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ABSTRACT
Plexcitonic assemblies are hybrid materials composed of a plasmonic nanoparticle and molecular or semiconducting emitters whose elec-
tronic transitions are strongly coupled to the plasmonic mode. This coupling hybridizes the system modes into upper and lower polariton 

branches. The interaction strength depends on the number of emitters and on their orientation and spatial arrangement relative to the 

metallic surface. These structural factors have profound consequences for the ensuing photoexcited dynamics. Despite the extensive spec-
troscopic work on plexcitonic systems, direct understanding of the molecular geometry at the metal interface remains limited. We present 

a comprehensive structural characterization of a model plexciton formed by the cyanine dye 5,5 

′ ,6,6 

′ -tetrachloro-1,1 

′ -diethyl-3,3 

′ -di(4-
sulfobutyl)-benzimidazolocarbocyanine (TDBC) and silver nanodisks using NMR, THz-Raman spectroscopy, and density functional theory 

calculations. By comparing the signals from the monomeric and aggregated forms of TDBC with those of the plexciton, we identify shared 

spectral fingerprints that reveal how molecular packing is modified when the aggregate adsorbs on the silver surface. We observe Raman 

modes specific to plexciton systems and identify NOESY cross-peaks in the aliphatic region that, along with several Raman modes, are 

sensitive indicators of aggregation geometry and adsorption. We find that TDBC monomers adopt an asymmetric conformation in which 

both sulfobutyl chains lie on the same side of the chromophore, while J-aggregates adopt a symmetric up–down alternation of the chains 

from molecule to molecule, which becomes distorted and loses long range periodicity when adsorbed on Ag nanodisks. This work con-
strains the molecular geometry and interfacial arrangement of a prototypical TDBC–silver plexciton, providing a structural benchmark for 

understanding geometry-dependent photophysics in exciton–plasmon systems.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license 

(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0325564

I. INTRODUCTION

Plexcitons are composed of a plasmonic nanoparticle decorated 

by semiconducting or molecular emitters whose radiative transi-
tion strongly couples to the plasmonic mode and forms hybrid 

light–matter, or polaritonic, states. 

1–7 These states are strongly

delocalized and have been proposed for long distance energy 

transport, 

8–11 lasing, 

12 and chemical reactivity. 

13–15 The orientation 

and distance between the molecule and the metal influence the 

strength of the coupling and the energetic landscape in which the 

ultrafast dynamics occurs. In contrast to the behavior observed in 

Fabry–Perot based polaritons, where molecules lie in the middle
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of the cavity, far away from the mirrors, the molecules in plex-
citons exist at the surface of the nanoparticle, opening interfacial 

charge and energy transfer channels. 

16,17 The most promising plexci-
tonic systems use highly anisotropic nanoparticles such as prisms, 

18 

urchins, 

4,19,20 donuts, and disks, 

21 thereby creating a corresponding 

anisotropy in the metal–molecule coupling. 

22

Disorder plays a nontrivial role in cavity polaritons by mediat-
ing the hybridization between bright collective excitations and the 

dark excitonic manifold. In disordered molecular ensembles, ener-
getic and orientational disorder mixes dark excitons with the cavity-
coupled bright mode, thereby reshaping the effective non-Hermitian 

polaritonic Hamiltonian. Using an exact Green’s-function treatment 

of disordered quantum emitters in multimode cavities, Engelhardt 

and Cao showed that disorder renormalizes polariton dispersion 

and produces a crossover from coherent underdamped dynam-
ics to overdamped relaxation as disorder increases. 

11 Importantly, 

this framework demonstrates that dark states actively participate in 

determining the cavity local density of states and relaxation path-
ways rather than acting as a passive reservoir. Extending beyond 

single-mode and one-dimensional models, Sun et al. demonstrated 

that in realistic three-dimensional multimode Fabry–Pérot cavi-
ties, dark states can become highly delocalized across hundreds of 

molecules, with a participation ratio that scales linearly with the 

number of molecules in the plane parallel to the cavity mirrors, even 

in the presence of energetic and orientational disorder. Together, 

these results establish that disorder does not simply localize polari-
tons but instead controls the extent, geometry, and dimensionality of 

dark-state delocalization, with direct implications for energy trans-
port, relaxation bottlenecks, and cavity-modified chemistry. 

23 A
central difficulty in applying these theoretical frameworks to plexci-
tons is the lack of direct experimental knowledge of molecular geom-
etry and structural disorder. In particular, distinguishing between 

preserved aggregate packing and adsorption-induced distortion at 

metal interfaces remains unresolved.
In plexcitonic systems, where molecular excitons hybridize 

with localized surface plasmon resonances, disorder plays an 

even more central role due to the intrinsically open, lossy, and 

spatially inhomogeneous nature of plasmonic nanostructures. 

24 

Structural disorder in molecular aggregates (e.g., energetic inho-
mogeneity, finite exciton delocalization length, and polymorphism) 

coexists with electromagnetic heterogeneity arising from plasmonic 

mode confinement, retardation, and nanoparticle-to-nanoparticle 

variability. 

4,22 Peruffo et al. studied the conformation of porphyrins 

bound to Au nanoparticles of different sizes under a variety of 

conditions and concluded that the orientation of the molecule can 

vary from perpendicular to planar with respect to the surface of 

the nanoparticle, binding on the metallic surface or via the surface 

capping ligands. 

4,19,20 Unlike cavity polaritons, plexcitons couple 

molecular excitations to a dominant plasmonic mode and to a 

continuum of metallic excitations, an interaction that is very sen-
sitive to distance and orientation. Dark excitons can acquire finite 

plasmonic character through near-field coupling; plasmonic modes 

other than dipolar can hybridize with bright exciton states, 

25 and 

strictly dark states can influence the dynamics by interfacial energy 

transfer. Disorder, therefore, strongly affects not only the strength 

of the exciton–plasmon coupling but also the effective number 

of molecules contributing to the plexcitonic mode, the emergence 

of localized vs collective hybrid states, and the creation of dark

states that can act as exciton traps. Plexcitonic photophysics reflect 

a disorder-controlled competition between exciton delocalization, 

localization imposed by dark states or uncoupled molecules, and 

quenching due to interfacial processes.
Organic molecular aggregates are an important class of emit-

ters in plexcitonic assemblies. 

18,26,27 Depending on the relative angle 

between the transition dipole moments of its constituents, the 

aggregates fall into J-aggregates, H-aggregates, or X-aggregates. 

28,29 

J-aggregates concentrate the individual molecular transition dipole 

moments into a very bright collective transition that is redshifted 

with respect to the monomer, with a very large fluorescence quan-
tum yield and a small Stokes’ shift. 

28 The formation of these struc-
tures depends on the intrinsic molecular properties such as π–π 

interactions, hydrogen bonding, and steric repulsion, as well as 

the solvent composition, spectator ions, and overall dye concen-
tration. 

30 J-aggregates of cyanine dyes can adopt several distinct 

packing geometries, each defined by how adjacent chromophores 

laterally slip and stack. Among the most common motifs are 

staircase and ladder arrangements [Figs. 1(c) and 1(b)], in which 

molecules form quasi-one-dimensional slip-stacked chains that dif-
fer in the direction of slippage relative to the aggregate axis. 

