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Resonance Raman study of the J-type aggregation process of a 
water soluble perylene bisimide 
Elisa Alloa,a Vincenzo Grande,b Rishat Dilmurat,c David Beljonne,c Frank Würthner,b and Sophia C. 
Hayesa,*

Perylene bisimides (PBIs) are dyes known for combining high absorption and emission in the visible region with their thermal 
and photochemical stability. H-bond-directed aggregation driven by free imide groups has been reported to promote the 
uncommon J-type aggregate formation of PBIs. J-aggregates are highly desired thanks to their bathochromically shifted 
narrow absorption and fluorescence due to excitonic coupling, together with hyperchromicity and superradiance compared 
to the monomer. Herein we present the water soluble MEG-PBI showing interesting aggregation in water and in solid state. 
Unlike its hydrophobic counterparts, MEG-PBI aggregates in water upon increasing temperature, indicating an entropy-
driven self-assembly. Temperature-dependent Resonance Raman (RR) spectroscopy was employed for the structural 
characterization of MEG-PBI in aqueous solution versus toluene and in aggregated thin films, employing excitation at 
different wavelengths to probe the contribution of various chromophores to the supramolecular structure of the aggregate. 
We find that the perylene core distorts upon aggregation, where the bonds along the perylene long N-N axis lengthen and 
the ones perpendicular to that shorten, suggesting a head-to-tail arrangement due to H-bonding between neighboring units. 

Introduction 
Organic optoelectronics is an area of research that has seen 
substantial growth during the past decade, thanks to the 
success of devices such as organic light-emitting diodes (OLEDs), 
organic field effect transistors (OFETs), and organic 
photovoltaics (OPVs). New developments1,2 in the field have 
been achieved by moving from small molecules and polymers 
with desirable electronic properties to electronically active π-
conjugated molecules capable of self-assembly through non-
covalent forces, such as hydrogen bonding, electrostatic forces, 
metal–ligand, dipole–dipole, hydrophobic, π–π interactions, 
and steric repulsion. Even inspiration from the biological world 
had an influence in the field: similarly to light harvesting 
systems in photosynthetic antenna complexes, in 
supramolecular assemblies the excitation is coherently 
transferred by resonant emission and absorption phenomena 
from one molecule to a neighboring one, i.e. dye molecules play 
directly the role of transferring units.3 These excitons can 
extend over ordered and coupled molecular units in the solid 
state, where the packing arrangement of the aggregates 

governs the favored optical outcome for the chosen 
technological application.4 Supramolecular assemblies deliver a 
strong impact on opto-electronics as they offer the chance to 
create structures that incorporate directed molecular order, 
with significant dynamics through bond reversibility.5 To 
develop organic semiconductor technologies, it is necessary to 
understand the complex structural arrangements and processes 
present in the materials and how these can affect device 
performance. Spectroscopic methods can provide insights in 
the supramolecular assembly, utilizing external stimuli such as 
temperature to tune the desired spectral state of the chemical 
system.6,7,8  
Within this research field, J-aggregates constitute a particularly 
interesting class of materials, especially in organic photonics 
due to the fact that self-assembly of molecules into a head-to-
tail arrangement results in coherent π-electron states that are 
delocalized over part of the molecular aggregate.9 Perylene 
tetracarboxylic acid bisimides, in short perylene bisimides (PBI) 
are a highly interesting class of dyes for J-aggregates, with very 
promising functional properties, which were recently exploited 
in all-polymer photonic microcavities.10 PBIs have been well 
recognized as versatile chromophores with strong absorption, 
near unity fluorescence quantum yield, and high thermal and 
photochemical stability.11 Their high chemical flexibility allows 
various substitutions thereby tuning reactivity and spectral 
properties.12 Due to these appealing assets, perylene bisimides 
and their related derivatives have continuously received 
significant attention for their potential applications in 
biomedicine (bioimaging)13 and molecular optoelectronic 
devices, such as organic photovoltaics (e.g. as acceptors),14,15 
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field-effect transistors,16 light-emitting diodes,17 light-
harvesting arrays18 and LCD color filters.19 Furthermore, the 
elaboration of water-soluble PBI-based aggregate systems via 
self-assembly evolved as a promising research avenue because 
of its possible exploitation in biological systems. In the most 
recent research of some of us, PBI J-aggregates could be formed 
by hydrogen-bonded self-assembly in water, which was quite 
surprising if we consider that water is a very competitive solvent 
for the self-complementary hydrogen bonding between the 
imide units of the PBIs.20 Interestingly, however, these 
hydrogen-bonded self-assembled nanofibers with J-type 
coupling and fluorescence properties only occurred at elevated 
temperature, obviously driven by entropy from the less ordered 
PBI room temperature hydrogel material. This chemical system 
has been named ”aquamaterial”21,22 because of its capability to 
behave as a hydrogel-like material with unique and useful 
properties: the red-to-blue color transition appears indeed to 
be exploitable in the development of cutting-edge applications 
e.g. as photonic material in microcavities or as lyotropic liquid 
crystals. Its unique properties primarily derive from its large 
extended π-systems, together with its various supramolecular 
aggregate-based architectures.23  H-bonded aggregation driven 
by self-complementary free-imide groups has also been 
reported to promote alternative J-type aggregate formation in 
non-polar solvents.24 Thanks to non-covalent connectivity, such 
PBIs form very sophisticated supramolecular fibers, enabling 
interesting photophysics involving exciton coherence and 
migration.25 More specifically, hydrogen-bond 
donors/acceptors and π–π interaction were employed for the 
design of these functional PBI chromophores with such unique 
spectroscopic properties: these forces collaborate in a self-
complementary way to build a supramolecular connection 
among the monomers  in order to achieve a wired structure 
with a face-to-face arrangement, typical of a mixed J/H 
aggregate.26 Double/triple-stranded aggregates are thus 
formed by elongating π–π stacked units, where their building 
blocks are aligned with a translational offset.15,27 The water-
soluble PBI previously reported by some of us, depending on the 
excitonic coupling extent, forms an amorphous aggregate 
structure with a monomer-like UV/Vis spectrum at room 
temperature, where the units exhibit a co-facial arrangement 
with weak H-type coupling, or a slipped packing with J-type 
coupling when the temperature increases, with fluorescence in 
the far-red.20 

