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ABSTRACT: Vibrational excitations provoked by coupling effects
during charge transport through single molecules are intrinsic
energy dissipation phenomena, in close analogy to electron−phonon
coupling in solids. One fundamental challenge in molecular
electronics is the quantitative determination of charge-vibrational
(electron−phonon) coupling for single-molecule junctions. The
ability to record electron−phonon coupling phenomena at the
single-molecule level is a key prerequisite to fully rationalize and
optimize charge-transport efficiencies for specific molecular
configurations and currents. Here we exemplarily determine the
pertaining coupling characteristics for a current-carrying chemically
well-defined molecule by synchronous vibrational and current−
voltage spectroscopy. These metal-molecule-metal junction insights
are complemented by time-resolved infrared spectroscopy to assess the intramolecular vibrational relaxation dynamics. By measuring
and analyzing the steady-state vibrational distribution during transient charge transport in a bis-phenylethynyl-anthracene derivative
using anti-Stokes Raman scattering, we find ∼0.5 vibrational excitations per elementary charge passing through the metal-molecule-
metal junction, by means of a rate model ansatz and quantum-chemical calculations.

■ INTRODUCTION

Understanding and controlling loss mechanisms during charge
transport through single molecules is fundamental for the
development of molecule-based nanoelectronic device ele-
ments.1−3 During conduction through individual molecular
species, charge from an electrode can transfer through the
energy levels of a (vibrationally excited) molecule and
subsequently populate states of a second lead. In metal-
molecule-metal junctions,4−11 where individual π-conjugated
molecules may show conductances near 0.5 μS,4,8−10

electrode−molecule and electron−phonon coupling12,13 (or,
more specifically for molecules, charge-vibrational coupling)
play an important role in the resistivity characteristics.10,14−18

Thus, the understanding and control over electron−phonon
coupling (EPC), which can be represented by a dimensionless
constant λ,14,19,20 would enable the optimization of a wide
range of conductance properties,1 including, for example,
enhancement or suppression21,22 of dissipation channels.
Calculation schemes have been employed to determine the
EPC, yielding values from 0.34 to 0.02 for coupling to low-
energy modes in benzene.14,19

Yet, the experimental determination of EPC in single
molecules remains a challenging issue. This is especially
demanding for systems with strong vibrational coupling, often

encountered in double-barrier molecular23−25 or Coulomb
blockade junctions.21,26−29 In the strong vibrational coupling
regime, markedly different from coherent transport,30 charging
of the molecule and subsequent relaxation to the neutral state
can interfere,24,31−33 bringing the molecule toward a higher-
level vibrational state. Moreover, experimental evidence for
bias-induced shifts of vibrational frequencies, indicative of
coupling between electronic excitation and molecular
vibrations, have been associated with (transient) charging
effects34,35 or symmetry changes.36,37

One proposed strategy toward measuring the EPC in
realistic configurations with energy dissipation is to record the
steady-state vibrational population during transport.32,38,39 By
using a molecular junction spectroscopy (MJS) setup, the
concurrent monitoring of both the vibrational population by
calibrated Raman spectroscopy and the current in a single-
molecule junction becomes possible. Here, we use this method
for a 9,10-bis-phenylethynyl-anthracene molecule connected to

Received: July 20, 2019
Published: February 4, 2020

Articlepubs.acs.org/JACS

© 2020 American Chemical Society
3384

https://dx.doi.org/10.1021/jacs.9b07757
J. Am. Chem. Soc. 2020, 142, 3384−3391

D
ow

nl
oa

de
d 

vi
a 

T
U

 M
U

E
N

C
H

E
N

 o
n 

Ju
ne

 3
0,

 2
02

0 
at

 1
0:

51
:0

2 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hai+Bi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carlos-Andres+Palma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuxiang+Gong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Klara+Stallhofer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthias+Nuber"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chao+Jing"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Felix+Meggendorfer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Felix+Meggendorfer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shizheng+Wen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="ChiYung+Yam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Reinhard+Kienberger"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mark+Elbing"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marcel+Mayor"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hristo+Iglev"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hristo+Iglev"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Johannes+V.+Barth"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joachim+Reichert"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.9b07757&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b07757?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b07757?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b07757?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b07757?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b07757?fig=tgr1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/jacs.9b07757?ref=pdf
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf


electrodes with terminal thiol anchor groups (BPA, see Figure
1a). While applying and sweeping a bias voltage, we find a gap
region followed by an abrupt change to a charge transport
region above a certain voltage threshold. The concomitantly
recorded Stokes Raman signal unambiguously reveals that
transport occurs through the highest occupied molecular
orbital (HOMO) and that the molecule should be regarded as

transiently charged, as indicated by density functional theory
(DFT) simulations. In the identified transport regime, we
detect an anti-Stokes Raman signal. This spectrum, combined
with current characteristics of the junction and the measure-
ment of intramolecular vibrational relaxation times, grants
access to an EPC constant λ by means of a simple rate
equation model combined with quantum-chemical computa-
tions.

