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Mode-selective vibrational modulation of charge
transport in organic electronic devices
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The soft character of organic materials leads to strong coupling between molecular, nuclear
and electronic dynamics. This coupling opens the way to influence charge transport in organic
electronic devices by exciting molecular vibrational motions. However, despite encouraging
theoretical predictions, experimental realization of such approach has remained elusive. Here
we demonstrate experimentally that photoconductivity in a model organic optoelectronic
device can be modulated by the selective excitation of molecular vibrations. Using an ultrafast
infrared laser source to create a coherent superposition of vibrational motions in a
pentacene/Cgqo photoresistor, we observe that excitation of certain modes in the
1,500-1,700 cm ~! region leads to photocurrent enhancement. Excited vibrations affect
predominantly trapped carriers. The effect depends on the nature of the vibration and its
mode-specific character can be well described by the vibrational modulation of intermolecular
electronic couplings. This presents a new tool for studying electron-phonon coupling and
charge dynamics in (bio)molecular materials.
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he soft character of organic materials strongly influences

their electronic functionality?. In these systems charge

hopping and electronic delocalization are determined by
the overlap of the molecular orbitals and, therefore, is highly
sensitive to minor changes in molecular geometry. Hence, the
electronic properties of organic materials are largely determined
by the interplay between the electronic and nuclear dynamics
of the molecules, referred to as vibronic coupling phenomena.
A growing number of interdisciplinary studies show that
vibronic effects lie at the heart of a diverse class of effects in
physics, chemistry and biology—from nonlinear behaviour of
molecular junctions® to photophysics of vision®, conformational
reorganization* and even olfactory reception®. Vibrational
motions have been postulated to regulate the interaction
between different molecular electronic states by modulating
inter- and intra-molecular couplings, by donating or acceptin§
extra energy quanta®®, and by suppressing’ or promoting
quantum interference phenomena.

Vibronic effects were also shown to be fundamentally
important for the conductivity of organic materials.
Vibrational motions influence intermolecular electron tunnelling
probabilities”!! and govern a variety of non-equilibrium
phenomena such as local heating!?, switching?, hysteresis and
electronic decoherence”!®. This makes vibrational excitation a
promising tool for spectroscopy of molecular junctions!>!4,
tracking charge transfer processes in organic and bio-electronic
systems, and, more generally, for the development of electronic
devices. For example, remarkable opportunities for organic
electronics would arise from the possibility to control charge
transport, and, thus, affect device performance by coherently
driving nuclear motions along a pre-selected reaction coordinate
trajectory. However, despite many encouraging theoretical
predictions!>"!7, the experimental realization of vibrationally
driven electronics is still elusive due to the complexity of selective
control of nuclear motions in an actual electronic junction.

Until now, vibration-associated charge dynamics in organic
electronic devices has been only engaged with approaches that do
not include mode selectivity. For example, the density and the
equilibrium population of vibrational states have been varied via
chemical synthesis of molecules with different bond structures'3
and via thermal population of low-frequency vibrations’.
However, in principle, it should be possible to access
particular non-equilibrium nuclear or vibronic states by using
instrumentation of optical time-resolved techniques, such as
visible £ump—pr0be3’6’18, time-resolved stimulated/impulsive
Raman!®?0 or transient infrared absorption!. For example, for
inorganic perovskite materials, molecular Mott insulators*? and
organometallic donor-bridge-acceptor systems®>»?* it has been
reported that selective infrared excitation can lead to strong
modulation of the electronic properties. Sophisticated all-optical
two-dimensional photon echo techniques are even capable of
guiding a molecular system through a desired quantum
superposition of vibronic/vibrational states®2°-28,  Although
such spectroscopic methods provide a comprehensive approach
for probing and controlling molecular motions, and have been
applied to model systems such as molecular thin films or
solutions, they have not yet been employed to influence charge
transport in functional electronic (nano)devices.

In this work, we combine device characterization and ultrafast
spectroscopy methods to experimentally demonstrate that the
performance of an organic optoelectronic system can be
modulated by selectively exciting vibrational modes of the
molecules involved in charge transport. As model system we
use pentacene/Cqy bilayer photoresistors. Our experimental
approach is based on the interferometric extension of the
pump-push photocurrent (PPP) technique. In this work,
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we extend the PPP method, using the recent progress in ultrafast
interferometry?®2?° that allows for a precise control over the
time/frequency-domain structure of the infrared optical pulses.
We apply a sequence of ultrafast mid-infrared laser pulses to
create a coherent superposition of molecular vibrational motions
inside the active layer of a device and correlate this excitation with

the device performance.

Results

Optoelectronic characterization of model device. Figure la-c
describes the organic bilayer photoresistor model system. The
active layer of the device consists of polycrystalline pentacene
(70 nm) and fullerene Cgo (15nm) films (Fig. la, Supplementary
Fig. 1), thermally evaporated on top of 3-, 5- or 10-pum spaced
electrodes arranged in a comb-like geometry on a SiO, substrate
(Fig. 1b). We chose this geometry rather than a sandwich-like
structure, typical for photodiodes or solar cells, to improve the
access of mid-infrared pump pulses to the active layer. Adding
the Cq layer was critical to enhance the photocarrier generation
in the film3°.

