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Using femtosecond transient photomodulation, photoluminescence, and electro-absorption spectroscopies,
we studied the ultrafast photoexcitation dynamics and nonlinear optical properties of ordered poly(thienylenevinylene) (PTV), which belongs to a rare class of nonluminescent, nondegenerate-ground-state π -conjugated
polymers. We show that the ordered PTV ﬁlms contain abundant nanocrystalline domains that substantially
inﬂuence the optical spectra as a result of aggregates formation. We demonstrate that the primary intrachain
exciton (11 Bu ) decays within ∼500 fs to the more stable “dark” exciton (2 1Ag ), and the released energy results
in both static strain and propagating strain wave that bounces back and forth in the polymer ﬁlm.
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The π -conjugated polymers may be divided into two
principal classes: namely, polymers with degenerate ground
state, and polymers with nondegenerate ground state (NDGS).1
Usually NDGS polymers have high photoluminescence (PL)
quantum efﬁciency (PLQE), and thus may be attractive for
organic light-emitting diodes.2 The ultrafast photoexcitation
dynamics of luminescent NDGS polymers are well understood. Upon photon absorption into a high-energy singlet
exciton, there is an ultrafast thermalization to the lowest
exciton, namely, the 11 Bu exciton, followed by PL or recombination via nonradiative channels.3 In rare occasions, NDGS
polymers have weak PL emission; poly(thienylene-vinylene)
(PTV) (see Fig. 1 ) is such a polymer.4 It has a lower optical
gap (1.7–1.8 eV) compared to other NDGS polymers and
thus could, in principle, provide a better match with the solar
spectrum for organic solar cell applications.5,6 However, so
far PTV-based solar cells have shown low power-conversion
efﬁciency, indicating poor charge photogeneration.7
Low PLQE may be extrinsic in origin, where the photogenerated 11 Bu exciton falls into traps. Alternatively, it has been
proposed that low intrinsic PLQE in π -conjugated polymers
results from the order of the electronic excited states.1,8 In
this model, if the lowest even-parity (dark) exciton, or 2 1Ag ,
lies below the 11 Bu exciton (i.e., E[2 1Ag ] < E[11 Bu ]), it may
circumvent the PL emission. In this case, according to Kasha’s
rule, the photogenerated 11 Bu exciton undergoes ultrafast
internal conversion to the dark 2 1Ag exciton, thus eliminating
further PL emission. This process, however, has not been yet
identiﬁed in PTV, and thus the origin of its weak PL emission
is still unclear; it might be extrinsic or intrinsic in origin.
Moreover, in NDGS polymers with weak intrinsic PL, there
is a substantial amount of energy that is released very fast via
the 11 Bu → 2 1Ag internal conversion process and subsequent
2 1Ag decay to the ground state; this leads to thermal stress that
is accompanied by transient strain.9,10 Thus, the fascinating
phenomena that nonluminescent NDGS polymers may
undergo upon photon absorption make them unique materials
for ultrafast and nonlinear optical investigations. However,
the photophysics of only few NDGS polymers have been
studied in detail, where cis-(CH)x 11 and polydiacetylene12 are
the exceptions.
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In this work, we studied the ultrafast photophysics of a new
form of PTV having superior order (see Fig. 1)13 that may
increase the PLQE. For our studies, we used X-ray diffraction
(XRD) and femtoseconds (fs) transient photomodulation (PM)
in a broad spectral range, as well as continuous wave (cw) PL,
and electro-absorption (EA) spectroscopies. The fs transient
PM focuses on the primordial photoexcitations;3 the cw PL
reveals the singlet exciton properties;14 and EA unravels the
polymer essential excited states.8,15 We found that the ordered
PTV ﬁlms contain abundant nanocrystalline domains that
inﬂuence the polymer cw and transient optical spectra as
a result of aggregates formation.14 However, in spite of the
improved order, the new PTV polymer still shows very small
PLQE (<2 × 10−4 ), and thus this polymer is intrinsically
“dark.” We conﬁrmed the order E(2 1Ag ) < E(11 Bu ) by
studying the ultrafast PM dynamics, and we show that within
a few hundred femtoseconds, the photogenerated 11 Bu exciton
decays into the “dark” 2 1Ag exciton, accompanied by photoinduced static strain and a dynamic strain wave in the ﬁlm with
periodic response dynamics.
