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ABSTRACT: Order, disorder, and domains affect many of the functional
properties in self-assembled monolayers (SAMs). However, carrier
transport, wettability, and chemical reactivity are often associated with
collective effects, where conventional imaging techniques have limited
sensitivity to the underlying intermolecular coupling. Here we demonstrate
vibrational excitons as a molecular ruler of intermolecular wave function
delocalization and nanodomain size in SAMs. In the model system of a 4-
nitrothiophenol (4-NTP) SAM on gold, we resolve coupling-induced peak
shifts of the nitro symmetric stretch mode with full spatio-spectral infrared
scattering scanning near-field optical microscopy. From modeling of the
underlying 2D Hamiltonian, we infer domain sizes and their distribution
ranging from 3 to 12 nm across a field of view on the micrometer scale.

This approach of vibrational exciton nanoimaging is generally applicable to study structural phases and domains in SAMs and other

molecular interfaces.

KEYWORDS: vibrational exciton, infrared spectroscopy, scattering scanning near-field optical microscopy (s-SNOM),
molecular vibrations, self-assembled monolayers, tip-enhanced Raman spectroscopy (TERS)

elf-assembled monolayers (SAMs) control the surface

functionalities of a wide range of materials with
applications including nanolithography,’ molecular elec-
tronics,” protein biosensors,” and photocatalysis.” However,
multiscale disorder, from point defects to domain formation,
can disrupt the desired interfacial characteristics.” While
conventional techniques such as optical ellipsometry and
angle-resolved X-ray photoelectron spectroscopy (ARXPS)
offer macroscopic average sample properties, they provide
limited insight into the heterogeneity of the sample.®
Conversely, while scanning tunneling microscopy (STM)
offers high spatial resolution to directly observe defects and
domains, it is not sensitive to cooperative effects between
molecules.

Nevertheless, intermolecular coupling and collective effects
between surface molecules often control the fundamental
properties of SAMs. Measurement of that coupling can thus
serve as a sensitive probe of local disorder. The coupling
manifests itself in electronic or vibrational wave function
delocalization that gives rise to hybridization with vibrational
mode splitting and resonance energy shifts as spectroscopic
observables. In particular, vibrational excitons, delocalized
across domains in dense, well-ordered molecular systems, are
sensitive to disorder and domain size.”® However, with
dimensions typically on the few-nanometer scale for many
alkanethiol and aromatic thiol SAMs,”" probing disorder in
SAMs with the desired simultaneous high spatial resolution,
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monolayer sensitivity, and spectroscopic specificity has long
remained difficult.

In this Letter, we demonstrate vibrational exciton nano-
imaging using infrared (IR) vibrational scattering scanning
near-field optical microscopy (s-SNOM) as a local probe of
molecular disorder and domain size in SAMs (Figure 1A). IR s-
SNOM offers a field of view that spans micrometers while
being sensitive to heterogeneity across many domains as well
as intermolecular dipole coupling within domains. We studied
the SAM of 4-nitrothiophenol (4-NTP) as a model system
because of its relevance in photochemical reactions.”"""* It is
characterized by a distribution of lying-down and standing-up
phases characteristic of short-chain alkanethiols'” and thio-
phenols,'’ as shown in Figure 1B,C. We accomplish domain
size imaging by first evaluating the vibrational coupling of the
NO, symmetric stretch in 4-NTP SAMs with controlled
density of the vibrational probe through dilution with
thiophenol. We then model the SAM via a 2D interaction
Hamiltonian to derive the delocalization lengths of local
vibrational excitons, which we relate to the domain size. While
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Figure 1. (A) Schematic of nano-FTIR s-SNOM. (B) Representation of domain formation in 4-NTP monolayers on Au(111). (C) Molecular
structures of 4-NTP and thiophenol with the transition dipole moment of the nitro symmetric stretch mode labeled. (D) TERS of 4-NTP (blue)
and thiophenol (red) spectra with U, = 1082 cm™, T, = 1337 cm™’, and Tj,, = 1577 cm™ peaks labeled.
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Figure 2. (A) Nanoscale map of spectral variation in 7, in a 100% 4-NTP monolayer with 15 nm spatial resolution. (B) Representative spectra and

