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ABSTRACT
Transition dipole coupling between localized molecular vibrations represents a fundamental mechanism of energy delocalization in 
molecular solids. These collective states, referred to as vibrational excitons, give rise to distinct vibrational frequency shifts and mode 
splitting encoding information about molecular orientation, packing, conformation, and structural disorder. Originally developed to 
describe ideal crystalline materials, vibrational exciton spectroscopy and modeling have since evolved into a versatile tool applicable 
to a broad range of chemical systems, including molecular crystals, self-assembled monolayers (SAMs), molecular liquids, and biomo
lecular assemblies. However, diffraction-limited vibrational Raman and IR spectroscopy spatially averages over macroscopic ensem
bles of molecules, making it challenging to resolve inhomogeneities on nanometer length scales, which dictate the overall response of 
many molecular solids. Recently extended to the nanoscale, vibrational coupling nano-crystallography (VCNC) combines IR 
scattering-type scanning near-field optical microscopy (IR s-SNOM) with vibrational exciton theory to spatially resolve local molecu
lar order and domain structure with nanometer resolution. In this review, we describe recent advances in near-field spectroscopy of 
vibrational excitons to image local molecular order in crystals, SAMs, and biological systems. Finally, we conclude with a perspective 
for VCNC to study excited-state dynamics, energy transport, collective quantum phenomena, and nanoscale structural evolution in 
complex molecular systems.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0310896
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I. INTRODUCTION
Molecular solids are a broad class of materials in which mole

cules interact through weak intermolecular forces, such as London 
dispersion forces, hydrogen bonding, and dipole–dipole coupling.1 

Despite weak interactions compared to covalent or ionic bonding, a 
wide range of physical behaviors emerge, including electron or ion 
conductivity and optical properties.2–4 The functional behavior of the 
solid thus derives not only from the behavior of its individual mole
cules, but also from the intermolecular coupling and associated mac
roscopic structure of the solid from amorphous to highly crystalline. 
The resulting structural versatility and tunable properties form the 
basis for applications in pharmaceuticals,5 organic electronics,6,7 

energy conversion and storage,8–10 and biological systems. A common 
feature of these systems is that their macroscopic functionality often 
arises from the nanoscale structural organization, which controls 
intermolecular interactions and charge and energy transport.3,4,11–13 
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Better elucidating the relationships between structure and functional
ity is essential for the rational design of materials with targeted and 
multifunctional properties. However, because of the low-energy scale 
of the intermolecular interactions with their soft potential and thus 
fragile (often dynamic) local molecular environment, few techniques 
can directly access the energy landscape of intermolecular coupling.

Vibrational solvatochromism in the form of environment- 
dependent Stark shifts has been well established to detect heterogene
ity in local molecular environments, but is mainly applicable to 
amorphous molecular systems where vibrational modes can be 
described as localized oscillators.14,15 In densely packed molecular sol
ids, vibrational modes interact through transition dipole coupling, 
leading to a hybridization of the vibrational wavefunctions and collec
tive delocalized excitations known as vibrational excitons (VEs), 
wherein the vibrational wavefunction spans across multiple neighbor
ing molecules.16–18 Even in amorphous liquids, vibrational wavefunc
tions have been shown to extend over more than 100 molecules in 
some model systems.19 Such VE formation gives rise to characteristic 
broadening, frequency shifts, and mode splittings in vibrational spec
tra. However, these spectral features may easily be misattributed to 
molecular decomposition, chemical reactions, vibrational Stark shifts, 
or compositional heterogeneity.

The sensitivity of the vibrational spectrum to molecular orienta
tion, packing, conformation, and short- to long-range order makes 
VE spectroscopy in principle a powerful structural probe. In particu
lar, infrared (IR) spectroscopy enables the detection of crystallinity 
and structural transitions in, e.g., bulk solids, thin films, or molecular 
monolayers. Applications have included remote sensing of atmo
spheric aerosols,20 monitoring self-assembly,21,22 and characterizing 

protein secondary structure.23,24 Additional insight into the dynamics 
of molecular solids has been achieved through multi-dimensional 
coherent IR spectroscopy (2D IR) to distinguish homogeneous and 
inhomogeneous broadening, probe ultrafast vibrational coupling, and 
reaction dynamics.25

However, many molecular materials are often spatially heteroge
neous even when composed of a single molecular species due to phase 
segregation, domain formation, defects, and varying degrees of local 
crystallinity. Probing in the far-field even with diffraction-limited spa
tial resolution of �k=2 then typically still averages over many degrees 
of structural heterogeneities, obfuscating the VE response. As a nano
scopic phenomenon, only by probing vibrational coupling at the 
length scale of the coupling interaction itself (few nanometers) can 
the local material morphology be deconvolved from effects due to 
long-range heterogeneity. Conventional ensemble-averaging techni
ques cannot distinguish broadening arising from structural disorder 
on nanometer length scales from gradual structural variations across 
hundreds of nanometers to micrometers. Recent advances in infrared 
near-field microscopy have enabled VEs to be probed at the nano
scale, allowing for the utilization of VEs as a nanoscopic tool to deter
mine local order, disorder, crystallinity, and their kinetics on the 
length scales over which the vibrational wavefunction delocalizes.

Specifically, IR scattering-type scanning near-field optical 
microscopy (IR s-SNOM) has enabled spatially resolved vibrational 
imaging with nanometer resolution.26–28 By adapting VE models to 
interpret local frequency shifts, IR s-SNOM provides unprecedented 
insight into nanoscale order, disorder, and coupling in molecular 
materials29 (Fig. 1). This ability to map structural heterogeneity com
plements electron and x-ray diffraction and imaging techniques, 

FIG. 1. Vibrational coupling nano-crystallography (VCNC) to study order and disorder in molecular solids based on peak splitting and spectral shifts to vibrational resonan
ces induced by transition dipole coupling Vij . A progressive peak splitting of the vibrational spectrum with increasing degree of molecular order is used for illustration, but 
details depend on the specific molecular arrangement within the crystal. (a) Spatio-spectral infrared vibrational nano-spectroscopy based on IR s-SNOM to determine crystal
linity and intermolecular coupling with nanometer spatial resolution (b). VCNC is applicable to study self-assembled monolayers, molecular crystals, polymers, hybrid materi
als, and protein complexes among others (c).
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which are primarily sensitive to long-range crystalline order rather 
than local molecular disorder.30

In this review, we discuss the theory and application of VEs in 
molecular solids and their role as a molecular ruler in the developing 
field of IR nano-spectroscopy. We survey experimental systems in 
which VE formation has been observed, discuss theoretical models 
used to describe the underlying intermolecular interactions, and high
light recent progress in applying these concepts to interpret nano- 
localized IR spectra in molecular crystals and related systems.

II. VIBRATIONAL EXCITON MODELING
The foundational theory of VEs was established by the example 

of molecular crystals, where transition dipole coupling (TDC) 
between vibrational modes approximated as localized oscillators was 
applied to model infrared vibrational spectra.16–18,31–33 Early efforts 
focused on analytically tractable crystal structures such as crystalline 
benzene34 and ethylene33 using symmetry arguments to simplify the 
interaction Hamiltonian. However, due to the high computational 
demand to diagonalize large coupling matrices, progress stagnated 
until the widespread availability of modern computing resources. 
Today, a VE Hamiltonian can be numerically diagonalized for arbi
trarily complex molecular systems without relying on symmetry sim
plifications, enabling accurate modeling of vibrational spectra in 
ordered molecular solids.

