-state potential energy surface along each
of those vibrational coordinates. In other words, the relative
Raman scattering intensities reveal the initial motions of the
wave packet upon excitation by highlighting which modes are
Franck–Condon (FC) active. In the case of excited-state resonance
Raman measurements, the vibrational frequencies reflect the struc-
ture of the molecule in the first excited state, S1, whereas the relative
intensities provide information about the higher-lying electronic
states, Sn.

The femtosecond stimulated Raman scattering (FSRS) tech-
nique allows time-gating of the excited-state Raman measurement
relative to the initial actinic excitation.37,38 Although tradition-
ally used to follow the dynamics of a molecule propagating along
the S1 potential energy surface, we recently demonstrated that
mode-specific resonance enhancement of the FSRS signal probes
the topology of the higher-lying potential energy surfaces.35,36

Our proof-of-principle measurement for the non-reactive model
compound diphenylthiophene (DPT) shows good agreement
between the experimental mode-specific resonance enhancements
and the calculated gradients of the higher-lying states from high-
level calculations, demonstrating the ability of FSRS to probe the
topology of higher-lying excited-state potential energy surfaces.35

In this contribution, we use resonance-enhanced FSRS to gain
new insight into the ultrafast dynamics on the upper-state potential
energy surfaces of DAE. The FSRS scheme parallels the sequential
two-photon excitation experiments by probing the dynamics
of higher-lying excited states that are accessible from S1. The
wavelength dependence of the secondary excitation in the sequen-
tial two-photon process sets the stage for studying state-dependent
dynamics on the upper-state potential energy surfaces based on
resonance-enhanced FSRS measurements. Specifically, we measure
the excited-state Raman spectrum of DAEc at two different Raman
pump wavelengths—400 and 750 nm—corresponding to different
transitions in the excited-state absorption spectrum. The mode-
specific enhancements reveal differences in the initial dynamics
immediately following secondary excitation. We discuss the results
in the context of the earlier pump–repump–probe measurements
showing time- and wavelength-dependent enhancement of the
cycloreversion yield for sequential excitation.

II. EXPERIMENTAL METHODS
We measure the ground- and excited-state Raman spectra

of 1,2-bis(2,4-dimethyl-5-phenyl-3-thienyl)-perfluorocyclopentene
(DAE, Fig. 1) using the femtosecond stimulated Raman scattering
technique.39–46 The samples consist of 5 or 10 mM solutions of DAE
in cyclohexane (spectroscopic grade, Fisher Scientific). We obtain
DAE from TCI America in the transparent, open-ring form (DAEo)
and use it without further purification. Irradiating the sample solu-
tion with a 310 nm LED for several hours converts the compound
to a photostationary state consisting of primarily the closed-ring
isomer (DAEc). Only DAEc contributes to the ground- and excited-
state Raman spectra that we measure, due to the lower concentration
and the weaker overall Raman activity of the open-ring isomer.15,47

We use a gear pump to flow the sample solution through an optical
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cell with 1 mm thick CaF2 windows and 0.5 mm path length. The
310 nm LED continuously irradiates the sample reservoir during the
measurements, to maintain the photostationary state of the recircu-
lating ∼20 ml solution over several hours of laser excitation. Optical
absorption spectra measured before and after the experiment show
no evidence of photodamage.

The FSRS measurements use the output of an amplified
Ti:sapphire laser (Coherent, Legend Elite HP) that produces 35 fs
pulses at 1 kHz repetition rate. The laser fundamental is split into
three separate beams to generate the actinic pump, Raman pump,
and white-light probe pulses. First, a commercial optical para-
metric amplifier (OPA) with two additional stages of non-linear
frequency conversion converts one portion of the laser output to
560 nm actinic pump pulses (50 fs and 7.0 �J at the sample).
Next, we use either the output from a second OPA or a second
portion of the laser fundamental to obtain narrowband Raman
pump pulses via second harmonic generation and spectral filtering.
Passing the frequency-doubled light at either 750 or 400 nm through
a 4 f spatial filter gives 1.0 �J pulses of 1–2 ps duration and∼15 cm−1 bandwidth.46,48 Finally, we obtain broadband fs probe
pulses by focusing a small portion of the laser fundamental into
a continuously translating CaF2 window mounted on a circular
translation stage for white-light continuum generation. All three
resulting laser beams have vertical polarization and propagate in
the plane of the laser table before intersecting in the sample at a
small angle. Synchronized optical choppers block the actinic pump
at 500 Hz and the Raman pump at 250 Hz for active background
subtraction.

