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Abstract

This study investigates the spectroscopic characteristics of 4-mercaptopyridine
(4-Mpy) molecular aggregates formed in aqueous solution. Due to their low sol-
ubility in water, 4-Mpy molecules undergo solution-driven aggregation, which
results in a blue shift in their absorption maximum and enhanced fluorescence
compared to their monomeric form in methanol. This spectral behavior aligns
with the predictions of the molecular exciton model and indicates the formation
of H-type aggregates through intermolecular hydrogen bonding and n-m stack-
ing interactions. Raman spectroscopy further confirms aggregation by revealing
two newly enhanced low-frequency bands at 155 and 220 cm™, corresponding
to intermolecular vibrational modes. These observations are consistent with the
Aggregation-Enhanced Raman Scattering (AERS) theory, which attributes the
enhancements to increased polarizability and excitonic coupling within the ag-
gregates. In addition to low-frequency features, high-frequency Raman bands
associated with the monomeric form also show selective enhancement, at-
tributed to Herzberg-Teller vibrational coupling. The result in our study indi-
cates that 4-Mpy molecules in water self-assemble into H-type aggregates, pos-
sibly in the form of helical chain conformations.
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1. Introduction

The structure and the spectral properties of molecular aggregates are subjects of
intense interest. At its most basic level, it provides an opportunity to examine the

intermolecular forces through which the molecules self-assemble to form aggre-
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gates. At its most sophisticated level, interest in aggregates is derived from the
realization that aggregated molecules play crucial roles in nature, such as light
harvesting and the primary charge-separation steps in photosynthesis [1]-[4]. In
addition, molecular aggregates have important potential in technological applica-
tions. Aggregates formed from molecular aggregates have been used as thin film
transistors, spectral sensitizers, organic photoconductors, photothermal therapy,
optical probes in biological and synthetic membrane systems, photo-polymeriza-
tion initiators and, recently, in photothermal therapy (PT) for cancer treatment
[5]-[14].

The primary mechanism through which molecules aggregate is self-assembly
guided by intrinsic intermolecular interactions. Detailed studies on molecular ag-
gregation through self-assembly and its spectral characterization were advanced
by Kasha in his proposed molecular exciton model [15]-[17]. This model classifies
the aggregates as either J-type or H-type, depending on the specific alignment of
their individual molecular units (monomers). In J-aggregates, molecules self-as-
semble through end-to-end stacking, resulting in an in-line interaction of their
induced dipole moments. In contrast, H-aggregates of molecules self-assemble via
plane-to-plane stacking, leading to a parallel alignment of the induced dipole mo-
ments. The formation of these types of aggregates has previously been observed
in various molecules, including cyanine and xanthene dyes, polycyclic aromatics,
and N-protonated porphyrins [18]-[21].

The molecular exciton model, which characterizes J- and H-type aggregates,
proposes that interactions between the induced dipole moments in aggregated
structures lead to the formation of new exciton states. These exciton states are
energetically shifted—lower in J-aggregates and higher in H-aggregates—relative
to the monomer’s first excited state. As a result, J-aggregates exhibit a red shift,
with maximum absorption shifting to longer wavelengths, whereas H-aggregates
show a blue shift, with maximum absorption moving to shorter wavelengths. The
molecular exciton model has successfully explained fluorescence emission, ab-
sorption band frequency shifts, as well as selection rules for electronic transitions
between different excitonic states of molecular aggregates.

More recently, Akins et al. introduced a theoretical framework known as Ag-
gregation-Enhanced Raman Scattering (AERS), which analyzes the vibrational
characteristics of molecular aggregates in Raman spectroscopy [22]-[24]. This
theory extends the molecular exciton model by incorporating its principles to ex-
plain the observed Raman enhancements in aggregated species relative to their
monomeric counterparts. According to this theory, aggregation of molecules re-
sults in enhanced polarizability of the resultant structure, allowing stronger cou-
pling with the incident radiation than is the case for monomeric species. Upon
excitation, the aggregate can support the formation of molecular excitonic states.
For Raman scattering, the existence of excitonic states as well as the coupling be-
tween them create more energy states of the aggregate, generating an enhance-

