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ABSTRACT: Structure, dynamics, and coupling involving
single-molecules determine function in catalytic, electronic or
biological systems. While vibrational spectroscopy provides
insight into molecular structure, rapid fluctuations blur the
molecular trajectory even in single-molecule spectroscopy,

analogous to spatial averaging in measuring large ensembles.
To gain insight into intramolecular coupling, substrate
coupling, and dynamic processes, we use tip-enhanced
Raman spectroscopy (TERS) at variable and cryogenic
temperatures, to slow and control the motion of a single

molecule. We resolve intrinsic line widths of individual normal
modes, allowing detailed and quantitative investigation of the vibrational modes. From temperature dependent line narrowing
and splitting, we quantify ultrafast vibrational dephasing, intramolecular coupling, and conformational heterogeneity. Through
statistical correlation analysis of fluctuations of individual modes, we observe rotational motion and spectral fluctuations of the
molecule. This work demonstrates single-molecule vibrational spectroscopy beyond chemical identification, opening the
possibility for a complete picture of molecular motion ranging from femtoseconds to minutes.
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he investigation of single molecules allows for the

observation of unsynchronized processes and rare events
occurring at specific locations in an inhomogeneous sample. As
such, single-molecule spectroscopy provides the systematic
basis to reach beyond traditional spectroscopies that average
over both the spatial distribution and temporal dynamics of
molecules.

Single-molecule spectroscopy can sensitively probe both local
environment and dynamics through spatially- and time-varying
shifts in fluorescence energies.' " Imaging the spatial
distribution of an optical excitation,” disorder in molecular
crystals, or orientational fluctuations of a biomolecule’ gives
insight into electronic and molecular dynamics unresolved in a
bulk measurement.

However, single-molecule fluorescence and its variations only
indirectly probe the effects of local perturbations such as
external fields, intermolecular coupling, conformational states,
or strain and are generally not structurally specific.” '’
Similarly, multi-dimensional spectroscopy provides insight
into intramolecular structure and dynamics on ultrafast time
scales, yet with limited information about slower time scales,
oscillator density, or real-space distribution."'
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Vibrational spectroscopy can directly probe molecular
identity through characteristic spectral “fingerprints”. Vibra-
tional resonances can also serve as exquisitely sensitive and
specific reporters of intramolecular dynamics and the local
molecular environment due to the structural specificity of
normal modes and their narrow line width. Despite the
relatively small cross section typically associated with Raman
scattering, enhancement by electronic resonances and metal
plasmons have enabled single-molecule vibrational spectrosco-
py with surface-enhanced Raman scattering (SERS)'*'® and
tip-enhanced Raman spectroscopy (TERS)."*'® The high
sensitivity and spatial resolution of TERS enables investigation
of localized chemical features and processes even in a dense and
heterogeneous system.m’17

However, molecules may be highly mobile at room
temperature, and single-molecule TERS or SERS spectra
average over many adsorbate conformations. Rapid spectral
fluctuations that occur faster than the spectral acquisition time
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Figure 1. (a) Schematic of the cryogenic TERS experiment. Incident laser (E;, ) is focused onto the apex of an etched Au AFM tip and Raman signal
(Egear) is collected by a parabolic mirror in a back scattering geometry. (b) Illustration of the tip-substrate junction showing molecular motion of
malachite green (MG) with characteristic vibrational signatures at different temperatures. (c) Temperature-dependent TERS spectra of MG. Spectra

are background subtracted and intensity normalized. Lorentzian line fit analysis of the N—C stretch mode at 1610 cm™

! as an example (Right graph

of (c), narrowest spectra are selected (acquisition times: 1—10 s) from a large data set, additional fits shown in Supporting Information Figure S2b).

contribute to broadening, similar to the ensemble averaged
spectra in far-field spectroscopy.'”'® Recently, low-temperature
TERS has allowed for the spectroscopy of single molecules with
static translational and orientational conformation and the
intrinsic line width yet unresolved.'””° Temperature-dependent
line shape measurements in SERS suggest the possibility to
distinguish vibrational dephasing on the femtosecond time
scale.”’ Low- and variable-temperature TERS would allow for
the selective probing of single-molecule intramolecular vibra-
tional coupling. However, other contributions to the spectrum
from orientational motion and spectral fluctuations may also
contribute to spectral line shapes in TERS even in the limit of
single molecules.