These chain-like units often act as fundamental building blocks 

within larger two-dimensional sheets. A third structural motif is 

the brickwork arrangement [Fig. 1(a)], a two-dimensional packing 

characterized by larger lateral offsets between neighboring chro-
mophores. Together, these geometries underpin the rich polymor-
phism observed in J-aggregate morphologies—from narrow fibrils 

to extended monolayers—and they provide the structural basis for 

the excitonic coupling that defines the optical response of these 

materials. 

31,32 These structural motifs are often spectroscopically 

nearly degenerate in the electronic domain, making vibrational or 

NMR probes essential for their discrimination.
5,5 

′ ,6,6 

′ -tetrachloro-1,1 

′ -diethyl-3,3 

′ -di(4-sulfobutyl)-benzimi 

dazolocarbocyanine (TDBC) is one of the workhorses of polaritonic 

materials due to its large oscillator strength and its well-defined 

J-aggregate signature (Fig. 2). It is a cyanine dye with a three-carbon 

bridge between the two benzimidazole rings. Its longest aliphatic 

chain terminates in sulfonate groups that provide strong attachment 

on metallic surfaces, which has made it a desirable molecule in 

plexcitonic systems as well. Bawendi and co-workers recently 

synthesized a silica-capped TDBC aggregate and, on the basis of 

the STM-determined molecular layer height, concluded that the

FIG. 1. Possible geometries for J-aggregates are (a) brickwork, (b) ladder, and (c) 

staircase.
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FIG. 2. Chemical structure of TDBC. We 

label only non-equivalent atoms and use 

the ∗ symbol to denote mirror atoms. 

We do not show hydrogens explicitly and 

will refer to them in the text according 

to the number of the carbon they are 

attached to.

dye aggregated in a planar arrangement with the dye alternating 

the orientation of the long aliphatic chains. 

33 Coles et al. carried 

out an extensive Raman scattering investigation of TDBC in its 

monomeric (preferred configuration in methanol) and aggregated 

(preferred configuration in water) form. 

34 By screening a number of 

conformers with Density Functional Theory (DFT), they were able 

to suggest the most likely conformers.
In this work, we combine high-field NMR, resonance Raman, 

and THz-Raman spectroscopy supported by density functional the-
ory to interrogate the molecular structure of TDBC across three 

distinct regimes: isolated monomers in methanol, J-aggregates in 

aqueous solution, and Ag-bound plexcitonic assemblies. By directly 

comparing these reference states, we identify spectroscopic sig-
natures that report on molecular conformation, intermolecular 

packing, and adsorption-induced distortions at the metal inter-
face. In particular, NOESY cross-peaks provide constraints on side 

chain symmetry and aggregate packing, while vibrational modes 

spanning the Raman and THz-Raman regimes selectively probe 

short-range molecular geometry and longer-range collective order, 

respectively. Together, these complementary probes allow us to con-
strain the most probable molecular arrangements in TDBC–Ag plex-
citons and to identify experimentally accessible markers of structural 

heterogeneity relevant for exciton–plasmon hybridization.

II. METHODS
Materials.5,5 

′ ,6,6 

′ -tetrachloro-1,1 

′ -diethyl-3,3 

′ -di(4-sulfobutyl)- 

benzimidazolocarbocyanine (TDBC) was purchased from Few 

Chemicals. For NMR experiments, the dye was purified following 

a reported procedure. 

33,35 Briefly, TDBC is dissolved in anhydrous 

methanol, and the solvent is allowed to slowly evaporate until the 

TDBC concentration exceeds its solubility limit, causing it to pre-
cipitate out of solution. Since the impurities are more soluble than 

TDBC, they remain preferentially in the supernatant, which is dis-
carded before full evaporation. This procedure is repeated two more 

times to further improve purity. As confirmed by NMR, the relative 

concentration of impurities decreases from ∼30% in the as-received 

material to trace amounts after purification.

Aggregate preparation. For either monomeric or J-aggregates, 

TDBC was dissolved in either methanol or water, respectively, and 

sonicated for 5 min prior to use. For resonance Raman measure-
ments, a concentration of 0.5 mg/ml was used, following earlier 

work. 

34 The samples were then placed in a liquid nitrogen bath to 

avoid radiation damage. For THz-Raman measurements, 2 mg/ml 

samples were prepared and measured at room temperature in a 

confocal microscope geometry.
Synthesis of nanodisks. Silver and plexcitonic nanodisks were

synthesized following previously reported procedures. 

18,21,36 First,
a seed solution of Ag nanoparticles was prepared by combining 

5 ml of 2.5 mM trisodium citrate, 0.25 ml of 500 mg/l poly(sodium 

4-styrenesulfonate) (PSS), and 0.3 ml of freshly prepared 10 mM 

NaBH 4. To this mixture, 5 ml of 0.5 mM AgNO 3 
was added 

dropwise at ∼2 ml/min under vigorous stirring. After 30 min, a yel-
low colloidal suspension of silver nanoparticles was obtained. For 

nanoprism growth, 5 ml of Millipore water was combined with 

75 μl of 10 mM ascorbic acid and 60 μl of the seed solution. 

Then, 3 ml of 0.5 mM AgNO 3 
was added dropwise (≈1 ml/min) 

under vigorous stirring. During this addition, the colloid color 

evolved from yellow to red and finally to blue, indicating the for-
mation of nanoprisms with a plasmon resonance near 750 nm. 

The nanoprisms were then stabilized by adding 0.5 ml of 25 mM 

trisodium citrate. All reactions were carried out in aqueous medium 

at room temperature using Millipore water throughout. To blueshift 

the plasmon resonance, the nanoprism suspension was heated in an 

oil bath at 90 

○ C for 90 min, after which the resonance wavelength 

was centered at 600 nm. Finally, the nanodisks were centrifuged at 

7000 rpm for 15 min to remove residual seed particles. 

Preparation of plexcitonic assemblies. Plexcitonic assemblies 

were prepared by adding 100 μl of a 0.1 mM TDBC solution per ml 

of the Ag ND colloid. The mixture was centrifuged for 15 min at 

7000 rpm to remove unbound dye, and the resulting precipitate was 

redispersed in water.
UV–Vis. Optical absorption was measured in an Agilent Cary 

100 UV–Vis spectrometer in a 1 mm quartz cuvette.
NMR. 

1 H NMR was recorded at 298 K on a Bruker 700 MHz 

AVANCE III HD NMR spectrometer, equipped with a (H–C/N–D)
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cryoprobe. TDBC was dissolved in deuterated water at a concen-
tration of 5 mg/ml, in deuterated methanol at a concentration of 

2.5 mg/ml, and in a 6:4 (v/v) deuterated methanol–deuterated water 

solvent mixture at a concentration of 2.5 mg/ml. All samples were 

sonicated prior to measurement, and no precipitate or scattering was 

observed.
Resonance Raman spectra. Raman spectra above 400 cm 

−1 

were recorded using excitation wavelengths of 441 nm (HeCd 

laser, Liconix), 577 nm (Genesis CX STM, Coherent), and 647 nm 

(Kr+ laser, Innova 90). The excitation beam was spectrally filtered 

and focused onto the sample using a lens with a focal length of 

50 mm, resulting in an estimated spot size of ∼100 μm at the sample. 