In this work, the transition from an amorphous monomer-like 
state to an ordered J-aggregated state (and vice versa) was 
investigated through spectroscopic methods, in order to better 
understand the driving forces and mechanisms of aggregation 
of these promising supramolecular architectures. Resonance 
Raman (RR) spectroscopy was used to elucidate the structure of 
the PBI monomers in the assembly. Various supramolecular 
assemblies have been studied with this vibrational technique, 
especially in the biological field, where e.g. supramolecular 
amyloid fibrils could be spectroscopically detected by UVRR, as 

well as structural changes due to pH-induced chirality changes 
in their supramolecular structure.28,29 In this field, RR was also 
employed in detecting  structural alterations in photosynthetic 
antenna complexes of green bacteria,30 or in the design and 
testing of new anti-malaria drugs by sensing structural 
information on porphyrin moieties in hemes.31 Different self-
organized systems widely employed in supramolecular 
chemistry such as porphyrins32,33,34 or carotenoids35 have also 
been structurally monitored by RR. Moreover, RR spectroscopy 
has been adopted in the field of biosensors to accurately 
measure the strength of host-guest complexations.36,37 Even 
though RR has been utilized for the characterization of a 
plethora of supramolecular systems, PBIs have only been 
analyzed by Raman spectroscopy as individual molecules38,39 
and not in their J aggregated state. This spectroscopic method 
is very powerful especially due to the selectivity to a particular 
chromophore: by tuning the excitation wavelength to the 
absorption band of a particular chromophore in a chemical 
system, chromophore-related vibrations only are substantially 
enhanced. Therefore, evolution in the structure of a molecule 
monitored by changes in key vibrational bands during the 
supramolecular assembly process can give mechanistic details 
difficult to obtain easily with other methods. 
The present study focuses on a PBI molecule designed to self-
assemble via hydrogen bonding and π–π interactions into a 
supramolecular J-aggregated structure. This dye bears 
amphiphilic bay substituents consisting of twelve glycol chain 
residues at meta-positions of a tetraphenoxy-functionalized 
perylene bisimide, enabling water solubility. RR spectroscopy 
was employed here to investigate in detail the ground state 
conformation of this perylene bisimide (PBI) system. In order to 
provide a complete insight in the structure and the role of 
hydrogen bonding in the self-assembly, the selectivity of 
resonance Raman was exploited to elucidate the contribution 
of specific chromophores through excitation in the UV and 
visible spectral region.  Our results indicate that the 
supramolecular structure of the PBI studied undergoes a change 
in its aggregation pattern, showing an elongation along the 
main fiber axis at higher temperatures, resulting in a J-
aggregated nanofiber, confirming the involvement of hydrogen 
bonding.