The following treatment of vibrational excitons closely follows 
the foundational derivation by Robert M. Hexter for crystalline sol
ids16 and later adapted by Peter Hamm and Martin T. Zanni for time- 
resolved spectroscopy.25 In molecular solids, VEs arise from pairwise 
through-space coupling between vibrational modes approximated as 
local oscillators.35 The VE is described by a tight-binding-like 
Hamiltonian 

Ĥ ¼
XN

i¼1
h�i; b†

i bi þ
X

i<j
Vijðb†

i bj þ b†
j biÞ; (1) 

with �i the frequency of the local mode and b†
i and bi bosonic ladder 

operators for creation or annihilation of a vibrational quantum at site 
i. The coupling term Vij arises from the bilinear part of a Taylor 
expansion of the intermolecular potential energy surface 

Vðq1;…; qNÞ �
XN

i¼1

1
2

Viiq2
i þ

X

i<j
2Vijqiqj; (2) 

with qi the normal coordinate of vibration i expressed in terms of lad
der operators, 

qi ¼
1
ffiffiffi
2
p ðb†

i þ biÞ; (3) 

resulting in 

qiqj ¼
1
2
ðb†

i bj þ b†
j bi þ bibj þ b†

i b†
j Þ: (4) 

The terms that change the number of vibrational quanta are 
neglected since the coupling between far detuned modes (those with 
different quanta of excitation) is small compared to coupling between 

resonant modes.25 Thus, Vij mediates resonant excitation hopping 
between sites.

The Hamiltonian is expanded in a single-excitation site basis of 
the individual vibrational states j/nji, with n the number of vibra
tional energy quanta on site j, 

jii ¼
Y

j6¼i
j/0ji

� �
j/1ii; (5) 

resulting in the matrix representation 

H ¼

h�1 V12 � � � V1N

V21 h�2 � � � V2N

..

. ..
. . .

. ..
.

VN1 VN2 � � � h�N

0

B
B
B
B
B
B
@

1

C
C
C
C
C
C
A

: (6) 

Diagonalizing H provides the coupled-mode eigenstates jwni

and their eigenenergies En.
To simulate how coupling modifies the IR spectrum from the 

originally uncoupled molecules, the transition dipole moments are 
calculated for each eigenstate. The total transition dipole operator is 
given by 

~l ¼
X

i
~li; (7) 

with ~li the dipole operator at site i. Expanding the eigenstate as 

jwni ¼
XN

i¼1
cnijii; (8) 

the transition dipole associated with the j0i ! jwni excitation 
becomes 

h~lin ¼
XN

i¼1
cnih~lii: (9) 

Thus, the transition dipole vector of each VE state is a superposition 
of local mode dipoles, weighted by the eigenvector coefficients cni.

The coupling Vij between molecular sites i and j is then modeled 
using the TDC approximation 

Vij ¼
1

4p�0

~li �~lj

r3
ij

−
3ð~rij �~liÞð~rij �~ljÞ

r5
ij

 !

; (10) 

where ~rij is the displacement vector between dipoles and ~li are the 
local transition dipole vectors.

Defining a position for each dipole requires knowledge of the 
change in electron charge distribution upon excitation of the vibra
tional mode. For skeletal modes involving motion of the molecular 
backbone, higher-order multipoles would need to be considered. In 
contrast, vibrations of small functional groups such as a carbonyl 
group (see Sec. IV) involve predominantly the localized motion of 
few atoms. It is thus appropriate to treat the vibrational transitions of 
such probe vibrations as point dipoles, which is a valid approximation 
for intermolecular distances sufficiently large such that the monopole 
fields from the positive and negative charge centers cancel, leaving 
only a dipole field (r−3 intensity scaling). This is the case for 
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intermolecular distances larger than the bond length of e.g., the car
bonyl functional group of �1.5 Å.

A. Vibrational spectra of a coupled dimer
The basic features of VE formation can be illustrated by the 

example of a molecular dimer, i.e., two coupled vibrational oscillators 
of defined relative orientation and position. In this system, two eigen
states emerge with energies h�6 V12, corresponding to symmetric 
and antisymmetric combinations of the local modes [see Fig. 2(a)]. 
The associated transition dipole moments are ~l1 6~l2, and the 
observed IR intensities are proportional to j~l1 6~l2j

2.
Figure 2(a) illustrates how the spectral response of the dimer 

depends on its internal geometry. For parallel dipoles, the symmet
ric eigenmode ~l1 þ~l2 is optically active due to constructive inter
ference, while the antisymmetric mode ~l1 −~l2 is not dipole 
allowed. The relative orientation of the two dipoles determines 

whether the symmetric mode is blue-shifted (V > 0) or red-shifted 
(V < 0). For orthogonal dipoles, the coupling vanishes if one 
dipole is also orthogonal to the displacement vector, but a peak 
splitting is observed with both symmetric and antisymmetric 
modes optically active otherwise. These examples illustrate how the 
dimer geometry is encoded in the resulting IR spectrum, though 
not uniquely as certain distinct geometries can yield similar spectral 
features. While IR spectroscopy alone cannot unambiguously deter
mine the molecular packing, it can distinguish between different 
candidate arrangements based on observed spectral shifts and 
mode splitting.

Polarized IR measurements can further constrain the struc
tural assignments. As shown in Fig. 2(b), for the indicated dimer 
configuration, the two eigenmodes have orthogonal polarization. 
Probing along x̂ selects the red-shifted mode while probing along ŷ 
selects the blue-shifted mode. Polarization-resolved IR measure
ments can thus provide additional insight into the absolute orienta
tion of the dimer relative to the probe polarization, while the 
spectral features themselves provide insight into the orientations of 
the molecules relative to each other.

B. Vibrational spectra of 2D molecular arrangement
The coupled dimer example illustrates how the VE spectrum 

depends on relative molecular orientation, but for molecular solids, 
the VE spectrum also depends on the number of molecules that 
participate in coupling. Extending exciton coupling to larger 
molecular assemblies, the VE spectrum is now calculated as a func
tion of the delocalization length ld of the vibrational wavefunction. 
We consider VEs in the two-dimensional arrangement indicated in 
Fig. 3(a) where the vibrational transition dipoles are oriented nor
mal to the surface and form domains of varying size (number of 
molecules N) representing a molecular monolayer. The approach to 
modeling vibrational spectra as a function of ld generalizes to 3D 
systems.

Figure 3(b) shows the VE states and their IR intensities for a 
square lattice of N ¼ 400 molecules. Although 400 eigenmodes exist, 
only a small subset carry significant oscillator strength, leading to a 
sharp, collective IR-active absorption feature. The total spectrum (black 
curve) is constructed by summing Lorentzian lineshapes centered at 
each eigenenergy (dotted blue) with linewidth C equal to that of the iso
lated transition (in this example, C ¼ 5 cm−1). The calculated evolution 
of the VE resonance as a function of domain size N is shown in 
Fig. 3(c). With increasing domain size, the collective coupling increases, 
leading to a progressive blueshift, converging at D~� � 13 cm−1 relative 
to the uncoupled mode. In contrast, the linewidth of the VE spectrum 
is largely independent of N [Fig. 3(a), lower].

This model was successfully employed to interpret nano-FTIR36 

and surface-enhanced Raman spectra37 of p-nitrothiophenol (pNTP) 
self-assembled monolayers (SAMs) on gold, where variations in peak 
position were attributed to changes in domain size and chemical com
position (see Sec. IV for details). The modeling assumed that the cou
pled spectra are independent of domain shape—an approximation 
that breaks down for particularly elongated or highly irregular geome
tries. Figure 4(a) demonstrates this effect for a fixed number of 64 
molecules arranged in domains of different shape (2� 32, 4� 16, and 
8� 8), i.e., varying surface (circumference) to volume (area) ratio. 
Elongated domains exhibit reduced spectral shifts due to an effective 

FIG. 2. Vibrational exciton modeling of a coupled molecular dimer. (a) Simulated 
spectra with different relative orientations exhibiting (from top to bottom) blue shift, 
no coupling, red shift, and peak splitting respectively. (b) Polarization dependence 
of a coupled spectrum illustrates how polarization-resolved measurements can 
identify the absolute orientation of the dimer pair.
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increase in surface molecules with fewer neighbors and thus reduced 
collective coupling.