Here, we perform cryogenic and variable temperature (90—
300 K) TERS of malachite green (MG) with high spectral
resolution. In order to understand the role of intramolecular
coupling, conformational heterogeneity, dephasing, and ensem-
ble effects, we perform temperature-dependent TERS to
observe thermally activated broadening. At low temperatures,
we observe intensity fluctuations on the seconds time scale that
are both correlated and anticorrelated between modes, as well
as frequency fluctuations greater than the intrinsic line width.
We attribute these fluctuations to rotational motion and
dynamic changes in the local environment of a single molecule.
We demonstrate that at the small-ensemble or single-molecule
limit, temperature-dependent line shape and time-dependent
spectral fluctuations are intrinsically linked through multi-
timescale dynamic interactions.

Results. The TERS experiments are performed, using
electrochemically etched Au tips with ~10 nm apex radius,
with high spectral resolution (~1.2 cm™), in a high vacuum
environment as shown in Figure lab. A sparse submonolayer
MG coverage adsorbed on a flat template stripped Au substrate
enables investigation of small clusters and single-molecules. We
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compare TERS with far-field Raman spectroscopy (micro-
Raman) at each temperature. For a complete description of the
experiment see Methods and Supporting Information.

Figure 1c shows TERS spectra of submonolayer MG in the
frequency range 1125—1675 cm™" (full spectrum in Supporting
Information Figure S2a) acquired at different temperatures. At
300 K, we observe broad peaks with 10—20 cm™" full width at
half-maximum (FWHM), which is in agreement with previous
room-temperature TERS.”> These peaks result from the
spectrally unresolved superposition of inhomogeneously and
thermally broadened Raman active vibrational modes. The
signal emerges from the only a few molecules within the
nanoscale sample volume (average of ~1—2 molecules) as
calculated from the near-field spatial localization and surface
MG density. The TERS line widths are systematically narrower
than the ensemble measurements using micro-Raman. The
micro-Raman ensemble measurement of a heterogeneous
system shows significantly broader line shapes at all temper-
atures due to inhomogeneous broadening from the ensemble
average over ~4 X 10° molecules. In contrast, TERS spectra
only contain inhomogeneous broadening contributions from
the range of conformations and adsorption sites sampled by a
small ensemble of molecules.”

Shown in Figure Ic, the initially broad peaks narrow with
decreasing temperature, and several of them split, revealing a
number of additional modes. At 90 K, narrow line widths allow
for the full identification of the normal modes and symmetries
of each TERS peak (see Supporting Information Figure S2a),
otherwise obscured at room temperature. Within the spectral
range shown, we assign selected peaks of characteristic normal
modes based on density functional theory (DFT) calculations,
including C—H in-plane bends (1170 cm™") and twists (1370
cm™"), bending of the methyl group (1480 cm™), and an N—C
stretching mode (1610 cm™).
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In order to gain insight into the underlying mechanisms, we
analyze the temperature dependence of vibrational line widths
I'(T) and resonance frequencies T(T). Figure 2 shows the
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Figure 2. Temperature-dependent TERS and micro-Raman line
widths ['(T) (a—d), and micro-Raman center frequency T(T) (e)
with corresponding exponential fits. (f) Energy diagram of an energy
exchange model for vibrational dephasing. A vibrational mode with
ground state ny and excited state n, is coupled to an exchange mode
Ve Dephasing is caused by instantaneous changes oU of the vibrational
Raman frequency 7.

results for the four selected modes both from TERS and micro-
Raman spectroscopy. The line widths I'(T) and uncertainties
have been extracted from a Lorentzian line fit analysis (shown
in the right graph of Figure lc and Supporting Information
Figure S2b). Because the narrowest peaks are selected from the
fluctuating spectra in the time domain, we can select a
homogeneous subensemble and thus eliminate heterogeneity
otherwise observed in an ensemble measurement.”

At room temperature, TERS line widths are 2—8 cm™
narrower compared to the line width obtained with micro-
Raman, while at 90 K, TERS line widths are 6—10 cm™ less
than micro-Raman. As an example, the micro-Raman line
widths of the 1170 cm™ C—H bend narrows only by a factor of
2, from 20 cm™ at 300 K to 12 cm™ at 90 K (Figure 2a). In
contrast, the same 1170 cm™' mode measured by TERS
narrows by a factor of ~5 over the same temperature range,
from 18 to 3.5 cm™.

