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ABSTRACT: Intersystem crossing in conjugated organic molecules is most
conveniently viewed from pure electronic perspectives; yet, vibrational displacements
may often drive these transitions. We investigate an alkyl-substituted thienylene−
vinylene dimer (dTV) displaying efficient triplet formation. Steady-state electronic and
Raman spectra display large Stokes shifts (∼4000 cm−1) involving high-frequency
skeletal symmetric stretching modes (∼900−1600 cm−1) in addition to large
displacements of low-frequency torsional motions (∼300−340 cm−1). Transient
absorption spectroscopy reveals the emergence of distorted singlet (S1) and triplet
signatures following initial vibrational relaxation dynamics that dominate spectral
dynamics on time scales > 100 ps, with the latter persisting on time scales up to ca. 7
μs. Potential energy surfaces calculated along the dominant displaced out-of-plane torsional mode reveal shallow energy barriers
for entering the triplet manifold from S1. We propose that dTV is a good model system for understanding vibrational
contributions to intersystem crossing events in related polymer systems.

Spin-forbidden triplet excited states in conjugated organic
molecules have a large bearing on functionality and

performance at the materials level.1,2 In most cases, intersystem
crossing yields are small, and relaxation within the singlet
manifold typically dominates excited-state dynamics.3 On the
other hand, conjugated heterocycles (e.g., thiophenes) often
exhibit substantial triplet yields that vary significantly with size,
conformation, and packing order.4−6 Because there is now
widespread interest in harvesting triplets to improve perform-
ance metrics of optoelectronic devices, such as solar cells,7,8

comprehensive pictures of molecular electronic and structural
factors governing transitions to and from the triplet manifold
are needed.
Intersystem crossing events are most conveniently described

from a pure electronic perspective that only considers vertical
energies as inputs for estimating couplings and rate constants.9

However, the role of vibrational motions in mediating triplet
formation and relaxation is now receiving greater consid-
eration.4,10 There is also increased interest in potentially
harnessing specific vibrational motions to regulate transitions
between different spin state manifolds11 although this topic
has remained relatively unexplored.
Here, we investigate the roles of mode-specific vibrational

displacements on triplet formation dynamics in an alkyl-
substituted trans-thienylene−vinylene dimer (dTV; see
Scheme 1), a small-molecule analogue of poly(thienylene−
vinylenes) (PTV). PTV photophysics, though well studied,
have remained controversial largely due to the short-lived
nature of their excited states.12−14 For example, dipole-
forbidden midgap excited states (i.e., 2Ag) have been invoked

to explain rapid excited-state relaxation and nonemissive
behavior commonly observed in these systems.12,15,16 This
model was next amended by Musser et al. to include a singlet
fission process within ∼45 fs followed by relaxation of the
triplet pair to the 2Ag state and subsequent decay to the
ground electronic state.14 However, Hu et al. demonstrated
that fluorescence emission could be restored by dispersing a
PTV derivative in a solid inert host, causing aggregates to
dissociate.17 Our group also recently observed rich Franck−
Condon vibrational dynamics in aggregating PTVs, which
promotes efficient nonradiative relaxation.18 While a compre-
hensive photophysical model describing the interdependence
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Scheme 1. Structure of the trans-Thienylene−Vinylene
Dimer (dTV)
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on molecular structure is still lacking, minimizing complica-
tions from aggregation and heterogeneity effects is essential to
obtain unambiguous views of photophysical pathways.19 To
this end, we demonstrate that dTV can serve as a model system
for resolving vibrational contributions to intersystem crossing
events in related molecules20 and nonaggregating polymeric
counterparts.
Figure 1 shows Raman spectra (a) and electronic absorption

and fluorescence emission spectra (b) of dilute dTV solutions.