After the sample, a 1/4 m imaging spectrograph (Newport,
MS260i) disperses the probe light onto a 2068 pixel linear CCD array
(Hamamatsu, S11156-2048) for shot-to-shot detection. We use an
entry slit of 50 �m and either a 1200 or 2400 line/mm grating (for
the measurements using 750 and 400 nm Raman pump wavelength,
respectively), to achieve an ∼10 cm−1 resolution. A neutral density
filter attenuates the probe light after the sample in order to match the
dynamic range of the CCD array detector. The ground-state stimu-
lated Raman signal is obtained from the ratio of the probe intensity
with and without the Raman pump incident on the sample, both
with the actinic beam blocked. The excited-state Raman spectrum is
calculated as the difference between the Raman gain obtained with
and without the actinic pump. We typically average over 4 ×106

combinations of the actinic and Raman pump pulse sequences
(16 ×106 laser shots) per spectrum. The baseline correction methods
are described in the supplementary material.

For comparison with the experimental results, we also calcu-
late the ground- and excited-state Raman spectra of DAEc. We
calculate the ground-state spectrum using density functional theory
(DFT) with B3LYP/aug-cc-pVDZ, and the excited-state spectrum
using time-dependent DFT (TD-DFT) with B3LYP/6-31+G∗. In
each case, we find the optimized geometry and normal mode
coordinates and then obtain the Raman intensities by numerical
differentiation of the polarizability tensor in each normal mode
coordinate using analytical polarizabilities.34 The calculations use
a development version of GAUSSIAN.49 No resonance condition
is explicitly included in either the ground- or excited-state calcula-
tions. However, we note that resonance enhancement only affects
the magnitude of the Raman scattering and not the frequencies.50

Previous work shows good agreement between the experimental and

calculated frequencies at these levels of theory,51 even in the excited
state.34–36,52

III. RESULTS AND ANALYSIS
A. Transient absorption and ground-state
Raman spectroscopy

The excited-state dynamics of DAEc have been reported pre-
viously, including both TA and FSRS measurements.15,16,22,53–55 In
order to provide a reference for the excited-state Raman measure-
ments that we present below, Fig. 2 shows the evolution of the
TA spectrum following actinic excitation at 560 nm. The transient
spectrum includes overlapping contributions from both ground-
state bleaching (centered near 550 nm) and excited-state absorption.
The excited-state lifetime of ∼9 ps and cycloreversion yield of only∼0.02 result in complete decay of the excited-state absorption bands
and significant recovery of the ground-state bleach within tens
of ps, after which the signal no longer changes.13,15,23 Importantly,
anisotropy measurements (see the supplementary material) indicate
that the excited-state absorption probes different transitions in the
400–450 nm and 650–750 nm ranges.56 The wavelength-dependence
of the sequential two-photon excitation experiments described in the
introduction section also points to different transitions in these two
regions of the excited-state spectrum.23 These are the two regions
that we probe in the FSRS spectra presented below.

The ground-state Raman spectrum of DAEc provides another
important reference point for comparison with the excited-state
measurements. Figure 3 shows the stimulated Raman spectrum that
we obtain with the 750 nm Raman excitation, as well as the calcu-
lated spectrum and the spectrum of neat cyclohexane, the latter of
which has been subtracted from the experimental spectra through-
out this paper. The stimulated Raman spectrum of DAEc closely
resembles the spontaneous Raman spectrum that we obtain using
a commercial spectrometer at 785 nm, except for a few transitions

FIG. 2. Evolution of the optical TA spectrum of DAEc following actinic excita-
tion at 560 nm. The gray dashed line shows the ground-state absorption for
comparison. The gray marker indicates the actinic excitation wavelength, and
black markers and color bars indicate the Raman pump and probe wavelengths,
respectively.