■ EXPERIMENTAL SECTION
Molecular Junction Spectroscopy. The MJS setup presents a

new method for studying charge transport through single molecules in
strong optical fields. The rodlike, thiol-terminated BPA molecules are
covalently anchored to a gold film through self-assembly techniques
and contacted from the other side by the apex of a gold-covered (20
nm) tetrahedral glass (T-tip) fragment.40,41 The tip−sample distance
is controlled by a piezo crystal. The technique integrates a home-built
Raman spectroscopy setup (Supporting Information Figure S2). The
laser light (He−Ne laser, 12 mW, 632.8 nm) is coupled through the
backside of the glass body of the tetrahedral glass fragment
into the apex of the tip. The tip acts as the light source, counter-
electrode, and light collector at the same time (Figure 1a). All
measurements shown are recorded at room temperature in high
vacuum (∼1·10−7 mbar) to prevent the molecules from decomposing
in the presence of oxygen.42 By heating the whole setup during
control measurements, we estimated that the temperature remained
clearly below 100 °C in the junction, at which temperature the
molecules decompose without showing similar effects in the anti-
Stokes Raman spectra (Supporting Information Figure S3).

Substrate Preparation. The fabrication process of the glass
substrate is the same as for the T-tip. The glass slide is coated with a
200−500 nm gold film, whose roughness is ∼20−30 nm. A droplet of
BPA dissolved in tetrahydrofuran (0.5 mM) is deposited with a pipet
on the gold-covered substrate. Then the solution covered substrate is
put in an atmosphere saturated with tetrahydrofuran for 3 h, to allow
the molecules to anchor covalently to the substrate.

Molecular Junction Preparation. After preparing the sample ex
situ and fixing it on the sample holder in the vacuum chamber, the tip
is approached mechanically into the working distance of the piezo
crystal with the help of a tunneling current feedback loop. For all
subsequent measurements the tip−sample distance was controlled
manually by the piezo voltage. The setup deliberately lacks the ability
to move or image the substrate laterally to minimize internal and
external disturbances and to ensure the highest possible stability of
the formed junctions. Figure 1b inset depicts a typical I−Z curve
during successful formation of a single-molecule junction. At distances
of ∼2.2 nm, a (10 ± 1) nA current step at ∼0.6 V (∼0.02 μS)
characteristic of the formation of a covalently linked metal-molecule-
metal contact is distinguished and reproduced with high fidelity (the
molecule has a sulfur−sulfur length of 2.0 nm). Following this, I−U
curves are measured, and a conductance histogram is prepared
(Supporting Information Figure S1). Raman spectra are recorded
from junctions at the peak of the histogram, usually displaying from 1
to 300 μG0 (G0 = 7.74 × 10−5 S) at ∼0.6 V. This method is
commonly employed to narrow outlier metal-molecule-metal
configurations.43,44

Femtosecond UV-IR Spectroscopy. The setup for pump−probe
measurements is based on a commercial Ti:sapphire laser system (130
fs, 800 nm, 1 kHz, see Supporting Information for more details). Part
of the output was frequency doubled to obtain pump pulses at 400
nm with an energy of 0.5 μJ. A two-stage optical parametric amplifier
with subsequent difference frequency generation yield mid-IR probe
pulses at 1500 cm−1 (spectral width ∼200 cm−1). The probe beams
are spectrally resolved in a polychromator and recorded on a 2 × 64
pixel HgCdTe detector. The spectral resolution of the system is 2
cm−1. The vibrational relaxation dynamics are monitored as the
change in the optical density ΔOD = −log (T/T0), with T being the
probe beam’s transmission through an excited sample, and T0 being
the transmission through an unexcited sample, that is, with pump