Temperature dependence of the line widths is found to
follow an Arrhenius behavior. Figure 2a—d shows fits for ['(T)
=Ty + Ae™B/RT Fit parameters for activation energy E,, zero
temperature line width I'j, and prefactor A from TERS are
summarized in Table 1 (the corresponding micro-Raman
results can be found in Supporting InformationTable S1). The
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Table 1. Results from Arrhenius Fits to the Temperature
Dependent TERS Line Width I'(T)“

peak (cm™) Ex (em™) Iy (em™) A (em™)
v(1610) 290 + 40 35+ 04 25+ 6
7(1480) 590 + 60 15+ 02 180 + 40
7(1370) 480 + 20 26 +£02 98 + 8
7(1170) 360 + 40 37+ 06 77 + 20

peak (em™) E, (em™) Ty (em™) A (em™)
7:(1170) 270 + 80 1168.5 + 02 10 + 4

“Four selected peaks over the temperature range 90—300 K (top) and
corresponding fits to the variation in center frequency Uy(T) measured
by micro-Raman spectroscopy for the 1170 cm™ mode (bottom).

fitted values obtained for E, (290—590 cm™) and A (25—180
cm™') in TERS are larger than micro-Raman, as discussed in
detail below.

Accompanying the decreasing line widths, the center
frequencies of several modes are found to continuously red
shift with decreasing temperature in micro-Raman. As an
example, Figure 2e shows the temperature dependence of the
micro-Raman center frequency T(T) of the 1170 cm™ mode
with E, = 270 = 80 cm™'. However, as seen in Figure 1c, center
frequencies in TERS typically do not shift in a systematic
fashion at low temperatures. While TERS spectra at room
temperature are reproducible across the sample and in repeated
measurements, low-temperature TERS spectra do not have a
reproducible center frequency due to inhomogeneity between
small subensembles.

Following established procedures derived from early
dephasing studies in vibrational spectroscopy, we model I'(T)
and frequency shift AD(T) as vibrational dephasing resulting
from coupling &7 to the thermal bath.”> An exchange coupling
model, illustrated in Figure 2f, approximates system-bath
coupling as mediated primarily through a low energy vibrational
exchange mode expressed as 7,.°7* In the perturbative
coupling regime, I'(T) and AT(T) can be expressed as*

N O R (_i)
FI =To+ = omre N er (1)
and
oy w(E
Ar(T) = 1+ (69)%c2 Xp( kT) @)

An Arrhenius temperature dependence arises from the energy
E, associated with the vibrational exchange mode 7. The
observed I'(T) and AD(T) depend on the exchange coupling
strength 6U and the lifetime 7 of the exchange mode. TERS
measurements of Z(T) shift randomly for each sub-ensemble
measurement at lower temperatures, and AT(T) is measured
using micro-Raman following established procedures.”’ From
the combination of eqs 1 and 2, 7 and 7 can be estimated.”
For the 1170 cm™ mode, we find 67 = 110 + 50 cm ' and 7 =
80 + 20 fs.

TERS spectra at low temperatures exhibit fluctuations in
both intensity and frequency of individual peaks between
subsequent measurements or between subsequent spectra in
time-series acquisitions. Shown in Figure 3a, we collect time
series spectra with high spectral resolution and acquisition
times of 1 s (a longer time series is shown in Supporting
Information Figure S4a). The high vacuum and low temper-
ature of 90 K allows for measurement times of several minutes
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Figure 3. (a) Time-series contour plot of 90 K TERS spectra showing spectral fluctuations (for full spectral and temporal data set, see Supporting
Information Figure S4a). (b) Corresponding covariance map of Raman intensities from (a). (c) Symmetry assignment of the four principle
vibrational modes with the molecule shown in the orientation in which A, or B; modes are forbidden, respectively. (Anti) correlations from (b) are
indicated by (red) blue arrows. The C—H out-of-plane bending modes are highlighted by green and blue circles. (d) Subset of time-series spectra

(dots) from the region indicated by the dashed box in (a) with Lorentzian fits (solid) exhibit alternating appearance of peaks at 525 and 799 cm

-1

(B,) versus 528 and 804 cm™' (A,). (e) Corresponding molecular orientations at each time slice determined by mode symmetry.

without bleaching. While some peaks maintain constant
frequency such as the 580 cm™' mode (Supporting Information
Figure SSa), several other peaks near 525 and 800 cm™
fluctuate between discrete spectral positions.