Experimental and computational methods
Materials

The water soluble MEG-PBI, a meta-ethyleneglycol-
functionalized tetraphenoxy perylene bisimide bearing four 
dendrons decorated with methoxy-triethyleneglycol chains, is 
presented in Fig. 1.20 MEG-PBI is a dark-blue solid that gradually 
dissolves in water under stirring. MEG-PBI water / deuterated 
water solutions were prepared at a concentration of 62.5 μM, 
while a further comparative experiment was performed with a 
6-times diluted solution (10 μM). Higher concentrations were 
necessary to initiate the aggregate formation in toluene, with a 
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minimum concentration of 2.9 mM.  A thin film with MEG-PBI 
in the aggregated state, was prepared by spin-coating a 1mM 
MEG-PBI in CHCl3 solution on quartz films.

Fig. 1 Structure of the water-soluble perylene bisimide. J-aggregates are 
formed upon hydrogen bonding of the imide N-H of one molecule to the C=O 
of a neighboring one. Bottom: The side chains “R” attached to the main PBI 
core.

Resonance Raman Spectroscopy

The aqueous MEG-PBI samples were excited at 217 nm, 282 nm, 
266 nm and 532 nm, of which the former two were obtained 
from Raman-shifting in H2 gas the second harmonic of an 
Nd:YAG laser at 532 nm, while the 266 nm wavelength is 
generated from the fourth harmonic of the laser (PRO 230-30 
Hz, Spectra Physics). Further excitations were provided at 405 
and 473 nm by CW diode lasers (MonopowerTM 405-50-MM, 
Alphalas, and Ultralasers, 473 nm, 50 mW OEM DPSS Laser). The 
aqueous solutions were placed in a custom-made cryocell (Fig. 
2) that was fitted to the cold finger of a sample-in-vacuum 
closed-cycle cryostat (CCS-150, JANIS). The sample cavity had a 
13 mm diameter and 3 mm pathlength. The cryostat was fitted 
on a translation stage for periodic translation of the sample 
during data acquisition in order to avoid degradation. The 
toluene samples were placed in a 0.2 mm pathlength suprasil 
cuvette (Hellma) with a 12.5 μl sample volume. Experiments in 
the UV were performed with the sample in a spinning cell 
consisting of an EPR suprasil tube (diameter: 4 mm) attached to 
a rheostat-controlled motor for choice of rotation speed.

Fig. 2 Aqueous MEG-PBI solutions at RT (left) and 313 K (right).

Use of the spinning cell prolonged the lifetime of the samples. 
Both the cuvette and the tube were placed inside a 
thermostated holder (thermal mantle) controlled by a water 
bath. In addition, modest excitation powers (0.1 mW for the 
pulsed lasers, 1 mW, for CW lasers) were employed to avoid 
decomposition of the sample. The Raman scattered light was 

collected in a 135o backscattering geometry and delivered to a 
0.75 m focal-length Czerny−Turner spectrograph, equipped 
with a 1200-grooves/mm UV-enhanced holographic grating. 
Experiments in the UV utilized the 2400 gr/mm UV-enhanced 
holographic grating. The slit width was set to 100 μm providing 
for ~5 cm−1 spectral resolution for the visible wavelengths used 
in this work, and up to ~12 cm−1 for the experiments in the UV. 
The scattered light was detected by a LN2-cooled 2048×512 
pixel, back-illuminated UV-enhanced CCD detector 
(Spec10:2KBUV/LN, Princeton Instruments).  Each spectrum 
presented here is the accumulation of 6 to 12 10-min spectra. 
Raman spectra of aqueous MEG-PBI samples were obtained at 
room temperature and 313 K. A long incubation period 
(overnight) was necessary to reach a stable aggregate state of 
MEG-PBI. A color change from violet (at room temperature) to 
blue (at 313 K) confirmed the transition from one form to the 
other, as shown in Fig. 2.   In the case of toluene samples, 
experiments were run at 283 K, room temperature and 333 K 
and the temperature was allowed to stabilize for 10 - 15 min. In 
this case, the sample turned from dark blue (at 283 K) to violet 
(at 333K). Moreover, the absorption spectrum was monitored 
before and after each experiment in order to check for 
conformational changes and sample degradation. Frequency 
calibration of the spectra was accomplished with the use of 
cyclohexane. MATLAB and ORIGIN were used for spectral 
treatment and analysis.