fits (black) of 7" at locations indicated in (A) with Ty = 1344.3 + 0.2 cm™ (blue) and 1345.2 + 0.2 cm™ (red) respectfully. (C) Representative
spectra and fits (black) of 100% (blue), 50% (red), and 20% (green) 4-N'TP monolayers. (D) Distribution of experimentally measured Dy, (red) for
mixed SAMs with different ratios, with theoretical values from vibrational exciton modeling (blue) and the fit of the experimental values (black).

real-space imaging of domain size is beyond the nominal variations in Uy, we then inferred the spatial delocalization of
spatial resolution limit of s-SNOM, we indirectly infer the the intermolecular wave function, as illustrated in Figure 1B.
domain sizes ranging from 3 to 12 nm across a field of view Figure 2A shows the spatial variation in the peak position of
representative of the whole sample. U as determined by Gaussian fitting of each spectrum. With
4-NTP (Figure 1C, left) (Sigma-Aldrich, lot no. ~15 nm spatial resolution, spectral shifts of up to 2 cm™ can

MKCC1440, 90%) and thiophenol (Figure 1C, right) be seen across the surface with no correlation to topography
(Sigma-Aldrich, lot no. SHBK7577, 99.9%) were used without (Figure S1), where Ei‘o ranges from 13434 + 02 cm™ to

further purification to prepare SAMs on template-stripped 1345.5 + 0.2 cm™' (representative spectra are shown in Figure
gold.® Mixed SAMs were prepared using ethanol solutions of 4- 2B). The corresponding full width at half-maximum (fwhm)
NTP and thiophenol in molar ratios varying from 9:1 (90% 4- varies from T'(Z1) = 13 em™ to I'(Z4) = 17 cm™! without a
NTP) to 1:9 (10% 4-NTP).'* Samples of 100% 4-NTP noticeable spatial trend.
(Figure 1D, blue) and 100% thiophenol (Figure 1D, red) were We then acquired spatio-spectral s-SNOM images of the
then precharacterized by tip-enhanced Raman spectroscopy mixed SAMs (representative data are shown in Figure S2). At
(TERS) (modified OmegaScope-R, Horiba Scientific). The densities as low as 5% 4-NTP, corresponding to ~100 IR-
C—S stretch mode (T, = 1082 cm™") and phenyl ring mode active oscillators,'”*’ the spectral peak was still discernible.
(U = 1577 cm™") are present in both spectra, while the strong However, below 20% 4-NTP, accurate fitting of Eio was not
N-—O stretch mode (7, = 1337 cm™') is present only in the 4- possible because the signal-to-noise ratio was too low.
NTP monolayer, as expected.ls_17 Representative spectra for 100%, 50%, and 20% 4-NTP are
We then performed broadband femtosecond IR s-SNOM shown in Figure 2C, and the range of T, fit values for different
with high sensitivity and spectral precision (customized concentrations are presented in Figure 2D (red). Overall, a red
nanolR2-s prototype, Anasys Instruments/Bruker; see the shift of ~7 cm™ with decreasing 4-NTP concentration is

Supporting Information for details) (Figure 1A).>'® We used observed, starting from Eﬁ“o = 1344.5 + 1.0 cm™" for 100% 4-
U; as a marker resonance of both pure 4-NTP and mixed NTP to Dsfo =1337.3 + 1.0 cm™" for 20% 4-N'TP. This spectral