From the full data set (Supporting Information Figure S4a),
we calculate the covariance (i, j) between frequencies i and j
from the TERS intensities I(j, t) during short time segments ¢,
to t, using

o) =~ 3 TG 1) = (6] X 16, ) = (1))

B 3)

The resulting covariance map from the time range 37—72 s is
shown in Figure 3b; additional time periods can be found in the
Supporting Information in Figure S6b—d. Fluctuations in total
Raman intensity, for example from changes in tip enhancement,
give rise to an offset of all Raman active modes, appearing as
correlated (positive value, blue) on the diagonal. In contrast,
off-diagonal features are signatures of mode intensity
correlations and anticorrelations. As can be seen, both
correlated (blue) and anticorrelated (red) behavior can be
observed between specific modes.

Figure 3d shows the anticorrelation in the time domain in a
subset of consecutive spectra from the time series data
(indicated by the dashed area in Figure 3a). We find that
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vibrational modes of particular symmetries are suppressed in
individual spectra. Adjacent peaks at 525 and 528 cm™" and 799
and 804 cm™!, respectively, appear and disappear in an
anticorrelated manner. Within the same time-series data,
several other MG vibrational modes appear to remain constant
in frequency and do not undergo blinking, including the mode
at 580 cm™'. From the mode assignment based on DFT, we
thus conclude that the appearance of modes of A, or B,
symmetry are mutually exclusive and thus anticorrelated (see
46, 48, and S50 s spectra) except for rare transition events
(spectra at 47 and 49 s). In contrast, modes of identical
symmetries are correlated, for example, the 525 and 799 cm™
B, symmetry modes.

We model these time-dependent intensity fluctuations and
spectral (anti) correlations through the tensor polarizability of
surface-enhanced or tip-enhanced resonance Raman. Using
selection rules developed for SERS, it is possible to assign
molecular orientation. In resonance Raman, Frank—Condon
selection rules allow observation of fully symmetric modes,
while vibronic (Herzberg—Teller) coupling additionally allows
observation of non-totally symmetric modes. As the optical
frequency approaches a molecular electronic resonance,
vibronically allowed modes can contribute significantly to the
spectrum.”’ ~*> Near a metal surface, surface plasmon
resonances further enhance the signal.”*** Coupling between
vibrations, molecular resonances and the metal substrate
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introduces more complex selection rules, which can be
expressed as (IulK)(Klu’\F){FIV,/QJI).>> Here I, F, and K
are the initial state, charge transfer state, and excited molecular
state, respectively with associated dipole operators for the
molecular 4% charge transfer 4, and vibronic V,y/Q, coupling.
The molecular vibration, molecular electronic resonance and
metal substrate thus each contribute to the observed intensity.

For a surface adsorbed molecule, the molecular symmetry is
reduced and plasmonic enhancement of modes with particular
symmetry can lead to surface selection rules based on molecular
orientation.””*°~*’ Enhancement or suppression of vibronically
enhanced modes in many cases can be used to determine
molecular orientation on the surface.””***>*' For aromatic
molecules with C,, symmetry such as MG (Figure 3c), A,
modes are expected to be suppressed with the molecular z-axis
normal to the surface, B modes are suppressed with the z-axis
parallel to the surface and aromatic plane normal to the surface,
and B, modes are suppressed with the aromatic plane parallel to
the surface, respectively.

Orthogonal vibrational modes are mutually exclusive within a
single molecule or oriented cluster and necessarily appear
anticorrelated with time-varying molecular orientation. Follow-
ing the selection rules observed previously,””*" we can assign
anticorrelation between modes with A, and B, symmetries to
rotational motion of an adsorbed MG molecule. Details of the
coupling to both the surface plasmon and molecular electronic
state at the excitation wavelengths may affect the orientational
assignment of the molecule, though this is unlikely to affect
orthogonality of Raman modes and the resulting anticorrelated
fluctuations during rotation.