J. Chem. Phys. 157, 234302 (2022); doi: 10.1063/5.0126974 157, 234302-3

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/jcp
https://www.scitation.org/doi/suppl/10.1063/5.0126974
https://www.scitation.org/doi/suppl/10.1063/5.0126974


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

FIG. 3. Ground-state Raman spectrum of DAEc. The experimental spectrum (red)
is from stimulated Raman scattering at 750 nm excitation with an anti-Stokes
probe. The calculated spectrum (black) includes a 0.970 frequency scaling factor
and a 15 cm−1 broadening. The Raman spectrum of the neat solvent is also shown
for comparison.

with slightly higher intensity due to resonance enhancement
effects.57 Notably, the stimulated Raman measurements at 750 nm
use an anti-Stokes probe light that partially overlaps the tail of the
ground-state absorption band of DAEc (see Fig. 2). The observed
frequencies for several of the most intense Raman bands in the
ground-state spectrum of DAEc are listed in Table I, along with the
calculated transition frequencies and vibrational mode assignments.
A complete table of calculated frequencies and intensities is available
in the supplementary material.

We assign the experimental bands in the ground-state spectrum
by comparison with the calculations. For example, we assign the
dominant vibrational band at 1497 cm−1 as a delocalized ethylenic
stretching mode that extends along the backbone of the molecule
(ν142 in the calculations). Some of the experimental bands have con-
tributions from several closely spaced transitions, such as the band
near 1437 cm−1 (ν132–ν139), but in most cases we identify a single
transition that is most likely responsible for the observed band.34,52

Subtle differences in the relative intensities of the experimental and
calculated spectra also reveal mode-specific resonance enhancement
effects for some of the stimulated Raman bands. For example, the
band at 1558 cm−1 is relatively strong in the experimental spectrum,
compared to the calculated spectrum, which does not include any
resonance enhancement effects. The assignment of this band as a
delocalized backbone stretching mode (ν144) is relatively straight-
forward, based on the consideration of the resonance condition for
ππ∗ excitation and the relatively low density of vibrational states
in this region of the spectrum. A more detailed analysis of the

TABLE I. Assignment of ground-state Raman bands.

Expt. (cm−1) Calc.a (cm−1) Mode Mode assignmentb

990 978 ν89/90 Phenyl ring breathing
1037 1022 ν96/97 Phenyl CH wag
1106 1087 ν105 CHD ring breathing, methyl str.
1150 1129 ν108 C–C str. in CHD ring and methyl⋅ ⋅ ⋅ 1152 ν111 C–C str. localized in CHD ring, methyl bend
1222 1199 ν114 C–C str. in CHD ring⋅ ⋅ ⋅ 1225 ν116 Delocalized backbone str.
1259 1234 ν117 Delocalized backbone str., inter-ring C–C str.⋅ ⋅ ⋅ 1262 ν118 C–C str of central rings⋅ ⋅ ⋅ 1277 ν119 C–C str. in phenyl, CH wag⋅ ⋅ ⋅ 1309 ν122/123 CH wag in phenyl, low amp backbone str.
1326 1312 ν124 Delocalized backbone stretching⋅ ⋅ ⋅ 1415 ν130/131 Localized C–C phenyl str. and CH wag
1437 1424–39 ν132–139 Methyl CH bend and umbrella (mixed)
1497 1490 ν142 C=C backbone str., methyl umbrella⋅ ⋅ ⋅ 1515 ν143 C=C backbone str., phenyl CH wag
1558 1550 ν144 Deloc. C=C backbone str.; higher amp. in CHD⋅ ⋅ ⋅ 1564 ν145 Localized C–C phenyl ring str.⋅ ⋅ ⋅ 1574 ν147 C=C str. in CHD
1595 1592 ν148/149 Localized C–C phenyl ring str.
aB3LYP/aug-cc-pVDZ with 0.970 frequency scaling factor.
bCHD = Cyclohexadiene.
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ground-state resonance Raman spectrum of DAEc was presented
elsewhere.57