Raman spectra were measured under off-resonance conditions
(785 nm), showing activity in multiple skeletal vibrations.
Comparison between Raman patterns of a related PTV
derivative reveal similar features confirming intra- and inter-
ring CC symmetric stretching vibrations that were assigned
previously.21,22 Both absorption and fluorescence emission
spectra display a partially resolved vibronic progression with an
average interval of ∼1300 cm−1 representing the coalescence of
multiple displaced skeletal modes. Stokes shifts of ca. 4000
cm−1 are apparent, indicating large excited-state geometric
distortions. We next used a simple undistorted harmonic
oscillator model for up to nine modes (i.e., dominant displaced
modes from Raman spectra) and a single electronic origin
(E0−0) to simulate spectral line shapes in Figure 1b and
obtained excellent agreement with experiment. Relative
vibrational displacements were estimated using the short-

time approximation ( )I
I1
2

1
2

1
2

2
2

2
2= ω

ω
Δ

Δ from Raman inten-
sities in Figure 1a, which are then scaled to the overall
displacement determined from the overall absorption spectra
widths (Table 1).23 Importantly, it was necessary to include
highly displaced low-frequency modes in order to obtain good
agreement with the large observed Stokes shifts and vibronic

line width broadening characteristics. Inspection of Raman
spectra in the low-frequency regime reveals activity involving
the vinylene group, especially out-of-plane torsional motions
(ca. 300−340 cm−1). To this end, we used an effective
frequency of 340 cm−1 and varied the displacement to replicate
experimental features that represents the dominant line width
broadening contribution resulting in the shifts’ spectral origins
to higher (lower) energy for absorption (emission) transitions.
Earlier spectroscopic investigations of phenylene−vinylene
oligomers noted similar behavior at room temperature, where
spectral broadening was attributed to large torsional displace-
ments involving the vinylene group.24 Fluorescence lifetime
measurements in dilute solutions were also measured, revealing
a single decay component of ∼1.7 ns, and excitation spectra
overlap well with absorption line shapes, consistent with
electronic transitions involving a single chromophore (data not
shown).
The fact that highly displaced low-frequency torsional

motions must be explicitly included in the vibronic analysis
demonstrates that excited-state geometries are markedly
different than the ground electronic state. We next measured
transient absorption spectra of dTV dilute solutions to gain
additional views into how these vibrational displacements
impact photophysical branching ratios following relaxation of
the Franck−Condon state. Figure 2a,b shows transient spectra
of dTV in degassed chlorobenzene (CB) and dispersed in
nujol, respectively. Spectral features are similar between the
two samples, but dynamics change significantly depending on
the surrounding medium. Two isosbestic points are labeled in
Figure 2a,b by arrows that indicate the growth and decay of
two species (ground-state and excited-state). Spectral
components were obtained via multiexponential global kinetic
analysis of the singular-value decomposition pump−probe data
set, as well as single-wavelength multicomponent fits yielding
identical time constants (see the Supporting Information).
In both media, spectra obtained at short time delays (several

picoseconds) show a structured bleach feature strongly
resembling the ground-state absorption line shape and two
partially resolved excited-state absorption features with maxima
at ∼2.2 and ∼1.7 eV. Not shown are the thermalization
dynamics of the S1 state, most likely involving the high-
frequency skeletal vibrations associated with a time constant of
∼250 fs (see the Supporting Information). The ∼2.2 and ∼1.7
eV absorption transitions merge into a single excited-state
absorption at ∼2.5 eV and a bleach feature that persists on
microsecond time scales. Global kinetic analysis reveals time
constants of 260 ± 100 ps, 1430 ± 190 ps, and 6.7 ± 0.2 μs in

Figure 1. (a) Preresonant Raman spectra of dTV and a PTV analogue
for comparison in the CC stretching region. Inset: enlarged low-
frequency region of the dTV Raman spectrum. (b) Electronic
absorption and fluorescence emission spectra of the dimer in dilute
solution (o.d. < 0.1). (c) Simulated electronic spectra using Raman-
active vibrations from (a).