The frequency correlation, defined as the normalized
covariance y; = 0;/(0,0;), is shown in Supporting Informa-
tionFigure S6a. Fluctuations between modes with orthogonal
polarizability exhibit a frequency correlation of —1 to —0.6,
while modes with the same symmetry have a correlation of +0.8
to +1. This closelzf matches the idealized (anti) correlations of
(=1) and +1.*** Similarly, fully symmetric (A;) modes are
positively correlated with all other modes. While small intensity
fluctuations would also be possible in time series measurement
of a tip wandering across small clusters of molecules, we
observe much larger fluctuations. Individual modes in Figure 3d
have intensities which fluctuate discretely between maximum
and zero intensity, indicating single-molecule spectra are
observed within the time-series.

Although enhancement by electronic coupling may affect the
determination of the absolute orientation and angles of
rotation, the mechanism of rotation based upon ground-state
DFT calcuations is commensurate with our observations.
Alternating enhancement between modes can occur as the
molecule rotates in a pinwheel fashion with the aromatic plane
tilted up from the surface and the phenyl moiety pointing either
normal or parallel to the surface as illustrated in Figure 3e.

Additionally, from the studies of a larger time window,
spectral fluctuations are observed in the form of frequency
shifts. As an example, Figure 4a shows a selection of TERS
spectra with short averaging times collected as a 209 s time
series with a longer time series shown in Supporting
Information Figure S4a. Individual TERS spectra have line
widths significantly narrower than the far-field Raman
spectrum, yet the sum of TERS spectra approaches the
micro-Raman line shape, which averages over the spectral
fluctuations and rotational motion occurring within the
ensemble.
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time segments. Spectral fluctuations appear as jumps in frequency
between each time segment.

Figure 4b shows covariance plots of the 780—810 cm™!

region for four short segments within the long 209 s time-series
(see Supporting Information Figure S6b—d). Hydrogen out-of-
plane bending modes with A, and B, symmetry show
anticorrelated fluctuations during each of the first three time
segments. In the final 135—203 s period, only a single mode is
observed, and the molecule appears to remain stationary.
Between the time segments, each of the hydrogen out-of-plane
modes of A, and B, symmetry shift by a few cm ™. In contrast,
during this same time period of 209 s, several modes with fully
symmetric A; character remain at nearly constant frequency
throughout the acquisition and do not undergo blinking. We
discuss below the covariance plots of short time segments and
the correlation between modes with respect to dynamics of
rotational motion and spectral fluctuations.

Discussion. In the following, we first discuss the temper-
ature-dependent spectral narrowing and frequency shifts,
followed by analysis of the rotational motion and spectral
fluctuations. Temperature-activated spectral broadening and
shifts are caused by ultrafast vibrational dephasing through
intramolecular coupling to low-energy molecular modes. The
correlated intensity fluctuations of particular vibrational modes
directly record molecular reorientation occurring on the
experimental time scale of seconds.
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Intramolecular Coupling. Temperature-dependent vibra-
tional line widths range from 20 cm™" for micro-Raman at 300
K to 1.5 cm™ for TERS at 90 K, in agreement with typical
experimental measurements of linewidths in small mole-
cules.*”* Similarly, extracted values for Ty ranging 1.5 to 3.5
em™! compare well with typical values for molecular systems.*®

The observed activated temperature dependence of both
narrowing and frequency shifting of the peaks is characteristic
of vibrational dephasing. Exchange modes mediating vibrational
dephasing have been previously assigned to low energy intra- or
inter-molecular vibrations, frustrated rotations, translations, or
substrate phonons based upon the extracted E, and the
frequencies of available modes.”***”** The four vibrational
modes analyzed in Table 1 exhibit values of E, corresponding
to specific frequencies ranging from 270 to 590 cm™'. A
number of low energy torsions of MG are available near the
observed E,, which can act as exchange modes, whereas phone
modes of Au with energies limited to <160 cm—1 are less likely
to contribute.”” The extracted coupling strength 67 ~ 110 cm™
falls within the range of values expected for intramolecular
coupling, though it is somewhat larger than that observed in
previous investigations of vibrational exchange’®** or calcu-
lations of typical anharmonic coupling,*

Temperature-dependent TERS must be treated as an upper
bound measurement of narrowing and dephasing by
anharmonic coupling and exchange mode dephasing. Typically,
temperature-dependent homo%eneous broadening is measured
in highly crystalline samples™ or using line-narrowing time-
domain spectroscopies.”’ Single-molecule vibrational spectros-
copy has been proposed as an alternative measurement of the
homogeneous line width,”"** yet this assertion relies on the
assumption of a stationary molecule within a well-defined local
environment. TERS spectra of even a single molecule at room
temperature are broadened due to rapid frequency fluctuations
faster than the integration time of the measurement. For a small
ensemble measurement, broadening at high temperatures
contains contributions from both femtosecond vibrational
dephasing and slower dynamics such that E, and A are
overestimated by the exchange coupling model.

