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Aggregation-Induced Emission of Naphthalene Diimides:
Effect of Chain Length on Liquid and Solid-Phase Emissive

Properties
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Alberto Insuasty™,
Conor Hogan,' and Steven J. Langford*™

The aggregation-induced emission (AIE) properties of a system-
atic series of naphthalene diimides (NDIs) varying the chain
length at the imide positions have been studied. A solvophobic
collapse of NDI units through the flash injection of THF NDI
solutions in sonicating water triggers the formation of stable
suspensions with enhanced fluorescence emissions. Shorter
chains favor the m-mn stacking of NDI units through H-

Introduction

Naphthalene diimides (NDIs) have been extensively studied for
many years due to their exceptional electronic properties. NDIs
are planar and electron defficient molecules exhibiting high
electron affinities and capability to self-assemble to form higher
nanoarchitectures, which make them good candidates for a
broad range of several applications such as supramolecular
chemistry, molecular recognition, biological sensors, bioimaging
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aggregation producing a strong AIE effect showing remarkably
high quantum yields that have not been observed for non core-
substitued NDIs previously. On the other hand, NDIs functional-
ized with longer chains lead to more disordered domains where
n-t stacking between NDI units is mainly given by J-aggregation
unfavoring the AIE effect.

and optoelectronic devices."™ The chemical versatility of NDIs,
synthetically speaking, offers the possibility to functionalize
them mainly at the core or the imide positions, giving rise to
large library of molecules with tunable electronic properties,
good charge carrier mobilities, remarkable thermal and oxida-
tive stabilities, which make NDI units excellent building blocks
for applications in photovoltaic devices and fexible displays.”®
The functionalization on the naphthalene core (via core-
substitution or core annulation), mostly with heteroatoms (N, S,
O) can affect dramatically their electronic properties producing
a range of compounds with almost a pallete of custom
designed colors with moderate or good quantum yields.?*'”
The functionalization at the imide nitrogens (N-imide), affects
not only their solubility, but also the supramolecular packing
and even the processability in optoelectronic devices where
different organized layers are desirable."""®" However, the
application of non core-substitued NDI in fluorescence sensing
or light emitting have been hindered due to their weak
fluorescent quantum yields."”

In the last decade, the Aggregation-Induced Emission (AIE)
phenomena has attracted a large interest since it is well
manifested in self-aggregating materials."*'® This phenomena
has emerge as a new concept that changes the reasoning of
scientists in regard to classical photophysical features. In the
AIE effect the emission fluorescence properties is enhanced and
allow these molecules to exhibit more efficient light emission
when they aggregate usually through m-n contributions. The
mechanisms that lead to AIE effect, firstly elucidated by Tang
etal,"""® are related to a process called restricted intra-
molecular motions (RIM), which can be obtained for instance
through self-aggregation, solid state, hydrophilic interactions
and excimer formation. In particular, the phenomenon has been
exploited for applications in bioimaging and theragnostic due
to the excellent photostability of such aggregates and high
fluorescence quantum yields.""?? AIE phenomena can also
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bring a wide range sensing,”
nanomedicine” and organic solar cells.

The AIE effect has been observed on NDIs derivatives with
great ability to self-organize in supramolecular assemblies upon
different stimuli such as solvent effects, temperature and
condensed states."** Core-substituted NDIs (cNDIs) with high
tendency to self-assemble and exhibiting AIE effect have been
reported and studied in several occasions.”’°*? Simple NDIs
functionalized only at imide positions have also exhibited AIE
phenomena. Among the latter, various cases usually requires
the non-symmetric functionalization at the imide positions. For
instance, electron-donor units and aliphatic chains moieties at
the imide positions, are able to self-assemble through amide H-
bonding, n-m stacking of the NDI cores and hydrophobic
interactions between the alkyl chains, which can be balanced
by solvophobic control using different mixture of solvents.®™
However, such supramolecular ensembles tends to exhibit an
AIE effect with moderate photoluminescence quantum yields
(dp), together with the need of relatively long synthetic
procedures to obtain the unsymmetrical NDI derivatives.
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Figure 1. Molecular structures of NDIs varying the chain length, from the left
NDI-C3 to the right NDI-C8.
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Regarding the symmetrical functionalization at the imide
positions we have previously reported simple NDIs whose
optical properties were switched on through the melt of
crystalline materials to demonstrate how macromolecular order
effects optical brightness.”® Symmetrical NDIs with long chains
have been also reported exhibiting AIE effects but still relatively
low quantum yields are observed.?*>

