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ABSTRACT: The coupling of electron and lattice phonon motion plays a
fundamental role in the properties of functional organic charge-transfer
materials. In this Letter we extend the use of ultrafast vibrational quantum
beat spectroscopy to directly elucidate electron−phonon coupling in an organic
charge-transfer material. As a case study, we compare the oscillatory
components of the transient reflection (TR) of a broadband probe pulse
from single crystals of quinhydrone, a 1:1 cocrystal of hydroquinone and p-
benzoquinone, after exciting nonresonant impulsive stimulated Raman
scattering and resonant electronic transitions using ultrafast pulses. Spontaneous
resonance Raman spectra confirm the assignment of these oscillations as
coherent lattice phonon excitations. Fourier transforms of the vibrational
quantum beats in our broadband TR measurements allow construction of
spectra that we show report the ability of these phonons to directly modulate
the electronic structure of quinhydrone. These results demonstrate how
coherent ultrafast processes can characterize the complex interplay of charge transfer and lattice motion in materials of
fundamental relevance to chemistry, materials sciences, and condensed matter physics.

Electron−phonon (e-ph) coupling plays a significant role in
functional crystalline organic charge-transfer (CT) materi-

als. The significance of e-ph coupling in organic CT materials
physically stems from the ability of intermolecular lattice
phonons to directly modulate the distance between electron
donor and acceptor molecules. Changes in molecular
separation then modulate the charge transfer integral, t,
which can dramatically impact the electronic structure of a
material. The emergence of phonon-driven molecular dimeriza-
tion between electron donor and acceptor drives these
materials into ferroelectric1 and coupled magnetic-ferroelectric
phases2 as well as charge ordered and charge density wave
states.3,4 Additionally, optical pulses have been shown to cause
certain photoinduced phase transitions5−9 in organic CT
materials that have all been shown to rely on significant e-ph
coupling.
Despite its importance in material functions and applications,

e-ph coupling remains difficult to directly measure, especially
using optical spectroscopy. Thus, it has remained a relatively
unexplored property of organic CT materials. Bozio and co-
workers have shown that resonance Raman (rR) spectroscopy
provides an avenue to quantify e-ph coupling in CT materials
for which other physical constants such as the on-site electron
repulsion and electron-molecular vibration coupling constants
are known.10,11 However, the use of rR spectroscopy to
characterize e-ph coupling necessitates measuring the Raman
excitation profile in the region of the optically allowed CT
transitions to indirectly assess e-ph coupling. Thus, this

technique to characterize e-ph coupling in these materials has
not proliferated.
Ultrafast spectroscopic techniques have shown the ability to

investigate the coupling of electronic and nuclear degrees of
freedom of a wide range of molecules and molecular materials.
As an example, Luer et al. were able to extract the Huang−Rhys
factors of the radial breathing and G modes of semiconducting
carbon nanotubes from vibrational quantum beats observed in
degenerate pump−probe measurements using sub-10 fs
pulses.12 However, the use of these vibrational quantum beats
to assess e-ph coupling in other types of molecular materials
remains unexplored.
In this Letter, we extend the technique of quantum beat

spectroscopy to directly investigate the electron−phonon
coupling of an organic CT crystal in both its ground and
excited electronic states. To achieve this, we measure
nondegenerate broadband, ultrafast transient reflectivity (TR)
spectra of the 1:1 cocrystal of hydroquinone (HQ) and p-
benzoquinone (BQ), known as quinhydrone, resonantly
probed in its CT absorption band with a white light continuum
probe pulse. Quinhydrone is an excellent model material for
this experiment since it forms easily from an evaporating
solution and possesses an optically induced electron transfer
transition that bridges the visible and near-IR regions of the
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electromagnetic spectrum. Using excitation higher in energy
than the peak of quinhydrone’s CT band at 2.64 eV and
excitation below its CT band at 0.95 eV, we compare resonant
transient reflectivity (rTR) and nonresonant transient reflec-
tivity (nrTR) signals, respectively, to understand differences in
the e-ph coupling of quinhydrone as a function of electronic
state. Impulsive excitation in both processes results in coherent
oscillations in the TR signals. In conjunction with temperature-
dependent spontaneous resonance Raman measurements with
visible excitation, we propose that three frequencies observed in
the measurements represent coherent lattice phonon excita-
tions. These coherent phonon excitations act as an ultrafast
modulation of the measured signal in each experiment. Using
Fourier analysis and the broadband nature of our measure-
ments, we construct e-ph coupling spectra that use the
vibrational modulation provided by the coherent phonons to
interrogate the electronic structure of quinhydrone.
Quinhydrone was first discovered in 1844,13 and its two