B. Excited-state resonance Raman spectroscopy
Turning to the excited state, Fig. 4 shows the resonance-

enhanced FSRS spectra that we obtain using Raman excitation
wavelengths of 750 and 400 nm. For each Raman excitation
wavelength, we report spectra for time delays of 0.3 and 5.0 ps after
the actinic excitation at 560 nm. The excited-state measurements are
complicated by attenuation of the Raman pump and probe pulses,
due to transient absorption by the excited molecules. Resonant
excitation by the Raman pump pulses results in both bleaching of
the excited-state absorption bands and reduced ground-state and
solvent scattering signals, due to depletion of the Raman pump
pulses. Together, these effects complicate the signal processing, but
have been compensated by suitable background subtraction and
baseline correction methods, as described in the supplementary
material. The resulting spectrum for the 750 nm Raman excitation
at 0.3 ps is in very good agreement with the FSRS spectrum of DAEc
measured with an 800 nm Raman excitation and a Stokes probe light
by Valley et al.53 We are not aware of previous FSRS measurements
for DAEc at any other Raman excitation wavelengths.

Notable transitions in the 750 nm FSRS spectrum at 0.3 ps
include the bands at 1580, 1508, 1343, 1308, 1188, and 1001 cm−1.
There are many additional bands with lower intensity, especially
in the lower-frequency region of the spectrum below 800 cm−1.
Several of the same transitions are also evident in the 400 nm FSRS
spectrum, including bands near 1587, 1503, and 1188 cm−1, to which
we assign the same vibrations as in the 750 nm spectrum, despite the
slightly different frequencies for the two higher-frequency bands. In
other regions of the spectrum, there are more significant differences

in intensity between the Raman excitation wavelengths. For exam-
ple, some transitions are relatively strong in the 400 nm spectrum
compared to the 750 nm spectrum (e.g., 1263 and 1443 cm−1 bands),
whereas others are much weaker (1188 cm−1) or missing from the
400 nm spectrum altogether (1308 and 1343 cm−1). We also note
that the intense and well-defined 1001 cm−1 band in the 750 nm
spectrum is replaced by a pair of transitions at 987 and 1026 cm−1 in
the 400 nm spectrum.

The time dependence of the FSRS spectrum is similar at 400 and
750 nm, with the overall Raman signal strength falling by about half
at most frequencies due to the declining excited-state population. An
exception is the 1503/1508 cm−1 band, which decays almost entirely
to the baseline on this timescale, regardless of the excitation wave-
length. We also observe a very broad band (or collection of bands) in
the 1420–1480 cm−1 range of the 750 nm spectrum at 5 ps. The broad
feature may be related to incomplete subtraction of the ground-state
spectrum, which has a broad baseline in this frequency range, or it
could reflect a contribution from vibrationally hot molecules that
return to the ground state on this timescale. The broad feature is
absent from the 400 nm spectrum at 5 ps, possibly because that
excitation wavelength is less sensitive to resonance enhancement for
vibrationally hot molecules in the ground electronic state. The band
is also absent from the spectrum reported by Valley et al.,53 possi-
bly due to that measurement (800 nm pump, Stokes probe) being
farther from the resonance with the ground-state absorption. We
are currently examining the time-evolution in more detail in
order to better understand the origin of this transient Raman
band.

Figure 4 shows the calculated excited-state Raman spectrum
of DAEc for comparison with the experimental FSRS spectra.
Importantly, the calculated spectrum, which is the same in both

FIG. 4. Excited-state resonance Raman
spectra following actinic excitation of
DAEc at 560 nm. The left panel shows
experimental FSRS spectra at a time
delay of 0.3 ps; the right panel shows
the spectra at 5 ps delay. From top to
bottom, each panel shows the experi-
mental FSRS spectra at 750 nm (red)
and 400 nm (blue), the calculated
spectrum (black), and the experimen-
tal ground-state spectrum (green). The
calculated spectrum includes a 0.963
frequency scaling factor and a 15 cm−1