monolayers. As established previously,'” > we performed red shift can be attributed to weaker vibrational coupling due
vector near-field nanoimaging based on the anisotropic out-of- to an increase in the average nitro group separation.”* A linear
plane field enhancement from the optical antenna tip to fit (Figure 2D, black) to the experimental fit values (red)
selectively probe the out-of-plane component fi; of the N—O provides an extrapolated uncoupled nitro resonance frequency
stretch (7%) and thus the standing-up domains of 4-NTP. of Esl,o = 1335.7 cm™!, representative of the nitro group of
Conversely, for the lying-down phase, ji!l is perpendicular to isolated 4-NTP molecules. The red shift is correlated with a
the tip axis and therefore provides a negligible signal spectral broadening from I'(Z}) = 15 + 2 cm™ for 100% 4-

contribution. From spatio-spectral analysis of the line shape NTP SAMs to ['(7;) = 23 + 3 cm™ for 20% 4-NTP SAMs. As
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discussed below, this is expected on the basis of inhomoge-
neous broadening at lower concentrations.

We attribute the spatial heterogeneity observed in ?io to a
spatially varying degree of intermolecular coupling resulting
from domains of 4-NTP molecules with different orientations,
as discussed below. Previous STM studies showed that 4-NTP
SAMs form distinct nanoscale domains of molecules in both
lying-down and standing-up configurations, with each occupy-
ing ~50% of the surface," as shown schematically in Figure
1B. The standing-up phase clumps in stripelike areas with
anisotropic dimensions ranging from 2.5 to 6 nm in one
direction and 2.5 to 15 nm in the other.

We modeled the observed spectral shifts in terms of the
number of coupled molecules, which we used to determine the
standing-up domain size. To describe the continuous red shift
in 7}, with the dilution of interacting nitro groups, we treated
the vibrational wave function delocalization of neighboring
nitro groups in the standing-up phase as vibrational
excitons.””>*® Vibrational excitons form through transition
dipole coupling under conditions of tight packing or large
transition dipole moments (TDM). The dipole coupling
energy term V,,, for any two molecules m and n is given by

; L 36T
‘/mn = =13 ﬂm. h =12
4me, 7| 71 (1)

where Ji,, and Ji, are the corresponding TDM values and 7 is
their intermolecular spacing. For V,,, < T, the new eigenstates
can be calculated from first-order perturbation theory within
the tight binding model. In the case of two standing-up 4-NTP
molecules with a typical intermolecular separation of 0.37 nm
in a dense monolayer23 and a TDM value of lpi,nrpl = 0.127 D,
the value V,,, = 1.6 cm™" is obtained, leading to splitting of Ty
into two modes 7: and 7 with an energy splitting of AT; =
2V,,, = 3.2 cm™!, as shown in Figure 3A. The 72, mode, where
the neighboring nitro groups oscillate in phase with respect to
each other, has an out-of-plane TDM of i, = 2 ji, and thus is
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Figure 3. (A) Energy level diagram for transition dipole coupling
between two neighboring molecules in a standing-up domain. (B)
Modeled blue shift of T, with increasing domain size for a 100% 4-
NTP monolayer (blue), 60% (red), and 20% (green) mixed
monolayers. (C) Top panel: Domain size of nanoimaging from
Figure 2A as determined by (B). The range of I; observed
experimentally in 100% 4-NTP SAMs is indicated in (B) with black
dashed lines. Bottom panel: schematic of the associated domain size
distribution (with the lying-down phase shown in green).
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IR-active. In contrast, the out-of-phase stretch mode 7- with
jit = 0 is IR-inactive. While the interaction between two
molecules leads to a red shift of only 1.6 cm™, i.e., an order of
magnitude less than the observed ~10 cm™ red shift, in a 2D
ensemble, the 4-NTP molecules form a vibrational super-
position state within a standing-up domain, leading to a much
larger shift. In contrast, the coupling between domains with
orthogonally oriented 4-NTP molecules is negligible, and the
lying-down molecules remain uncoupled.