Table 1. Fit Parameters Used for dTV Absorption and
Emission Spectra Simulations

mode (cm−1) Δ (dimensionless)

1590 0.85
1420 0.6
1400 0.6
1290 0.55
1210 0.6
920 0.5
700 0.7
580 0.5
340 1.8
E0−0 (cm

−1) 22200
Γ (cm−1) 200
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CB and 210 ± 40 and 1640 ± 70 ps in nujol. Nanosecond
absorption spectra were not obtained for nujol dispersions,
although the lifetime of the longer-lived component is
expected to follow similar trends. In the presence of air, the
long-time constant in CB decreases to ∼200 ns (see the
Supporting Information). On the basis of the lifetime range
and sensitivity to the environment, the long-lived component
can be assigned as relaxation of the lowest-energy triplet (T1)
to the ground electronic state (S0), whereas assignments of
faster dynamics are less straightforward.
To further home-in on factors involved in transitioning to

the triplet manifold, we turned to density functional theory
(DFT) simulations. Figure 3 displays HOMO and LUMO
isosurfaces (0.03 e/Å3) of the dTV molecule calculated at the
B3LYP/6-31G(d) level of theory in vacuum with the branched
ethyl−hexyl groups replaced by methyl groups. The ground-
state (S0) geometry was optimized in C2h symmetry, and time-
dependent DFT (TD-DFT) simulations at the same level of
theory were employed to obtain the five lowest-energy excited
states utilizing the fully optimized S0 as a reference state.
Importantly, the transition with the largest oscillator strength
(1.3) corresponded to 100% HOMO→ LUMO character with
vertical excitation energies of 2.75 eV, in excellent agreement
with the HOMO−LUMO energy gap and experiment (see the
Supporting Information).
We next calculated potential energy surfaces for the lowest-

energy singlet (S0, S1, S2) and triplet (T1, T2, T3) states along
the most prominent displaced torsional mode, i.e., the effective
340 cm−1 mode (see the Supporting Information). Compar-

ison with simulated Raman spectra confirms that modes in this
low-frequency region involve out-of-plane dTV torsional
motions that are known to exert a large influence on the
photophysics of related molecules.25−27 Potential energy
surfaces are shown in Figure 3b, revealing large energetic
barriers for converting to the cis form of dTV in S0 (the full
procedure for calculating potentials is included in the
Supporting Information). These barriers are substantially
relaxed in the S1 state, although the trans form remains the
lowest in energy by ∼1 eV. We also performed TD-DFT
simulations by optimizing the dTV structure in the S1 state and
found a small decrease (∼0.17 eV) in the locations of potential
minima compared to vertically projecting the ground-state
geometry (see the Supporting Information).
It is useful to point out the predicted intersection between S1

and a higher-energy triplet state, T2, corresponding to a
distortion of ∼50° along the torsional coordinate. These
profiles indicate that the T2 state is the likely conduit for
entering the triplet manifold due to minimization of the
singlet−triplet energy gap.9,28 Interestingly, earlier work on
related compounds proposed that intersystem crossing requires
large conformational deformations leading to isostructural
cisoid singlet and triplet excited states.27 Moreover, recent
nonadiabatic excited-state simulations of model thiophene
oligomers reported intersystem crossing via the S1−T2
intersection as the principal relaxation channel.29 This process
was also found to be driven by inter-ring torsional motions and
ring-opening deformations that becomes impeded in larger
molecules. These authors predicted that the initial intersystem
crossing time constant to be ∼140 ps followed by relaxation to

Figure 2. Broad-band transient absorption spectra of dTV in dilute
CB (a) solutions and nujol (b) dispersions over various probe delay
times. Pump excitation energies were typically ∼2.6−2.8 eV, and
arrows depict resolved isosbestic points in the spectral dynamics. (c)
Transient absorption spectrum of dTV from flash photolysis
measurements in degassed dilute CB solution. A steady-state
absorption spectrum (red dotted trace) is included for reference.