Computational methods

Structural optimization of MEG-PBI was carried out on its 
methylated precursor obtained by replacing the twelve glycol 
chain units with methoxy groups. The structural optimization 
was performed with Density Functional Theory (DFT) 
calculations at the B3LYP/6-31+G** level of theory utilizing the 
Gaussian1640 program package. All the calculations were 
carried out in the gas phase. Calculated IR and Raman spectra, 
as well as the electronic properties and HOMO–LUMO energies, 
were obtained at the same level of theory. For simplicity, 
absorption wavelengths and oscillator strengths were 
calculated on the MEG-PBI precursor, obtained after removing 
the tris-(methoxytriethyleneglycol) gallate units. The 
calculations were carried out using time-dependent DFT (TD-
DFT) with the B3LYP functional and the 6-31(d,p) basis set,41,42 
based on the optimized structure in the gas phase. The 
structures were rendered with the UCSF Chimera package. 
Chimera is developed by the Resource for Biocomputing, 
Visualization, and Informatics at the University of California, San 
Francisco (supported by NIGMS P41-GM103311).43 The nature 
of the electronic excitations was explored by extracting natural 
transition orbitals44 (NTO) from the Gaussian16 check point files 
using the Multiwfn software.45 

Results and discussion
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The temperature-dependent optical response of MEG-PBI is 
presented in Fig. 3.  The absorption spectra for MEG-PBI in 
water at RT and 313 K correspond to the monomer-like 
amorphous state and the J-type supramolecular assembly, 
respectively, with the latter showing a large bathochromic shift 
from 563 nm for the 0-0 peak to 633 nm, as usually observed 
for
J-aggregates. 

Temperature-dependent Resonance Raman (RR) spectroscopy 
was employed for the structural characterization of PBI in these 
two different molecular states. A range of excitation 
wavelengths were chosen as indicated in the figure in order to 
observe the involvement of various chromophores in the 
supramolecular assembly. Excitation in the visible range 
corresponds to absorption due to the perylene core (according 
to the DFT computational study, see ESI, Figure S1 and Table 
S1), while excitation in the UV probes the phenyl rings and the 
bisimide groups on the PBI.24 Monitoring any spectral changes 
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Fig. 3 UV-vis spectrum of MEG-PBI in aqueous solution as a function of 
temperature. TD-DFT calculated transitions are shown in vertical grey lines, 
with the right scale indicating their oscillator strength. The overall calculated 
spectrum is shown in orange, while the black dotted lines indicate the 
excitation wavelengths used for the resonance Raman measurements.

on resonance with the side-chains can provide insights in their 
participation in the aggregation process, while on resonance 
with the perylene core structure and its associated bisimide, 
one can assess the extent of hydrogen bonding and its impact 
on the core structure. The bisimide group skeleton resembles 
the structure found in nucleobases (thymine and uracil) that 
absorb in the UV with bands around 210 nm and 260 nm that 
can be assigned to π-π* transitions.46,47 Excitations at 217, 266 
and 282 nm probe phenyl rings both in the perylene core and in 
its side chains, however, in variable proportion.  

Visible resonance Raman

The normalized RR spectra of the MEG-PBI amorphous and 
aggregate phase in aqueous solution and in thin films acquired 
at 532 nm are presented in Fig. 4. Even though similar spectra 

are observed for the two states, distinct differences are 
observed that provide some insight on the structure of the 
aggregate. Specifically, a 5 cm-1 downshift is observed for the 
1355 cm-1 and 1555 cm-1 bands upon aggregation, while the 
bands at 1395 cm-1 and 1600 cm-1 show a 5 cm-1 upshift. The 
band at 1447 cm-1 remains unchanged at the two different 
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Fig. 4 Top: Calculated Raman spectrum of MEG-PBI in vacuum (scale 
factor *0.97). Bottom: Resonance Raman spectra of MEG-PBI in 
aqueous solution at RT (monomer-like) and 313 K (aggregate) and in a 
thin film with excitation at 532 nm.

temperatures. RR spectra of MEG-PBI aggregates in thin films 
are in full agreement with the spectrum displayed by MEG-PBI 
aggregates in solution. 