crystal forms were elucidated by X-ray crystallography several
decades ago.14,15 A schematic of the arrangement of HQ−BQ
pairs in monoclinic quinhydrone is shown in the left panel of
Figure 1. The HQ−BQ pairs are arranged in tilted linear chains

with a face-to-face separation of 3.22 Å.15 In addition to the 1D,
chain-like arrangement of electron acceptor and donor
molecules, the oxygen-bound protons of HQ predominantly
hydrogen bond to BQ in an interchain arrangement, shown as
red dashed lines in the left panel of Figure 1. As a material that
possesses both ground state intermolecular hydrogen bonding
and electron transfer interactions, the coupling of electronic
and nuclear degrees of freedom in quinhydrone may provide
physical chemical insight into the mechanism by which recently
designed organic CT materials stabilize room-temperature
ferroelectric phases16,17 as well as design principles for new
multifunctional organic materials. Previous studies have
examined the intermolecular interactions of quinhydrone via
theoretical methods18,19 as well as electronic and vibrational

spectroscopy.20−24 However, no study has yet investigated e-ph
coupling in quinhydrone, nor have modern ultrafast spectro-
scopic techniques been applied to this material.
As seen in the Supporting Information (SI), the charge

transfer absorption band centers near 2.0 eV with a 0.7 eV full
width half-maximum line width. Therefore, our resonant pump
at 2.64 eV electronically excites the material, while our
nonresonant pump at 0.95 eV does not, based on previous
studies.21 The right panel of Figure 1 compares the kinetic trace
of the transiently reflected probe component at 2.51 eV for
resonant electronic excitation with a 2.64 eV pump pulse (top)
to the transiently reflected probe component at 2.48 eV for
nonresonant excitation at 0.95 eV (bottom) at 298 K. The full,
broadband TR spectra can be found in the SI. Representative
oscillatory behavior stands out in both kinetic traces. While
wavepacket motion in the excited electronic state has been
shown to give rise to oscillations in the presence of resonant
excitation, the main contribution to nrTR comes from
Impulsive Stimulated Raman Scattering (ISRS), where the
pump induces ground state vibrational coherences in the
material.25

We characterize the oscillations present in the TR spectra
through Fourier transform (FT) analysis and vibrational
spectroscopy. For FT analysis, we assess the presence of
coherent oscillations by undertaking a singular value decom-
position (SVD) of both the rTR and ISRS spectra, as described
previously26 and detailed in the Supporting Information. We
show the spectra extracted from the FT of the U(t) matrix
weighted by their associated singular values for each excitation
process in the top panel of Figure 2 for Fourier frequencies
between 50 and 300 cm−1. One sees that two frequencies
dominate the Fourier spectra derived from the rTR spectrum,
while at least three frequencies appear in the ISRS spectrum in
this spectral region. One observes components at 91 and 172
cm−1 in both Fourier spectra and an additional component at
117 cm−1 in the spectrum excited by ISRS. A prominent peak
also appears in the Fourier spectrum derived from the ISRS
process at 450 cm−1, shown in the Supporting Information,
near the position of a previously assigned intramolecular BQ
ring bending vibration we denote BQ ν6.

22,27

To better understand the nature of the two features in both
Fourier spectra, we undertook temperature-dependent, polar-
ized resonance Raman (rR) measurements of monoclinic
quinhydrone single crystals. The bottom panel of Figure 2
shows rR spectra of quinhydrone for incident and scattered
polarizations parallel to the a-axis of the crystal for frequencies
between 50 and 300 cm−1 for five different temperatures
ranging from 78 to 273 K excited at 2.33 eV. Five distinct peaks
appear in the spectrum cooled to 78 K that we denote ν1
through ν5 in order of increasing frequency. At 273 K we
observe a broad, complex peak centered at 90 cm−1

corresponding to the ν2 mode, and two more symmetric
peaks at 113 and 169 cm−1 corresponding to the ν3 and ν4
modes, respectively. Based on this naming convention, the top
panel of Figure 2 indicates that our resonant pump−probe
experiment excites the ν2 and ν4 modes while the nonresonant
experiment excites the ν2, ν3, and ν4 modes. Given the
frequency of these modes and their shift as a function of
temperature, we associate their presence in quinhydrone with
the electron transfer interaction between the donor and
acceptor molecules. As we cool the crystal, all three of these
peaks shift upward in frequency, as one would expect when a