ment of the Raman signals. This theory predicts the emergence of low-frequency
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enhanced vibrational modes (lattice modes) due to intermolecular vibrations in
the Raman spectrum of aggregates. These bands are enhanced due to nonzero
overlap in integral products between the excited states of the aggregates and the
ground states of the monomeric species. Additionally, the theory evinces the en-
hancement of high-frequency Raman bands associated with the monomers, which
appear alongside the low-frequency Raman bands of the aggregates. The enhance-
ment of these high-frequency Raman bands is primarily attributed to Herzberg-
Teller vibrational coupling between the vibrational and the electronic transitions
in the aggregates. This vibrational coupling enables intensity borrowing from al-
lowed transitions, leading to the enhancement of monomer vibrational modes.

In this study, we investigate the spectral property of 4-Mpy aggregates in aque-
ous solution. We employ solution-driven aggregation of 4-Mpy in water, taking
advantage of the low solubility of this molecule in this medium. Our study demon-
strates that the absorption maximum of 4-Mpy aggregates exhibits a shift toward
shorter wavelengths (a blue shift) and shows enhanced fluorescence relative to the
monomeric form of the molecule. By utilizing the spectral analysis of molecular
aggregates forwarded by the molecular exciton model, we show that 4-Mpy most
likely self-assemble into H-type aggregates through hydrogen bonding and n-n
(van der Waals) stacking between their pyridine rings. This study further exam-
ines the Raman vibrational characteristics of 4-Mpy aggregates using Raman spec-
troscopy. Our study reveals the emergence of two new intense low-frequency
bands corresponding to intermolecular vibrations of 4-Mpy aggregates, along
with enhanced high-frequency Raman bands associated with 4-Mpy monomers,
as predicted by the theory of AERS.

2. Experimental Methods
2.1. Chemicals

4-Mercaptopyridine (96%) was purchased from Acros Organics and used without

further purification. Methanol was purchased from Fisher Scientific.

2.2. Instrumentation

A solution of 4-MPy was prepared by dissolving 4-Mpy powder in pure methanol
and in deionized (DI) water at a 1 mM concentration. A 1 cm path length cuvette
was used for UV-Vis measurements. All absorption spectra were recorded using
a Perkin-Elmer Lambda 19 UV-vis-near IR spectrometer. All fluorescence spectra
were recorded using a Hitachi F-2500 FL Spectrophotometer. Excitation at 340
nm was used to measure the fluorescence of 4-Mpy dissolved in methanol. Exci-
tation at 320 nm was used to measure the fluorescence of 4-Mpy in water. The
Raman spectra of 4-Mpy were investigated using Spectra Pro 2750 (0.75 m Triple
Grating Monochromator, 1200 gratings/Spectrograph) at the excitation wave-
length of 514.5 nm obtained from an Ar* laser (Spectra Physics). The Raman spec-
tra of liquid 4-Mpy samples were acquired by depositing a few drops of these sam-

ples on a glass surface. The Raman spectra of the 4-Mpy powder sample were ob-
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tained by placing the solid powder onto a glass surface. The laser was focused on
the sample by using a 100x objective lens attached to a confocal microscope, and
the power of the laser on stage was 0.56 mW. The laser spot size was 2 pm, and
the slit width was 20 pm. The Raman measurement of the sample was taken with
5 accumulations over a 10 s acquisition. To ensure that the obtained spectra were
comparable, the settings, including laser power and exposure time, were all kept
constant. The silicon line at 520 nm was used to calibrate the observed wave-

numbers. The Raman spectra of the droplets represent the bulk solution.
3. Result and Discussion

3.1. Absorption and Fluorescence Spectroscopy of 4-Mpy

The absorption spectra of 4-Mpy in methanol and water are displayed in Figure
1. 4-Mpy dissolved in methanol has a maximum absorption (Am.) at 338 nm,

whereas 4-Mpy prepared in water has a maximum absorption (Am.) at 324 nm.
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Figure 1. Absorption spectra of 4-Mpy in water (black) and methanol

(red). Note: the intensity of the 4-Mpy in water has been adjusted to
clearly illustrate the spectral differences.