The synthesis of the ordered PTV polymer with controlled
regio-regularity (RR-) is described elsewhere.13 In this paper,
we report our studies of RR-PTV with 100% regio-regularity,
i.e., superior order [see Fig. 1(a)]. The RR-PTV powder
was originally dissolved in dichlorobenzene (∼10 mg/ml),
and diluted to 0.01 mg/ml for “PTV in dilute solution.”
Alternatively, the original solution was drop cast into ﬁlms
on sapphire and CaF2 substrates to allow broadband optical
spectroscopies. For comparison, we also used ﬁlms of regiorandom PTV (RRa-PTV), where the polymer side groups are
randomly oriented.13
For the transient PM spectroscopy in the mid-infrared
spectral range, we employed the fs two-color polarized
pump-probe correlation technique using a low-power
(energy/pulse ∼0.1 nJ), high-repetition-rate (∼80 MHz) laser
system based on Ti:sapphire (Tsunami, Spectra-Physics), and
an optical parametric oscillator (OPO; Opal, Spectra-Physics)
that spans h̄ω(probe) from 0.24 to 1.1 eV.3 The pump beam
(∼100 fs pulse duration) was frequency doubled to h̄ω(pump)
= 3.1 eV, and subsequently both pump and probe beams were
focused on the sample ﬁlm to a spot of ∼50 μm, with resulting
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FIG. 1. (Color online) (a) The XRD pattern of a RR-PTV ﬁlm showing the prominent out-of-plane [100] band and its harmonics, as well
as an in-plane [010] band that shows lamellae formation;19 the red line drawn on the various bands is a Gaussian ﬁt; the fourth peak is a sum
of two Gaussians with different widths. The inset shows the backbone structure of the RR-PTV polymer. (b) The PL and absorption spectra of
RR-PTV in dilute solution. The line through the data points is a ﬁt using a modiﬁed Franck-Condon model (see text). (c) Same as in (b) but
for RR-PTV ﬁlm. Various vibronic transitions were labeled for clarity. (d) The EA spectra of RRa-PTV (dashed red line) and RR-PTV (full
black line). The spectral EA features related to 11 Bu and m 1Ag are assigned. The inset is a blow-up of the EA spectrum from 2.4 to 3.0 eV that
includes the m 1Ag state.

photoexcitation density of ∼1016 /cm3 . For the transient PM in
the visible/near-infrared spectral range, we used a high-power
(energy/pulse ∼10 μJ), low-repetition-rate (∼1 kHz) fs
laser system with pump h̄ω(pump) = 3.1 eV and 1.3 eV <
h̄ω(probe) < 2.5 eV based on supercontinuum white light
generation;3 in this case, the photoexcitation density was
∼5 × 1017 /cm3 . The transient PM was obtained from
T /T (t), in which T is the change of transmission upon
pump illumination, and T(t) is the original transmission, using
a phase-sensitive lock-in technique, where negative PM is
due to photo-induced absorption (PA), and positive PM is due
to photo-bleaching (PB). For retrieving the ultrafast response
below the system temporal resolution of ∼150 fs, we analyzed
the obtained PM transients using a convolution scheme of
the transient response with the pump/probe cross-correlation
function.16
The cw PL spectrum was measured using a standard setup,17
whereas the PLQE was measured with an integrated sphere.18
For the EA spectrum, we measured T /T induced by the
external electric ﬁeld, using a lock-in ampliﬁer set at 2f due
to the ﬁeld modulation at f . The PTV ﬁlm was deposited

on a specially designed substrate that contained interdigitated
electrodes.15
Figure 1(a) shows the “grazing incidence” XRD pattern of
a RR-PTV ﬁlm using the CuKα X-ray line at λ = 0.154 nm.