Figure 1. Contacting and characterizing a single molecule. (a) MJS
setup illustrating a single BPA molecular junction with gold contacts.
(b) Typical processed current-voltage (I−U, red) characteristics
and current derivatives (dI/dU, blue) selected from a raw set of 2491
curves (see Supporting Information Figure S1 for complete data set).
(inset) A representative current-distance (I−Z) approach curve at U
= 0.5 V employed as an indicator of molecular junction formation,
whereby contact is established approximately at 2.2 nm (I = 10 ± 1
nA) from the short-circuit region. (c) Schematics of charge transport
through the HOMO. The adiabatic curve (red shaded area) illustrates
EPC proportional to the coordinate displacement1 between the wave
functions ψ(+) and ψ, associated with a charged and neutral state,
respectively. Possible elastic channels (black arrows), inelastic
channels (red arrows), and the evolving steady-state vibrational
distribution (ρ) are illustrated.
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beam blocked. The probe beam polarization is adjusted to a magic
angle setting (54.7°) with respect to the pump beam to avoid a
possible induced optical anisotropy. The sample compartment is
flushed with dry air to avoid absorption lines due to atmospheric water.
The BPA dissolved in dichloromethane was pumped through a 90 μm
thick CaF2 flow cell from a reservoir in a closed cycle. To avoid
degradation of the sample in the course of a longer measurement a
large sample volume of 40 mL was used.
Density Functional Theory. Simulated Raman spectra were

calculated with the quantum chemical package Firefly. Hartree and
Hessian activities were obtained at the Perdew-Burke-Ernzerhof
(PBE) level of theory (PBE86 in Firefly) using a 6-311G basis set.
The stationary-state PBE geometry and Hessian of the neutral
molecule were used as an input for calculating the Raman spectrum,
employing the SOGGEX level of theory and a TZV 3p 3d basis set
with diffuse s functions. Firefly calculations were performed by
increasing the isotopic mass of the S and H elements of the thiol
terminal groups to 1 000 000 amu, to simulate the immobilization of
the thiols on the gold electrodes.

■ RESULTS AND DISCUSSION

After a junction has formed, I−U characteristics are recorded,
which often reveal prominent features at ±0.6 V (Figure 1b
shows a selected set of curves). An automatically processed
current histogram of 2491 I−U curves is shown in Supporting
Information Figure S1a. In conjunction with Raman evidence
(see below), these channels are associated with charge
transport through one of the molecular orbitals, which process
is known to be accompanied by inelastic energy dissipation in
the form of vibrational excitations45 (Figure 1c). Accordingly,
we explored the characteristics of these excitations by
vibrational spectroscopy in the bias voltage range from 0 to

±1.2 V (Figure 2a). Raman spectroscopy measurements reveal
no change in the Stokes spectra intensities in the [−0.6, +0.6]
V bias interval (Figure 2b). At ∼0.6 V, new sharp signals
appear close to 1080 and 1400 cm−1 in the Raman Stokes
spectrum, whereas the peak at 2150 cm−1 is significantly
reduced (Figure 2c). At voltages exceeding the resonance at
0.6 eV the peak at 1080 cm−1 vanishes. The spectral features
appearing at 0.6 V strongly indicate that the acquired Raman
signal originates exclusively from an individual, current-
carrying molecule, because an average Raman spectrum from
multiple bystanding molecules cannot be expected to produce
sharp, articulated current-induced Raman signatures.
The new signals are rationalized with the help of simulated

Raman spectra. In particular, different molecular charge states
are investigated by DFT, employing constrained -SH moieties.
The calculated vibrational characteristics of the neutral species
matches the experimental spectrum up to ±0.6 V, whereas the
spectral signature for higher bias can only be reproduced
by invoking the simulation of a positive charged molecular
state (with a correlation factor of R = 0.27 and offset scaling of
just 3 cm−1; see Supporting Information Figure S5 for the
complete set of simulations). Notably, the ∼1400 cm−1 signal
is absent from the DFT-calculated Raman spectrum of the
neutral molecule (Figure 2b in red) and appears exclusively for
the charged state in Figure 2c. Moreover, the respective
calculated intensity from a single molecule coincides with the
observed signal, as expected for the response of an individual
species. These observations altogether substantiate the single-
molecule emitter concept and strongly indicate that BPA
undergoes transient charging during transport.

Figure 2. Single-molecule Raman spectroscopy. (a) Voltage-dependent Raman Stokes scattering from molecular junctions (see Supporting
Information Figure S1 for additional data sets). The white rectangles in (a) highlight two spectral regions at and below the transport resonance at
0.6 V. (b) Measured (blue) and calculated (red) spectra of the neutral molecule. (c) Measured (blue) and calculated (red) spectra of the charged
state. A characteristic mode at ∼1400 cm−1 (green bar) appears only for the simulated spectrum of the positively charged state (see text and
Supporting Information Figure S5 for comparative theoretical studies and Supporting Information Figure S6 for negative bias data). (d) Voltage-
dependent Raman anti-Stokes scattering. The white rectangles in (d) highlight two spectral regions above and below the resonance at 0.6 V. (e, f)
Anti-Stokes spectra (e) below 0.6 V and (f) at 0.6 V. (g) The calculated spectrum in (c) is plotted in semilogarithmic scale for ease of comparison
to the anti-Stokes spectrum. The excitation wavelength is 632.8 nm.
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Remarkably, for voltages exceeding the ±0.6 V threshold of
the transport resonance, an anti-Stokes Raman spectrum with a
series of peaks appears. Three important implications follow
from the occurrence of these signals. First, a sharp step in the
intensity at ±0.6 V, together with the absence of continuous or
quadratic shifts, exclude bias-mediated Stark effects.34,35