To show the vibrational exciton formation on a 2D grid, we
first modeled 4-NTP as a rectangular unit cell with standing-up
domains ranging from 1 to 50 molecules on a side and lattice
constants of a = 0.43 nm and b = 0.37 nm from known packing
densities.”> To match the experimental data in Figure 2D, the
extrapolated uncoupled nitro resonance frequency T,
1335.7 cm™" was used for the ground-state energy. Addition-
ally, [fignrpl = 0.127 D was used to match the observed change
in Ei‘o with dilution. For each domain size (I;), all of the off-
diagonal coupling terms of the Hamiltonian were then
calculated, and the Hamiltonian was diagonalized to solve for
the corresponding eigenvalues and eigenvectors. The eigen-
vectors describe the relative TDMs for the individual
molecules in the grid for a given quantum state and can be
summed to find the total TDM of each coupled state, defining
the relative IR activity of each coupled state. A weighted
average across all states, [ X Ji,*7;]/ X Jii /% then gives the Dslyo
value for the initial 2D grid. For a 100% 4-NTP lattice, >90%
of the relative IR activity is in a single eigenstate. As can be
seen in Figure 3B (blue), a pronounced blue shift of 7 cm™ in
D;%o occurs as Iy increases from 1 to 6 molecules. This is
followed by a more gradual blue shift of 2 cm™" from 1343.2 to
1345.5 cm™ as I, is increased from 7 to 22 molecules, which is
only slightly larger than the observed experimental shift of
1343.4 cm™! to 1345.5 cm™ (black dashed). ii‘o continues to
blue-shift at larger domain sizes but is outside the range of
observed values.

In the case of mixed SAMs of 4-NTP and thiophenol, the
resulting eigenvectors and eigenstates are sensitive to the
spatial distribution of nitro groups. To account for this effect,
1000 grids were simulated with different random distributions.
The effect of the dilution of nitro groups for mixed monolayers
on the dependence of Eslyo on Ij in the cases of 60% 4-NTP
monolayers (red) and 20% 4-NTP monolayers (green) is
shown in Figure 3B. To a good approximation, the blue shift is
linearly correlated with the degree of dilution. Additionally,
there is a significant broadening of +0.5 cm™ in the 7,
distribution for each domain size in both the 60% and 20% 4-
NTP models due to the random nature of the dilution. In
addition to broadening the 7, distribution between simu-
lations, within a single simulation a broader range of local
chemical environments distributes the IR activity across a
wider range of eigenstates in mixed SAMs than in the 100% 4-
NTP case. This inhomogeneous broadening leads to a spectral
broadening as observed experimentally. To model the expected
vibrational frequencies of standing-up domains of 4-NTP as
observed in STM,'® we simulated 1000 2D rectangular grids of
molecules with random side lengths of 3—6 nm for the short
axis and 3—15 nm for the long axis'” for each mixed monolayer
studied in Figure 2D (red). The 95% bounds of iﬁ,‘o versus
concentration are shown in Figure 2D (blue) for comparison
to the experimental values. The good agreement of the
modeled vibrational exciton blue shift as a function of dilution
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with the experimental results (red) supports the validity of the
model and underlying domain size distribution.

We next used the relationship between Eﬁ,‘o and Iy as
established from the model as a lookup table (Figure 3B, blue)
and applied it to the spectral map of 7;, from Figure 2A to
derive the underlying spatial variation of I; and thus the
domain size. The resulting image (Figure 3C, top) shows
varying from 22 molecules (8.8 nm) on its left side to 7
molecules (2.8 nm) on its right side, corresponding to the
short axis of standing-up 4-NTP domains of 2.5—6.0 nm from
STM."” The model and interpretation are based on the
assumption of pure 4-NTP and thiophenol monolayers.
Thiolated impurities in the 4-NTP might lead to at most a
10% error in the surface nitro group concentration. The worst
case of only 90% purity in a supposed 100% 4-NTP monolayer
would broaden the distribution of 7}, for a given domain size
by less than +0.1 cm™', which is much smaller than the
observed 2 cm™! shifts. Furthermore, surface roughness would
disrupt the molecular order and weaken the intermolecular
coupling. To illustrate the sensitivity of vibrational excitons to
the local chemical environment, we estimated monatomic gold
steps to cause a red shift of <0.3 cm™' by raising half of our
molecular grid by 0.24 nm.”” This small red shift would also
have only a negligible effect on the resolution of the model. For
more complex molecular systems, higher-order effects such as
modeling beyond point transition dipoles and inhomogeneous
broadening of 7, might need to be considered. Such effects can
lead to an asymmetric molecular response that requires full
spectral line shape reconstruction for resonance fitting as
opposed to our Gaussian fits.”®