In addition, orientational disorder impacts the VE spectrum. 
Figure 4(b) shows how random angular disorder in molecular orienta
tion reduces the blue shift and broadens the spectrum, with molecules 
on average oriented vertically but with tilt angle noise following a nor
mal distribution with varying standard deviation rh. The low-energy 
shoulder emerging for large degree of disorder corresponds to the in- 
plane component of the transition dipoles, which are distributed ran
domly and thus exhibit a slight broadening but a negligible systematic 
shift from ~�0. Figure 4(c) shows the frequency of the coupled peak, 
derived from a Lorentzian fit to the ~� > 1340 cm−1 spectral region, 
and its variance across many trials as a function of disorder for differ
ent structural characteristics: transition dipole magnitude (rl), orien
tation angle (rh), and molecular position (rr). All sources of disorder 
produce similar trends, namely, shifts of <1 cm−1 for small values of 
r, and large deviations beyond r > 20%. This shows how defects, dis
order, and domain boundaries control the degree of coupling which 
manifests in the characteristics of the resulting VE spectrum.

III. VIBRATIONAL COUPLING NANO-CRYSTALLOGRAPHY 
(VCNC)

Conventional, ensemble-averaging far-field IR and Raman 
spectroscopy of VEs has been successfully applied to determine 
molecular packing and arrangement in molecular crystals,20,35,38–42 

self-assembled monolayers (SAMs),22,43,44 and biological sys
tems.45–47 Nonlinear IR techniques provide additional insights such 
as multi-dimensional coherent IR spectroscopy (2D IR), which has 
been demonstrated to distinguish between homogeneous and inho
mogeneous broadening and to probe ultrafast dynamics of intra- 
and intermolecular coupling and spectral diffusion, providing 
detailed insight into the local dynamical environment of VEs.48–53 

Sum-frequency generation spectroscopy (SFG), a second-order 
nonlinear technique, provides surface sensitivity. Probing only the 
top few molecular layers based on its electric-dipole selection rule, 
it can access vibrational excitons localized near interfaces.54,55 

Furthermore, it provides symmetry selectivity with respect to 
domain orientation, which can provide additional insight into sur
face ordering. However, these far-field, diffraction-limited techni
ques inherently average over macroscopic ensembles of molecules 
(in the lateral dimensions for SFG), obscuring spatial heterogeneity 
in the vibrational response. In particular, in molecular solids where 
domains may exhibit different intermolecular coupling strengths, 
disorder, or packing, ensemble measurements cannot resolve how 
VE coupling varies spatially within the material. Addressing this 
limitation requires spatially resolved probing of the local vibra
tional response at nanometer length scales.

Infrared scattering-type scanning near-field optical microscopy 
(IR s-SNOM), in its broadband infrared nano-spectroscopy applica
tion (nano-FTIR), can spatially resolve the local vibrational response 

FIG. 3. Modeling of vibrational mode coupling for a molecular monolayer. (a) Schematic of a 2D parallel molecular arrangement of varying domain size (N ¼ 1 … 400). (b) 
Vibrational exciton mode distribution and corresponding intensities for a square of 20� 20 molecules (blue vertical lines) with simulated spectrum overlaid (black), as the 
sum of absorption profiles for each mode with fixed FWHM of 5 cm−1 (blue, dotted). (c) Evolution of modeled center frequency (from Lorentzian fits to the simulated spectra) 
with increasing domain size.

FIG. 4. Effects of domain geometry and molecular disorder on vibrational exciton spectra. (a) Modeled dependence of vibrational exciton spectra on domain shape for fixed 
number of molecules N. (b) Vibrational exciton spectra for square domains of 20� 20 molecules with tilt angle noise of each molecule (h and /) based on a normal distribu
tion with varying standard deviation rh. (c) Modeled center frequency and uncertainty of the upper VE mode with r ranging from 0% to 50% for transition dipole magnitude 
(rl, blue), tilt angle (rh, red), and position in the xy plane (rr , green).
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with deep sub-diffraction spatial resolution. Nano-FTIR enables 
direct visualization of spatial heterogeneities in VE coupling—for 
example, within crystalline grains, across domain boundaries, or 
identifying defects—revealing the nanoscopic spatial fabric of the 
material. Extending VE spectroscopy to the nanoscale resolves 
vibrational coupling on length scales comparable to its wavefunc
tion delocalization.14,29,56,57 Accessing these local, near- 
homogeneous sub-ensembles enables the intrinsic delocalization 
length of the vibrational wavefunction ld to be determined and its 
spatial variation to be imaged over macroscopic distances, effec
tively using the VE itself as a molecular ruler for quantifying order 
in molecular materials.

A. Nano-FTIR spectroscopy
In the nano-FTIR (broadband) implementation of IR 

s-SNOM, mid-IR light is focused onto the metallic probe tip of an 
atomic force microscope (AFM) [Figs. 5(a) and 5(b)].14,28,58 

Common light sources for generating the necessary mid-IR radia
tion are femtosecond optical parametric oscillators (OPO) or 
amplifiers (OPA) combined with difference frequency generation 
(DFG), non-collinear OPA (NOPA) with DFG, and synchrotron IR 
radiation.59 These light sources offer low noise and high spectral 
irradiance, which is ideal for resolving small VE frequency shifts in 
the nano-localized vibrational spectra. VE splittings rarely exceed 
100 cm−1, so typical OPO/OPA with DFG spectral bandwidths of 
�200 cm−1 are sufficient for resolving relevant spectral features. 
Ultrabroadband NOPA with DFG or synchrotron IR radiation 
offers higher bandwidth, but lower spectral irradiance, which is 
beneficial for larger VE shifts or simultaneously resolving multiple 
vibrational resonances.

The tip-scattered IR light, composed of the near-field signal of 
interest ENF and background scattering from the tip shaft and sample 
EBG, is heterodyne amplified with a reference field ER in an asymmet
ric Michelson interferometer [Fig. 5(a)]. The total signal intensity I 
detected by a mercury–cadmium–telluride (MCT) photodiode is 
given by 

IðsÞ ¼ jERðsÞ þ ENF þ EBGj
2
; (11) 

expanding to 

IðsÞ ¼ jERðsÞj
2
þ jENFj

2
þ jEBGj

2

þ 2R ENFE�RðsÞ þ ERðsÞE�BG þ ENFE�BG
� �

; (12) 

with s the delay of the reference pulse relative to the tip-scattered 
field.60 To separate ENF from EBG, lock-in detection can be applied to 
detect the signal components at harmonics of the tip-tapping fre
quency nxt . With background scattering mainly constant or linearly 
dependent on tip height over long range, but near-field scattering 
depending nonlinearly on tip height over short range, detecting har
monics with n � 2 separates ENF from EBG.27,28 Lock-in detection 
thus isolates terms in Eq. (12) containing ENF, leaving 

Inxt ðsÞ ¼ 2R Enxt
NF E�RðsÞ þ Enxt

NF E�BG
� �

; (13) 

neglecting the term jENFj
2 since ER, EBG � ENF. Varying s, the result

ing interferogram represents the cross-correlation between ER and 
ENF [Fig. 5(c)], while the background term Enxt

NF E�BG appears only as a 
constant offset independent of s. The Fourier transform then provides 
the spectral amplitude and phase of ENF, 

F Inxtf gð�Þ / Enxt
NF ð�Þ ¼ E0;nð�Þei/nð�Þ; (14) 

where /nð�Þ is the near-field phase relative to the reference field. 
Normalizing the sample near-field spectra to a reference with a spec
trally flat response (e.g., Au or doped Si) provides the desired phase 
and amplitude response of the sample.