Figure 3. (a) HOMO and LUMO isosurfaces (0.03 e/Å3) for the
dTV model compound. (b) Potential energy surfaces for S0, S1, T1,
and T2 states calculated using the torsional displacement coordinate.
The HOMO−LUMO energy gap is indicated, and the asterisk
denotes the crossing between the distorted S1 and T2 excited states
(see the text).
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the lowest-energy T1 state occurred on much longer time
scales (∼1.3 ns) and with eventual recovery to S0 (∼7 μs).29

On the basis of predictions from DFT simulations and prior
work on related molecules,27−29 we assign the ca. 200 ps decay
constant in both media to transitions involving a distorted
(cisoid) S1 state, consistent with the broader spectral line
shape at ∼2.2 eV (see the Supporting Information). This
geometry enables facile intersystem crossing to the nearly
isoenergetic T2 state with the same geometry due to
minimization of the singlet−triplet energy gap. A caveat of
this assignment is that it requires excess excitation energy to
surmount the potential energy barrier of torsional motion to
access the cisoid S1 state. Slower transitions to T1 are also
possible, probably involving the relaxed S1 state that we assign
as the ca. 1.4 ns dominated by the ∼1.7 eV absorption feature
(see the Supporting Information). The appearance of the
prominent isosbestic point in transient absorption spectra
(Figure 2) demonstrates that both pathways to T1 are
operative. However, conformational distortions expedite the
intersystem crossing transition, which is consistent with high
sensitivity of associated dynamics to the surrounding medium.
Scheme 2 illustrates the proposed relaxation mechanisms in
dTV.

Although earlier work demonstrated the prevalence of ring
opening and ring deformations as possible channels for
accessing the triplet manifold, it is likely that such mechanisms
would result in the appearance of distinct photoproducts (e.g.,
cis conformers).29 These forms should possess markedly
different absorption energies and line shapes over time. No
significant changes in absorption line shapes were observed
(see the Supporting Information), indicating that intersystem
crossing and relaxation within the triplet manifold dominate
relaxation dynamics.
We have demonstrated the importance of large conforma-

tional displacements in transitioning into the triplet manifold
in a small thienylene−vinylene oligomer. Our results offer
additional perspectives of triplet signatures appearing on fast
time scales in related polymer systems that are usually
interpreted on the basis of multistep processes involving
pure electronic states. The fact that triplet signatures vanish in
aggregating polymer analogues of dTV and are instead
dominated by nonradiative relaxation involving many vibra-
tional modes demonstrates that specific geometric distortions
govern intersystem crossing in these systems. Furthermore,

controlling aggregation characteristics as well as vibrational
displacements may be accomplished straightforwardly by
simply varying processing approaches.

■ EXPERIMENTAL METHODS
dTV was synthesized and characterized according to
procedures described in the Supporting Information. Absorp-
tion and fluorescence spectra were measured from dilute dTV
solutions (CB, o.d. < 0.1) and corrected for instrument
response. Fluorescence lifetimes were recorded using time-
correlated single-photon counting techniques, and lifetimes
were obtained with an iterative reconvolution procedure.
Raman spectra of both solutions and solids were generated
using off-resonance excitation (785 nm) on a microscope-
based spectrometer. Transient absorption spectroscopy meas-
urements were performed on degassed dTV CB solutions and
nujol dispersions. The full description of the apparatus is
provided in the Supporting Information. Briefly, pump−probe
excitations were generated with a Ti:sapphire regenerative
amplifier (Spectra Physics Solstice, 7 mJ, 800 nm) used to
pump an optical parametric amplifier (Light Conversion Topas
Prime, 4.7 mJ). A white light probe continuum was produced
with a CaF2 window and delayed in time via a multipass
retroreflector. The pump and probe beams were overlapped in
a pseudo-collinear geometry, and pump fluences were <1 mJ/
cm2. Absorption signals were collected and dispersed in an
optical fiber-based spectrograph (Oriel). DFT calculations
were performed using Gaussian 09 at the B3LYP/6-31(d)
level.30 TD-DFT simulations and potential energy surface
calculations were according to the procedure described in the
Supporting Information.
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