Figure 1d compares the absorption spectra of pentacene and
Cgo in the infrared vibrational fingerprint region and in the region
of the optical electronic transitions. Cgy shows several distinct
vibrational modes at 1,180, 1,430 and 1,540cm ~! and has a
comparably low optical density in the visible. Pentacene has a rich
spectrum of vibrational lines in the infrared and also shows
strong excitonic absorption features at frequencies above
14,500cm ~! (690 nm). According to the density functional
theory calculations, the strong infrared peaks at 1,300 and
1,345cm ~! are mostly associated with C=C stretching
vibrations along the short axis of pentacene, while the weaker
high-frequency vibrations correspond to atomic motions mostly
aligned with the long axis of the molecule (see Supplementary
Fig. 2).

The dark I-V curves of the devices are symmetric and roughly
linear, indicating good hole injection from the gold electrodes to
the pentacene layer (see Supplementary Fig. 3). On exposure to
visible light, the current flow through the devices strongl
increases (approximately three times under 10mWcm™
illumination). Devices without a Cgy layer demonstrated only
negligible photoconductivity, which indicates that singlet (and
triplet)®® excitons generated after pentacene excitation are
dissociating at the pentacene/Cg, interface and that the charge
generation proceeds through the interfacial charge transfer
states®!. Owing to the large electron injection barrier at the
pentacene/Au interface, the dark current is mostly provided by
holes, while under illumination both holes and electrons
contribute to the photocurrent. Unlike in a typical solar cell,
both electrodes are placed below the pentacene films. Therefore,
electrons and holes have to pass through the pentacene, which is
known to lead to extremely long (up to seconds) extraction times
of electrons residing in low-lying trap states in pentacene®?, This
notion is confirmed by the dependence of the photocurrent on
the light-modulation frequency (Fig. 1le). Cole-Cole analysis of
this dependence shows a typical time constant >2 ms, which we
interpret as the lifetime of long-lived electronic charge carriers.

Pump-push photocurrent measurements. In a PPP experiment,
an optoelectronic device is illuminated by a sequence of laser
pulses interacting with the active material in the device. The result
of these interactions is detected by observing the variations in the
current flow through the device as a function of time delay
T between the pump and push pulses and their spectra. Thus,
PPP combines the sensitivity and device relevance of electronic
methods with the excitation selectivity and ultrafast time
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resolution of optical methods. Since its introduction®>34, PPP has
been applied and discussed in the context of photovoltaics3>3°,
nanoelectronics, spectroscopy’’, microscopy® and molecular junction
research!?,

Figure 2a shows the layout of the experiment, designed to
observe the effect of molecular vibrations on the charge transport
through the device. The setup combines a 1kHz visible-infrared
ultrafast spectrometer and a lock-in current probe station wired
to the device under ~5V external bias. First, a visible
(15,000cm ~Y; 665nm; 1.9eV) pump pulse illuminates the
device. The absorption of the pump light in pentacene leads to
the build-up of excitons and charge carriers in the active layer.
The generated carriers produce a sequence of 1-ms-spaced
current pulses in the measurement circuit with an average
photocurrent J~10nA, detected by the lock-in amplifier at
1kHz. We note that at such low current densities a charge-
induced phase transition®® can be excluded. The device is
irradiated with a push pulse at certain delay times T before or
after the pump pulse. The push pulse can promote <1% of the
molecules to the excited vibrational state and can also excite
low-frequency charge-associated infrared electronic transitions?.
The effect of infrared light on the charge separation and transport
was detected via the variation of device photocurrent dJ.
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Figure 2c presents a typical PPP transient, measured with
a single-pulse push (one interferometer arm blocked) at
1,250-1,500 cm ~ L. When the pump was blocked we observed
no signal due to the push only. At negative delay time T, when the
push pulse arrives before the pump, we already observe a
substantial increase of the current due to infrared excitation
(that is, dJ>0). We associate this response with the excitation of
long-lived photocarriers that were generated by the preceding
pump pulse that arrives ~ 1 ms earlier. This observation is in line
with the long collection times of trapped carriers observed for
electrons in pentacene’. At delay time T=0, the PPP response
promptly increases as the concentration of charges in the cell
rises due to the arrival of the new pump pulse and the infrared
push influences their dynamics. The rapid rise is followed by an
~100ps decay component that we assign to the geminate
recombination of newly generated charge pairs, which are likely
to form electrostatically bound charge-transfer excitons>”.

In a broadband experiment using a single-pulse push,
it is not possible to distinguish the effects of low-frequency
electronic excitations from the vibronic phenomena associated
with the interference between the molecular vibrational
motions and charge dynamics. To separate and address these
phenomena individually, we performed push frequency-resolved
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Figure 1 | The molecular electronic device characterization. (a) Molecular arrangement in the pentacene crystal and Cgg fullerene structure. (b,e) Layout
and microscope image of the device. The scale bar length is 0.2mm. (d) Infrared absorption in the vibrational fingerprint region and optical absorption
spectra of pentacene and Cgq. The yellow shaded contour shows a typical laser spectrum used for infrared push. (e) Photocurrent from the device as a
function of visible light-modulation frequency; the line is a Cole-Cole fit with a 2.2-ms lifetime constant and « = 0.55 dispersion parameter.
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measurements by exploiting the ultrafast interferometry
approach?8. Using a Mach-Zehnder scheme (Fig. 2a), the push
beam is split into two pulses displaced in time by an
interferometric delay 7. This leads to the formation of a 1/1
periodic modulation in the total push spectrum (Fig. 2b), which
allows for selective excitation of different coherent superpositions
of modes within the bandwidth of the infrared light. In a typical
experiment, for a certain pump-push delay T, the signal dj/J is
detected as a function of interferometric delay 7 (Fig. 2d). The
obtained interferogram is Fourier-transformed along the 7 axis to
yield the action spectrum of the push effect.