It is clear from the figure that the maximum absorption band of 4-Mpy shifted
to shorter wavelengths (blue shift) as the solvent used to prepare the 4-Mpy solu-
tion was changed from methanol to water. This shift in the absorption band can
be attributed to the changing polarity of the solvent. However, molecular aggre-
gation through self-assembly due to intermolecular forces cannot be ruled out as
a potential cause of this spectral shift.

4-Mpy is highly soluble in methanol but has very low solubility in water. Thus,
in methanol, the molecule is expected to remain predominantly in its monomeric
form, whereas in water, it is more likely to self-assemble into molecular aggregates
due to the unfavorable solvation environment. Indeed, previous studies investi-

gating the aggregation property of 4-Mpy have shown that this molecule aggre-
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gates, forming helical chains through self-assembly using hydrogen bonding [25]
[26].

In this study, we examined the formation of 4-Mpy aggregates in water by first
preparing an initial solution of 4-Mpy in pure methanol. The solvent composition
of this initial solution was then changed by gradually adding water to the solution.
In this study, the spectral shift of the absorption band of 4-Mpy was monitored as
the water content in the initial solution gradually increased. The results of this
study are presented in Figure 2.

338nm —— 4-Mpy in MeOH 3 ml
—— 4-Mpy in MeoH:H,0 (3:1) ml
1.0 —— 4-Mpy in MeoH:H,0 (3:2) ml
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Figure 2. The blue shift in the absorption spectra of 4-Mpy as the initial
solvent was gradually changed from pure methanol to mostly water.

The results show a blue shift in the absorption band of 4-Mpy from 338 nm to
324 nm as the solution composition gradually changed from pure methanol to
predominantly water.

According to the molecular exciton model, the observed blue shift in the ab-
sorption spectra of 4-Mpy in water is due to the formation of H-type molecular
aggregates through intermolecular interactions of this molecule. Previous X-ray
diffraction studies on 4-Mpy aggregates have shown that the molecule can self-
assemble into elongated helical chains through intermolecular N-H...S hydrogen
bonding between pyridine rings [25]. These helical chains further organize into
three-dimensional structures stabilized by C-H...S hydrogen bonds, C-H...n in-
teractions, and -1t (van der Waals) stacking. It is therefore possible that, in aque-
ous solution, 4-Mpy molecules form H-aggregates through a similar self-assembly
mechanism, leading to the observed spectral blue shift. In addition, Figure 2
shows a reduction in the intensity of the 4-Mpy absorption band along with the
blue shift. This reduction in spectral intensity has been attributed to the formation
of molecular aggregates in solution (hypochromic effect) by the exciton model. It
is also possible that, as 4-Mpy aggregation increased, the resulting aggregates pre-
cipitated out of the solution, thereby contributing to the reduction in intensity of

the 4-Mpy absorption band.
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To further examine the aggregation of 4-Mpy in water, we conducted a fluores-
cence study of this molecule in water and methanol. Our study shows that 4-Mpy
in water exhibits a relatively strong fluorescence band at 514 nm (Figure 3(a)),
whereas in methanol this molecule does not show any noticeable fluorescence
(Figure 3(b)). Previous fluorescence studies on mero-cyanine and hemi-cyanine
dyes have reported enhanced fluorescence emission from the H-aggregated struc-
tures of these dyes [27]-[29]. The authors of these studies attributed the enhanced
fluorescence to the rigidified structure of these cyanine dyes induced by their ag-
gregation. Their studies showed that the monomeric forms of these dyes exhibit
very weak fluorescence due to a bond-twisting mechanism that activates non-ra-
diative decay pathways, leading to reduced fluorescence intensity.

The authors concluded that these nonradiative deactivation channels are sup-
pressed due to the formation of the cyanine dye aggregates, causing the aggregates
to fluoresce. The fluorescence characteristic of the 4-Mpy aggregates in this study
is consistent with that previously observed for cyanine dye aggregates. Results
from this study provide further evidence that 4-Mpy molecules are likely to form
H-aggregates in aqueous solutions, while in methanol they primarily remain as

free molecules.