broadening, but neglects resonance-
enhancement effects. All FSRS spectra
have been corrected for ground state
bleach.
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panels of the figure, does not include any resonance-enhancement
effects, whereas both experimental FSRS spectra are in resonance
with excited-state absorption bands. The calculated Raman spec-
trum also depends on the optimized geometry of the excited state.
Optimization of the first excited state results in a local minimum
that is located relatively close to the Franck–Condon (FC) point. The
main structural differences at the local minimum compared to the
FC geometry include reduced bond alternation along the conjugated
backbone, elongation of the reactive C–C bond (from 1.542 to
1.592 Å), and slight planarization of the phenyl rings relative to the
thiophene rings. The local minimum is 1680 cm−1 below the FC
point of S1 at the B3LYP/6-31+G∗ level of theory.

The calculated spectrum at this single point provides a static
snapshot that is independent of any dynamics on the S1 potential

energy surface. Although the frequencies and intensities depend on
the precise structure of the molecule, the calculations represent a
useful point of comparison that is independent of the electronic
resonance condition. Table II lists the mode assignments for many
of the experimental Raman bands, based on comparison with the
calculations. A complete list of the calculated transition frequencies
and intensities for the excited state is available in the supplementary
material. The calculated intensities tend to decrease with decreasing
frequency, reminiscent of the ground-state spectrum,58 but in stark
contrast with the experimental resonance Raman spectra at both
750 and 400 nm. We previously observed a similar preference
for resonance enhancement of the low-frequency modes in the
excited-state Raman spectra of several aryl-substituted thienyl
compounds.34–36

TABLE II. Excited-state Raman band assignments.

750 nm (cm−1) 400 nm (cm−1) Calc.a (cm−1) Modeb Descriptionc

⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 490 ν48 CHD and thiophene ring breathing, phenyl deformation
495 496 496 ν49 C–S str., out of plane CH wag on phenyl
526 ⋅ ⋅ ⋅ 519 ν51 C–S str., CHD and phenyl ring deformation⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 550 ν53 Out of plane ring torsion of thiophene and CHD
564 ⋅ ⋅ ⋅ 566 ν55 Out of plane torsion of phenyl, CHD ring breathing, CH rock⋅ ⋅ ⋅ 579 580 ν56 Out of plane backbone deformation⋅ ⋅ ⋅ 612 615 ν60 Out of plane torsion of backbone, phenyl ring breathing
634 ⋅ ⋅ ⋅ 638 ν62 C–S str. and CHD ring torsion
699 ⋅ ⋅ ⋅ 682 ν66/67 Phenyl CH out of plane rock
902 ⋅ ⋅ ⋅ 915 ν81 C–S str. and phenyl ring breathing⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 959 ν86 Delocalized ring breathing of CHD, thio and phenyl
969 ⋅ ⋅ ⋅ 973 ν90 Phenyl ring deformation⋅ ⋅ ⋅ 987 987 ν91 Phenyl ring breathing, C=C str. in thiophene, CH wag
1001 ⋅ ⋅ ⋅ 1005 ν92 CHD and cyclopentane ring deformation, methyl C–C str.⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 1023 ν95 Methyl and phenyl CH wag⋅ ⋅ ⋅ 1026 1027 ν98 Methyl CH wag
1056 ⋅ ⋅ ⋅ 1060 ν102 CHD C–C str., methyl CH rock⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 1112 ν106/107 C–C str. in CHD, cyclopentane breathing and CH wag
1139 ⋅ ⋅ ⋅ 1142 ν109 C–C str. in CHD ring and umbrella motions of methyl⋅ ⋅ ⋅ 1157 1152 ν112 C–C str. between CHD and thiophene rings⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 1172 ν113/114 CH rock in phenyl rings
1188 1188 1191 ν115 C–C str. in CHD ring, phenyl and cyclopentane, methyl umbrella⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 1228 ν116/117 C–C str. between phenyl and thiophene, phenyl CH rock
1263 1263 1255 ν118 Delocalized backbone str., cyclopentane C–C str.
1308 ⋅ ⋅ ⋅ 1300 ν121 C–C str. of CHD, thio and cyclopentane, CH rock⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 1330 ν124 C–C str. in central ring, phenyl CH rock
1343 ⋅ ⋅ ⋅ 1340 ν125 C=C str. in central rings and cyclopentane⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 1351 ν126 C–C str. in central rings, methyl umbrella⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 1386 ν129 Backbone C=C str., methyl umbrella⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 1392 ν130/131 Methyl umbrella, C=C str. in thiophene⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 1421 ν133 C–C str of carbon backbone, phenyl CH rock
1444 1443 1440 ν134/135 C=C str. along carbon backbone, methyl umbrella
1508 1503 1482 ν144/145 C=C str. along carbon backbone, CH rock
1580 1587 1581 ν148/149 Localized C–C str. in phenyl rings
aB3LYP/6-31+G∗ with 0.963 frequency scaling factor.
bDegenerate or nearly degenerate modes indicated as νn/m .
cCHD refers to the central cyclohexadiene ring.
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We tentatively assign the highest-frequency band in each of
the experimental FSRS spectra as a pair of nearly degenerate modes
ν148/149 that are responsible for the strongest transition in the
calculated spectrum. The slightly different frequencies for these two
experimental bands, 1580 and 1587 cm−1, may reflect background
subtraction error in this region of the spectrum. Nevertheless, the
assignment of this mode is relatively straightforward, because it
is well isolated from the other transitions and is one of the most
intense bands in both experimental and calculated spectra. Inter-
estingly, this transition excites a localized phenyl ring stretching
mode, rather than the delocalized C=C stretching mode that dom-
inates the ground-state spectrum (ν142 at 1497 cm−1). In the excited
state, we assign the experimental bands at 1508/1503 and 1443 cm−1