The incident power was attenuated to below 5 mW to avoid pho-
toinduced effects. The Raman scattering was collected in a backscat-
tering geometry using a second lens (f = 150 mm) and directed into a 

Jobin-Yvon U1000 double-grating spectrometer equipped with 1800 

grooves/mm gratings and a red-sensitive, back-illuminated, liquid-
nitrogen-cooled CCD detector. Measurements were performed on 

samples prepared at 0.5 mg/ml, mounted in a LN2-cooled flow 

cryostat (Air Liquide, France), and maintained at 77 K to avoid pho-
todegradation. Sample stability was verified by comparing spectra 

acquired before and after prolonged illumination, and no measur-
able changes were observed. Baseline subtraction was performed 

using a polynomial correction.
THz-Raman spectra. An excitation beam coming from a HeNe 

633 nm laser was spectrally cleaned using an Optigrate Bragg fil-
ter and focused onto the sample using a microscope objective lens 

(NA = 0.9), producing a near diffraction limited spot size of 1 μm at 

the sample. The Raman scattering signal was collected with the same 

excitation objective lens and separated from the Rayleigh signal and 

residual laser line with three Optigrate notch filters (each filter hav-
ing an OD >3). The collected light was directed and focused onto 

an Andor Kymera spectrometer equipped with a 1200 l/mm grating 

and a TE-cooled iDus CCD camera for detection. Calibration of the 

THz region was carried out using a solid sulfur sample. Sample sta-
bility was confirmed by monitoring the Raman signal as a function 

of time during prolonged exposure and verifying that no new modes 

appeared. The THz-Raman spectra were acquired in solution sam-
ples at a concentration of 2 mg/ml and room temperature using a 

microscope slide with a microwell covered with a coverslip to pre-
vent evaporation. Several samples on different days were measured 

to check reproducibility. The baseline was subtracted using a sim-
ple polynomial (uncorrected spectra shown in the supplementary 

material).
Computational details. DFT calculations were carried out

in Gaussian 16 

37 with the B3LYP functional, 

38,39 the def2-SVP
basis set 

40 with W06 density fitting 

41 and with D3(BJ) dispersion
corrections 

42,43 to account for van der Waals interactions. 

40,41 The
periodic surface slab calculations were performed in the Vienna 

Ab-initio Simulation Package (VASP) 

44–46 using the RPBE func-
tional. 

47 The solvent dielectric function was accounted for with a 

solvent reaction field model (SCRF) using the IEF-PCM method. 

The frequency of the normal modes was calculated and rescaled by 

0.98. 

34

The Raman activities, S i 
corresponding to a mode of fre-

quency ν i, obtained from Gaussian, were transformed into Raman 

intensities, I 

R 

i 

, following

IR
i =

C(νi − ν0)
4Si

νi[1 − exp (− hcνi
kT )]

, (1)

where c is the light speed and ν 0 
is the excitation laser frequency. The

constant C has a value of 1 × 10 

−17 .
Because the experimental spectra are resonance-enhanced 

whereas the DFT Raman activities correspond to the non-resonant 

Placzek approximation [Eq. (1)], we primarily use the calculations 

to guide mode assignment and to interpret frequency shifts and 

mode character, while relative intensities are discussed only qual-
itatively. The nuclear displacements defining each normal mode 

are determined by the ground-state potential energy surface and 

are, therefore, independent of the resonance condition, making the 

DFT mode assignments transferable to the resonant regime. The 

nuclear displacements of the most intense modes appear in the 

supplementary material.

III. RESULTS
A. Synthesis and optical absorption spectroscopy

Silver nanodisks (Ag NDs) were synthesized following previ-
ously reported procedures (see Sec. II and Refs. 18, 21, and 36). 

The resulting colloidal suspension exhibits a plasmonic absorption 

band centered around 600 nm (Fig. 3). Upon adsorption of TDBC 

onto the Ag nanodisks, the plasmonic resonance undergoes a clear 

spectral splitting, consistent with the formation of plexcitonic states 

(Fig. 3). For comparison, Fig. 3 also shows the absorption spectra of 

monomeric TDBC in methanol, characterized by a vibronic progres-
sion, as well as that of aggregated TDBC in water, which displays the 

expected redshifted and narrowed absorption band relative to the 

monomer. These four spectra define the reference electronic envi-
ronments against which the vibrational and structural signatures 

discussed below are interpreted.

B. NMR
1 H NMR. We recorded the 

1 H spectra of TDBC monomers, 

J-aggregates, and plexcitons. We found a significant difference 

between the spectra of TDBC as received or purified following the 

work of Ref. 35. We report the spectra of the as-received samples 

in the supplementary material and those of the purified TDBC in 

the main text. The 

1 H resonances of the monomer in deuterated 

MeOH are consistent with those previously reported 

48 (see Fig. 4 

and the supplementary material). In pure D 2 
O, we observe a com-

plete disappearance of the signal, despite the solubility threshold 

of TDBC in D 2 
O being higher than in CD 3 

OD and the absence 

of increased light scattering indicative of precipitation (Fig. 4). 

We, therefore, attribute the signal loss to the formation of large, 

water-soluble aggregates of effective radius r whose rotational cor-
relation time τ c 

∝ r 

3 (Stokes–Einstein–Debye) places them in the 

slow-tumbling regime, where transverse relaxation rates scale lin-
early with τ c 

and the resulting homogeneous broadening renders 

the resonances undetectable. 

49,50 To restrict the aggregate size, we 

dissolved TDBC in a deuterated 6:4 (v/v) methanol–water mixture. 

We observe several chemical shift changes as well as a broadening 

of all peaks indicative of an increased rotational correlation time 

expected for aggregate species. This is further supported by a change
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FIG. 3. Normalized absorption spec-
tra of TDBC in water (blue), TDBC in 

methanol (red), Ag nanodisks (black), 

and the plexciton (purple). Dotted lines 

indicate the laser excitation wavelengths. 

For Raman measurements, the red, pink, 

and blue lines correspond to excitation 

wavelengths of 647, 577, and 441 nm, 

respectively, while the green line denotes 

the THz-Raman excitation wavelength at 

633 nm.

FIG. 4. 

1 H spectra of TDBC in CD 3 

OD (red), in a 6:4 (v/v) CD 3 

OD–D 2 

O mixture (black), and in water (blue). The residual water solvent peak is indicated by an asterisk, 

while the residual methanol solvent peaks are marked with a circle. The insets show chemical shift changes and aggregation induced broadening.
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in the relative sign of the NOESY cross-peaks (see below), which 

is consistent with the observed signal being representative of the 

aggregated species. 

1 H NMR spectra of plexcitonic assemblies yield a 

single broadened signal in the aromatic region and a congested set of 

resonances in the aliphatic region (see the supplementary material).

FIG. 5. NOESY spectrum of TDBC in the aliphatic–aliphatic region. (a) Molecu-
lar structure of TDBC, with one half highlighted. (b) NOESY spectrum of TDBC 

in MeOH. (c) NOESY spectrum of TDBC in 6:4 (v/v) MeOH–H 2 

O, with the 

appearance of cross-peaks that were not present in the monomeric TDBC.