Computation of the normal modes of MEG-PBI provided 
insights on the structure of the aggregate through correlation 
of the varied vibrational fingerprint upon aggregation to specific 
structural changes (Fig. 5 and Table 1). The experimental 
spectrum of the amorphous state is well reproduced by the 
computation, which considers the molecule in vacuum, with the 
observed bands corresponding to vibrational modes of the 
perylene core. The bands at 1355 cm-1 and 1555 cm-1 are 
assigned to C=C stretching along the long axis of the perylene 
(the N-N axis, see Fig. 5), while the bands at 1395 cm-1 and 1600 
cm-1 are associated with C=C stretching perpendicular to the N

Table 1 Experimental and Calculated Raman Frequencies (cm-1).

EXP (λexc = 532 nm)

Monomer
-like J-Aggr

CALC 
(vacuum)

Assignment 
of PBI core vibrations†

1359 1352 1383 νC=C to N-N axis∥  

1395 1398 1423 ip δC-H /  νC=C  to N-N axis⊥

1447 1447 1467 s  νC=C (central ring)

1557 1550 1575 νC=C N-N axis∥  

1598 1603 1641 ip δC-H /  νC=C  to N-N axis⊥

1706 1706 1791 νC=O (free C=O)
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†ν: stretch, δ: bend, ip: in-plane, s: symmetric, : parallel, : ∥ ⊥
perpendicular

- N axis and along the periphery of the core in combination with 
in-plane C-H bending. The band at 1447 cm-1 corresponds to C=C 
stretching involving the central aromatic ring, where the 
perylene is twisted. Based on this evidence, a distortion of the 
perylene core upon aggregation can be proposed, where the 
bonds along the perylene long axis lengthen and the ones 
perpendicular to that shorten, with elongation parallel to the N-
N axis, likely induced by hydrogen bonding of the imide protons 
with carbonyls from neighboring molecules, resulting in a head-
to-tail arrangement (Fig. 1). Overlap of the N-H stretch with the 
strong O-H stretching bands of water in the high frequency 
region made direct observation of hydrogen bonding effects 
difficult. 

In order to assess whether the chosen concentration affects the 
aggregation process and whether an entirely monomeric 
conformation could be possible with a less close packing of the 
units, the temperature-dependent experiment was performed 
with a 1:6 diluted sample (10 μM) with excitation at 473 nm, 
again on resonance with the main core of the PBI, where most 
of the shifts appear due to the elongation of the aggregated 
supramolecular structure. As Fig. 6 clearly shows, even though 
the spectra are noisier due to a lower signal, the same modes 
and shifts appear at both concentrations, suggesting that we 
are dealing with the same conformer as in the 62.5 μM 
concentrated sample and that a monomer-like conformation 
can be hypothesized even for the concentrated solution at low 
temperature. A difference in the relative intensities for the 1555 
and 1600 cm-1 modes, along with a slight shift to higher energies 

and broadening of the 1447 cm-1 peak for the amorphous phase 

at both concentrations, suggests that the nature of this 
electronic transition differs from that at 532 nm.  This 
observation is in agreement with the finding from the DFT 
calculations that a second strong electronic transition involving 
the perylene core exists close to this excitation wavelength 
(calculated at 494 nm, Figure S1). The experiment was also 
performed in deuterated water, in order to interrogate the role 
of the imide N-H proton in the aggregation process48, which is 
directly involved in H-bonding to the carbonyl groups of another 
PBI. The signal resembles the spectra obtained in water, 
confirming that the vibrations observed are due to C=C 
stretches in the core, without involvement of the imidic N-H. A 
5 cm-1 downshift is observed for the 1700 cm-1 peak at high-
temperature in the deuterated sample (J-aggregated 
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Fig. 6 RR spectra of MEG-PBI as a function of concentration and temperature 
with excitation at 473 nm. The comparison is between the standard solution 
concentration (62.5 uM) and a 1:6 diluted one. RR spectra are also shown for 
MEG-PBI in deuterated water.

conformation). As shown below, this vibration is associated 
with the carbonyl bond not involved in H-bonding in the 
aggregate. In deuterated water, free C=Os of aggregated 
samples that can hydrogen bond to the solvent vibrate at lower 
energies, similarly to the case of the C=O band of 
deoxyribonucleotide d-CMP and d-GMP, with 266 and 218 nm 
excitation, that downshifts upon deuteration.49