Figure 2e shows a typical frequency-resolved PPP response of a
pentacene/Cgy, device at negative and positive pump-push delay
times T, and with no pump (dark). At both delays the response
consists of a number of narrow peaks on top of a broad
featureless response, roughly following the infrared source
spectrum. We associate the broad feature with intraband
electronic and polaronic absorption, which typically spreads
between 1,000 and 5,000 cm ~ ! (ref. 40). The intraband excitation
brings the associated charge carriers to a higher-lying delocalized
state, thereby enhancing their mobility, decreasing their
recombination and thus increasing the current output®. The
narrow features in the PPP signal match well with the absorption
peaks of the vibrational modes of pentacene and Cg. Therefore,
these features in the frequency-resolved PPP response are
assigned to the excitation of molecular vibrations that modulate
the electronic dynamics. Interestingly, the broad electronic
response dominates the PPP signal when the push arrives after
the pump, while the vibrational features have similar amplitudes
(within the experimental accuracy) at positive and negative T
delays. This observation indicates that the infrared electronic

excitation substantially promotes charge separation at the
pentacene/Cgy, interface soon after exciton generation. At the
same time, the effect of vibrational excitation is present for long-
lived trapped charge carriers and, therefore, does not influence
charge separation, but only carrier de-trapping dynamics®.

We now focus on the analysis of the vibrational features only.
The effect of broadband electronic infrared excitation on charge
dynamics in organic semiconductors has been investigated
previously®®, and is outside the scope of this paper. To study
the effect of vibrational excitation for a broader set of vibrational
modes, we use a wide push spectral window of 1,150-1,700 cm ~ !
and long 7-scanning to obtain high-frequency resolution. We also
applied time-domain filtering (see Supplementary Fig. 4 and
Supplementary Note 1) to suppress broad features due to
electronic excitation and nonlinear field-induced tunnelling
currents, and performed measurements at using different push
spectra (Supplementary Fig. 5).

Figure 3a presents the vibration-associated PPP spectrum
covering most of the infrared fingerprint frequency range. The
amplitude of the PPP response was normalized to the spectral
density of the push pulse to allow for a direct comparison of the
different vibrational lines. The spectrum is the result of several
measurements with different push frequencies spliced together to
match the amplitude of the effect for the 1,430 cm ~ ! feature,
which was present in all measurements. In the 1,150-1,700 cm ~ !
region, we observe 12 PPP peaks at frequencies that match well
the infrared-active vibrational modes of pentacene and Cgj.

We note that, while the vibrations of charged pentacene
may differ from those of the neutral molecules*!, these differences
should not be observed in the PPP data. First, the shift in
frequency for most individual modes is small*>*> and, for most
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Figure 2 | The results of pump-push photocurrent measurements. (a) The layout of the time- and frequency-resolved PPP experiment. (b) Time- and
frequency-domain representations of the infrared (IR) interferometric pulse pair, matching molecular vibrations. (¢) Broadband PPP transient for
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Figure 3 | Experimental evaluation of vibrational modulation effect.

(@) The vibrational part of the PPP response, measured at negative delay
time (—100 ps). The signal amplitude is normalized to the spectral density
of the infrared (IR) push source. The spectrum is obtained using two PPP
spectra, each covering a different but overlapping wavenumber range; these
are scaled to match the amplitude of the 1,430 cm ~ ' mode that is present
in both spectra. For comparison, the absorption spectrum of the pentacene/
Ceo layer is presented in red. (b) The influence of different vibrations on
device photocurrent, estimated by normalizing the amplitude of the PPP
signal to the absorbed infrared intensity. The change of photocurrent
absolute value corresponds to a flat 0.5 pJecm ™ 2 per cm ™ " spectral density
of exciting infrared light, fully absorbed by the vibrations. The error bars
(red for fullerene modes, blue for pentacene vibrations) are s.d. for
measurements on different devices; the number of measurements was

10 for 1,300-1,450 cm ~ ! modes and 4 for all other modes.

modes, below our frequency resolution (~10cm~1!). This
conclusion is also supported by density functional theory (DFT)
calculations, see Supplementary Tables 1 and 2. Second, the
minor shifts of the vibrational levels lead to a highly efficient
vibrational energy transfer** between neutral and charged
molecules, which allows the vibrational excitation of neutral
pentacene to be delivered to the charge-trapping sites. Third,
according to Miller-Abrahams (MA) formalism, when a carrier
hops from a radical to a neutral state all vibrational modes
coupled to these electronic states contribute to the transfer rate®.
Therefore, it is not surprising that the lattice vibrations, that is,
those of the neutral pentacene, are observed in the de-trapping
dynamics. We note that this mechanism does not contradict the
mode-selective nature of the vibronic coupling.