The real and imaginary components R½ENF�ð�Þ and I½ENF�ð�Þ, 
or similarly for small phase responses the amplitude E0;nð�Þ and 
phase /nð�Þ, relate to the sample dispersion n and absorption 
coefficient j, respectively, defined by the material dielectric function er 
as 

ffiffiffiffi
er
p
¼ nþ ij [Fig. 5(d)].28 Nano-FTIR spectra are commonly rep

resented in both coordinate systems in the literature, with the 
Cartesian representation often preferred when the phase response is 
large, while the polar representation is often preferred when the phase 
response is small as /nð�Þ is a normalized quantity not dependent on 
incident field amplitude offering easier comparison between measure
ments. Resonances in the measured near-field spectra can be modeled 
as Lorentzian or Voigt profiles to extract the center frequency �0, line
width C, and relative amplitude A of vibrational resonance features. 
For samples with weak localized resonances like molecular vibrations, 
extrinsic tip-sample interactions can cause small shifts in �0 compared 
to the intrinsic sample response, which can be corrected through 

FIG. 5. Near-field vibrational IR spectroscopy. (a) Experimental setup for infrared scanning–scattering near-field optical microscopy (IR s-SNOM) with interferometry for sig
nal detection. (b) Nano-FTIR imaging of heterogeneous environments with s-SNOM probe tip. (c) Representative interferograms measured on non-resonant reference (Au 
film, black) and resonant sample material (PMMA film with carbonyl resonance, purple). (d) Corresponding Fourier-transformed referenced carbonyl vibrational near-field 
spectra with imaginary (blue) and real (red) components.
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modeling the probe tip as a polarizable point dipole (point dipole 
model),61 an extended dipole (finite dipole model),62 or more refined 
numerical approaches.63 When determining relative frequency shifts 
between two resonances, such modeling procedures are important if 
the amplitude of the two features is different, as tip-sample interactions 
may affect the two resonances differently. If resonances are very weak, 
such as peaks in /nð�Þ below 0.1 radians often observed in molecular 
monolayers, or the difference in frequency between two resonances of 
comparable amplitude is desired, fitting nano-FTIR spectra without a 
model of tip-sample interaction can be sufficient.

B. Vibrational coupling nano-crystallography
IR s-SNOM was first applied to study vibrational coupling in 

molecular crystals at the example of the metalloporphyrin complex 
octaethyl–porphine ruthenium(II)carbonyl (RuOEP) dispersed in 
poly(3-hexylthiophene) (P3HT)29 [Fig. 6(a)]. An evolution of the car
bonyl spectrum from a single resonance (~�0) to two resonances (~�þ
and ~�−) is observed during crystallization in ensemble-averaging far- 
field FTIR [Fig. 6(b)]. The coexistence of the two VE features ~�þ and 
~�− upon crystallization was previously interpreted as molecules 
within crystals experiencing different local environments. It was 
hypothesized that RuOEP molecules would form 1D chains in which 
the interior carbonyl groups would experience a red shift while the 
capping carbonyls would experience a blue shift.64 However, VE 

modeling and VCNC probing of the carbonyl mode in the RuOEP 
crystal structure subsequently demonstrated that the two ~�þ and ~�− 
resonances are in fact a vibrationally coupled peak splitting and their 
spatial variation a measure of the degree of crystallinity within the 
three dimensional crystal structure of RuOEP.

Moreover, IR s-SNOM measurements of the RuOEP crystals 
revealed an additional resonance at the uncoupled ~�0 frequency 
[Fig. 6(d)], indicating the coexistence of ordered and disordered 
regions even on nanometer length scales.29 This ~�0 feature, 
observed even in highly crystalline samples, was initially attributed 
to a subpopulation of fully amorphous molecules phase-separated 
from the crystalline domains. However, an amorphous domain 
would be expected to exhibit a significantly broadened ~�0 reso
nance, similar to the initial FTIR spectrum before solvent annealing 
in Fig. 6(b), which is not observed. A more consistent explanation 
is that the ~�0 resonance arises from slight orientational disorder 
within otherwise ordered domains, analogous to the mode shown 
in the model calculation in Fig. 4(b). Small deviations in molecular 
orientation introduce components of the transition dipole moment 
that are perpendicular to the primary coupling axis or plane. 
Because dipole components along this perpendicular direction are 
disordered, these components remain effectively uncoupled. As a 
result, individual molecules can simultaneously contribute to both 
the collective (coupled) VE response and a residual ~�0 resonance, 

FIG. 6. Crystallinity and vibrational wavefunction delocalization derived from nano-FTIR spatio-spectral imaging. (a) Molecular structure of octaethyl-porphine 
ruthenium(II)carbonyl (RuOEP) and (b) carbonyl vibrational spectrum upon crystallization measured in micro-FTIR spectroscopy. RuOEP crystals are grown through solvent 
annealing evolving from amorphous RuOEP mixed in P3HT (blue) to crystalline RuOEP clusters (red) exhibiting VE splitting. (c) Nano-IR vibrational spectra measured on 
crystals of RuOEP containing three features corresponding to residual molecules in an amorphous phase (~� 0) and molecules in a crystalline phase exhibiting VE coupling 
(~�6). (d) Nano-localized crystallinity calculated as the percentage of molecules in a crystalline phase. (e) Nano-localized VE delocalization length ld calculated by comparing 
the center frequency of VE absorption features to VE modeling. Adapted with permission form Muller et al., Proc. Natl. Acad. Sci. U. S. A. 117, 7030–7037 (2020). 
Copyright 2020 Authors, licensed under CC BY 4.0.29
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rather than existing as entirely coupled or entirely uncoupled 
species.

The coexistence of a VE response and ~�0 response enabled quan
tifying the degree of local molecular order in two distinct ways. 
Fitting the vibrational spectra with a three Lorentzian model and 
applying the point dipole approximation to account for tip-sample 
interactions, the center frequency, linewidth, and amplitude of each 
resonance are determined with wavenumber resolution. Local crystal
linity vRuOEP is then determined as the fraction of molecules in a cou
pled state based on the peak area U / A � C of each resonance 
[Fig. 6(c)] with 

vRuOEP � Uð~�−Þ= Uð~�−Þ þ Uð~�0Þ½ �; (15) 
where U represents the area of each spectral peak and Uð~�−Þ is used 
to represent the VE absorption because it contains a majority of the 
VE oscillator strength.

Alternatively, VE modeling is applied to relate the correlated var
iations in center frequencies of ~�− and ~�þ to ld [defined as the 
domain size for which VE modeling reproduces the measured vibra
tional spectrum, Fig. 6(e)]. Long delocalization is attributed to a high 
degree of crystalline order. Crystallinity, as defined here, describes the 
fraction of molecules in a coupled state, while ld describes the distance 
over which vibrations interact. Crystallinity and ld are different met
rics for molecular order and are not trivially related, but it was shown 
the two correlate well [Figs. 6(d) and 6(e)], implying that ld is a useful 
measure of structural order in molecular crystals.29

Following this initial demonstration, interpreting IR s-SNOM 
spectra in terms of VE coupling has been utilized in a range of materi
als including crystalline solids,56 monolayers,36,37 and polymers.57,65 

However, these studies did not precharacterize ~li and ~rij, deriving 
these values in part based on fits to measured spectra. With the transi
tion dipole magnitude or molecular positions and orientations left as 
fit parameters, ld could not be determined quantitatively and rather ld 
at different locations was compared qualitatively. A framework for 
quantitative VCNC was recently proposed in which ld is the only 
free parameter by precharacterizing ~li and ~rij. Its predictive accuracy 
was validated at the example of an RuOEP derivative functionalized 
with 5,5-dimethyl-1-pyrroline N-oxide (RuOEP-DMPO),56 chosen 
because of its known crystal structure and strong carbonyl vibrational 
resonance.