The lower frequency region was also investigated with RR 
spectroscopy in order to monitor the presence of ‘out of plane’ 
modes, widely reported in literature as fingerprint of J-
aggregation according to the theory of Aggregation-Enhanced 
Raman Scattering (AERS).50  An intense peak at 254 cm-1 is 
indeed observed in the aggregated state only (Fig. 7) in both 
solution and film, which corresponds to the out-plane core 
vibration calculated at 234 cm-1. It is noted in the literature that 
the significant enhancement of low-frequency modes occurs 
only when the excitation wavelength is on resonance with the 
J-aggregate absorption band of the molecule. Moreover, 
according to the AERS theory, the enhanced peak seen in the 
low frequency region may be due to π–π stacking among units 
in the fibers, which is consistent with the supramolecular 
assembly of MEG-PBI molecules.51
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Fig. 7 Top: Experimental Resonance Raman spectra of MEG-PBI in water 
solution with excitation at 473 nm showing the amorphous (blue) and 
J-aggregate (red) conformation. Bottom: Calculated Raman spectrum of 
MEG-PBI in vacuum.

UV Resonance Raman

The hydrophobic effect plays a major role in the self-assembly 
process of MEG-PBI in water and monitoring N-H bonding of the 
perylene core imide as well as interactions among the side 
chains of the supramolecular structure is fundamental. 
Exploring further excitation wavelengths can help attain this 
goal. From Fig. 8, showing RR spectra with excitation chosen on 
resonance with different chromophores in the molecule, it is 
immediately evident that the peaks in all graphs closely match 

the calculated Raman spectrum, thus the simulation can 
provide a good tool for interpretation of results. It is apparent 
that different modes are enhanced when the excitation is 
changed from the visible to the UV, facilitating thus the 
elucidation of the nature of the different electronic transitions. 
Specifically, observing the fingerprint region from 1300 to 1700 
cm-1, one can see that the 1600 cm-1 mode is the most 
prominent band in the UVRR spectra compared to the 1355 cm-1 
band in the visible. Moreover, the other peaks show reduced 
intensity and some disappear, which is a clear sign that the 
resonance with the main core is reduced in the UV. There is also 
a perceptible shift in the bands in the visible versus the UVRR 
spectra (highlighted with dotted lines in Fig. 8); this is an 
indication that different chromophores are probed. Another 
clear evidence is the presence of a peak at 1729 cm-1, which, 
according to the calculations and FT-IR spectra (see below), 
corresponds to the carbonyl bonds in the esters of the side 
chains of the molecule. For a detailed description of the 
observed bands and assignments to the calculated modes see 
Table S2. 

Excitation in the UV is used here to enhance the scattering from 
the imide groups, where the hydrogen bond between PBI units 
is suggested to develop, in order to directly probe any 
interactions upon aggregation due to the sensitivity of amide 
vibrations to hydrogen bonding. Different N-H vibrations can be 
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Fig. 8 Wavelength-dependent RR spectra of MEG-PBI in water showing the 
monomer-like (at room temperature) and the J-aggregate (at 313 K). Bottom: 
Calculated Raman spectrum of MEG-PBI in vacuum. Dotted lines highlight 
major band shifts between visible and UV spectra.
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examined that provide a signature in the Raman spectrum, as 
has been shown extensively in the literature on proteins and 
DNA.49,52–55 In particular, resonance Raman studies on 
nucleotides resembling the PBI imide group (uracil, thymine) at 
different excitations in the UV show the sensitivity of N-H 
vibrations to their local environment.49 Besides amides, UV 
excitation is highly resonant with aromatic rings,56 therefore the 
involvement of the aromatic side chains can be resolved. 
Excitation of aqueous MEG-PBI at 217 nm (Fig. 8) reveals an 
intense band that corresponds to the C=C phenyl vibrations 
from the side-chains and smaller bands that correspond to 
either ring vibrations from the core or the side chains (see Table 
S1). A noticeable difference with aggregation is observed in the 
1555 cm-1 band that corresponds to a C=C stretch along N-N axis 
due to the interaction among the PBI units, as it has been 
established for the visible excitations. It is possible that the 
bisimide moiety absorbs at this wavelength, therefore the 
experiment was repeated in deuterated water (Fig. S2) in order 
to see changes associated with N-D substitution, the crucial 
connecting point among units in the aggregation process. 
However, no drastic changes are observed in the spectra that 
could be associated with the N-D bending vibrations. This 
suggests that excitation at 217 nm is associated entirely with 
absorption of the aromatic rings in the molecule. Thus, the 
invariability of the RR spectra at this wavelength suggests that 
the aromatic side chains are not involved in the supramolecular 
assembly.
At 282 nm excitation, the most significant change observed in 
the RR spectra involves the 1395 cm-1 band that disappears 
upon self-assembly. This corresponds, according to the 
calculations, to N-H bending of the imide. Disappearance of this 
band is consistent with highly restricted movement due to the 
self-assembly. Assignment of this band to N-H bending was 
confirmed by repeating the experiment in deuterated water. 
Fig. 9 shows that the peak disappears upon deuteration, as the