Discussion

We observe that the amplitude of the PPP response does not
follow the intensity of the infrared absorption. For example,
the band at 1,345cm ~! possesses a much stronger infrared
absorption than the 1,630 cm ~ ! vibration, but shows a weaker
PPP response. This result shows that the observed PPP response

cannot be explained by the equilibration of vibrational energy
between modes and average heating of the device active layer,
thus illustrating the mode-selective character of the PPP response.
This example illustrates that different atomic motions couple
differently to the charge dynamics of the system. To exclude that
the non-scaling of the PPP response with infrared absorption is
merely an effect of a different orientation of the vibration dipoles
with respect to the exciting infrared light, we also performed
angle-dependent infrared absorption measurements. These
measurements showed that the modes exhibiting very different
PPP effect, for example, at 1,345 and 1,630 cm ~ !, have similar
dipole orientations (see Supplementary Fig. 6), which rules out
orientation effects.

Figure 3b compares the effect of vibrational excitation on the
device photoconductivity for different vibrational modes,
obtained by normalizing the PPP response to the number of
photons absorbed by the vibrational mode. In accordance with
Fig. 3a, the 1,300 and 1,345cm~! modes show the weakest
coupling. The higher-frequency vibrations of pentacene show a
5-8 times higher effect on the photoconductivity. For two of
the fullerene vibrations the effect is similar to that of the
high-frequency vibrational modes of pentacene.

These results can be rationalized in the framework of the
phonon-assisted MA theory?®. According to this model,
carrier hopping from a trapping state to higher-energy (more
conducting) states takes place via absorption of a phonon with
energy to compensate for the energy difference between initial
and final electronic states; the hopping rate k is defined by the
electron-vibrational coupling constant (v) and the occupation
number (n,) of the absorbed phonon, that is, k~ v?n4. In thermal
equilibrium, the occupation number of a high-energy molecular
vibration is very small, ny = exp( — A/kgT). For a comprehensive
description of the PPP response the interaction with the infrared
photons should be included into the MA model. However, at the
conceptual level the effect can be understood by assuming that an
infrared excitation creates a non-equilibrium population of the
molecular vibrational manifold; therefore, an increase in the
hopping probability is expected. The mode-selective character of
the PPP response is therefore defined by the electron-vibration
coupling constants.

To achieve mechanistic insight into the observed phenomena,
we performed a theoretical analysis of the coupling between the
different molecular vibrations and the charge carriers (holes) in
pentacene. In molecular systems these couplings can be divided
into two types, that is, local (Holstein type) and non-local (Peierls
type)*®. The Holstein electron-phonon interaction originates
from the modulation of the site energies by the vibrations. Only
totally symmetric molecular vibration modes can contribute to
this interaction. For centrosymmetric molecules like pentacene,
the symmetric modes are not infrared active. While charge-
induced symmetry breaking can lead to the infrared activation of
Raman modes in polymers, such an effect has not been observed
and is most likely negligible for pentacene. The Peierls-type
electron-phonon couplings are associated with the dependence of
the transfer integrals on the distances between adjacent molecules
and their relative orientations*®. For this type of coupling, there
are no symmetry restrictions.

On the basis of previous studies?’, we used a triclinic
polymorph®® to represent the pentacene layer structure in the
calculations. Figure 4a shows the simulated infrared spectra for a
single pentacene molecule and for the crystal in comparison to
the experimental infrared absorption. The agreement between
the experimental and calculated vibrational frequencies (with
typical discrepancies <10cm ~1) allows the assignment of the
vibrational modes observed in the frequency-resolved PPP
experiment. The 1,300 and 1,345cm ™! features in the
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experimental spectrum are associated (Fig. 4c and Supplementary
Figure 2) with in-plane ring stretching modes along the short
axis of pentacene’, while the infrared peaks at 1,540
and 1,630 cm ~ ! are associated with molecular deformations along
the long axis of pentacene (Fig. 4d and Supplementary Figure 2).
The non-local hole-vibration couplings are defined as the
derivatives of the charge-transfer integrals with respect to the
vibrational coordinates, v;;=dt/dQ;, and can be computed
numerically!>>!. Both the transfer integrals and electron-
vibration couplings have been derived in a one-electron
approximation (see Methods for details). Our results indicate
that there are two main transfer integrals contributing to charge
transfer in the pentacene crystal: t; =75meV and f, =32meV;
both are associated with intermolecular interactions along the
herringbone directions (see the red arrows in Fig. 4b). The
other two transfer integrals oriented along the a axis are
substantially smaller and do not demonstrate substantial
modulation by infrared-active modes (see Supplementary
Fig. 1). The derived coupling constants of the infrared-active

modes are shown in Fig. 4e. The couplings in the 1,400-
1,650 cm ~ ! range are about 2-5 times larger than in the 1,200-
1,400cm ~ ! range. To link the variations in coupling and the
probability to de-trap a charge with a vibrational excitation, we
estimated the rates of vibration-induced charge hopping. In the
case of two pathways, the rate is defined within perturbation
theory as: ki ~ (vi;+v3,+V7+v5), where v; and
v]’.ﬁicorrespond to quasi-degenerate molecular vibrations of
similar frequencies. Figure 4f presents these hopping rates
together with the experimental observations from Fig. 3b. The
theoretical results are consistent with the experimental data,
the theory/experiment correlation coefficient being 0.72 in
1,280-1,600 cm ~ ! region (Supplementary Fig. 7). In particular,
calculations capture well the mode-selective character of the
phenomena, with the modes below 1,430cm ~! calculated to
have a much smaller impact on charge hopping than the
higher-frequency ones. On the basis of the calculations, the
intermolecular electronic couplings and charge transport in
pentacene crystals are seen to be most sensitive to stretching
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deformations along the long molecular axis, while the stretching
deformations along the short molecular axis are less important.