For a given molecule of interest, VCNC is applicable if a vibra
tional resonance of the molecule responds spectrally upon ordering or 
crystallization (Fig. 7). The vibrational spectra can then be simulated 

with varying ld as the only fit parameter to measure the size of crystal
line domains if the transition dipole orientations and their relative ori
entations l̂i and positions ~rij are known for all molecules in a 
crystalline domain. Single-crystal x-ray diffraction (XRD), largely 
insensitive to point defects and small degrees of orientational disor
der, provides the molecular (atomic) positions ~rij, and l̂i is obtained 
from normal mode analysis. FTIR absorption spectroscopy is applied 
to a dilute solution of the molecule with known concentration yield
ing j~lj given by66 

j~lj ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3�0hc ln 10
2p2NA��

ð

�ð�Þd�

s

; (16) 

where NA is Avogadro’s number, �� is the center frequency of the reso
nance, and �ð�Þ is the extinction coefficient determined through 
Beer’s law 

Að�Þ ¼ �ð�Þcl; (17) 

with c the concentration and l the optical path length through the 
solution. The values of l̂i and ~rij derived from XRD on a highly 
ordered phase of the molecule of interest combined with j~lj derived 
from FTIR on a completely amorphous phases are then used as input 
parameters to model the VE spectrum as a function of ld. Measuring 
the vibrational response at many probe tip positions then images the 
macroscopic heterogeneity of ld [see Fig. 6(e)] in partially ordered 
and disordered molecular solids such as polycrystalline films, aggre
gates, polymers, or other molecular complexes with mixed domains 
of order and disorder.

Applying this framework to RuOEP-DMPO, XRD was per
formed on single crystals to determine the crystal structure 
[Fig. 8(a)]. FTIR absorption spectroscopy of RuOEP-DMPO dis
solved in dichloromethane at concentrations ranging from 2 to 
20 mM determined j~lj to be 1.43 Debye. These values were used 
as inputs to model the resulting VE nano-FTIR spectra for crystal
line domains with varying number of molecules N [Fig. 8(b)]. Due 
to the specific structure of RuOEP-DMPO crystals, the carbonyl 
vibration shifts only up to 

ffiffiffiffi
N3
p
¼ 3 (ld � 3 nm) with D~�model con

verging to 10.2 cm−1, becoming independent of N for 
ffiffiffiffi
N3
p
� 3.56 

Since the VE shift is approximately constant already for small 
domains, the measured vibrational shift in RuOEP-DMPO crys
tals serves as a benchmark to validate VE modeling as a quantita
tive tool for measuring vibrational delocalization ld and crystalline 
domain size.

FIG. 7. Vibrational coupling infrared nano-crystallography (VCNC) applied to arbitrary molecular systems. If a vibrational mode of a molecule of interest exhibits frequency 
shifts or splitting upon crystallization, VCNC can be applied to study disorder in partially ordered phases of the molecule. First, the vibrational exciton modeling parameters 
are determined by performing XRD on single crystals to determine l̂ and ~r of the primary crystalline phase, while FTIR absorption spectroscopy is performed on dilute solu
tions to determine jlj of the isolated probe vibration. Vibrational exciton modeling can then be applied to relate measured vibrational shifts to the vibrational delocalization 
length ld.
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Measured vibrational nano-FTIR spectra of RuOEP-DMPO 
exhibit both the VE and amorphous carbonyl response, similar to the 
RuOEP derivative studied originally29 [Fig. 8(e)]. However, unlike 
previous studies assuming homogeneity within the near-field sample 
region, a refined interpretation considers the signal as a superposition 
of responses from many domains of varying size. The domain sizes 
were assumed to follow a normal distribution [Fig. 8(c)]. Composite 
spectra were modeled by summing absorption features from many 
domains with corresponding VE center frequencies and normally dis
tributed amplitudes [Fig. 8(d)]. Figures 8(c) and 8(d) divides the 
domain sizes into completely amorphous (green), intermediate (pur
ple), and crystalline (red). Figure 8(e) shows fits (black dotted) to 
vibrational spectra measured on several crystals (blue) by fitting the 
large-domain frequency limit ~� c

CO, average domain size �N , and its 
standard deviation r with corresponding decomposition into each 
subset of domain sizes (green, purple, and red). The contribution 
from amorphous, intermediate, and crystalline domains varied signifi
cantly between crystals, providing additional insight into the sub-tip 
resolution structural composition. Moreover, the measured values of 

~� c
CO agreed with D~�model ¼ 10:2 cm−1 to within modeling uncer

tainty for all measured crystals, demonstrating the high accuracy of 
VE modeling and thus the capacity of VCNC to qualitatively deter
mine ld.

These works have established the conceptual basis of applying 
VE nano-spectroscopy and imaging to relate coupling-induced vibra
tional frequency shifts to the delocalization length of the vibrational 
wavefunction ld as a metric for the degree of local molecular order or 
disorder. Section IV describes recent works applying this technique of 
VCNC to molecular solids such as SAMs, molecular crystals, and pro
tein complexes.

IV. VCNC APPLICATIONS
Unlike conventional techniques, which derive a net molecular 

arrangement from the spatially averaged ensemble response of a 
material, VCNC derives the spatially resolved nanoscale molecular 
arrangement from the local material response of molecular sub- 
ensembles. Analyzing the nano-localized vibrational spectra with VE 
modeling, the vibrational delocalization length ld can be extracted and 
related to the degree of local structural order, and its spatial heteroge
neity imaged across macroscopic distances. Sections IV A–IV C 
describe example applications of VCNC to study the structure of 
molecular solids of different complexity, from monolayers to poly
mers and proteins. Section V then describes extensions of VCNC to 
study structural kinetics in dynamically evolving systems.

A. Molecular monolayer domain formation
Molecular arrangement in self-assembled monolayers (SAMs) 

plays a critical role in defining surface functionality across a range of 
applications—from molecular electronics to biosensing.67,68 Even 
minor variations in molecular arrangement, such as defects or 
domain morphology, can significantly alter properties such as surface 
wetting, adhesion, and friction. However, probing the structural orga
nization of SAMs, especially at buried interfaces or in kinetic environ
ments, has remained a major experimental challenge. VE formation 
in 2D molecular systems provides a unique opportunity to resolve the 
structure of molecular monolayers on the nanoscale and in a mini
mally invasive fashion.

VCNC has been successfully applied to nano-image domain het
erogeneity in SAMs of p-nitrothiophenol (pNTP) covalently bound to 
gold surfaces.36 These monolayers spontaneously phase segregate into 
two types of domains with molecules oriented either in-plane or out- 
of-plane relative to the substrate plane69 [Fig. 9(a)]. For VCNC, the 
symmetric nitro stretch mode with ~�0 ¼ 1336 cm−1 serves as the 
probe vibration with its vibrational wavefunction delocalizing across 
domains of similarly oriented molecules. The observed blue shift of 
the VE mode ~� c then reflects the underlying domain size (see Sec. II B 
for modeling details). Figure 9(b) shows examples of IR s-SNOM 
spectra measured at different sample locations indicated in Fig. 9(c) 
and their corresponding Lorentzian fits providing the center fre
quency ~� c and linewidth C of the VE response.

The VE linewidth provides additional information about 
domain heterogeneity at even the sub-tip resolution length scale. 
Within the �20 nm spatial resolution of IR s-SNOM, a single spec
trum averages over �104 molecules distributed across up to tens of 
few-nm2 sized domains. If these domains vary widely in size or shape, 
the resulting nano-FTIR spectrum would exhibit significant 

FIG. 8. VCNC analysis of nanoscale inhomogeneity in RuOEP-DMPO nano-crys
tals and films. (a) Molecular and crystal structures of RuOEP-DMPO from x-ray 
diffraction. The carbonyl ligand is highlighted in red, with arrows denoting the 
direction of the vibrational transition dipole ~l. (b) Collective frequency shift ~� c