3.2. Raman Spectroscopy of 4-Mpy

A comparison of the Raman spectra of 4-Mpy molecules in water and methanol is
presented in Figure 4. A Raman spectrum of the 4-Mpy solid powder is also in-
cluded in the figure for reference purposes. The figure shows that the Raman spec-
trum of 4-Mpy molecules in water is dominated by strong enhancements of three
bands at 155, 220, and 475 cm™. Upon close examination of the figure, we can see
that the two enhanced bands at 155 and 220 cm™ are new bands which are absent
in the Raman spectra of 4-Mpy in methanol and in solid powder. According to the

theory of AERS, these newly enhanced low-frequency Raman bands (lattice modes)
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Figure 3. (a): Fluorescence spectrum of 4-Mpy in water (left); (b): Fluorescence spectrum of 4-Mpy in methanol (right).
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Figure 4. Raman spectra of 4-Mpy in water (blue), methanol (red), and

solid powder (black). Excitation is at 514.5 nm. The baseline was subtracted
from all three Raman spectra using Origin graphing software 2022.

arise from intermolecular vibrations, indicating the formation of 4-Mpy aggregates
in water. The enhancements of the low-frequency Raman bands are enabled by the
increased polarizability of the aggregated structure and the coupling between exci-
tonic states formed upon aggregation. The appearance of these new low-frequency
Raman bands confirms the prediction proposed by the theory of AERS.

In addition, the Raman spectrum of 4-Mpy in water also shows bands above
400 cm ™ associated with the vibrations of the 4-Mpy monomers. These high-fre-
quency bands can also be seen in the Raman spectrum of 4-Mpy in methanol and
in solid powder. The correlated Raman band positions and their vibrational as-
signments are shown in Table 1.

Among the high-frequency bands, the most enhanced band appears at 475 cm™,
followed by the band at 1530 cm™. Both bands appear very weak in the Raman
spectra of 4-Mpy in methanol and in solid powder. The enhancement of these
bands is attributed to Herzberg-Teller intensity borrowing, through which vibra-
tional modes of the monomer gain increased intensity.

The figure also shows reduced intensity of some of the Raman bands at 721,
989, 1041, and 1615 cm™ in the Raman spectrum of the 4-Mpy in water. These
bands appear to have strong intensity in the Raman spectrum of 4-Mpy in solid
powder. It is reasonable to expect that the molecular geometry of 4-Mpy aggre-
gates in water differs from that of 4-Mpy monomers in methanol and in solid
powder. As a result, following the theory of AERS, the symmetry elements of the
aggregates follow selection rules that differ from those of the monomeric species,
contributing to variations in Raman intensity. Similar conclusions have also been
drawn in analyses of Raman intensity differences between cyanine aggregates and

their monomeric forms [30] [31].
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Table 1. Column 1 contains the assignments from references [32]-[34]. Columns 2 and 3
are from this work.

4-MPy  4-MPy 4-MPy

Assignment Powder Methanol Water
Lattice mode (aggregate) 155
Lattice mode (aggregate) 220
7a (C-S in-plane deformatio.n/C—C—C out-of-plane 435 430 435
deformation)
16b (C-C-C out-of-plane deformation) 475 475
6b (C-C-C bending) 655 683
6a (in-plane ring deformation, C=S) 721 724
out-of-plane N-H def 870 875
la (ring breathing) 989 1001
18a (in-plane C-H def.) 1041 1048 1040
12a (trigonal ring breathing with C=S) 1107 1098 1105
15b (C-H def) 1150 1145
9a (in-plane C-H def.) 1200 1212
14b (ring stretch) 1396 1400
19b (ring stretch) 1457 1455
19a (ring stretch) 1470 1484 1488
19a (ring stretch) 1525 1530
8b (ring stretch with deprotonated nitrogen) 1580 1580
8a (ring stretch) 1615 1615

The results of this study strongly suggest the formation of 4-Mpy aggregates in
water. In previous studies of the Cyanine dye aggregates, the emergence of two
intense low-frequency Raman bands was attributed to the existence of two differ-
ent types of aggregates [31]. The fact that the Raman spectrum of 4-Mpy shows
enhancements of two low-frequency bands indicates the existence of two types of
H-aggregates. Indeed, previous studies of 4-Mpy aggregates reported the existence
of two types of helical chain conformations—a left-handed helix and a right-
handed helix [25]. Therefore, it is possible that 4-Mpy in water aggregates to form
two different helical structures, resulting in the enhancements of two intense low-

frequency Raman bands.
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