Within the spectral acquisition time a small ensemble or a
single molecule can explore a large phase space and many local
environments. At 90 K, the molecular motion slows to a time
scale less than the 1 s acquisition time, yet at 300 K, the
fluctuations occur too rapidly and contribute to line broad-
ening. As seen in Figure 4a, the series of 90 K TERS spectra
collected with short acquisition times over the course of 209 s
have narrow line widths comparable to the expected
homogeneous line widths.

Single-Molecule Motion. With longer acquisition times or at
higher temperature, individual acquisitions integrate over rapid
spectral fluctuations, and broadening is observed similar to the
spatial integration and ensemble broadening observed in far-
field micro-Raman. We attribute these frequency fluctuations to
two types of dynamic processes, rotation of the molecule
relative to the surface and time-dependent changes in the local
chemical environment, discussed below. Indeed, we only
observe anticorrelated fluctuations on the 1 s time scales of
spectral acquisition at 90 K. At room temperature, molecular
motion occurs too rapidly, and the acquisition averages over
fluctuations such that the spectrum cannot be distinguished
from an ensemble measurement.

Statistical analysis of fluctuating spectra through their
covariance has been shown to sensitively isolate behavior of
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small subensembles within even bulk-type experiments.’”
Anticorrelated fluctuations are often used as evidence for
single-molecule spectral response in a number of single-
molecule methods.”* In TERS, fluctuations with intensity
correlated between all modes have been often observed and
attributed to variation in total enhancement.”” However,
anticorrelated alternating Raman enhancement of one iso-
topologue relative to another was used to demonstrate single-
molecule response.”” >’ Intensity fluctuations in isotopologues
are attributed to enhancement of the full vibrational spectrum
of one molecule relative to another resulting from diffusion of
the tip, molecule, or localization of the field enhancement.
Anticorrelated fluctuations in the TERS spectrum have also
shown isomerization of a single photoswitching molecule on
the apex of a TERS tip.”® Anticorrelated fluctuations in the
time-series spectra are able to resolve single-molecule isomer-
ization even within the larger probed ensemble of a self-
assembled monolayer. Similar anticorrelated frequency fluctua-
tions of certain modes in SERS of a lipid bilayer were attributed
to single-molecule motion of a lipid within a membrane
bilayer.>”

Rotational motion has been proposed to be observable
through anticorrelated intensity fluctuations in modes with
orthogonal polarizability tensors.*” Anticorrelated fluctuations
have recently been observed in TERS, however these
anticorrelations occurred between large several hundred cm™
broad regions of the TERS spectrum, and were to slight
variation in Frank—Condon enhancement and changes in the
molecular electronic state.*’ Near resonance with the molecular
electronic state and near resonance with the tip plasmon,
however, vibronic Herzberg—Teller enhancement can be larger
than Franck—Condon enhancement,>®*%%° leading to our
observed orientation-dependent Raman scattering from indi-
vidual modes of different symmetry separated by only a few
cm ™