Owing to the presence of stabilizing ligands on the Ag nanodisks, 

the expected increase in effective aggregate size in water, and the 

large hydrodynamic radius of the ND–dye complex, these spectra 

are dominated by severe line broadening and overlap. As a result, 

we do not attempt a quantitative structural interpretation of the

FIG. 6. NOESY spectrum of TDBC in the aromatic–aliphatic region. (a) Molecu-
lar structure of TDBC, with one half highlighted. (b) NOESY spectrum of TDBC 

in methanol. (c) NOESY spectrum of TDBC in 6:4 (v/v) MeOH–H 2 

O, with the 

appearance of new cross-peaks that were not present in the monomeric TDBC.
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plexciton NMR data. Nevertheless, the position of the aromatic res-
onance is consistent with that of the J-aggregate rather than the 

monomer, indicating that the dye retains its aggregated character 

upon adsorption on the silver surface.
Dipolar coupling in the aliphatic–aliphatic region: Cross-

peaks in a NOESY spectrum encode spatial proximity between spins, 

and their sign relative to a positively phased diagonal reports on 

the motional regime: negative for fast-tumbling molecules and posi-
tive in the slow-tumbling limit. For monomeric TDBC, the observed 

cross-peaks are negative, placing the molecule in the fast-tumbling 

regime. These cross-peaks arise strictly from intramolecular interac-
tions, and we use them as a reference for the appearance of further 

peaks in the aggregate.
Upon aggregation in a CD 3 

OD:D 2 
O mixture, the cross-peaks 

become positive, as expected with a transition to the slow-tumbling

regime. We observe the appearance of new cross-peaks between
H 11 
↔ H 13 

and H 11 
↔ H 14 

, which are absent in the monomer
[Fig. 5(c)]. This suggests that the short and long aliphatic chains are 

brought into close spatial proximity within the J-aggregate, while 

remaining well separated in the monomer. Such correlations are 

consistent with an up–down–up–down packing motif for TDBC, in 

which the sulfobutyl chains alternate on opposite sides of the aggre-
gation plane. This alternating arrangement is in agreement with the 

structural motifs inferred from STM height measurements. 

33 

Dipolar coupling in the aromatic–aliphatic region. When 

transitioning from monomer to aggregate, we observe the appear-
ance of several cross-peaks between H 1,6,9 and H 11,13,14,15 (Fig. 6).
These correlations, absent in the monomer, are also consistent with 

an up–down–up–down arrangement, although they present a lit-
tle more ambiguity than the aliphatic–aliphatic region due to the

FIG. 7. (a) Raman spectrum of TDBC in methanol at an excitation wavelength of 577 nm at a concentration of 0.5 mg/ml. (b) Raman spectrum of the TDBC monomer in its 

optimized conformation with a dihedral angle of 57 

○ . (c) Raman spectrum of the TDBC monomer with a zero dihedral angle between benzimidazole rings.
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large number of couplings that appear. The aliphatic region provides 

stronger evidence toward the relative orientation of the individual
monomers in the aggregate.

Taken together, the 

1 H and NOESY measurements establish 

clear conformational and packing constraints for TDBC aggregates 

in solution. In particular, the emergence of aliphatic–aliphatic cross-
peaks absent in the monomer, combined with the inversion of 

NOESY cross-peak signs, provides strong evidence for large, slowly 

tumbling aggregates with alternating side chain orientations. These 

NMR-derived constraints will serve as a reference for interpreting 

the vibrational signatures of aggregation and adsorption discussed 

below.

C. Raman 

1. Resonance Raman
We acquired Raman spectra of TDBC monomers in methanol, 

J-aggregates in water, and plexcitonic assemblies in water and 

compared them with normal modes predicted by density functional 

theory (DFT) calculations. The excitation wavelength of 577 nm 

is resonant with the aggregate absorption band and overlaps the 

plexciton resonance. To assist in the assignment of the observed 

vibrational features, we compared the experimental spectra with 

DFT normal-mode calculations for representative monomeric and 

dimeric TDBC geometries. These calculations are used here solely 

for vibrational assignment; the full computational methodology and 

adsorption geometries are discussed in Sec. III D. Because the exper-
imental spectra are resonance-enhanced, whereas the DFT Raman 

activities correspond to non-resonant Raman, we primarily use the 

calculations to guide mode assignment and to interpret frequency 

shifts and mode character, while relative intensities are discussed 

qualitatively (see the supplementary material for the main normal 

mode nuclear displacements). As reference monomer geometries, 

we consider two limiting cases: an optimized geometry with an 

inter-ring dihedral angle of 57 

○ between the planes of the two 

benzimidazole rings and a planar geometry in which the two ben-
zimidazole rings lie in the same plane. These are referred to below as 

the optimized and flat geometries, respectively.
Raman of TDBC monomer in methanol. We identify several 

Raman modes for TDBC in methanol in the 400–1700 cm 

−1 region
(Fig. 7 and Table I). The experimental spectrum is broadly consistent 

with the simulated spectra of the optimized monomer (twisted ben-
zimidazole rings with bent aliphatic chains). Two bands, near 670 

and 1201 cm 

−1 , are considerably stronger than predicted. This could 

arise from electronic resonance enhancement not captured by non-
resonant Raman activities. The 1201 cm 

−1 mode spacing is resolved 

in the vibronic progression of the monomer absorption spectrum, 

and the mode also appears in beating frequencies observed in 2D 

electronic spectroscopy, 

17 so it is expected to have a strong resonant 

enhancement. In the DFT simulations, the two modes near 1598 and 

1612 cm 

−1 are sensitive to the dihedral angle between the benzimi-
dazole rings: the planarized geometry yields I 1612 

> I 1598 
, while the

optimized twisted geometry reverses this ordering.
Raman of J-aggregates in water. We measured the Raman 

spectrum of TDBC J-aggregates in water using an excitation wave-
length of 577 nm and compared it with the simulated spectra 

obtained for a dimer structure [Fig. 8(a) and Table II]. We observe 

excellent agreement between measurements and simulations in the

TABLE I. Frequencies and intensities of Raman modes calculated and measured for 

a TDBC monomer.

Calculated Experimental

Opt Flat

Mode
Freq
(cm) Intensity

Freq
(cm) Intensity

Freq
(cm) Intensity

1 1632 0.95 1628 3.50 1611 0.93
2 1615 1.55 1612 1.12 1599 1.54
3 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 1550 0.18
4 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 1523 0.22
5 1497 2.33 1494 2.48 1485 1.57
6 1446 0.16 1455 0.20 1455 0.22
7 1431 0.17 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 1425 0.25
8 1388 1 1380 1 1390 1
9 1378 0.24 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 1378 0.33
10 1347 0.34 1347 0.16 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅

11 1341 0.22 1344 0.23 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅

12 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 1282 0.27 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅

13 1204 0.45 1209 1.46 1201 3.79
14 1159 0.08 1157 0.11 1162 0.48
15 1143 0.34 1142 0.33 1141 0.31
16 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 1105 0.05 1115 0.50
17 1091 0.06 1081 0.04 1086 0.25
18 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 994 0.22
19 984 0.07 978 0.1 978 0.52
20 960 0.01 962 0.01 959 0.4
21 900 0.01 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 891 0.41
22 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 829 0.27
23 807 0.03 797 0.03 805 0.34
24 697 0.09 703 0.02 696 0.66
25 668 0.1 669 0.1 671 6.88
26 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 655 0.28
27 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 642 0.51
28 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 635 0.01 633 1.05
29 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 611 0.01 617 0.61
30 469 0.01 478 0.01 470 1.77
31 439 0.02 449 0.01 446 0.88

higher frequency region. However, in the lower frequency region 

(< 900 cm 

−1 ), we observe that resonances appear much more intense 

than predicted, which is seen clearly for the 671 cm 

−1 mode. This 

could be the result of an electronic resonance enhancement, or 

Aggregation-Enhanced Raman Scattering (AERS), due to many 

more molecules participating in the aggregate. 