In conclusion, we demonstrated that the vibrational coupling
phenomena, which play an essential role in molecular-scale
charge transport, can be explored and put to action by combining
optical and electronic techniques. Both the experiment and
theoretical calculations demonstrate that different non-
equilibrium geometries and atomic motions have different effects
on the charge dynamics. Specifically, our results show that
vibrations along the long axis of pentacene molecules lead to a
stronger increase of hopping transport via charge de-trapping
than vibrations along the short axis. The mode-selective
vibrational approach to influence charge dynamics introduced
here opens up a plethora of opportunities for basic
research, including the development of high-mobility organic
semiconductors, and the utilization of vibronic phenomena for
ultrafast switching of organic devices. In addition, the mode-
selective and local nature of our method might be particularly
useful for the identification of charge transport mechanisms and
pathways in (bio)molecular junctions2.

Methods

Materials and devices. The gold electrodes for the phototransistor were
fabricated on a SiO, substrate by a standard microfabrication technique with
sequential processes of photolithography, metal evaporation and lift-off.
Subsequently, 70 nm pentacene and 15nm Cg films were thermally evaporated
without substrate heating at a rate around 0.5 As ~ 1. Samples were kept in N,
atmosphere from fabrication until the ultrafast measurements. IV curves were
measured using a commercial source-measurement unit (Agilent B2900A) and a
halogen lamp for light/dark measurements.

Ultrafast experiments. Ultrafast experiments were performed inside a N, flow
compartment. Pump and push pulses were generated by using the output of a
1-kHz repetition rate femtosecond regenerative amplifier (800 nm, 35 fs, 4 m] per
pulse), which by employing a beam splitter (3:1) pumped a pair of optical parametric
amplifiers (TOPAS). To generate the pump pulse, the ‘signal’ output of one of the
TOPAS was frequency doubled in beta barium borate (BBO) crystal. For infrared-
push generation the signal and idler pulses from the other TOPAS were difference-
frequency mixed in a AgGaS, crystal. This provided a femtosecond (100 fs, ~ 20 pJ)
infrared pulse centred at 1,360 or 1,550 cm ~ L. After this infrared light entered a
Mach-Zehnder interferometer a pair of collinear push pulses was produced with the
spectrum?®; Lp(w) = I()(2 + 2cos(wt)) where I(w) is the spectrum of a single push
pulse; 7 is the delay between the two pulses. The interferometer was controlled using
a reference beam from a He-Ne laser following the path of the infrared beam. Both
pump (<10n]J) and push (~1pJ) pulses were focused on the device using a
R=15cm spherical gold mirror. The device was biased (~5V) using a battery
voltage source. Current modulation dJ was detected using a lock-in amplifier
(Stanford Research 830) in the current mode locked to the mechanical modulator
(370 Hz) in the push beam. PPP interferogram was recorded as a function of the
delay between the two push pulses . The Fourier transformation of this time variable
yielded the pump-frequency axis in the PPP spectrum. All measurements were
performed at room temperature and N, flow atmosphere.

Details of theoretical calculations. Geometry optimizations of the crystal struc-
ture of the triclinic pentacene polymorph proposed by Campbell*® were performed
at the PBE0/6-31G level of theory. During the optimization, the unit-cell
parameters were kept fixed at the experimental values. A uniform 8 X 6 x 4
Monkhorst-Pack k-point grid was employed. The I'-point phonons (lattice
vibrations) within the harmonic approximation and the infrared intensities were
obtained via a coupled perturbed Hartree—Fock approach. These calculations were
carried out with the CRYSTALI4 package®**. Since there are two independent
molecules in the unit cell of the pentacene crystal, all molecular vibration modes are
(quasi)degenerate. All lattice vibrations in the region of interest can be visualized on
the Internet (http://afonari.com/pentacene-vibrations/).

Transfer integrals (electronic couplings) for holes were calculated using a
fragment orbital approach based on the unperturbed highest occupied molecular
orbitals of the individual neutral molecules extracted from the optimized crystal
geometry>>. The non-local hole-phonon coupling constants (v) come from the
modulation of the transfer integrals by lattice vibrations. The coupling constants
can be computed by expanding the electronic couplings into Taylor series of the
phonon eigenvectors: t =ty + Zj v;Q;. Here, f, is the electronic coupling at the
crystal equilibrium geometry; Q; is the normal-mode coordinate of mode j; v; is the
linear non-local electron-phonon coupling constant. In practice, the coupling
constants are calculated by distorting the crystal along all normal-mode

coordinates with positive and negative steps and then computing numerically the
related derivatives of the transfer integrals for each vibrational mode.

All the DFT calculations for the isolated neutral and positively charged
molecules were performed at the PBE0/6-31G level of theory using the Gaussian
packageSG. The normal modes of the neutral (Q,) and cation (Q,) states are related
to each other via a multidimensional rotation (Duschinsky) matrix (Supplementary
Table 2)*”. The Duschinsky matrix was computed with the DUSHIN code®®.
The calculated frequencies for both isolated molecule and crystal were scaled by
0.95 (Supplementary Table 1)*°.