CO as 
a function of domain size (

ffiffiffi
N3
p

) based on VE modeling. (c) Gaussian domain size 
distribution model with mean domain size �N ¼ 20 and standard deviation rN ¼ 20 
separated into domains of single molecules (green), domains with short-range 
order (purple), and domains with long-range order (red). (d) Corresponding com
posite spectrum (black) with respective domain contributions (colored). (e) 
Gaussian model fit (black dotted) to measured IR s-SNOM spectra (blue) with cor
responding spectral deconvolutions. Adapted with permission from Puro et al., 
Nano Lett. 24, 1909–1915 (2024).56 Copyright 2024 American Chemical Society.
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inhomogeneous broadening. However, measured spectra of pNTP 
monolayers exhibited values of C nearly identical to the uncoupled 
symmetric stretch mode, suggesting that the domains are relatively 
homogeneous in size and shape at the 20 nm scale [Fig. 9(b)]. Despite 
this homogeneity on nanometer length scales, imaging of ~� c shows 
that the average domain sizes vary spatially over 100’s of nanometers 
[Fig. 9(c)]. Using VE modeling to derive ld from ~� c. Figure 9(d) shows 
the results of VE modeling relating ~� c to ld for various filling frac
tions. The NO2 filling fraction was controlled by diluting pNTP with 
thiophenol, used to calibrate the magnitude of the NO2 transition 
dipole.36 The 100% filling fraction (blue) is relevant for the SAMs 
shown in Figs. 9(b) and 9(c). Domains were found to range in size 
between 2 and 8 nm in lateral extent (�4–64 nm2), in agreement with 
STM imaging,69 demonstrating the ability of VCNC to accurately 
determine the size of sub-tip resolution molecular domains and their 
heterogeneity across a range of length scales.

B. Polymer morphology and crystallinity
In crystalline solids, vibrational coupling effects are particularly 

pronounced. Classic examples include crystalline polymers such as 
poly(ethylene oxide) (PEO), poly(oxymethylene) (POM), and poly(te
trafluoroethylene) (PTFE, commonly known as Teflon), which exhibit 
changes to the vibrational spectrum in the 900–1200 cm−1 spectral 
range (CF2 or C-O-C stretch modes), depending on the tertiary struc
ture and crystallite shape (e.g., needlelike crystals with R� H com
pared to lamellar crystals with R� H).38–40 Transition dipole 
coupling models were able to qualitatively describe the observed 
trends in vibrational frequencies41 associated with average polymer 
crystal structure and orientation to be determined spectroscopically 
from macroscopic ensemble measurements.

In polymers, chain conformation and crystalline ordering criti
cally influence macroscopic properties.70–72 They exhibit a wide range 
of morphologies, from amorphous glasses to semi-crystalline frame
works, each with distinct mechanical, electronic, and chemical prop
erties. Among these, PTFE exhibits a particularly complex phase 
behavior arising from its helical geometry and strong C–F bonds, 
resulting in multiple crystalline phases and conformational transitions 
dependent on temperature and processing conditions.73,74 The char
acteristic C–F stretch and bend vibrational modes provide spectro
scopic signatures sensitive to these structural variations, enabling 
molecular-level insights into chain orientation and packing. To 

directly visualize how these vibrational features correlate with nano
scale crystal morphology, VCNC has been applied to semi-crystalline 
PTFE57 [see AFM image, Fig. 10(a), lower panels]. By imaging the 
VE-induced spectral shifts of the C–F stretch vibrations, the nanoscale 
spatial variations in crystallinity could be resolved.

Using broadband femtosecond IR s-SNOM, the symmetric 
(~� s � 1220 cm−1) and antisymmetric (~�as � 1155 cm−1) C–F stretch 
modes are probed simultaneously, whose VE-induced frequency 
shifts sensitively report changes in local morphology and crystallinity. 
Hyperspectral nano-FTIR imaging of center frequency ~� , linewidth 
C, and amplitude A of ~� s and ~�as across many PTFE crystallites is 
shown in Fig. 10(a) (upper panels) for ~�as. Strong correlations 
between ~� s and ~�as, both varying spatially across the crystalline com
plex with frequency shifts exceeding 20 cm−1 across individual crystal
lites [Fig. 10(b)], reflect strong and correlated intrachain and 
interchain VE coupling. Based on topography, the density map of 
spectral shifts of ~� s and ~�as can be separated into interfacial (blue) 
and bulk regions (red) of the polymer crystallites. Here, regions with 
higher degree of local order exhibit a redshift with more narrow line
widths and narrower spectral distribution, whereas disordered or 
interfacial regions are indicated by a blueshift with broader linewidth 
and broader spectral distribution. The correlated ~� s and ~�as shifts 
thus provided a spectral fingerprint of the degree of intrachain and 
interchain order.57

To further interpret the observed spectral variations, density- 
functional-theory (DFT) calculations on isolated and crystalline PTFE 
chains parameterizing a VE Hamiltonian describing through-bond 
and through-space C–F coupling reproduce the experimentally 
observed correlated shifts of ~� s and ~�as depending on packing and 
chain location within a crystalline filament [Fig. 10(c)]. Chains located 
near the surface experience weaker coupling with smaller vibrational 
blue shifts of �4–7 cm−1 relative to those near the crystal interior. 
The simulations thereby link spatially dependent vibrational frequen
cies to molecular packing, revealing that the experimentally observed 
spectral heterogeneity originates from a combination of intra- vs 
interchain coupling, phase coexistence, and local disorder within the 
crystalline filaments.

Complementary four-dimensional scanning transmission elec
tron microscopy (4D-STEM) reveals the associated nano-crystal ori
entation and long-range structural correlations [Fig. 10(d)]. Flowline 
orientation maps and radial autocorrelation analysis demonstrate that 

FIG. 9. VCNC applied to self-assembled monolayers (SAMs) of pNTP. (a) Domain formation in pNTP SAMs with molecules phase separating into standing up and lying 
down phases. (b) Representative NO2 symmetric stretch mode of pNTP with coupled-mode frequency ~� c blue shifted by 7–9 cm−1 compared to uncoupled ~� 0 ¼ 1336 cm−1. 
(c) Nano-imaging of ~� c with VE shifts correlated with ld by (d) VE modeling of pNTP domains with varying NO2 filling fraction ranging from 20% (green) to 100% (blue). 
Reproduced with permission from Gray et al., Nano Lett. 21, 5754–5759 (2021).36 Copyright 2021 American Chemical Society.
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crystallite orientation is correlated over distances exceeding 
300–400 nm—significantly longer than the 150–200 nm correlation 
lengths derived from vibrational frequency shifts in spatio-spectral 
s-SNOM imaging [Fig. 10(e)]. This apparent discrepancy indicates 
that although PTFE crystallites share common lattice orientation 
across extended regions, substantial internal disorder and heteroge
neous coupling exist within each crystallite. Together, the combined 
VCNC, DFT modeling, and 4D-STEM results reveal a hierarchical 
structural organization in PTFE where nanoscale vibrational hetero
geneity is embedded within a framework of mesoscopic crystalline 
alignment, providing a comprehensive picture of how local disorder 
modulates macroscopic order. Although demonstrated at the example 
of PTFE, VCNC is generally applicable to any polymer with suitably 
strong and coupled vibrational resonances. In combination with other 
structurally sensitive techniques, VCNC could contribute to multi- 
scale insight into the complex hierarchical order of synthetic and 
natural polymers.

C. Protein secondary and tertiary structure
In structural biology, the relationship between molecular func

tion and structure is paramount. Proteins and other biomolecules 
often undergo conformational changes that directly influence their 
activity.75–77 The secondary protein structures, such as a-helix and 
b-sheet, stabilized by hydrogen bonding between backbone amide 
groups,78 depend on the local chemical environment, requiring tools 
that can probe the protein conformation in situ and across timescales 
of protein kinetics. In that regard, VCNC can complement the estab
lished techniques of x-ray diffraction (XRD) and cryo-electron 
microscopy (cryo-EM)30,79,80 for resolving biomolecular structures.