Spectral diffusion similarly slows to time scales that allow it
to be observed as discrete frequency jumps in time series
measurements at 90 K. At several points within the time series,
A, and B; modes jump coincidentally and with equal frequency
shifts, while other modes remain at nearly constant frequency.
Coincident shifts of the A, and B, modes are expected, because
these normal modes all involve out-of-plane bending motions
of the same set of C—H bonds and differ only in symmetry.
Further, changes in tip—sample geometry can affect the
electronic and plasmonic coupling, this is expected to couple
similarly to each of the observed modes and thus primarily
affect the overall enhancement.* Differences in vibrational
frequency have been observed between subsequent single-
molecule SERS without time-resolved measurements, which
was attributed to differences in a static local environment.”
Frequency wandering has also been observed in time-series
SERS and TERS measurements, and observed motion was
attributed to diffusion of liquid water."”*” In vacuum at low
temperature, however, frequency jumps are unlikely to be due
to diffusion of residual liquid water and must instead be
activated by the thermal bath. In contrast to the results
obtained under atmospheric conditions, in vacuum we observe
no fluctuations at room temperature and only minimal
differences between repeated measurements at different
locations. The disappearance of fluctuations with increasing
temperature and associated increase in line width together
support that frequency shifts at room temperature occur faster
than the 1 s acquisition time and contribute to broadening.
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Analysis of mode character and fluctuation during a time
series measurement supports assignments of rotational motion
and spectral fluctuations over alternate explanations. Instability
in the TERS probe or spectrometer can be ruled out because
several torsional modes are stable to within <2 cm™' over the
same 209 s time-series (Supporting Information Figure SSb,c)
during which the C—H out-of-plane modes shift by several
cm™". If the tip was to drift, alternating enhancement of
adjacent single molecules or oriented clusters should manifest
as anticorrelated fluctuations similar to those expected for
rotation of a single molecule. For the sparse coverages used in
our experiment, however, sample drift or photobleaching at
long times only causes the disappearance of all TERS signal, as
sample motion and molecular diffusion are apparently
insufficient to bring a new molecule into the TERS hotspot.

A remaining possibility is that charge transfer between the
metal and molecule could affect both the chemical enhance-
ment and shift the frequency of vibrational modes through the
Stark effect.”’ This is an unlikely explanation, however, as the
tip and sample are held at ground potential. Discrete frequency
switching is also possible in the case of rotation and diffusion of
a small cluster in which all molecules move identically.
Although we also consider this scenario unlikely, discriminating
a single molecule from two molecules moving completely in
tandem is a general limitation in single-molecule spectroscopy
and that possibility cannot be completely eliminated. Drift of
the tip or sample could also affect the angle of field-
enhancement and thus perceived molecular orientation,
however, this is unlikely due to the stable tip—sample positions
achieved at low temperatures.

The spectral fluctuations and rotational motion we observe
approach the long-sought goal of measuring single-molecule
local dynamics with structural sensitivity. Frequency shifts of
vibrations are typically smaller than in fluorescence, yet
vibrational modes are both structurally specific and typically
more localized within a molecule, enabling direct and
quantitative investigation of the chemical environment. For a
molecule experiencing dynamic fluctuations within a heteroge-
neous local environment, rapid diffusion can result in a signal
integrated over many molecular configurations and interactions
with the environment, such that the signal of even a single
molecule approaches that of an ensemble measurement.
Selective detection of uncorrelated molecular motion is thus
only possible in a highly controlled environment often
requiring low temperatures.

Our demonstration of single-molecule dephasing, local
dynamics, and rotational motion using TERS has not been
previously possible in room temperature,'” low but constant
temperature, and/or low spectral resolution experiments.'”*’
Diftusion is slowed from fast room-temperature motions to the
seconds time scale by cooling below the thermal activation
energy, allowing for the observation of how the molecule
dynamically samples the local energetic landscape. Because
several of the anticorrelated modes are separated by <10 cm™,
even static orientation may be difficult to ascertain with other
methods, for example, with lower spectral resolution, spatially
averaged far-field Raman, or within the energetically disordered
probe regions of SERS. Observation of intramolecular and
conformational dynamics becomes possible through the
combined high spectral resolution and single-molecule
sensitivity of the experiment.

Conclusions. In summary, simultaneous access to disen-
tangled intramolecular structure and dynamics, rotational
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motion, and spectral fluctuations has been a long-standing
goal. Both single-molecule and ultrafast multi-dimensional
spectroscopies have sought to separate and distinguish dynamic
components from the heterogeneity of a system to investigate
structural evolution and energy flow. Using variable temper-
ature single-molecule TERS, we obtain detailed information
about these molecular processes even from continuous wave
experiments. The vibrational spectroscopy on the single-
molecule level with high spectral resolution, molecular
fluctuations and their correlations on multiple time scales
provide the desired detailed view of molecular motions. These
explored fundamental molecular properties in a heterogeneous
system are integral to the performance of a variety of functional
materials and devices. High spectral resolution temperature-
dependent TERS offers new routes for single-molecule
investigations into intramolecular coupling, structure, vibra-
tional dynamics, and molecular motion.