Figure 1. Left: Schematic of the crystalline arrangement of
hydroquinone and p-benzoquinone in quinhydrone showing the a
and b-axes as well as interchain hydrogen bonded as red dashes. Top
Right: Kinetic slice of the rTR spectra taken at a probe energy of 2.51
eV showing representative oscillations observed across the rTR
spectrum. Bottom Right: Kinetic slice of the nrTR spectra taken at a
probe energy of 2.48 eV showing representative oscillations observed
across the nrTR spectrum.
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thermally contracting crystal increases the ground state electron
transfer between HQ and BQ.
Comparison of the Fourier spectra to the rR spectra provides

an important insight into the optical processes participating in
the ultrafast measurements. The ν3 mode appears in the Fourier
spectrum derived from the ISRS measurement as well as the rR
spectrum. However, as stated above, this peak does not appear
in the Fourier spectrum excited by ultrafast resonant electronic
excitation. Since the rR spectra likely derive enhancement from
the same optical transition used for the rTR measurements, the
absence of the ν3 mode in the Fourier spectrum for 2.64 eV
excitation implies that resonantly enhanced stimulated Raman
processes that produce ground state vibrational coherences
contribute insignificantly to the observed dynamics in our
resonant pump−probe measurements. Therefore, the oscil-
lations imparted on the probe for resonant excitation likely
correspond to lattice phonons in the electronic excited state.
Also, the presence of the ν2 and ν4 in ultrafast resonant
excitation points to their appearing in the rR spectra of Figure 2
via a Franck−Condon mechanism, whereas the ν3 could appear
in the rR spectra via a Herzberg−Teller mechanism. The
Herzberg−Teller mechanism does not necessitate a displace-
ment of the excited electronic state along a given mode in order
to observe the mode in resonance Raman spectroscopy,
reducing the likelihood that such a mode would produce a
wave packet in an ultrafast resonant transition.

To understand the effect of the coherent vibrational
excitations on the electronic structure of quinhydrone, we can
cast our results in the context of previous work examining the
energy dependence of the amplitude of coherent nuclear
motion.12,28−32 All these studies found that the probe energy
dependence of the Fourier amplitude appears as a derivative of
the steady-state absorption spectrum when a coherent vibration
directly modulates an optical band gap. When one plots the
absolute value of the amplitude of the FT, this derivative
appears as a dip in the amplitude at the peak energy of the
transition. In addition to this line shape in the amplitude, the
phase of the coherent oscillation shifts at the energy of the
transition.
Guided by these principles, we analyzed our spectra to

identify how the pump-induced phonons modulate the charge
transfer parameter t of quinhydrone. We took the outer
product, (i.e., matrix multiplying), of the singular value-
weighted Fourier spectra shown in the top panel of Figure 2
with their associated decomposed spectra found in the matrix
V†(E). The calculated spectrum contains the amplitude of every
Fourier component in the coherent oscillations of each ultrafast
measurement as a function of the resonant probe energy, thus
creating an electron−phonon (e-ph) coupling spectrum. We
fully detail the calculation of the e-ph coupling spectrum in the
Supporting Information as well as present the full band e-ph
coupling spectra for each of the coherent phonons found in the
top panel of Figure 2.
Figure 3 compares the e-ph coupling spectra of the ν2, ν3,

and ν4 phonons of quinhydrone pumped at 0.95 eV. These
spectra show three regions where a dip in the amplitude of the
oscillation is coincident with a noticeable shift in its phase: 1.67,
1.62, and 1.54 eV. Additionally, a dip and phase shift appear
near 1.52 eV in the e-ph coupling spectra of both the ν2 and ν4
modes and near 1.61 eV for only the ν2 mode. These features
indicate that each of the phonons coherently excited by the
near-IR ISRS pump modulates t, leading to modulation of an
optical transition very likely connected to electron transfer.
Given their red-shift relative to the peak of the CT absorption
band near 2.0 eV, these features likely correspond to CT
excitons of quinhydrone that have remained difficult to
characterize, especially at room temperature.
Figure 4 shows the e-ph coupling spectrum of the ν4 mode

upon 2.64 eV excitation as well as its phase. This spectrum
shows a minimum just above 2.2 eV in addition to a
conspicuous phase shift. This line shape implies that there is
an optically allowed transition from the electronic state excited
by the 2.64 eV pump pulse to a higher lying state that becomes
directly modulated by this phonon mode. The absorption of
the probe pulse after 2.64 eV excitation could transfer an
electron from BQ to HQ. In such a case, the excited state e-ph
coupling spectrum associated with the ν4 mode and its phase
are consistent with the picture that this phonon directly
modulates t in an electronic excited state of quinhydrone.
In conclusion, we have used ultrafast rTR and ISRS

measurements that probe transitions of the organic CT crystal
quinhydrone to determine how different coherent phonon
excitations couple to this material’s electronic structure.
Building off of previous applications of quantum beat and
coherent phonon spectroscopy, we used Fourier and singular
value decomposition analyses to construct electron−phonon
coupling spectra that directly report on the interplay of
electronic and nuclear degrees of freedom of this material. With
the help of resonance Raman spectroscopy, we show that all