Second, the fact that this distribution does not change with
applied bias (Figure 2d) implies that the vibrational steady-
state distribution cannot be attributed to resistive heating
(∼V2·R−1).46−48 Third, the anti-Stokes spectrum follows a
nonlinear decreasing envelope of the Raman active modes
(Figure 2f,g; the calculated spectrum is shown in red). The
latter is a strong indication that the distribution is not
considerably affected by an electronic temperature back-
ground.49 The exponential shape of the envelope is further
supported by the measurement of an intense mode at 431
cm−1 (Supporting Information Figure S4).
Temperature-controlled experiments corroborate that

the anti-Stokes spectra are not generated by nanoscopic laser
or junction temperature effects. When heating the setup to
∼100 °C, stepwise molecular decomposition was identified by
Raman spectroscopy (cf. Supporting Information Figure S3).
At this temperature, only Stokes (no anti-Stokes) signals were
observed at biases below 600 mV. At temperatures that already
decompose the molecule, a significant population of vibrational
modes should be expected. Obviously, our setup is not
sensitive to such populations at the single-molecule level. This
allows us to exclude that the anti-Stokes signal is originating
from temperature effects, in marked contrast to multimolecular
junctions subject to microwatt current power densities, a
regime that has been thoroughly documented.47,48,50 Field

effects and current heating in molecular junctions have been
reported previously, but they are dominant only in polarizable
junctions and in junctions with a high conductance (>mG0),
respectively. Thus, we attribute our observations to EPC and
vibrational-vibrational dissipation.32,38,39 It follows that the
detection of a steady-state, bias-independent, vibrational
population during transient molecular charging enables the
determination of a single-molecule EPC.
In a classical rate model,32,38,39 vibrational modes vq, having

a vibrational population of pq, couple to the current I via
coupling constants λq.

51 The rate of vibrational excitations is
proportional to the current I and can be determined by the
following formula:

λ= ·
p

t
I
e

d

d
q

q (1)

Here e denotes the elementary charge. It is useful to define a
total coupling constant as λ = ∑qλq.

52 A calibrated anti-Stokes
Raman spectrum provides direct access to vibrational
populations via the number of absolute scattered phonons
per second (dpq/dt), while the current can be obtained
from the molecular junction experiment. In our setup, the total
number of collected anti-Stokes photons, which is a measure-
ment of the total phonon population, is obtained by dividing
the integrated anti-Stokes signal by the photon flux at the tip
apex and accounting for the collection efficiency (see near-field
Raman methods in the Supporting Information).
Rate models have been successfully employed32 to

accurately quantify an EPC constant from a steady-state
distribution, provided that the intramolecular vibrational-

Figure 3. Electron−Phonon coupling rate model combined with quantum-chemical calculations. (a) DFT-optimized molecular geometry with
fixed gold electrodes. (b) The weight wq extracted from theory and the EPC constants λq obtained from the rate model in eq 2 (red). (c) A three-
step rate model, where the coupling constant λq to the normal-mode frequency vq is calculated to be in steady-state equilibrium, with intramolecular
relaxation through vibrational-vibrational rate γvib and with dissipation to the metal electrodes through a vibrational-phonon rate γph. (d) The best
fit (R-factor = 0.001) to the calibrated anti-Stokes Raman spectrum envelope (the peaks in Figure 2f) compared to the model envelope. The fit
considers coupling to the calculated modes, starting at 4.6 cm−1. Employing the measured internal relaxation time scale of τvib = γvib

−1 = (37 ± 4)
ps, we find a total λ = 0.48 (see text). The additional anti-Stokes Raman mode 431 cm−1 became accessible by measuring with a 50% mirror instead
of a broad bandwidth dichroic beam splitter (see Supporting Information Figure S4).
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vibrational or the metal phonon bath-vibrational relaxation
rates are known. The vibrational modes are allowed to relax
anharmonically to higher or lower energy modes vq+n or vq−n
with a rate γvib and to the metal phonon bath with a rate γph
(Figure 3c). IR time-resolved spectroscopy on BPA in solution
provides direct information on the internal equilibration time53