The sharp band at 2θ = 4.7◦ [100] and its three harmonics
show that there are abundant nanocrystalline domains in the
ordered PTV ﬁlms. In addition, the peak at 20.13◦ [010] is
indicative of out of plane lamellar structures.19 Using the
Scherrer relation and the XRD [100] bandwidth, we obtain
an average domain size of 7 nm. This leads to the formation
of H-aggregates in the crystalline domains, similar to regioregular poly-[3-hexylthiophene] (RR-P3HT)14,19 ﬁlms. In Haggregates, the 0-0 transition in the PL emission (11 Bu →
1 1Ag ) and absorption (1 1Ag → 11 Bu ) is strictly forbidden,
but in reality, it is only suppressed compared to the 0-1
phonon replica in the spectrum. In the following, we adopt
the model advanced for aggregate emission in RR-P3HT,14
and parameterize the 0-0 “suppression degree” by a constant
parameter, α (0 < α < 1), where α < 1 stands for H-aggregate
PL spectrum, and α = 1 represents the single-chain emission
spectrum.
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Figure 1(b) shows the absorption and PL spectra of RR-PTV
in dilute solution, where the polymer chains are isolated. We
measured a very low PLQE value, η ∼ 2 × 10−4 . The weak
PL emission in solution form shows that it is an intrinsic
property of the RR-PTV polymer inﬂuenced by the order
E(2 1Ag ) < E(11 Bu ). We could ﬁt the weak PL spectrum in
solution using a modiﬁed Franck-Condon model that includes
vibronic replica:14
I (ω) ∼ (h̄ω)3 [α (h̄ω − E0 )

+
(S m /m!) (h̄ω − (E0 − mEp )].

(1)

In Eq. (1), S is the Huang-Rhys parameter, m is the number
of the vibrational modes involved in the transition, E0 is the
PL onset at ∼E(11 Bu ), Ep is the strongest coupled vibrational
energy, and (h̄ω-E0 ) is a Gaussian distribution function
around E0 having width of ∼0.1 eV due to the disorder in
the ﬁlm. We ﬁt the dilute PL spectrum using Eq. (1) with E0 =
E(11 Bu ) = 1.8 eV, α = 1, Ep = 0.18 eV (C = C stretching
vibration), S = 1.37, and m = 0, 1–3 (see supplementary

material for the ﬁtting of PL spectra).20 The absorption
spectrum could be also ﬁt (not shown) using Eq. (1) with the
same parameters as for the PL spectrum, but with a distribution
of E(11 Bu ) that corresponds to various polymer conjugation
lengths in the ﬁlm.15 We thus conclude that the optical spectra
of RR-PTV in dilute solution originate from isolated polymer
chains; in contrast, the optical spectra in RR-PTV ﬁlms are
inﬂuenced by aggregates in the nanocrystalline domains.
Figure 1(c) shows the PL and absorption spectra of ordered
RR-PTV film. The PLQE is somewhat smaller than in solution,
but its line shape is dramatically different than that in solution.