References

1. Bredas, J. L. & Street, G. B. Polarons, bipolarons, and solitons in conducting
polymers. Accounts Chem. Res. 18, 309-315 (1985).

2. Galperin, M., Ratner, M. A., Nitzan, A. & Troisi, A. Nuclear coupling and
polarization in molecular transport junctions: beyond tunneling to function.
Science 319, 1056-1060 (2008).

3. Polli, D. et al. Conical intersection dynamics of the primary photoisomerization
event in vision. Nature 467, 440-443 (2010).

4. Clark, J., Nelson, T., Tretiak, S., Cirmi, G. & Lanzani, G. Femtosecond torsional
relaxation. Nat. Phys. 8, 225-231 (2012).

5. Gane, S. et al. Molecular vibration-sensing component in human olfaction.
PLoS ONE 8, €55780 (2013).

6. Falke, S. M. et al. Coherent ultrafast charge transfer in an organic photovoltaic
blend. Science 344, 1001-1005 (2014).

7. Ballmann, S. et al. Experimental evidence for quantum interference and
vibrationally induced decoherence in single-molecule junctions. Phys. Rev. Lett.
109, 056801 (2012).

8. Chin, A. W. et al. The role of non-equilibrium vibrational structures in
electronic coherence and recoherence in pigment-protein complexes. Nat. Phys.
9, 113-118 (2013).

9. Pascual, J. L, Lorente, N., Song, Z., Conrad, H. & Rust, H. P. Selectivity in
vibrationally mediated single-molecule chemistry. Nature 423, 525-528 (2003).

10. Asadi, K. et al. Polaron hopping mediated by nuclear tunnelling in
semiconducting polymers at high carrier density. Nat. Commun. 4, 1710
(2013).

. Eggeman, A. S, Illig, S., Troisi, A., Sirringhaus, H. & Midgley, P. A.
Measurement of molecular motion in organic semiconductors by thermal
diffuse electron scattering. Nat. Mater. 12, 1045-1049 (2013).

12. Ward, D. R, Corley, D. A,, Tour, J. M. & Natelson, D. Vibrational and

electronic heating in nanoscale junctions. Nat. Nanotech 6, 33-38 (2011).

13. Guedon, C. M. et al. Observation of quantum interference in molecular charge
transport. Nat. Nanotech 7, 305-309 (2012).

14. Selzer, Y. & Peskin, U. Transient dynamics in molecular junctions: picosecond
resolution from dc measurements by a laser pulse pair sequence excitation.

J. Phys. Chem. C 117, 22369-22376 (2013).

15. Sanchez-Carrera, R. S., Paramonov, P., Day, G. M., Coropceanu, V. &
Brédas, J.-L. Interaction of charge carriers with lattice vibrations in
oligoacene crystals from naphthalene to pentacene. J. Am. Chem. Soc. 132,
14437-14446 (2010).

16. Ghezzi, D. et al. A hybrid bioorganic interface for neuronal photoactivation.
Nat. Commun. 2, 166 (2011).

17. Wang, L. & May, V. Charge transmission through single molecules: Effects of
nonequilibrium molecular vibrations and photoinduced transitions. Chem.
Phys. 375, 252-264 (2010).

18. Ruban, A. V. et al. Identification of a mechanism of photoprotective energy
dissipation in higher plants. Nature 450, 575-578 (2007).

19. Kukura, P., McCamant, D. W. & Mathies, R. A. Femtosecond stimulated
Raman spectroscopy. Annu. Rev. Phys. Chem. 58, 461-488 (2007).

20. Kraack, J. P., Wand, A., Buckup, T., Motzkus, M. & Ruhman, S. Mapping
multidimensional excited state dynamics using pump-impulsive-vibrational-
spectroscopy and pump-degenerate-four-wave-mixing. Phys. Chem. Chem.
Phys. 15, 14487-14501 (2013).

. Barbour, L. W., Hegadorn, M. & Asbury, J. B. Watching electrons move in real
time: ultrafast infrared spectroscopy of a polymer blend photovoltaic material.
J. Am. Chem. Soc. 129, 15884-15894 (2007).

22. Kaiser, S. et al. Optical properties of a vibrationally modulated solid state mott

insulator. Sci. Rep. 4, 3823 (2014).

23. Lin, Z. et al. Modulating unimolecular charge transfer by exciting bridge
vibrations. J. Am. Chem. Soc. 131, 18060-18062 (2009).

24. Delor, M. et al. Toward control of electron transfer in donor-acceptor
molecules by bond-specific infrared excitation. Science 346, 1492-1495 (2014).

25. Brixner, T., Stenger, J., Vaswani, H. M., Blankenship, R. E. & Fleming, G. R.
Two-dimensional spectroscopy of electronic couplings in photosynthesis.
Nature 343, 625-628 (2005).

26. Tiwari, V., Peters, W. K. & Jonas, D. M. Energy transfer: vibronic coherence
unveiled. Nat. Chem. 6, 173-175 (2014).

27. Collini, E. et al. Coherently wired light-harvesting in photosynthetic marine
algae at ambient temperature. Nature 463, 644-647 (2010).

1

—

2

—_

| 6:7880 | DOI: 10.1038/ncomms8880 | www.nature.com/naturecommunications 7

© 2015 Macmillan Publishers Limited. All rights reserved.


http://afonari.com/pentacene-vibrations/
http://www.nature.com/naturecommunications

ARTICLE

2

el

29.

30.