Figure 2. Top: Comparison of the Fourier spectra observed for
resonant impulsive excitation at 2.64 eV (blue) to nonresonant
impulsive stimulated Raman scattering (ISRS) excitation at 0.95 eV
(green). We observe peaks at 91 −1 and 172 cm−1 in both spectra while
the peak at 117 cm−1 is only observed in the spectrum excited by ISRS.
Bottom: Temperature dependent, polarized resonance Raman
scattering spectra in the frequency region between 50 −1 and 300
cm−1 of monoclinic quinhydrone excited at 2.33 eV. The peaks
centered at 90 −1, 113 −1, and 169 cm−1 at 273 K shift to higher
frequency and change in intensity upon cooling, motivating their
assignment as intermolecular lattice modes.
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three lattice phonons excited in quinhydrone’s ground state
modulate near-IR transitions associated with electron transfer
that may be excitonic in nature. Using the technique outlined in
this study, one could use temperature changes in the
quinhydrone crystal to further characterize these transitions
and better understand the contributions of excitons to the
ground state electronic properties of this material. Also,
resonant electronic pumping shows that a lattice vibration

near 172 cm−1 couples to electron transfer in the excited state
of this material. We believe that this technique could be applied
to a wide range of organic materials whose properties may
include thermoelectricity, superconductivity, as well as other
exotic phases in which the coupling of electron transfer and
nuclear motion plays a significant role. Further characterization
of e-ph coupling in these materials will help in the design of
next-generation chemical, electronic, and photonics materials
and provide new insights into fundamental physical chemical
processes behind their function.

■ EXPERIMENTAL METHODS

Single crystals of quinhydrone were recrystallized several times
from a highly concentrated solution in acetonitrile to produce
larger crystals with dimensions on the order of 0.1 × 0.2 × 3
mm elongated along the a-axis of the crystal, as shown
previously.14 Broadband, ultrafast resonant transient reflectivity
(rTR) and impulsive stimulated Raman scattering (ISRS)
spectra were measured using the output of a 1 kHz regenerative
amplified Ti:sapphire laser system. An optical parametric
amplifier (OPA) system generated the pump pulse for both
excitation energies while we focused a separate attenuated beam
in a 3 mm thick piece of sapphire to produce the white light
continuum (WLC) probe pulse used in both experiments.
Transient signals were calculated from single shot pairs of
pumped and unpumped reflection spectra measured on a high
speed CCD camera (Princeton Instruments Pixis) mounted on
a 0.3 m monochromator (iHR 320 Horiba Scientific Instru-
ments). The rTR measurements were made with 100 nJ of
pump energy and the ISRS measured with 2 μJ, both focused to
a spot on the order of 200 μm while nearly 1 nJ of probe energy
focused to a spot of ∼150 μm. To produce a high signal-to-
noise 2D contour rTR spectrum as a function of probe time
delay, four consecutive time scans were averaged together,
while nine such spectra were averaged together to produce the
2D contour ISRS spectrum. The spatial mode of the probe
beam reflected from the sample as well as the probe spectrum
measured by the CCD camera were checked between each scan
to verify the photostability of the sample at these pump and
probe powers. In both measurements, the pump and probe
pulses were polarized along the crystal’s a-axis.21 Temperature-
dependent, polarized resonance Raman (rR) spectra were
obtained using a Raman microscope (XploRA ONE Horiba
Scientific Instruments) fitted with silver block temperature
controller (Linkam Scientific Instruments) providing 0.1 K
precision between 78 and 850 K.

■ ASSOCIATED CONTENT

*S Supporting Information
The steady-state reflectance spectrum of quinhydrone, the 2.64
eV pump pulse and white light continuum pulse, the full 2D
resonant and nonresonant transient reflectivity spectra, details
related to the singular value decomposition analysis and
calculation of the Fourier and electron−phonon coupling
spectra as well as figures showing the amplitude and phase of all
of the electron−phonon coupling spectra of Figures 3 and 4.
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jpclett.5b01706.

(PDF)

Figure 3. Comparison of the amplitude (blue) to the phase (green) of
the e-ph coupling spectra the ν2, ν3, and ν4 modes in the ground
electronic state of quinhydrone for probe energies between 1.5 and 1.7
eV. The amplitude and phase of the spectra are consistent with several
electronic transitions that could be due to charge transfer excitons in
quinhydrone.

Figure 4. Comparison of the amplitude (blue) to the phase (green) of
the e-ph coupling spectrum of the ν4 mode in the excited electronic
state of quinhydrone. The amplitude dip and phase shift around the
probe energy of 2.2 eV are consistent with excited state absorption
process that becomes modulated by this phonon mode at this energy.
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