as nearly degenerate pairs of backbone stretching modes ν144/145
and ν134/135, respectively, with the latter having more intensity in
the 400 nm spectrum due to mode-specific resonance enhance-
ment at that excitation wavelength. The different intensities and
the large frequency shift for the delocalized C=C stretching modes
between the ground and excited states reflect differences in conjuga-
tion between the two electronic states due to the different π electron
densities.

The excited-state Raman spectrum becomes more congested
at lower frequencies. Figure 5 shows an expanded view of the
1000–1400 cm−1 range of the spectrum, including sticks that

FIG. 5. Excited-state resonance Raman spectra in the 900–1400 cm−1 region for
the 750 and 400 nm excitation (red and blue, respectively). Sticks represent the
calculated Raman transitions after applying the frequency correction of 0.963. The
calculations do not account for resonance enhancement effects.

represent the calculated transition intensities. The stick spectrum
illustrates the relatively high density of vibrational states in this
region, and mode assignments are further complicated by the
resonance condition, which has a significant impact on the observed
intensities compared to the off-resonance calculations.34 For
example, the bands at 1343 and 1308 cm−1 in the 750 nm spectrum
are barely distinguishable from the noise in the 400 nm spectrum.
We assign these bands as ν125 and ν121, respectively, both of which
involve stretching in the central region of the molecule, including
the cyclohexadiene ring. In contrast, the band near 1263 cm−1 in
the 400 nm spectrum, which we assign as a delocalized backbone
stretching mode, ν118, is very weak in the 750 nm spectrum. These
mode-specific resonance enhancements illustrate differences in the
upper electronic states that are accessed by excitation at the two
wavelengths.

Other assignments in the 1000–1400 cm−1 region of the Raman
spectrum include the bands near 1188, 1139, 1056, and 1001 cm−1

in the 750 nm spectrum, and at 1188, 1157, 1026, and 987 cm−1 in
the 400 nm spectrum. The band near 1188 cm−1, which appears in
both experimental spectra, but has very little intensity in the cal-
culated spectrum, is assigned as ν115, a C–C stretching mode that
includes significant displacement of the reactive C–C bond in the
cyclohexadiene ring. The assignment of ν115 is based on a rela-
tively large frequency gap compared to the adjacent vibrations, and
the consideration that this motion is more likely to gain inten-
sity from resonance with π-conjugated excitation than the nearby
C–H rocking mode. This band was previously identified by Valley
et al.53 as a key C–C stretching mode related to the cycloreversion
reaction coordinate. In fact, we find that many of the modes that
have the most significant resonance enhancement in the 750 nm
spectrum involve vibrations with significant displacements in the
central region of the molecule, including the cyclohexadiene ring
that undergoes cycloreversion, in contrast with the more delocalized
modes that are enhanced in the 400 nm spectrum.