51,52 Discrepancies 

between experiments and simulations are expected given that we 

cannot capture the geometry of an aggregate based on a dimer struc-
ture, and simulations involving more than two interacting molecules 

are computationally demanding due to both the overall size of the 

aggregate and the conformational flexibility of each participating 

molecule. As shown by Coles et al., different starting points for 

a dimer will give different optimized geometries and associated 

simulated Raman spectra. 

34 Inspection of the atomic motions for 

each calculated Raman mode shows that the low frequency modes 

(<900 cm 

−1 ) are delocalized over both molecules of the dimer and,
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FIG. 8. Resonance Raman signatures of TDBC aggregation in water. (a) Raman spectrum of TDBC in water at an excitation wavelength of 577 nm compared with the dimer 

simulation. (b) Zoom of the 1050–1200 cm 

−1 region comparing monomeric TDBC in methanol and J-aggregates in water.
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TABLE II. Raman modes for TDBC J-aggregates in water and the Raman simulated 

modes for a TDBC dimer.

Calculated Experimental

Dimer

Mode Freq (cm) Intensity Freq (cm) Intensity

1 1634 2.33 1613 0.31
2 1608 1.34 1599 1.04
3 1585 0.13 1568 0.20
4 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅   1526 0.13
5 1494 2.87 1486 1.51
6 1458 0.34 1452 0.17
7 1426 0.16 1424 0.22
8 1392 1 1389 1
9 1380 0.58 1381 0.59
10 1344 0.47 1344 0.54
11 1313 0.19 1317 0.25
12 1266 0.1 1266 0.15
13 1241 0.13 1240 0.37
14 1221 0.54 1216 0.18
15 1212 1.08 1205 1.45
16 1180 0.55 1189 0.42
17 1136 0.28 1147 0.25
18 1094 0.04 1114 0.45
19 1073 0.05 1086 0.46
20 980 0.13 994 0.90
21 966 0.06 966 0.14
22 889 0.03 890 1.53
23 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅  862 0.23
24 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅   835 0.12
25 827 0.19 810 0.61
26 740 0.03 730 0.37
27 698 0.21 700 1.61
28 680 0.05 683 0.49
29 671 0.2 671 19.02
30 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅   655 0.96
31 643 0.02 641 1.09
32 638 0.01 634 0.65
33 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅   615 1.13
34 584 0.01 589 0.45
35 545 0.01 545 0.41
36 476 0.02 482 0.98
37 463 0.02 463 1.13
38 443 0.02 437 2.07
39 417 0.06 420 0.66
40 407 0.02 401 4.17
41 389 0.02 387 0.65
42 374 0.01 373 1.42
43 361 0.03 355 1.85
44 331 0.02 339 0.58
45 319 0.02 324 5.05
46 315 0.02 317 1.97
47 275 0.03 274 0.66
48 221 0.01 226 1.43

thus, more susceptible to the specific aggregation geometry, while 

the higher frequency modes (>900 cm 

−1 ) are localized on one of 

the molecules. Among the different modes that change upon aggre-
gation, and which will be mentioned in detail below, we note now 

that there is a mode at 1160 cm 

−1 that appears for the monomer but 

which is absent in the aggregate [see Fig. 8(b)]. The two modes at 

1598 and 1612 cm 

−1 are similar between the monomer and aggre-
gates. Similarly, the resonances in the region 950–1010 cm 

−1 show 

distinct signatures between TDBC in methanol and in water. 

Raman of plexcitons in water. A comparison of the Raman 

spectra of plexcitons with those of the monomer and the aggregate 

shows shared features with each (Fig. 9 and Table III). Overall, the 

plexciton spectrum shares many modes with the aqueous aggregate 

but also retains monomer-like signatures and exhibits a small num-
ber of additional features, indicating adsorption-induced structural 

heterogeneity at the interface. We exclude photodegradation prod-
ucts by verifying the reproducibility of the spectra before and after 

prolonged exposure. The low intensity of the excitation laser, as well 

as the measurement temperature of 77 K, contributes toward sample 

stability. In addition, photoprotection effects have been reported in 

plexcitonic assemblies owing to a change in energetics that precludes 

the formation of oxygen singlet species. 

53

Excitation wavelength dependence. The excitation wavelength 

dependence of the plexciton Raman modes is shown in Fig. 10. The 

three excitation wavelengths are resonant with subsets of molecules 

with different electronic transition energies (for example, due to 

different conformations of the molecules) so that we effectively 

select different sub-ensembles of molecules with different geome-
tries. In addition, exciting a plasmon with a different wavelength 

creates a different field configuration, enhancing the field in spa-
tially different locations. Different Raman excitation wavelengths 

sample both different spatial regions and molecules with differ-
ent electronic excitation transitions. It provides an indication of 

the heterogeneity of conformations. We observe that the spectra at 

excitation wavelengths of 577 and 647 nm share many similarities, 

with some variations in the peak intensities, which is expected from 

different resonance enhancements. These wavelengths are resonant 

with the upper and lower polariton branches, respectively, with the 

wavelength of 577 nm also being resonant with the J-aggregates in 

solution. The Raman spectrum with an excitation wavelength of 

441 nm shows more marked differences, such as the appearance 

of new modes and frequency shifts of the existing ones. This exci-
tation wavelength is resonant with the blue tail of the monomer 

electronic transition as well as the blue tail of the upper polari-
ton branch so that we are more sensitive to any monomer species 

that might be present. A mode near 1160 cm 

−1 , which we identi-
fied as predominantly monomeric in character (Table I), appears at 

all excitation wavelengths, suggesting that a sub-population of unag-
gregated TDBC is present on the nanoparticle surface or that parts of 

the aggregate have distortions that bring them closer to a monomer 

geometry.
We also observe that with a Raman excitation wavelength of 

441 nm, the spectral profile in the 1600 cm 

−1 region differs from 

that observed with excitation wavelengths of 577 and 647 nm: the 

shoulder structure changes and the peak positions show a slight red-
shift. Since 441 nm is resonant with the upper polariton branch and
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FIG. 9. Raman spectra of TDBC in 

methanol (red), TDBC in water (blue), 

and TDBC–Ag plexcitonic assemblies 

(black). The modes that change when 

binding to the nanoparticle are indi-
cated by arrows. The red arrows indi-
cate the modes that are present in the 

monomeric form and plexcitonic assem-
blies, the blue arrows indicate the modes 

that are present in the J-aggregate form 

and plexcitonic assemblies, the green 

arrows indicate new modes that are only 

seen in plexcitonic assemblies, and the 

purple arrows indicate modes that are 

present in all three species. The letters 

M and A denote a similarity of the mode 

frequency with monomer or aggregate, 

respectively.

the blue tail of the monomer absorption, it may selectively enhance 

a minority sub-population of adsorbed molecules in a distinct con-
formation. This assignment remains tentative but warrants further 

investigation if the 1598/1612 cm 

−1 pair can provide information 

on dihedral angle distortions, as suggested by DFT simulations. In 

this case, it would mean a planarization of the benzimidazole rings 

induced by the surface, whose distorted geometry would have a 

higher lying absorption band resonant with 441 nm.