Here, we present a systematic case study using NDIs with
varying the length of the chains at imide positions (Figure 1)
evaluating the effect on the emissive properties at the liquid
and solid-phase. The synthesis is a one-step reaction through
the commercially-available naphthalene dianhydride with C3-C8
amines (see supporting information). Although some studies of
the effect of elongating the chains in NDIs have been
performed, they have been devoted to study their
supramolecular structures on highly oriented pyrolytic graphite
(HOPG) surfaces,”” thermal expansion behavior on thin films®®
and field-effect transistors,”® but none have focused their
attention on the study of AIE behavior. We demonstrate how
elongating chains at the imide position can bring a change in
the emission properties in an aggregated form in the liquid and
solid states, allowing quantification through a color palette
used in several applications.

Results and Discussion

Absorption studies of all compounds NDI-(C3-C8) in THF
(solvent in which NDI molecules are well solvated) across the
UV-Vis range exhibited the characteristic bands in the near-UV
at 380, 360 and 340 nm related to the z-n* transitions polarized
along the long axis of the NDI (Figure 2A).“**" The emission
spectra generated from THF solutions upon excitation (A=
340, 360 or 380 nm) show maxima at 410 nm with a shoulder
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Figure 2. A) Absorption spectra of NDI-(C3-C8) in THF (1x107* M) and the mixture H,O:THF (95:5). B) Emission spectra of NDI-(C3-C8) in THF at A, = 340, 360,
380 nm (1x107* M) (dashed lines) and in the mixture H,O:THF (95:5) (solid lines). C) Fluorescence lifetime decay profile (., =344 nm) of the flash injected
solutions in water for NDI-(C3-C8). D) Images of NDI-(C3-C8) in THF under 365 nm hand-lamp irradiation.
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around 430 nm, which is usually assigned to the characteristic
emission of the NDI core (Figure 2B, dashed lines).*"” Typically,
NDI solutions in THF usually produce a low emissive solutions
under 365 nm UV-lamp (Figure 2D). However, it is possible to
trigger a nanoprecipitation of NDI units by flash injecting an
aliquot of NDI THF solution in sonicating water (see S| for more
details), giving rise to a suspension of aggregates showing a
marked enhanced emission under the exposure to a UV-lamp
illuminated at 365 nm (Figure 3A), thus indicating that NDI-(C3-
C8) exhibit an AIE phenomena upon nanoprecipitation in water.
This procedure has been used in other reports an represents an
efficient methodology to achieve Aggregated-Induced Electro-
chemiluminescence  (AIECL) phenomena in  metallic
compounds.*? UV-vis spectra for NDI-(C3-C8) suspensions
showed, on one hand, that for compounds NDI-(C4-C8) a
decrease in absorbance and a bathochromic shift with a loss on
the fine featuring bands observed in THF to 395, 370 and
345 nm (Figure 2A), commensurate with the formation of J-
aggregates.®>*># On the other hand, interestingly, the
absorption spectra for NDI-C3 suspension (Figure 2A, dark
green line), interestingly, shows a different behavior with
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Figure 3. A) Images of the flash injected THF NDI-(C3-C8) solutions in water
(H,O:THF; 95:5) under 365 nm hand-lamp irradiation. B) CIE coordinates of
the NDI-(C3-C8) in water suspensions. C) Images of NDI-(C3-C8) in the solid
state under 365 nm hand-lamp irradiation. D) CIE coordinates of NDI-(C3-C8)
in the solid state.

CHEMISTRY

AN ASIAN JOURNAL

respect to the others, exhibiting a blue shifting, displaying the
highest absorption peak at 345 nm over absorptions at longer
wavelengths, attesting the formation of H-aggregates.®*#'4¢->0
The change in structure within the aggregates prompted us to
investigate the vibronic peak ratio 0-0/0-1 for all spectra: NDI-
C3 is <1 indicating the dominance of H-type aggregation, ~1
for intermediate lengths like for NDI-(C4-C6) and becomes > 1
for the longer chains in NDI-(C7 and C8) indicative of the
dominance of J-type aggregates.?****” Obviously, the competi-
tion between dispersive forces within this simple series high-
lights practical design features one can use to produce designer
properties.