1200 1250 1300 1350 1400 1450 1500
Raman Shift (cm-1)

In
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ns
ity

 (A
.U

)

 D2O, RT
 H2O, RT

1395 cm-1

Fig. 9 RR spectra of MEG-PBI in water and deuterated water with excitation 
at 266 nm at room temperature. The dotted line indicates the position of the 
N-H bend band.

N-D bending band is downshifted with respect to the N-H bend. 
Isotopic substitution has been a valuable tool for band 
assignment, where for example in proteins N-D substitution 
clearly shifts the amide II band that involves out-of-phase N-H 
bending from ≈1555 to ≈1450 cm-1.57 In addition, a shift is 
observed for the 1331 cm-1 peak with temperature, which could 
be ascribed to the main ring elongation that we see in the visible 
(see Table S1). TD-DFT calculations of the excitation spectrum 
of MEG-PBI confirm the involvement of the imide moiety in this 
UV transition (see ESI, Table S1).
The PBI aggregated structure in water was compared to the 
case in an organic solvent, specifically toluene, to obtain further 
information about the formation of the supramolecular 
structure, and in particular to understand certain vibrational 
signatures in the water samples. In organic solvents, PBIs 
aggregate at lower temperatures (283 K) and dissociate upon 
increasing temperature (333 K) where the molecule reaches a 
full monomeric state. The absorption spectra of the molecule in 
toluene as a function of temperature (Fig. 10) are significantly 
different to the ones in water (Fig. 3) both in shape and peak 
position in the two phases. The intensity ratio of the  

300 400 500 600 700
0

1

2
 283 K
 333 K

Ab
so

rb
an

ce

Wavelength (nm)

 473 nm

Fig. 10 Absorption spectra of MEG-PBI toluene solution at 283 K (aggregate) 
and 333 K (monomer). The excitation wavelength chosen is in a isosbestic 
point.

0-0 and 0-1 vibronic bands increases noticeably at low 
temperature as expected for J-aggregates, while both spectra 
are slightly shifted to higher energies in toluene compared to 
water. Resonance Raman spectra were obtained with excitation 
at 473 nm in resonance with the PBI core. The spectra in Fig. 11 
show similar relative intensities and shifts in water and in 
toluene for each phase (amorphous and aggregate). In 
particular, the conformations in both solvents share the same 
peak shift direction; however, the shift is smaller in toluene (4 
cm-1), which suggests a weaker hydrogen bond between the 
units. Moreover, a more intense band is observed at 1704 cm-1 
in the monomer state, corresponding to the free imide 
carbonyl, and a weak band at ~1670 cm-1 associated with the 
hydrogen-bonded carbonyl in the aggregate. While a distortion 
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of the perylene core emerges from the band shifts in the 
aggregate as suggested above for water, increased intensity of 
the free imide C=O band in toluene reveals a molecule with 
reduced structural stiffening. In water instead a supramolecular 
structure is preserved even in the monomer form, where the 
units are distant in space from each other, resembling single 
units but still ordered in a macrostructure and hydrogen-
bonded to surrounding water molecules, which can be 
identified, according to previous work,58 as a less ordered H-
aggregate structure. A change in relative intensity is clear for 
the carbonyl peak  (1704 cm-1) and for the 1555 cm-1 band (ring

1300 1400 1500 1600 1700 1800
Raman Shift (cm-1)

 toluene 283 K
 toluene 333 K

H2O RT
H2O 313 K

N
or

m
al

iz
ed

 In
te

ns
ity

Fig. 11 RR spectra of MEG-PBI in water versus toluene with excitation at 
473 nm. The selected temperatures allow for the corresponding 
monomer and aggregate species in each solvent: (red) aggregate, (blue) 
monomer.

vibration along the main perylene axis): more specifically, both 
these monomer bands show in toluene a strong increase with 
increasing temperature. A progressive reduction of stiffness 
from aggregate to a fully monomeric conformation can be 

1200 1300 1400 1500 1600 1700 1800

0.2
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 IR toluene conc
 IR H2O
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1734