In parallel to the development of VE theory, shifts in the amide-I 
spectral response at �1650 cm−1 of proteins and polypeptides were 

correlated qualitatively with secondary structures of a-helixes and 
b-sheets (and to a lesser extent tertiary structures).81 In 1960, a 
perturbation-based theory to explain these frequency shifts was pro
posed in terms of through-bond (intrachain) and hydrogen bond 
(interchain) interactions between amide groups on neighboring pep
tide units.82 This model, however, was later shown to require unphysi
cally large through-bond interaction constants. In response, a refined 
model was introduced incorporating TDC between spatially distant 
peptide units.23 This framework, accounting for TDC and both 
through-bond coupling and H-bonding, has become the prevailing 
explanation for secondary and tertiary structure-related vibrational 
frequency shifts in proteins and polypeptides.24,83

Ultrafast linear and nonlinear IR techniques have been used in 
the far field to investigate the secondary structure of proteins.45,48 The 
VE Hamiltonian can be parameterized using input geometries derived 
from molecular dynamics (MD) simulations or density-functional- 
theory (DFT) calculations.46,47 Although IR spectroscopy lacks the 
level of structural detail compared to NMR or XRD, it readily distin
guishes between common secondary structures such as parallel and 
antiparallel b-sheets, a-helices, or DNA base-pairing motifs84 yet pro
vides high temporal resolution.

Recent advancements in VCNC have enabled high-resolution 
spatial mapping of proteins with different structures distinguishable 
by their vibrational response.65,85,86 VCNC can access both inter- and 
intramolecular coupling as shown at the example of 2D peptoid sheets 
and 3D catalase crystals65 [Fig. 11(a)]. In 2D peptoid films, terraced 
domains of varying thickness can be spectroscopically distinguished 
with monolayer resolution.65 Here, blue shifts in the amide-I band 
correlate with increasing thickness was attributed to interlayer cou
pling, while concurrent linewidth changes suggested substrate- 
induced perturbations even at the monolayer level. This ability to 

FIG. 10. Vibrational exciton formation in polycrystalline PTFE. (a) Nano-FTIR imaging of the center frequency ~� as, linewidth Cas, and amplitude Aas of the asymmetric CF2 
vibrational mode with AFM topography. (b) Histogram representing spectral shifts in ~� s and ~� as across PTFE crystallites with interfacial regions (blue) separated from bulk 
regions (red) based on the topographic height of each image pixel. (c) Modeled shifts in ~� as and ~� s vibrational modes for chains located in the center vs the exterior of indi
vidual crystallites. PTFE chains located in the center exhibit larger shifts compared to interfacial chains due to their different number of neighboring vibrational oscillators. (d) 
Flowline chart of crystallite orientation from corresponding 4D-STEM measurements. (e) Radial autocorrelation of structural (topography, crystal orientation) and spectral 
parameters (~� as, Cas, and ARatio ¼ As=Aas). Adapted with permission from Donges et al., Nano Lett. 21, 6463–6470 (2021).57 Copyright 2021 American Chemical Society.
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distinguish protein–protein vs protein–substrate interactions points 
toward a powerful new means of tailoring protein function through 
surface engineering.

In 3D catalase crystals [Fig. 11(a)], VCNC revealed significant 
heterogeneity in the amide-I region across sub-diffraction-limited 
regions.65 Three distinct features were present in the vibrational spec
trum [Fig. 11(b)], attributed to b-sheet (~�1, blue), a-helix (~�2, red), 
and random coil moieties (~�3, green). Selected frequency IR s-SNOM 
of the catalase crystals then imaged the relative density of each moiety 
by tuning the excitation wavelength to the vibrational resonance of 
each secondary structure. Figure 11(c) shows an IR s-SNOM image at 
1625 cm−1, selecting the b-sheet secondary structure and revealing 
significant heterogeneity in its density across the catalase crystal. The 
results support the hypothesis that even nominally single protein crys
tals can exhibit conformational heterogeneity at the nanoscale.

With further development—particularly toward measurements 
in aqueous environments87,88 and ultrafast studies89,90—VCNC may 
become an important tool for studying the dynamics and heterogene
ity of functional biological systems. Looking further, the development 
of nonlinear near-field infrared spectroscopy (nano-2DIR) would 
enable the ultrafast dynamics of the intermolecular coupling mecha
nisms to be probed with nanoscale spatial resolution.91

V. KINETIC PROCESSES
Nanoscale studies of VE coupling have successfully derived the 

degree of disorder within molecular systems ranging from 2D SAMs 
to polymer and protein poly-crystals. In static systems, ld is measured 
for nanometer-sized molecular ensembles, and its heterogeneity is 

imaged spatially across micrometer length scales. Another important 
dimension is understanding the structure and kinetic evolution of 
molecular systems as a function of, e.g., temperature, solvent environ
ment, or chemical reactions including phase transitions or melting. 
VCNC can be applied to determine nanoscale structural information 
in dynamically evolving systems.21,22,43 Sections V A and V B describe 
applications of VCNC to probe temporal evolution of nanoscale 
structure in the molecular systems previously studied statically.

A. Crystallization and phase transitions
Molecular crystals can undergo a wide range of morphological 

changes as a function of temperature or solvent annealing. As an 
example, introduced in Sec. III, crystals of the metalloporphyrin com
plex RuOEP were grown in a P3HT matrix.29 Under solvent vapor, 
the RuOEP molecules diffuse through the polymer matrix and nucle
ate resulting in crystal growth, Ostwald ripening, and subsequent 
increase in degree of crystallinity through solvent annealing. Studying 
several RuOEP crystals, crystallinity and ld generally increase and 
the overall structural heterogeneity decreases with annealing time 
[Figs. 12(a) and 12(c)]. This ability to determine nanoscale structural 
information during crystal growth or material synthesis can be 
applied to a wide range of molecular systems to inform growth 
parameters optimizing crystallinity and crystal size.

Similarly, VCNC has been applied to study the thermally 
induced conformational changes in PTFE. Heating PTFE from 10 to 
40 �C induces a structural phase transition associated with an untwist
ing of the PTFE helical conformation from a noncommensurable 136 
configuration (form II) to a commensurable 157 configuration (form 
IV).92 This is reflected by a corresponding change in linewidth (Cas) 
and frequency of the asymmetric CF2 vibrational mode ~�as 
[Fig. 12(d)]. The correlated increase in Cas and blue shift of ~�as agree 
well with VE modeling of the two structural configurations of PTFE. 
The results demonstrate that VCNC can track temperature- 
dependent phase transitions in molecular solids.

B. Chemical composition and transformations
Far-field spectroscopy of VE-induced frequency shifts in 2D 

molecular SAMs has been used to monitor structural transitions such 
as the monolayer formation of CO chemisorbed on metal surfaces93 

and CO2 adsorbed on NaCl.43,44 VE formation enables probing the 
monolayer structure including filling fraction and molecular orienta
tion, which can be tracked as a function of temperature and pressure. 
VE formation also tracks kinetics in, e.g., poly(ethylene glycol) mono
layers grown from solution onto gold substrates where vibrational res
onances in the fingerprint region narrow as molecules align.22,41 

Probing the evolution of monolayer structure in situ and in changing 
environments is desirable for understanding their performance.

In VCNC of SAMs of pNTP, dilute monolayers were synthesized 
by spacing the coupling NO2 vibrations using thiophenol 
[Fig. 13(a)].36 This allows for the VE coupling efficiency to be tuned 
by varying the concentration of NO2 oscillators, leading to a gradual 
blue shift of the NO2 symmetric bend vibration with increasing NO2 
oscillator density [Figs. 13(b) and 13(c)], as expected due to the 
increasing coupling efficiency.