3

—

32.

33.

34.

35.

36.

37.

38.

39.

40.

4

—_

42.

43.

44.

45.

46.

47.

4

oo

49.

50.

5

—

52.

. Helbing, J. & Hamm, P. Compact implementation of Fourier transform

two-dimensional IR spectroscopy without phase ambiguity. J. Opt. Soc. Am. B
28, 171-178 (2011).

Skoff, D. R., Laaser, J. E., Mukherjee, S. S., Middleton, C. T. & Zanni, M. T.
Simplified and economical 2D IR spectrometer design using a dual
acousto-optic modulator. Chem. Phys. 422, 8-15 (2013).

Wilson, M. W. B,, Rao, A., Ehrler, B. & Friend, R. H. Singlet exciton fission in
polycrystalline pentacene: from photophysics toward devices. Acc. Chem. Res.
46, 1330-1338 (2013).

. Deibel, C,, Strobel, T. & Dyakonov, V. Role of the charge transfer state in

organic donor-acceptor solar cells. Adv. Mater. 22, 4097-4111 (2010).

Gu, G,, Kane, M. G. & Mau, S.-C. Reversible memory effects and acceptor states in
pentacene-based organic thin-film transistors. J. Appl. Phys. 101, 014504 (2007).
Lukin, L. V., Tolmachev, A. V. & Yakovlev, B. S. The photoexcitation of trapped
electrons produced in the photoionization of anthracene in liquid n-hexane.
Chem. Phys. Lett. 81, 595-598 (1981).

Frankevich, E. et al. Formation of polaron pairs and time-resolved
photogeneration of free charge carriers in p-conjugated polymers. Phys. Rev. B
62, 2505-2515 (2000).

Bakulin, A. A. et al. The role of driving energy and delocalized states for charge
separation in organic semiconductors. Science 335, 1340-1344 (2012).
Miiller, J. G. et al. Ultrafast dynamics of charge carrier photogeneration and
geminate recombination in conjugated polymer:fullerene solar cells. Phys. Rev.
B 72, 195208 (2005).

Nardin, G., Autry, T. M, Silverman, K. L. & Cundiff, S. T. Multidimensional
coherent photocurrent spectroscopy of a semiconductor nanostructure. Opt.
Express 21, 28617-28627 (2013).

Cocker, T. L. et al. An ultrafast terahertz scanning tunnelling microscope. Nat.
Photon. 7, 620-625 (2013).

Ando, M. et al. Evidence for charge-trapping inducing polymorphic
structural-phase transition in pentacene. Adv. Mater. 27, 122-129 (2015).
Osterbacka, R., An, C. P,, Jiang, X. M. & Vardeny, Z. V. Two-dimensional
electronic excitations in self-assembled conjugated polymer nanocrystals.
Science 287, 839-842 (2000).

. Capek, V. & Silinsh, E. A. Dynamics of electronic polarization in molecular

crystals. Chem. Phys. 200, 309-318 (1995).

Brinkmann, M. et al. Electronic and structural evidences for charge transfer and
localization in iodine-doped pentacene. J. Phys. Chem. 108, 8170-8179 (2004).
Cazayous, M. et al. Iodine insertion in pentacene thin films investigated by
infrared and Raman spectroscopy. Phys. Rev. B 70, 081309 (2004).
Woutersen, S. & Bakker, H. J. Resonant intermolecular transfer of vibrational
energy in liquid water. Nature 402, 507-509 (1999).

Miller, A. & Abrahams, E. Impurity conduction at low concentrations. Phys.
Rev. 120, 745-755 (1960).

Brédas, J. L., Calbert, J. P., da Silva Filho, D. A. & Cornil, J. Organic
semiconductors: a theoretical characterization of the basic parameters
governing charge transport. Proc. Natl Acad. Sci. USA 99, 5804-5809 (2002).
Bouchoms, I. P. M., Schoonveld, W. A., Vrijmoeth, J. & Klapwijk, T. M.
Morphology identification of the thin film phases of vacuum evaporated
pentacene on SIO2 substrates. Synthetic Met. 104, 175-178 (1999).

. Campbell, R. B., Robertson, J. M. & Trotter, J. The crystal structure of hexacene,

and a revision of the crystallographic data for tetracene. Acta Crystallogr. 15,
289-290 (1962).

Hosoi, Y., Okamura, K., Kimura, Y., Ishii, H. & Niwano, M. Infrared
spectroscopy of pentacene thin film on SiO2 surface. Appl. Surf. Sci. 244,
607-610 (2005).

Salzmann, L et al. Phase separation in vacuum codeposited pentacene/6,13-
pentacenequinone thin films. Phys. Rev. B 75, 174108 (2007).

. Coropceanu, V., Sanchez-Carrera, R. S., Paramonov, P., Day, G. M. &

Brédas, J.-L. Interaction of charge carriers with lattice vibrations in organic
molecular semiconductors: naphthalene as a case study. J. Phys. Chem. C 113,
4679-4686 (2009).

Giese, B., Eckhardt, S. & Lauz, M. in Encyclopedia of Radicals in Chemistry,
Biology and Materials (John Wiley & Sons, 2012).

53. Maschio, L., Kirtman, B., Orlando, R. & Reérat, M. Ab initio analytical infrared
intensities for periodic systems through a coupled perturbed Hartree-Fock/
Kohn-Sham method. J. Chem. Phys. 137, 204113 (2012).