Conceptually, our measurements and modeling demonstrate
vibrational exciton nanoimaging to spatially resolve sample
characteristics down to the molecular scale, i.e., smaller than
the nominal spatial resolution of IR s-SNOM. Here the
vibrational exciton effectively serves as a quantum sensor
through its vibrational wave function delocalization to
sensitively probe molecular disorder and domain size. Mapping
Uy to Iy is possible with domain sizes of up to tens of
nanometers as long as dﬁjo(ld)/dld can be discerned
experimentally. For long-range order, dvi(ly)/dl; would
converge to 0, and the associated large domain size would
become unsolvable yet also become directly accessible within
the spatial resolution of s-SNOM.

We previously used this method to map domain sizes in 3D
molecular crystals® without a structured benchmark for the
independent validation of the model. In 4-NTP we now are
able to compare the spectral scale of vibrational exciton
delocalization derived from the model with structural
information from STM studies,'° validating both the method
and previous results.

This method of vibrational exciton nanoimaging is beneficial
in molecular systems where the domain size and intermolecular
interactions affect functional properties such as carrier mobility
and transport. Domain size and molecular order in SAMs affect
the carrier mobility in SAM-based organic thin-film tran-
sistors.”” Additionally, with slightly higher spectral resolution
beyond 0.1 cm™, it may even become possible to detect and
count pinhole defects in monolayers with long-range order,
which diminish the performance of, e.g, superhydrophobic
surfaces and organic electronics.’

As the modeled domains grow beyond tens of nanometers,
Uy asymptotically approaches a constant value and becomes
insensitive to the domain size. However, it remains sensitive to
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effects such as disorder and defect density, which can then be
measured. As the domains grow larger than the size of the tip,
the measured molecules remain coupled to the entire domain
and report a state larger than the tip resolution itself (nonlocal
optical response). This would lead to a homogeneous s-SNOM
response within the domain, which could be an interesting
direction for future experiments. However, beyond transition
dipole coupling, other effects such as coupling through
phonons and the formation of phonon-bound states could
dominate the vibrational landscape, as in hydrogen-terminated
silicon surfaces.”

In summary, we used vibrational excitons in 4-NTP
monolayers as a sensitive probe to image domain sizes using
IR s-SNOM. This was accomplished by first quantifying the
strength of intermolecular coupling through dilution of the
monolayer with thiophenol. Probing at a sensitivity as low as
~10® molecular oscillators, we found that the average
delocalization length varies between 7 and 22 molecules (2.8
to 8.8 nm), reflecting the domain sizes of the standing-up
phases.

Because of the sensitivity of vibrational excitons to molecular
packing and orientation, this method is generally applicable to
other molecular systems with strong mid-infrared vibrational
transitions or a high density of oscillators and short-range
order. Beyond characterizing delocalization lengths and
defects, vibrational excitons could also play a role in ion
transport’*” in ion channels and are suggested to impact the
function of ion selectivity filters,”” where the mechanisms are
still poorly understood. Additionally, quantum information
protocols have previously been suggested using vibrational
excitons as a medium for quantum state transfer, being stable
even at room temperature,”> dependent on the underlying
relaxation and dephasing pathways. With the recent develop-
ment of ultrafast real-time IR s-SNOM,>** probing the
formation and relaxation dynamics of vibrational excitons on
the nanoscale could become accessible.
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