The ability to determine the concentration of NO2 oscillators 
from their vibrational spectra further enables vibrational coupling to 

FIG. 11. Vibrational coupling in proteins. (a) IR s-SNOM of catalase crystals with 
mixed b-sheet and a-helix moieties, distinguishable by their amide-I frequencies 
~� 1 and ~� 2 respectively. (b) Vibrational spectra in the amide-I spectral region mea
sured at three different locations showing features attributed to b-sheet (~� 1, blue), 
a-helix (~� 2, red), and random coil moieties (~� 3, green). (c) Single-frequency nano- 
imaging of catalase crystals at ~� ¼ 1625 cm−1 to identify the b-sheet moiety. 
Reproduced with permission from O’Callahan et al., J. Phys. Chem. C 122, 
24891–24895 (2018).65 Copyright 2018 American Chemical Society.
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FIG. 12. Crystal growth and molecular ordering. (a) VCNC imaging of crystallinity in RuOEP crystals solvent annealed for 60 min and (b) annealed for 180 min. (c) 
Schematic of Ostwald ripening and crystal growth during solvent annealing. Dark blue circles indicate amorphous RuOEP, light blue through red circles indicate ordering. (d) 
Temperature-dependent density correlation of ~� as and Cas in PTFE crystals showing an overall blueshift and broadening of the vibrational exciton peak with increasing tem
perature. Panels (a)–(c) are adapted with permission from Muller et al., Proc. Natl. Acad. Sci. U. S. A. 117, 7030–7037 (2020). Copyright 2020 Authors, licensed under CC 
BY 4.0.29 Panel (d) is reproduced with permission from Donges et al., Nano Lett. 21, 6463–6470 (2021).57 Copyright 2021 American Chemical Society.

FIG. 13. Vibrational coupling used to track dilution of NO2 oscillators in pNTP self-assembled monolayers (SAMs). (a) Dilution of NO2 oscillators by synthesizing SAMs mix
ing thiophenol and pNTP. (b) Representative nano-FTIR spectra of SAMs with pNTP concentration ranging from 100% to 20% and (c) corresponding tuning curve of NO2 
symmetric stretch center frequency exhibiting a blue shift with increasing pNTP concentration due to increased coupling. (d) Reduction of NO2 groups by a dimerization. (e) 
Evolution of the NO2 symmetric stretch frequency over the course of the reaction exhibiting a red shift as the NO2 density decreases. Panels (b) and (c) are adapted with 
permission from Gray et al., Nano Lett. 21, 5754–5759 (2021).36 Copyright 2021 American Chemical Society. Panels (d) and (e) are adapted with permission from Mueller 
et al., Nano Lett. 22, 7254–7260 (2022). Copyright 2022 Authors, licensed under CC BY 4.0.37
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track a dimerization reaction in pNTP SAMs.37 Monolayers of pNTP 
on metal substrates were probed using surface-enhanced Raman spec
troscopy (SERS) to follow the chemical reaction. As the density of 
NO2 vibrations decreases, the symmetric stretch vibration red-shifts 
toward its uncoupled frequency, providing a quantitative measure of 
the reaction rate [Figs. 13(d) and 13(e)]. These studies underscore the 
utility of vibrational coupling as both a structural and chemical 
reporter also for kinetic processes.

VI. CONCLUSION AND PERSPECTIVE
In this final section, we provide a summary of vibrational exciton 

(VE) nano-spectroscopy and nano-imaging with a perspective for the 
future development of the field. VEs, arising from hybridization of 
vibrational modes due to transition dipole coupling, have been 
observed across a broad range of ordered and disordered molecular 
systems, including molecular crystals, self-assembled monolayers, 
molecular liquids, and biomolecules. The associated vibrational wave
function delocalization leads to the formation of collective vibrational 
states, known as VEs, which manifest as characteristic spectral shifts 
and mode splittings in mid-infrared vibrational spectra. These spec
tral signatures encode information about molecular packing, orienta
tion, and local disorder, enabling the inference of structural 
characteristics from vibrational measurements alone. When com
bined with VE modeling, infrared spectroscopy becomes a powerful 
tool for probing molecular conformation and structural dynamics 
across time scales ranging from femtoseconds to hours.

Extending far-field spectroscopy of VEs to the nanoscale, apply
ing VE modeling to interpret infrared scattering-type scanning near- 
field optical microscopy (IR s-SNOM) spectra enables direct spatial 
mapping of vibrational coupling and energy delocalization with few- 
nanometer spatial and sub-wavenumber spectral precision. In this 
method of vibrational coupling nano-crystallography (VCNC), the 
extent of vibrational delocalization within the near-field probe volume 
serves as a molecular ruler for imaging morphological order and dis
order with spatial resolution down to �20 nm and sensitivity to as 
few as �100 oscillators.36

VCNC has already demonstrated its utility to probe nanoscale 
morphology of several molecular systems, including porphyrin nano- 
crystals,29,56 protein complexes,65 polycrystalline polymers,57 and self- 
assembled molecular monolayers.36 In each case, shifts in the VE 
spectra have been used to infer domain size, local crystallinity, and 
conformational heterogeneity. In molecular solids where the crystal
line domains are much smaller than the tip resolution, VCNC 
provides sub-tip resolution structural information by interpreting the 
VCNC spectra as a statistical distribution of domain sizes56 (see 
Sec. 3.3.2). In solids where the domains are much larger than the tip 
resolution, VCNC spectral shifts vary depending on proximity to a 
crystalline interface providing a spectroscopic distinction between 
bulk and interfacial regions57 (see Sec. 4.4.2).

Unlike x-ray or electron diffraction, VCNC excels in characteriz
ing partial order and nanoscale disorder in small crystalline domains 
or disordered interfaces. VCNC leverages the known or modeled 
packing structure of the fully crystalline phase, e.g., determined by 
single-crystal XRD, to then extract spatial variations in local order 
from spatio-spectral nano-imaging of partially disordered, polycrys
talline, or amorphous phases of the material.

Beyond IR s-SNOM, several other near-field spectroscopy meth
ods may also be adapted to perform VCNC. Since coupling-induced 

vibrational frequency shifts equally manifest in vibrational Raman 
spectra of VE materials,37 VCNC could be performed with tip- 
enhanced Raman scattering (TERS) with the additional benefit of the 
higher symmetry selectivity of the Raman tensor.94 Photothermal 
AFM-IR and photo-induced force microscopy (PiFM) would also be 
sensitive to coupling-induced shifts in the vibrational response. The 
application of VE modeling to interpret vibrational frequency shifts 
measured through any of these techniques can provide insights into 
the nanoscale morphology of order and disorder in molecular solids 
as demonstrated thus far with IR s-SNOM.

VCNC holds significant promise for characterizing materials 
whose macroscopic function depends critically on nanoscale 
molecular order. In particular, molecular electronic and organic 
optoelectronic materials for photovoltaic, light-emitting, and other 
devices often rely on polycrystalline films formed via solution proc
essing.7 In these systems, VCNC could be employed to correlate 
charge carrier mobility with local vibrational delocalization, shed
ding light on how nanoscale structure influences bulk performance. 
Additionally, integrating VCNC with ultrafast pump–probe spec
troscopy89,90 would enable simultaneous tracking of excited-state 
electron dynamics and its dependence on molecular order and 
intermolecular coupling. For instance, one could probe how photo- 
induced changes in vibrational coupling correlate with charge 
transport or reactivity, or how VE behavior evolves following elec
tronic or vibrational excitation.

Looking ahead, continued developments in near-field micros
copy promise to open new frontiers for nanoscale VE spectroscopy. 
VCNC under cryogenic conditions could reveal coherent vibra
tional dynamics obscured by thermal disorder,95–97 while measure
ments at solid–liquid interfaces or within aqueous environments 
may capture dynamic interfacial dynamics. The application of elec
tric fields for vibrational Stark tuning or other external perturba
tions opens additional degree of freedom to interface with VE 
nano-spectroscopy modifying the VE state. In addition, cavity, IR 
antenna, or metasurface coupling can provide control over the evo
lution of the VE as a collective vibrational coherent state, which 
may enable quantum sensing, transduction, and control with 
molecular vibrations at infrared frequencies. As methods continue 
to mature, VCNC may also be extended to operate in buffered ionic 
or biologically relevant conditions.87,88 Applications in live-cell 
imaging, heterogeneous catalysis, or soft-matter self-assembly may 
emerge, further positioning VCNC as a vital tool in the molecular 
sciences bridging the gap between structural precision and func
tional complexity.
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