2. THz-Raman
The THz-Raman region probes low-frequency intermolecular 

and collective modes that are particularly sensitive to longer-range 

order and mesoscale packing. We measured bare Ag nanodisks, 

monomers, J-aggregates, and plexcitons in solution at 633 nm exci-
tation (Fig. 11). To place the THz-Raman intensities on a common 

scale, we rescaled this spectral region using the intensity of the 

670 cm 

−1 mode measured independently at 577 nm excitation; the 

relative intensities shown are, therefore, directly comparable across 

samples.
Several resonances are observed, with two dominant features 

near 140 and 322 cm 

−1 . The 140 cm 

−1 mode appears at a simi-
lar frequency in monomers and aggregates but becomes broader 

and develops a more asymmetric line shape in plexcitons. The
322 cm 

−1 feature is particularly informative: in the aggregate,
it resolves into multiple closely spaced resonances, suggestive of 

longer-range structural order, whereas in both the monomer and the 

plexciton, it appears as a single, broader band.
Taken together with the higher-frequency Raman 

data, this suggests a picture in which the nearest-neighbor 

interactions—probed by modes above 400 cm 

−1 —remain similar 

between J-aggregates and plexcitons, while the longer-range packing 

order—probed by the low-frequency collective modes—is disrupted 

upon adsorption onto the nanoparticle surface. The preservation of 

local aggregate structure is consistent with the similarity in bright-
state transition frequencies between solution-phase J-aggregates 

and plexcitons.

D. DFT
To rationalize the experimental NMR and Raman observations, 

we investigated several representative geometries of TDBC using 

density functional theory, including monomer conformers with dif-
ferent inter-ring dihedral angles between the two benzimidazole 

planes, dimer configurations as minimal models of aggregation, and 

surface-bound conformations on Ag. These calculations are used to 

identify energetically accessible geometries consistent with the spec-
troscopic constraints and to analyze the vibrational character of the 

associated normal modes (see the supplementary material for the 

nuclear displacements of the most prominent Raman modes).
Due to the flexibility of the monomer imparted by the aliphatic 

chains and the torsional degree of freedom between the two rings, 

we carried out a geometry optimization. We selected a geometry 

in which the π system is constrained to a planar conformation (flat 

monomer, Fig. 12) as well as a fully optimized geometry (optimized 

monomer, Fig. 13) for further analysis, motivated by the sensitivity 

of specific Raman modes to aromatic torsion. The two geometries 

differ in energy by 0.251 eV, favoring the twisted conformation. The 

obtained optimized geometry agrees with that reported in Ref. 34. 

We calculate an angle of 57 

○ between the planes of the two aromatic 

rings.
Dimers were constructed by aligning the molecular transition 

dipoles at angles consistent with J-type aggregation and subse-
quently optimized, following earlier work 

34 (Fig. 14). We observe a 

curving of the aliphatic chains and an expected close intermolecular 

contact between π systems again. The dimer was further stabilized 

by ∼22 kcal/mol per monomer of TDBC relative to the isolated 

monomer, at the electronic structure level. The two monomers in 

the optimized dimer exhibit dihedral angles of ∼32 

○ and 68 

○ , high-
lighting the heterogeneity of local torsions that can arise upon aggre-
gation and that is reflected in the vibrational spectra. These dimers 

are very helpful in understanding the behavior during aggregation, 

although they have to be taken with caution when considering quan-
titative agreement with real aggregates given that real aggregates 

consist of several (usually more than 10) molecules.
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TABLE III. Vibrational modes of TDBC in methanol, water, and plexcitons.

Methanol Water Plexciton

Freq (cm 

−1 ) Intensity Freq (cm 

−1 ) Intensity Freq (cm 

−1 ) Intensity

1611 0.93 1613 0.31 1610 0.86
1599 1.54 1599 1.04 1598 1.58
1550 0.18 1568 0.20 1561 ⋅ ⋅ ⋅

1523 0.22 1526 0.13 1525 0.01
1485 1.57 1486 1.51 1489 1.77
⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 1475 0.65
1455 0.22 1452 0.17 1453 0.08
1425 0.25 1424 0.22 1424 0.04
1390 1 1389 1 1388 1
1378 0.33 1381 0.59 1381 0.66
⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 1344 0.54 1343 0.27
⋅ ⋅ ⋅ ⋅ ⋅ ⋅  1317 0.25 1309 0.19
⋅ ⋅ ⋅ ⋅ ⋅ ⋅  1266 0.15 1268 0.04
⋅ ⋅ ⋅ ⋅ ⋅ ⋅  1240 0.37 1240 0.18
⋅ ⋅ ⋅ ⋅ ⋅ ⋅    1216 0.18 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅

1201 3.79 1205 1.45 1202 4.31
⋅ ⋅ ⋅ ⋅ ⋅ ⋅    1189 0.42 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅

1162 0.48  ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 1155 0.21
1141 0.31 1147 0.25  1141 0.5
1115 0.50 1114 0.45  1112 0.32
1086 0.25 1086 0.46  1084 0.36
994 0.22 994 0.9  994 0.33
978 0.52 966 0.14 975 0.58
959 0.4  ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 964 0.43
891 0.41 890 1.53 890 0.35
⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅   876 0.16
⋅ ⋅ ⋅ ⋅ ⋅ ⋅    862 0.23 863 0.1
829 0.27 835 0.12 823 0.09
⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅    809 0.19
805 0.34 810 0.61 803 0.61
⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅   793 0.13
⋅ ⋅ ⋅ ⋅ ⋅ ⋅    730 0.37 730 0.13
696 0.66 700 1.61 696 0.65
⋅ ⋅ ⋅ ⋅ ⋅ ⋅    683 0.49 685 0.51
671 6.88 671 19.02  671 7.95
655 0.28 655 0.96  655 0.55
642 0.51 641 1.09  642 0.39
633 1.05 634 0.65  634 0.51
617 0.61 615 1.13 616 0.53
⋅ ⋅ ⋅ ⋅ ⋅ ⋅  589 0.45 590 0.19
⋅ ⋅ ⋅ ⋅ ⋅ ⋅  545 0.41 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅

⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅  533 0.15
⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅   514 0.14
⋅ ⋅ ⋅ ⋅ ⋅ ⋅    482 0.98 482 0.66
470 1.77 463 1.13 470 1.1
⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅  463 0.75
⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅    448 0.44
446 0.88 437 2.07 439 0.6
⋅ ⋅ ⋅ ⋅ ⋅ ⋅  420 0.66 420 0.15
⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅   408 0.65
⋅ ⋅ ⋅ ⋅ ⋅ ⋅  401 4.17 403 0.99
⋅ ⋅ ⋅ ⋅ ⋅ ⋅  387 0.65 389 0.32
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TABLE III. (Continued.)

Methanol Water Plexciton

Freq (cm 

−1 ) Intensity Freq (cm 

−1 ) Intensity Freq (cm 

−1 ) Intensity

⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 373 1.42 373 0.68 

⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅     363 0.91
⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 355 1.85 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 

⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 339 0.58 340 1.26
⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 324 5.05 325 3.79
⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 317 1.97 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅

⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 274 0.66 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅

⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 226 1.43 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅

FIG. 10. Raman spectra of plexciton assemblies at different excitation wavelengths. The break at the 647 nm excitation wavelength is due to a parasitic satellite line of the 

exciting laser.
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FIG. 11. THz-Raman spectra of TDBC monomers in 

methanol (red), TDBC J-aggregates in water (blue), and 

plexcitons (purple).