54. Dovesi, R. et al. CRYSTALI14: a program for the ab initio investigation of
crystalline solids. Int. . Quant. Chem. 114, 1287-1317 (2014).

55. Valeev, E. F., Coropceanu, V., da Silva Filho, D. A., Salman, S. & Brédas, J.-L.
Effect of electronic polarization on charge-transport parameters in molecular
organic semiconductors. J. Am. Chem. Soc. 128, 9882-9886 (2006).

56. Frisch, M. J. et al. Gaussian 09, Revision B.01 (Gaussian, Inc., 2009).

57. Duschinsky, F. Acta Physicochim. U.R.S.S. 7, 551-566 (1937).

58. Reimers, J. R. A practical method for the use of curvilinear coordinates in
calculations of normal-mode-projected displacements and Duschinsky rotation
matrices for large molecules. . Chem. Phys. 115, 9103-9109 (2001).

59. Langhoff, S. R. Theoretical infrared spectra for polycyclic aromatic hydrocarbon
neutrals, cations, and anions. J. Phys. Chem. 100, 2819-2841 (1996).

~

Acknowledgements

We thank Richard Friend, Ayelet Vilan and Dassia Egorova for useful discussions, and
Johannes Zimmermann and Tobias Glaser for the angle-dependent infrared spectra. This
work was supported by the Netherlands Organization for Scientific Research (NWO)
through the ‘Stichting voor Fundamenteel Onderzoek der Materie’ (FOM) research
programme. A.A.B. also acknowledges a VENI grant from the NWO. A.A.B. is currently
a Royal Society University Research Fellow. This project has received funding from the
European Research Council (ERC) under the European Union’s Horizon 2020 research
and innovation programme (grant agreement No 639750). R.L. acknowledges a

Marie Curie IE Fellowship from the EU, held at the Weizmann Institute (FP7-PEOPLE-
2011-IEF no. 29866). X.Y. thanks the Council for Higher Education (Israel) for a PBC
programme postdoctoral research fellowship. V.C. thanks support from the Office of
Naval Research and MURI Center on Advanced Molecular Photovoltaics, award No.
N00014-14-1-0580. J.L.B. acknowledges support by competitive research funding from
King Abdullah University of Science and Technology (KAUST) and by ONR Global,
Grant N62909-15-1-2003. D.C. thanks the Israel Science Foundation Centre of Excel-
lence program, the Grand Centre for Sensors and Security and the Schmidt Minerva
Centre for Supramolecular Architecture for partial support. D.C. holds the Sylvia and
Rowland Schaefer Chair in Energy Research.

Author contributions

A.AB., RL. and D.C. conceived of the project; RL., X.Y. and P.K.N. have developed
and characterized optoelectronic devices; A.A.B. and O.S. have performed ultrafast
experiments with support from H.J.B. and Y.L.A.R; A.A.B, RL, X.Y. and O.S. analysed
the data; A.F.,,V.C. and J.-L.B. have performed the theoretical calculations; A.A.B. and
R.L. wrote the paper with contributions and advice from all other authors.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Bakulin, A. A. et al. Mode-selective vibrational
modulation of charge transport in organic electronic devices. Nat. Commun. 6:7880

doi: 10.1038/ncomms8880 (2015).

This work is licensed under a Creative Commons Attribution 4.0
BY International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated otherwise

in the credit line; if the material is not included under the Creative Commons license,

users will need to obtain permission from the license holder to reproduce the material.

To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

| 6:7880 | DOI: 10.1038/ncomms8880 | www.nature.com/naturecommunications

© 2015 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/naturecommunications

	title_link
	Results
	Optoelectronic characterization of model device
	Pump-push photocurrent measurements

	Figure™1The molecular electronic device characterization.(a) Molecular arrangement in the pentacene crystal and C60 fullerene structure. (b,c) Layout and microscope image of the device. The scale bar length is 0.2mm. (d) Infrared absorption in the vibrati
	Figure™2The results of pump-push photocurrent measurements.(a) The layout of the time- and frequency-resolved PPP experiment. (b) Time- and frequency-domain representations of the infrared (IR) interferometric pulse pair, matching molecular vibrations. (c
	Discussion
	Figure™3Experimental evaluation of vibrational modulation effect.(a) The vibrational part of the PPP response, measured at negative delay time (-100thinspps). The signal amplitude is normalized to the spectral density of the infrared (IR) push source. The
	Figure™4Calculated electron-phonon couplings and comparison with experiments.(a) Simulated infrared (IR) spectrum for the pentacene molecule (red) and crystal (blue), superimposed on the experimental spectrum for comparison. (b) Molecular crystal structur
	Methods
	Materials and devices
	Ultrafast experiments
	Details of theoretical calculations

	BredasJ. L.StreetG. B.Polarons, bipolarons, and solitons in conducting polymersAccounts Chem. Res.183093151985GalperinM.RatnerM. A.NitzanA.TroisiA.Nuclear coupling and polarization in molecular transport junctions: beyond tunneling to functionScience31910
	We thank Richard Friend, Ayelet Vilan and Dassia Egorova for useful discussions, and Johannes Zimmermann and Tobias Glaser for the angle-dependent infrared spectra. This work was supported by the Netherlands Organization for Scientific Research (NWO) thro
	ACKNOWLEDGEMENTS
	Author contributions
	Additional information