IV. DISCUSSION
Mode-specific resonance enhancements in the excited-state

resonance Raman spectra measured at 750 and 400 nm reveal
new information about the initial dynamics following secondary
excitation from S1 to the higher-lying excited states of DAEc.
Previous experiments examined the mechanism for sequential
excitation using time-resolved pump–repump–probe spectroscopy
(PReP).22,23 The PReP measurements show that re-excitation at
400 nm increases the quantum yield only after a delay of several
ps, suggesting that the secondary excitation does not access a more
reactive region of the upper-state potential energy surface until after
the molecule overcomes a barrier on the S1 surface (Fig. 6). In con-
trast, re-excitation at 750 nm results in increased cycloreversion for
delays as short as 100 fs after the initial excitation, suggesting that
secondary excitation at this wavelength accesses a more reactive
region of the upper state almost immediately.23

The FSRS measurement mirrors the PReP experiment by
probing the higher-lying states of DAEc at various points along
the S1 reaction coordinate. Thus, the time-dependent FSRS spectra
in Fig. 4 provide a complementary way to probe the mechanism
for sequential two-photon excitation. For example, differences in
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FIG. 6. Schematic diagram of the reaction dynamics upon sequential excitation at
750 and 400 nm. Adapted from Ref. 23.

the mode-specific enhancements at 750 and 400 nm illustrate the
different initial wave packet motions for re-excitation at these
wavelengths. According to the Woodward–Hoffman rules,59 the
cycloreversion reaction involves conrotatory motion in the central
cyclohexadiene ring that ultimately breaks the C–C σ-bond and
provides a pathway to the open-ring isomer. Therefore, we antic-
ipate that vibrations preserving the C2 symmetry of the molecule
will promote the cycloreversion reaction. Valley et al.,53 identified
excited-state Raman bands at 1181 and 1333 cm−1 as vibrations
localized on the cyclohexadiene ring that represent motion along
this ring-opening reaction coordinate. They also observed a band
at 993 cm−1, which they assigned as a phenyl ring bending mode
that is orthogonal to the reaction coordinate. Molecular dynamics
simulations by Chiariello et al.,60 support these interpretations by
showing that the 1181 and 1333 cm−1 modes play an integral role in
the ring-opening reaction.

Beyond simply identifying vibrational modes that map onto the
reaction coordinate, excited-state resonance Raman spectroscopy
probes the Franck–Condon activity of each mode upon re-excitation
to the higher-lying states, Sn, based on the wavelength-dependent
intensities. For example, we observe significant enhancement of
the Raman bands near 1188 and 1343 cm−1 in the 750 nm spec-
trum. Similar to Valley et al.,53 we assign these bands as vibrations
involving C–C stretching of the cyclohexadiene ring, which suggests
that re-excitation at this wavelength launches a wave packet on the
upper state that initially moves along the cycloreversion reaction
coordinate (Fig. 6). In addition, we observe mode-specific enhance-
ment of the bands near 1308, 1139, 1056, and 1001 cm−1, which
are all identified by comparison with the calculations as having

stretching motions related to the cyclohexadiene ring-opening reac-
tion coordinate. These mode-specific enhancements suggest that the
initial wave packet motion on the upper state following sequential
excitation at 750 nm maps directly onto the cycloreversion reaction
coordinate.