1670

Fig. 12 FT-IR spectra of toluene and water solution of MEG-PBI run at 
room temperature, compared with IR calculation (in vacuum, scale 
factor *0.97). The strong band ~1650 cm-1 in the IR spectrum of MEG-
PBI in water corresponds to the bending mode of water.

identified and this evolution appears clearly in Fig. S3 in the 
changing intensity of these peaks with increasing temperature. 
The increased relative intensity of the 1555 cm-1 band in the 
monomer, however, is reminiscent of the relative intensities 
observed in the water samples with excitation at 532 nm and 
can thus be associated with resonance with a similar transition, 
considering that the MEG-PBI absorption bands are blue shifted 
in toluene. 
Driven by the intention of getting more insights in the carbonyl 
area, and specifically on the imidic C=O bond, complementary 
FT-IR was employed in order to provide further information on 
the aggregation process of MEG-PBI in water and toluene. 
Temperature dependent FT-IR measurements were previously 
performed on the solid material,20 where three bands appeared 
in the C=O stretching region in the case of the aggregate: 1678, 
1700, and 1735 cm-1, corresponding to H-bonded imide 
carbonyls, free imide carbonyls and ester carbonyls in the side 
chains, respectively, in agreement with the Raman spectra 
described above (see Fig. 12). In the monomer state, the 1678 
cm-1 band disappears, as no H bonding exists with the imide 
proton of other units. FT-IR experiments in solutions of MEG-
PBI in water and toluene were performed at RT, at which water 
hosts the monomer-like and toluene the aggregate component 
(Fig. 12). Good agreement is observed for the overall IR spectra 
in the two solvents, as well as with the calculated IR spectrum, 
with the exception of the position of the carbonyl bands that 
are sensitive to the solvent environment (the calculation was 
performed in vacuum); therefore the bands that appear in 
water correspond to real PBI bands, even if the MEG-PBI 
concentration is quite low and the solvent could interfere with 
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the analysis generating artifacts. As expected, some of the 
bands appear with similar frequency as in the Raman spectra 
but with different intensity. The 1734 cm-1 peak appears in both 
solvents, due to the carbonyl group in the side chain esters. Two 
peaks at 1670 and 1701 cm-1 are observed in toluene, 
confirming the previous FT-IR on the solid. Differently, for the 
amorphous phase in water only a small shoulder to the main 
ester band is observed in the position expected for the free 
carbonyl. However, the water bending band at 1650 cm-1 is 
quite large and may possibly interfere with this band upon 
subtraction. Table S2 summarizes all the assignments of the 
Raman and IR bands according to the DFT calculations. 

Conclusions
In this work we have used vibrational spectroscopy to analyze 
the MEG-PBI structure upon transition from the monomer-like 
to the supramolecular J-aggregate phase. RR excitation energy 
variation facilitated selective probing of different 
chromophores in order to elucidate their participation in the 
aggregation process.  FT-IR provided complementary insights to 
RR and could better discriminate the C=O signal involved in the 
hydrogen bonding among the PBI units. Temperature 
dependent RR spectroscopy revealed that upon aggregation the 
perylene core assumes a distorted conformation with 
elongation parallel to the N-N axis induced by hydrogen 
bonding of the imide protons with carbonyls from neighboring 
molecules resulting in a head-to-tail arrangement. A 
concentration-dependent analysis provided evidence that the 
sample concentration does not affect the aggregation pattern 
in the range studied. Moreover, a full agreement was found 
between the Raman spectrum displayed by the MEG-PBI 
aggregate in solution and that in thin film, suggesting that 
processing of the material from solution to solid does not affect 
its conformation. Deuteration of MEG-PBI helped identify the 
N-H bending vibration, which appeared only in the case of the 
monomer-like phase, as in the J-aggregate the constriction of 
the supramolecular structure causes a reduced intensity. As 
previously known, the aggregation pattern of MEG-PBI in water 
is influenced by the hydrophobic effect, as aggregation is an 
entropically-driven process. Our study revealed that in water a 
stiffer macrostructure is induced even in the monomer-like 
amorphous state, while monomers in toluene appear less 
tightly bound in the supramolecular structure. This difference in 
the PBI structure in the two J aggregates could affect the 
excitonic coupling between the monomer units and be 
responsible for the difference in the optical response observed 
in the two cases. Overall, this study provided key insights in the 
structure of this supramolecular system that can improve the 
understanding of the photophysical properties of this and other 
similar systems.
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