FIG. 12. Geometry of the TDBC monomer structure in planar conformation.

FIG. 13. Geometry of the TDBC monomer structure in optimized conformation. (a) 

Side view and (b) front view.

We also calculated the optimized geometry of TDBC on a Ag 

slab. The Ag slab atoms were kept fixed during all optimizations. In 

the first calculation, the molecule was constrained to a flat geom-
etry [Fig. 15(a)], while for the second we allowed a full geometry

FIG. 14. Geometry of the TDBC dimer structure in optimized conformation. (a) Side 

view and (b) front view.

optimization of the molecule [Fig. 15(b)]. In both scenarios, the pre-
ferred anchoring groups were the sulfonate groups via two bridging 

oxygen atoms. When the molecule was free to move, the most ener-
getically favorable configuration had the aromatic ring parallel to the 

surface.
Normal modes were calculated for the monomeric and dimeric 

geometries and classified according to their dominant atomic 

motions (out-of-plane, in-plane, and aliphatic chain) and spatial 

extent (localized on a single molecule or delocalized across two 

molecules). This classification provides the basis for interpreting 

aggregation- and adsorption-sensitive features in the Raman and 

THz-Raman spectra (see the supplementary material).
Taken together, the DFT results establish a hierarchy of ener-

getically accessible TDBC geometries that are consistent with the 

experimental constraints. The monomer exhibits a preferred twisted 

conformation, aggregation introduces heterogeneous torsional envi-
ronments even at the dimer level, and adsorption on Ag favors 

planarization of the aromatic core via sulfonate binding. These
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FIG. 15. Geometry of TDBC on a Ag surface. (a) Molecule fully optimized and (b) 

molecule in the flat position.

trends provide a microscopic framework for interpreting the coex-
istence of aggregate-like and monomer-like vibrational signatures 

observed in plexcitonic assemblies.

IV. DISCUSSION
Below, we first discuss the geometry of TDBC J-aggregates in 

solution, then analyze how vibrational fingerprints reflect aggrega-
tion and disorder, and finally consider the most likely interfacial 

structures and their implications for plexciton design.
Our combined NMR, Raman, THz-Raman, and DFT study 

provides new insights into the structural organization of TDBC 

molecules in their monomeric, aggregated, and plexcitonic states. 

The main outcome is that while plexcitons retain many of the 

spectroscopic signatures of J-aggregates in water, their interfacial 

environment with Ag nanodisks introduces additional structural 

heterogeneity: the long-range collective order characteristic of 

solution-phase aggregates is disrupted, and vibrational signatures 

characteristic of monomeric or weakly aggregated TDBC emerge 

alongside the dominant aggregate-like modes. Whether these 

monomer-like signatures arise from isolated molecules adsorbed 

directly on the Ag surface, from molecules at the edges of finite 

aggregate domains, or from adsorption-induced distortions that 

locally break aggregate symmetry cannot be determined from the 

present data. In addition to constraining the geometry of TDBC in 

its various environments, we identify spectroscopic markers that can 

serve as practical diagnostics for monitoring the aggregation state 

and adsorption geometry of similar cyanine dyes.
Geometry of TDBC J-aggregates. STM and fluorescence 

microscopy studies have established that cyanine and carbocyanine

dyes adopt several packing motifs, including staircase, ladder, brick-
work, and tubular arrangements. 

54,55 For TDBC, two-dimensional
sheet-like J-aggregates are the predominant structure in aqueous 

solution. However, NMR characterization of these aggregates in 

pure water is precluded by the extreme line broadening that accom-
panies the formation of large, slowly tumbling species. By dissolving 

TDBC in a deuterated 6:4 (v/v) methanol–water mixture, we restrict 

the aggregate size sufficiently to recover resolved 

1 H resonances 

while maintaining aggregation. Optical absorption under these con-
ditions confirms that aggregation is achieved. This mixed-solvent 

strategy provides direct NMR access to aggregate packing geome-
try that is otherwise inaccessible and is, in principle, transferable to 

other J-aggregate-forming cyanine dyes.
The resulting NOESY spectra reveal intermolecular cross-

peaks—notably between H 11 
and H 13,14 

—that are absent in the 

monomer and are most naturally compatible with an alternating, 

symmetric arrangement of sulfobutyl side chains on opposite sides 

of the aggregation plane. This arrangement is consistent with the 

brickwork packing motif, although the present data do not allow us 

to distinguish among the different two-dimensional packing geome-
tries. We propose these cross-peaks as a diagnostic indicator of the 

up–down alternating motif. Whereas STM height measurements 

infer the relative chain orientation indirectly from the overall layer 

thickness, 

33 the NOESY cross-peaks provide a more direct probe, 

reporting on spatial proximity between specific nuclei on neighbor-
ing molecules within the aggregate. Because these constraints are 

complementary to the electronic and vibrational probes typically 

used for these systems, the mixed-solvent NMR approach presented 

here may offer a general route to characterizing intermolecular 

packing in J-aggregate-forming cyanine dyes.
Two alternative explanations of the newly observed NOESY 

correlations are changes in aliphatic side chain conformation and 

solvent-viscosity effects. DFT optimization of the monomer pre-
dicts a curving of both aliphatic chains toward the same face of 

the aromatic system, raising the question of whether further con-
formational changes could bring H 11 

and H 13,14 
within the NOESY 

detection limit. Although a large change in the inter-ring dihedral 

angle could in principle reduce the H 11 
–H 13,14 

distance, such a dis-
tortion would simultaneously bring numerous other proton pairs 

into close proximity, producing a broad set of new cross-peaks that 

are not observed. The selectivity of the newly appearing contacts 

argues against a monomer conformational origin. Solvent-viscosity 

effects also warrant consideration. Because the rotational corre-
lation time scales linearly with viscosity (Stokes–Einstein–Debye), 

the increase in viscosity upon going from methanol to the 6:4 

methanol–water mixture could also push the system over the NOE 

sign-crossover threshold. However, we would then not expect to see 

the emergence of the observed cross-peaks. These arguments sup-
port the assignment of the resonances in water-methanol mixtures 

to J-aggregates.
Raman spectroscopic fingerprints of aggregation. DFT anal-

ysis of the dimer (Fig. 14) shows that low-frequency Raman modes 

(below 900 cm 

−1 ) are delocalized across both molecules of the 

dimer unit, while higher-frequency modes (above 900 cm 

−1 ) are 

localized on individual chromophores. This distinction provides a 

framework for interpreting the spectral changes upon aggregation 

and surface binding. In J-aggregates, the delocalized low-frequency 

modes exhibit pronounced intensity enhancements (Table II),

J. Chem. Phys. 165, 014702 (2026); doi: 10.1063/5.0325564 165, 014702-15

© Author(s) 2026

 
1
0
 
J
u
l
y
 
2
0
2
6
 
0
8
:
0
4
:
5
2

https://pubs.aip.org/aip/jcp


The Journal 

of Chemical Physics ARTICLE pubs.aip.org/aip/jcp

consistent with earlier reports of aggregation-enhanced Raman scat-
tering (AERS) in which collective out-of-plane modes are selectively 

amplified. 