(τvib) (see Methods and Supporting Information Figures, cf.
Figures S8−S12). The time-dependent spectral dynamics of
BPA dissolved in dichloromethane, shown in Figure 4a,b, yield
an internal vibrational-vibrational relaxation time τvib = (37 ±
4) ps. Note that, in experiments on larger molecules attached
to a surface in dry surroundings, no significant change of the
internal vibrational relaxation dynamics has been observed,
compared to the same molecule in solution.54,55 The
determined internal relaxation time τvib is in line with reduced
vibration-vibrational coupling constants in anthracene deriva-
tives substituted at the 9,10 position, as in BPA.56 The time
scale agrees with common estimates, placing intramolecular
relaxation redistribution times between 10 and 100 ps.57

To account for different coupling strengths per mode,
we calculate the theoretical EPC strengths for the normal
modes (vq) via DFT58,59 according to the molecular-junction
configuration presented in Figure 3a. In the rate equation
model for the steady state vibrational distribution,

λ γ γ γ= · − · + · − ·±

p

t
I
e

p p p
d

d
q

q vib q vib q 1 ph q (2)

the coupling strength of an individual mode λq = wqλ is
determined by the relative contribution wq to the total EPC
constant λ. The calculated scaling factors wq are shown in the
table in Figure 3b, and we assume that their distribution
remains valid under the steady-state conditions of the
experiment. Figure 3b indicates that only the lowest energy
modes contribute significantly to the EPC. Analogously, low-
energy modes have been shown to be of primary relevance for
EPC during charge transport in benzene,14,60 fullerene,27,31 and
carbon nanotubes.21,61 Similarly, the collective excitation of

closely spaced modes at low biases strongly contributes to the
prominent inelastic tunneling spectroscopy signal of oligo-
(phenyl-ethynylene) junctions.62 With these considerations,
the N steady-state linear equations are solved self-consistently,
one for the population of each of BPA’s vibrational
modes (each mode’s energy calculated from DFT). Solving
the steady-state rate equations with a current of 35 nA and an
internal relaxation time of τvib = (37 ± 4) ps yields the best fit
to the experimental data with a total EPC constant of λ = 0.48
and an R-factor of 0.001 (Figure 3b,d). The envelope for the
vibrational population derived from the model is shown with a
red line in Figure 3d, together with the measured vibrational
population (blue line).
To further substantiate our model and theory, we employ an

independent solid-state model. According to the nonequili-
brium model20 the strength of the EPC given by the second
moment of the Eliashberg spectral function is:

λ
τ

⟨ ⟩ =v
k T
c h3

2 B l
2

vib (3)

Here ⟨v2⟩ is the square of the characteristic vibrational
frequency (in wavenumbers), and Tl is the inner-molecular
lattice temperature. The latter is expected to be close to the
solvent temperature; that is, Tl ≈ 300 K.20 Upon posing a
coupling constant of λ = 0.48 this model yields a characteristic
vibrational frequency of ∼11.4 cm−1. This small characteristic
frequency provides further evidence that the low-energy
vibrational modes govern the EPC in the studied junction.

■ CONCLUSIONS
By measuring the steady-state distribution of the vibrational
population on current-carrying molecules with Raman spec-
troscopy we determine the electron−phonon coupling
strength of charges passing through the molecular junction
and the dissipation of phonons to the electrodes. Comple-
mentary time-resolved IR spectroscopy and theory provide the
time constant for internal redistribution of vibrations and the

Figure 4. Vibrational relaxation of BPA in dichloromethane. (a) Time-resolved spectra for various delay times after excitation at 400 nm. The
heating induced absorption change (black line, cf. d) is added to demonstrate that the system progresses toward its intramolecular equilibrium for
longer delay times. The green arrow marks the shoulder developing with internal energy conversion. (b) Temporal evolution at the spectral
positions marked by arrows in (a). Solid lines show a multiexponential fit. Dynamics are dominated by the vibration-vibrational relaxation time τvib
= (37 ± 4) ps and the lifetime of the singlet excited state τS1 ≈ 3 ns. (c) FTIR absorbance changes for various temperature differences in steps of 10
K. (d) Normalized spectra from (c) reveal that the spectral shape is independent of temperature. Data are corrected by solvent background.
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distribution of the coupling strengths to the individual modes.
By generalizing the use of the MJS approach, we expect that
the identification and quantification of vibrational modes
involved in phenomena like charge transport, heat dissipation,
or energy loss mechanisms, will become accessible. Such
studies are decisive for the determination of electron−phonon
coupling and inference effects in specific molecular quantum
vibronic states, which is a prerequisite for the advancement of
molecular-scale electronics and related fields.
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