It appears that the 0-0 transition has signiﬁcantly red-shifted
to 1.58 eV, and was suppressed in the ﬁlm PL spectrum,
and the absorption spectrum increases more gradually; both
effects point to H-aggregates in the ﬁlm.14 We explain the red
shift of the 0-0 transition by the solid state effect, where the
excitons in solid state simply red-shifted because of the change
of dielectric constant. In fact, we could not ﬁt the PL spectrum
in RR-PTV ﬁlm [Fig. 1(c)] using Eq. (1) with the same
parameters as for PL in solution (see supplementary material

FIG. 2. (Color online) The transient PM spectrum of RR-PTV ﬁlm measured at various delay times, t, in (a) mid-infrared spectral range
and (b) visible/near-infrared spectral range; PA1 and PA2 bands are assigned. The inset to (a) is a schematic of the PTV essential states and
associated optical transitions. (c) and (d) The respective decay dynamics of PA1 at 0.95 eV and PA2 at 1.6 eV. The insets to (c) and (d) focus on
the PA formation and decay evolution near t = 0, where the data (red solid circles) are ﬁtted with an exponential formation and decay processes
(green line), taking into account the pump/probe cross-correlation function (black line).16
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for the ﬁtting of PL spectra).20 The best ﬁt yields S = 0.90,
E0 = 1.58 eV, and α = 0.80, showing that the 0-0 transition
is indeed suppressed due to the aggregates. We note that the
PLQE in RRa-PTV is even smaller than that in RR-PTV.6
The EA spectra of RR- and RRa-PTV ﬁlms are given in
Fig. 1(d). Similar to EA spectra in many other polymers, the
EA spectra show a derivative-like band around E(11 Bu ) that
is due to the Stark shift of the 11 Bu exciton, followed by
several vibration replicas and an absorption band at m 1Ag
due to electric ﬁeld–induced symmetry breaking.15 However,
the m 1Ag band in RR-PTV is much smaller and broader than
in RRa-PTV, indicating that the aggregates in this ﬁlm also
affect the EA spectrum. We postulate that the 0-0 transition
in the 11 Bu → m 1Ag band, which determines the EA band
at m 1Ag ,8,15 is partially suppressed in aggregates, so that
the vibronic replicas in the m 1Ag EA band are relatively
more apparent. In any case, from the dominant features
in the EA spectrum, we obtain the energy levels of two
important essential states,8 namely, E(11 Bu ) ≈ 1.75 eV and
E(m 1Ag ) ≈ 2.55 eV [at the onset of the EA m 1Ag band,
see inset of Fig. 1(d)]. This determines the energy difference
between these two states, E = 0.8 eV, a value that is
essential for understanding the PA band that originates from
the photogenerated 11 Bu excitons in the ﬁlm.3
Figures 2(a) and 2(b) show the transient PM spectra in
RR-PTV ﬁlm at various times t following pulse excitation. The
PM spectrum is dominated by two PA bands, namely, PA1 at
∼0.95 eV and PA2 at ∼1.6 eV (both bands with broad tails toward lower energies), and a derivative-like feature having zerocrossing (isosbestic point) at ∼1.75 eV. Figures 2(c) and 2(d)
show the PA transient decays; it is clear that the two PA bands
do not share the same dynamics. Whereas PA1 decays almost
completely within ∼ 12 ps, the decay of PA2 is longer (∼2.5 ps)
into a plateau that indicates the formation of a relatively stable
photoexcitation. We thus conclude that the two PA bands do
not belong to the same photoexcitation. A closer inspection
of the PA responses near t = 0 [insets to Figs. 2(c) and 2(d)]
reveals that PA1 is instantaneously generated, whereas PA2
is formed at a delay of ∼200 fs (see supplementary material
for the cross-correlation analysis in transient PA spectra).20
We therefore conclude that PA2 does not originate from the
primary photoexcitation in RR-PTV but rather is formed at the
expense of PA1 , and during its decay process.
The band PA1 is generic to many π -conjugated polymers,
and it has been previously identiﬁed3 as being due to optical
transitions from the photogenerated 11 Bu exciton into the
m 1Ag exciton.8 Therefore, we infer that PA1 in RR-PTV is
also due to the photogenerated 11 Bu exciton. Its ultrafast
decay kinetics, however, indicate that there is another state
at lower energy (<E[11 Bu ]), into which the photogenerated
11 Bu exciton decays; this should be the elusive dark exciton,
2 1Ag . As a check of this proposed scenario, we estimate the
PLQE from the fast 11 Bu decay and compare it to the PLQE
η-value measured by an integrated sphere. For this estimate, we
used the relation: η = τ /τ rad , where τ is the exciton lifetime,
and τ rad (∼1 ns)21 is the 11 Bu radiative lifetime. Using a
PA1 lifetime of ∼ 12 ps, we thus estimate η(PTV) ≈ 5 ×
10−4 , which is in good agreement with the measured η-value
(∼2 × 10−4 ). Within this decay scenario, PA2 is a transition
from the 2 1Ag state. This optical transition, however, should be

FIG. 3. (Color online) (a) and (b) The transient PM response at
h̄ω(probe) = 1.80 eV of two RR-PTV ﬁlms with different thicknesses:
(a) d ≈ 60 nm, and (b) d ≈ 330 nm. The ultrafast electronic response
(PB) and the transient strain (TS) response that show an oscillatory
component are assigned. Note that the oscillation period, τ T , is
different in (a) and (b). The inset to (a) shows in more detail the
PB decay and TS onset response for d ≈ 60 nm; the inset in (b)
shows T (t) parallel () and perpendicular (⊥) response dynamics
and the resulting polarization degree, P(t), for a ﬁlm of d ≈ 210 nm.