In contrast with the enhancements at 750 nm, the 400 nm
spectrum reveals resonance enhancement for vibrations that do
not directly promote the cycloreversion reaction. For example,
the strongly enhanced bands near 1263, 1026, and 987 cm−1 are
assigned as delocalized backbone stretching, C–H wagging, and
phenyl ring breathing modes, respectively. We equate the 987 cm−1

band in our 400 nm spectrum with the 993 cm−1 band identified by
Valley et al.,53 a mode involving vibration of the phenyl rings that
is orthogonal to the reaction coordinate. We distinguish this band(ν97) from the one near 1001 cm−1 (ν92), which is significantly
enhanced in the 750 nm spectrum, and that we assign as cyclo-
hexadiene and cyclopentane ring deformations. The band at 1188
cm−1 is observed in the 400 nm spectrum; however it is not as
strongly enhanced compared to other modes. While this band is
assigned as having significant displacement in the cyclohexadiene
ring, it is combined with other resonance-enhanced vibrations in
the 400 nm spectrum that compete with the motion along the C–C
bond-breaking coordinate, thus diminishing the overall projection
of the initial wave packet onto the reaction coordinate for excitation
at this wavelength.

Importantly, the different relative intensities in the excited-
state resonance Raman spectra at 750 and 400 nm illustrate different
initial motions of the wave packet upon re-excitation from S1 to Sn.
Re-excitation at 750 nm initiates a wave packet that has significant
motion along the cycloreversion reaction coordinate, consistent with
the PReP measurements showing enhanced reaction yield for this
re-excitation wavelength at short pump–repump delay times.23 In
contrast, re-excitation at 400 nm initiates a wave packet that initially
moves along coordinates that are counterproductive, which explains
the lack of enhanced reactivity for secondary re-excitation at short
pump–repump delay times (Fig. 6). Indeed, the PReP measure-
ments indicate that the enhanced yield for the 400 nm re-excitation
requires a few-ps time delay between the first and second excitation
laser pulses in order to increase the reaction yield.22

Time-gating of the resonance Raman measurement has the
potential to probe the gradients (and, therefore, the initial dynamics)
of the upper-state potential energy surfaces at various points along
the S1 reaction path. Although a full analysis of the time-evolution
is beyond the scope of this paper, we observe important differences
in the FSRS spectra at 0.3 and 5 ps time delays. For example, the
1508/1503 cm−1 band decays within 5 ps for both excitation wave-
lengths, which is much faster than for other vibrations. The rapid
decay of this band may reflect a change in the molecular structure
associated with changes in the π-conjugation, possibly including
C–C bond breaking as the molecule overcomes a barrier on the
S1 surface.61 Although we anticipated an increase in the relative
intensities of vibrations that map onto the reaction coordinate at the
longer delay time for 400 nm re-excitation, this is not the case. We
also find it somewhat surprising that the frequencies of the vibra-
tional bands do not change very much between 0.3 and 5 ps in either
spectrum, although we note that the broad set of vibrational bands
near 1420–1480 cm−1 in the 750 nm spectrum may probe return to
the ground electronic state on a ∼9 ps timescale. A more complete
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analysis of the time-evolution of the FSRS signals at 750 and 400 nm
is underway.

V. CONCLUSIONS
We have reported excited-state resonance Raman spectra for

a molecular photoswitch using Raman excitation wavelengths of
750 and 400 nm. The resonance Raman spectra at these wavelengths
probe the initial wave packet dynamics on different higher-lying
excited states, Sn, at well-defined time delays following the initial
actinic excitation of the molecule at 560 nm. The FSRS approach
allows us to identify the initial motions of the wave packet upon
secondary excitation to each of the upper states based on mode-
specific enhancements of the Raman bands. The different excitation
wavelengths reveal different dynamics. Re-excitation into the lower-
energy state at 750 nm populates vibrational modes that are localized
in the central region of the molecule and resemble the ring-opening
reaction coordinate. In contrast, re-excitation into the higher-energy
state at 400 nm populates vibrations that are not directly related to
the cycloreversion reaction, suggesting that the initial wave packet
motion is largely concentrated in the backbone and peripheral
phenyl ring motions that are orthogonal to the reaction coordi-
nate. This work highlights the ability of FSRS to provide detailed
new information about the dynamics on higher-lying excited
states that is not available using electronic spectroscopy techniques
alone.

SUPPLEMENTARY MATERIAL

See the supplementary material for a description of the baseline
correction methods, the optical anisotropy spectrum, a comparison
of stimulated and spontaneous ground-state Raman spectra, and
tables of the coordinates and calculated Raman spectra for ground-
and excited-state DAEs.
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