34 We confirm the strong enhancement of the mode 

reported at 673 cm 

−1 by Coles et al., which we observe at 671 cm 

−1 . 

We observe the emergence of a cluster of modes in J-aggregates that 

are absent in the monomer (683 and 730 cm 

−1 in the low-frequency 

region; a well-defined resonance at 1189 cm 

−1 ; resonances at 1240 

and 1266 and a more intense resonance at 1344 cm 

−1 ; and new res-
onances at 1526 and 1568 at higher frequencies; Table II), all of 

which are also present in the plexciton spectrum. We, however, also 

observe modes in the region of >900 cm 

−1 that are shared between 

the monomer and the plexciton but not the aggregate, such as the 

modes at 978 and 1160 cm 

−1 . Overall, we see more unique modes to 

plexcitonic assemblies and J-aggregates with water <900 cm 

−1 , while 

unique modes to the monomer and plexcitons appear >900 cm 

−1 . 

Nearest-neighbor packing, which governs the collective low-
frequency vibrations, is preserved when the aggregate adsorbs on 

the Ag surface, whereas the higher-frequency modes, being sensi-
tive to the local environment of individual chromophores, reflect the 

increased structural heterogeneity at the metal interface. In the THz-
Raman region (below 400 cm 

−1 , Fig. 11), aggregates display sharper, 

better-resolved resonances than the monomer, consistent with the 

establishment of long-range periodic order. The broadening and 

reshaping of these features in plexcitons indicates that surface bind-
ing disrupts this longer-range periodicity while leaving short-range 

intermolecular interactions largely intact.
Inferred interfacial structure of TDBC on Ag. Several inde-

pendent lines of evidence constrain the interfacial geometry of 

TDBC on the Ag nanodisk surface. DFT calculations show that 

adsorption proceeds preferentially through the sulfonate groups via 

two bridging oxygen atoms and that unconstrained optimization 

favors a planar orientation of the aromatic core parallel to the metal 

surface. The NOESY-derived constraint of alternating sulfobutyl 

chain orientation, established for aggregates in solution, is consis-
tent with the preservation of aggregate-like collective Raman modes
below 900 cm 

−1 in plexcitons, indicating that nearest-neighbor
packing is maintained upon adsorption. The recovery of monomer-
like spectral character above 900 cm 

−1 hints at a localized distor-
tion most likely due to surface binding, while the broadening of

THz-Raman features below 400 cm 

−1 indicates a loss of long-range 

two-dimensional periodicity. The preservation of the aggregate 

absorption band frequency, evident from the splitting minimum 

in the optical absorption spectrum, further supports a geometry in 

which the π–π stacking interactions that govern the J-aggregate exci-
tonic structure remain largely intact. Taken together, these obser-
vations point toward the configuration shown in Fig. 16 as the 

dominant motif: small aggregated domains with preserved nearest-
neighbor geometry and alternating sulfobutyl chains, anchored to 

the Ag surface through sulfonate bridges but lacking the extended 

periodic order of free-standing J-aggregates in solution. A minor-
ity population of surface-bound monomers, or possibly molecules at 

the edge of the aggregate, exhibits a distortion identifiable through 

monomer-like, high frequency modes.
Comparison with encapsulated TDBC. Silica encapsulation 

of TDBC J-aggregates has recently been shown to freeze the brick-
work geometry into rigid, defect-suppressed sheets, yielding near-
unity quantum yields and exceptional photostability. 

33,35 Our plex-
citon system presents the opposite limit: attachment to a metallic 

surface preserves nearest-neighbor packing but introduces struc-
tural heterogeneity, breaking the long-range two-dimensional order 

and admitting a minority population of surface-bound monomers 

(Figs. 10 and 11). This contrast highlights how the same molecular 

scaffold responds to confining (silica) vs adsorbing (metal) inter-
faces: encapsulation suppresses disorder and enhances emissive per-
formance, while metallic binding maintains strong exciton–plasmon 

coupling at the cost of structural uniformity. The plexciton system, 

therefore, occupies a regime in which hybridized light–matter states 

coexist with significant local geometric disorder.
Implications for plexciton design. Taken together, our results 

emphasize the complexity and heterogeneity of dye conformation 

on the surface of plasmonic nanoparticles. Given that the energetics 

are strongly tied to the aggregate order, the performance of plex-
citons and their excited states is directly determined by nanoscale 

geometry and the degree of structural disorder at the interface. The 

vibrational fingerprints identified here provide practical diagnostics 

to keep track of this structural richness during different plexciton 

syntheses and eventually correlate it to function, or excited-state 

dynamics. We have also hinted at some possibly more detailed

FIG. 16. Inferred structure of TDBC on 

the Ag surface of the plasmonic nan-
odisks. (a) Plexcitonic assembly con-
sisting of Ag nanodisks and TDBC J-
aggregates with alternating sulfonate 

groups above and below the aggregation 

please. (b) The TDBC J-aggregate struc-
ture preserves the up-down alternation of 

the sulfobutyl groups.

J. Chem. Phys. 165, 014702 (2026); doi: 10.1063/5.0325564 165, 014702-16

© Author(s) 2026

 
1
0
 
J
u
l
y
 
2
0
2
6
 
0
8
:
0
4
:
5
2

https://pubs.aip.org/aip/jcp


The Journal 

of Chemical Physics ARTICLE pubs.aip.org/aip/jcp

proxies of geometry, such as the torsionally sensitive intensity ratios
of the I 1598 

/I 1612 
mode pair that will have to be further investigated.

From a theoretical perspective, the coexistence of aggregate-
like and monomer-like geometries at the metal interface implies 

a distribution of excitonic energies and coupling strengths within 

the plexcitonic assembly. The structural heterogeneity identified 

here provides microscopic context for models that treat plex-
citons as disordered, open quantum systems with non-uniform 

light–matter coupling 

56 and suggests that ensemble-averaged spec-
troscopic observables may mask significant site-to-site variation in 

the underlying exciton–plasmon interaction.

V. CONCLUSION
Plexcitonic assemblies are promising platforms for the imple-

mentation of hybrid light–matter states in close contact with a 

chemical environment. Knowledge of the structure and its disor-
der is crucial to inform synthetic efforts toward better materials, as 

well as to build better theoretical models to describe them. Through 

NMR and Raman spectroscopy supported by calculations, we have 

identified that in TDBC aggregates, the sulfobutyl chains alternate 

above and below the aggregation plane, with sulfonate termini; in 

particular, the H 11 
↔ H 13,14 

NOESY cross-peaks serve as a direct 

NMR signature of this up–down alternating motif. In plexcitons, 

this structure is preserved, although we observe the absence of 

long-range order as well as the existence of monomer-like Raman 

modes. In this investigation, we have identified key spectroscopic 

fingerprints of the different molecular environments, providing a 

benchmark for the synthesis of more complex plexcitons as well 

as establishing a framework for explaining the photophysics of 

TDBC–Ag model systems.

SUPPLEMENTARY MATERIAL

The supplementary material includes additional experimental 

details, supplementary Raman and THz-Raman spectra, extended 

NMR data, and nuclear mode displacements of the most prominent 

Raman modes obtained from DFT.
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