Methods. Figure la shows a schematic of our cryogenic
TERS setup. A flow cryostat (ST 500, Janis) with vacuum
chamber is pumped by a turbo-molecular pump to a base
pressure of <10~ mbar. The sample is held by a cylindrical
copper block (3 mm diameter) with K-type thermocouple. A
coldfinger cools the sample to a minimum temperature of 90 K
through an oxygen-free high conductivity (OFHC) copper
braid connected to a liquid nitrogen cryostat. The temperature
is controlled (Model 331 cryogenic temperature controller,
Lake Shore Cryotronics) with a resistive heater and K-type
thermocouple up to 300 K with a stability of better than 0.1 K.

Au tips are etched electrochemically®® with ~10 nm apex
radius. A shear-force AFM based on a quartz tuning fork drives
the tips at their resonance frequency (~32 kHz) with a dither
amplitude of <0.1 nm.*> Amplitude of the tuning fork in shear-
force contact with the sample provides feedback to maintain the
tip at a constant tip—sample distance of 1—2 nm.** Sample drift
for an equilibrated sample at 90 K is observed to be <1 nm/
min. The sample holder is mounted to a glass plate that is
attached to a piezoelectric transducer (PZT, Attocube) for xyz
sample scanning. AFM operation and tip positioning are
controlled by a digital AFM controller (R9, RHK Technology)
with a stepper motor (MX2S, Mechonics) for coarse
positioning.

The tip and sample are positioned in the center of a custom
25 mm parabolic mirror (PM), Ag-coated, focal length = 12
mm, and NA = 1.0.°°¢ A helium—neon laser (632.8 nm, P <
0.3 mW) and liquid-crystal based polarization converter
(ARCoptix) provide a radial polarized incident beam®” aligned
with respect to the PM and focused onto the tip apex with a
measured spot size of radius 1 ym.

At the excitation wavelength of 632.8 nm (1.96 eV) MG
undergoes a resonance Raman scattering through an electronic
transition of the s-conjugated backbone. The tip—sample
coupling is enhanced through localized dipole—dipole inter-
action between plasmonic tip and metallic substrate.'” Raman
signal is collected in the back scattered direction, passed
through a long-pass filter (633 nm cutoff) and focused onto the
slit of a spectrometer (f = S00 mm, SpectraPro 500i, Princeton
Instruments) with a N,(I) cooled charge-coupled device (CCD,
Spec-10 LN/100BR, Princeton Instruments). Far-field micro-
Raman is measured using the same experimental setup with the
AFM tip retracted several hundred ym from the sample. The
spectrometer is calibrated using hydrogen and mercury lines
with measured spectral resolution of 1.2 cm™ using a 1200
groove/mm grating. Experimental assignments of vibrational
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modes are made by comparison with DFT calculations using
Gaussian98 at the RB3LYP\6-31G(d,p) level.

TERS measurements are performed in a three step
procedure. First, laser beam and sample are positioned and
aligned for optimal focus on the sample surface. Second, after
retracting the sample, the tip is moved into the focus of the
laser beam. Last, the sample is brought into shear-force AFM
teedback for TERS measurements.

The MG sample is prepared by spin coating from an ethanol
solution on a 100 nm thick Si-template stripped Au layer
(surface rms roughness <0.5 nm) at a rate of 3000 rpm for 2
min. Coverage is calibrated by measuring the visible absorption
(Cary 500 Scan UV—vis-NIR spectrophotometer) of reference
samples spin-coated onto glass and calculating coverage from
the known optical cross section of MG and monolayer density
of 1 molecule nm™ (see Supporting Information Figure Sla).
For the far-field micro-Raman reference measurements, ~0.14
monolayer (ML) sample coverage is used and for the TERS
measurements we use ~0.006 ML coverage. On the basis of
this calculation, we probe 4 X 10° MG molecules within the
measured micro-Raman spot size of radius 1 gm. In contrast, an
AFM tip with radius 10 nm probes an average of ~1-2
molecules in TERS, enabling routine few-molecule sub-
ensemble measurements. TERS measurements confirm a
similarly low surface coverage. TERS signal only occurs at
sparsely distributed sample locations, corresponding to less
than 10% of locations at 90 K. Assuming molecules are
distributed individually or sometimes clustered, single-molecule
spectra are possible at this coverage, and approximately a third
of spectra at 90 K show the fluctuations associated with single-
molecule response in time-series measurements.
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