(c) The PM spectra of RR-PTV ﬁlm of d ≈ 60 nm in the h̄ω(probe)
interval 1.6–2.6 eV, which show the evolution of the PB response.
The inset compares the PB spectrum at 60 ps (dominated by the TS
response) with the spectrum of the absorption derivative, dα(ω)/dω.
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into an odd-parity exciton, namely, the n1 Bu exciton, which is
also part of the polymer essential states.8 The stabilization of
PA2 at later time (t > 5 ps) into a plateau indicates that some
of the 2 1Ag excitons become trapped, similar to the classic
polymer t-(CH)x .22 As the consequence of the two transient
PA bands, and the cw PL and the EA spectrum, we construct
the essential-states structure and related optical transitions in
PTV in the Fig. 2(a) inset.
Figure 3(c) shows the initial PB spectrum and its time
evolution. The PB spectrum at t = 0 has similar features
as in the absorption spectrum of the ﬁlm [Fig. 1(c)]; there
is a prominent PB band at 1.85 eV (11 Bu ), followed by
a phonon side band at ∼2.03 eV. However, at t > 10 ps,
the PB spectrum dramatically changes; it does not resemble
the absorption spectrum any longer, but rather follows the
absorption derivative spectrum, dα(ω)/dω [see Fig. 3(c),
inset]. At the same time, T (t) near the isosbestic point at h̄ω
= 1.80 eV starts increasing [Fig. 3(a), inset], showing the onset
of a second T component. In addition, we found that T (t)
is initially polarized, having polarization degree P ∼ 12 , where
P = (T  − T ⊥)/(T  + T ⊥). However, at t > 10 ps,
P (t) decays quickly to P = 0, which is reached at the peak of
the second T (t) component [Fig. 3(b), inset]. In addition to
a marked plateau that is reached at ∼60 ps [Fig. 3(a), inset],
there is also a superposed oscillatory component [Figs. 3(a)
and 3(b)]. We note that the oscillation period, τ T , depends on
the ﬁlm thickness, d; we measure τ T ≈ 120 ps for a ﬁlm
thickness d ≈ 60 nm [Fig. 3(a)], and τ T ≈ 650 ps for a
thicker ﬁlm of d ≈ 330 nm [Fig. 3(b)]. We therefore conclude
that the second T (t) component contains a propagating
wave response that bounces back and forth in the ﬁlm, due
to successive reﬂection at the two ﬁlm boundaries with τ T
determined by the “round-trip” time.
The second T (t) component is not electronic in origin.
This transient response is not polarized, bounces back and forth
inside the ﬁlm, and is formed at the expense of the electronic
PB response. These facts, taken together, unravel its origin as
due to thermal stress that launches a propagating strain wave in
the ﬁlm, i.e., transient strain (TS).9–11 The spatial and temporal
dependencies of the TS, η(z, t), can be derived by solving a
one-dimensional wave equation, with a thermal generation
term for a semitransparent ﬁlm.9 Assuming zero displacement
at the ﬁlm boundary at z = 0,
η(z,t) = K[e−z/ξ (2 − e−vt/ξ ) − e−|z−vt|/ξ ]
= ηss (z) + ηds(z,t),
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measurements of PL, transient PM and EA spectra, we
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