Fluorescence emission spectra in aqueous solutions for all
NDI-(C3-C8) derivatives are shown in Figure 2B (solid lines). The
emission spectra of all NDI derivatives in aqueous solution
showed a bathochromically shifted emission ranging from
420 nm to 500 nm, being more pronounced that shifting and
with broader bands in the case of shorter chains such as NDI-
C3 and NDI-C4 (Figure 2B). The reason why NDI-C3 and NDI-C4
show broader and featureless bands could be found in the
nature of the lowest-energy transition, which is usually dipole-
forbidden for H-aggregated but allowed for J-aggregates.®**"

The excited-state lifetime decays also show a change
passing from THF to water due to the formation of aggregates
(Figure 2C, Table 1). H-aggregates of NDIs have shown for
similar compounds longer lifetimes than J-aggregates, and in
contrast with the monomeric dissolved form.2#*2 |n this case,
it is observed a decrease of lifetime exciting at 344 nm and
monitoring at the characteristic emission wavelength of each
molecule with the lengthening of the chains. The only
monoexponential decay found is the one associated with the
excited state of the NDI C3 H-aggregate, which also displays
the longest-lived lifetime - all the others examples are multi-
exponential and shorter in value (see Table S1 in the supporting
information for complete data). This behavior could be
attributed to the fact that different intermolecular interactions
between neighboring NDI units can give rise to different
exciton dynamics, where distinct exciton migration and relaxa-
tion processes take place. In this sense, probably, in J-
aggregates the stacking arrangement of NDI units leads to a
splitting of the excitonic energy levels due to the weak
intermolecular coupling. This energy splitting results in the
presence of multiple excitonic states with different energies
and lifetimes. On the other hand, the stacking arrangements in

Table 1. Photophysical properties of NDI C3-C8 in THF, H,0 and solid state (SS). “A., 340, 360, 380 nm; PAex 344 Nm nanoled light source.‘average lifetime (S|
for complete data values).
Emission (nm)* Opy (%) Toe (S)°
Amaw THF Amax H20 THF H,0 SS THF H,0
c3 408 490 <1 21.9 39.2 <1 225
c4 408 450 <1 147 19.7 <1 34°
c5 408 428 <1 6.5 15.7 <1 2.6°
c6 408 421 <1 15 4.7 <1 <1¢
c7 408 434 <1 <1 4.6 <1 <1°
cs8 408 434 <1 <1 1.4 <1 <1°
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H-aggregates allow for strong intermolecular interactions,
which facilitate efficient exciton migration and energy transfer
processes within the aggregate. As a result, the excited-state is
effectively channeled towards a dominant decay pathway,
leading to a single exponential decay or dominant decay
component.1#53-5¢

It is clear from Figure 3A, that dramatic optical effects are
seen across this series. Even to the naked eye, the longer the
alkyl chain, the bluer the emission (Figure 3A). CIE coordinates
of nanoaggregates solutions in water exhibiting AIE properties
show a linear trend in the chromatic diagram (Figure 3B),
moving in the blue region from whiter to bluer shifted
coordinates commensurate with shorter to longer chains (Fig-
ure 3B). To the best of our knowledge, such a behavior
stemming from a small and simple set of organic molecules
with only a slight modification on the molecular structure have
not been observed and should lead to interest in the design of
new chromophores with the possibility of linear adjustment of
modulated specific emissions. Most of the examples exhibiting
such linear behavior are dye-based, metal-coordination poly-
mers or perovskites.*’"

Studies in the solid state of NDI-(C3-C8) also display AIE
properties (Figure 3C). As depicted in Figure S1 (in the support-
ing information), emission profiles are broader and less featured
than in THF resembling the results described upon nano-
precipitation. Solid state ¢, (Figure 3C, Table 1) follow as well
the same trend with a decrease in value passing from shorter to
longer alkyl chains. This produces a cone pattern on the CIE
chromaticity diagram of possible colors that can be modulated
by shortening or elongating the alkyl chain of these NDI
molecules (Figure 3D). We believe that such a difference
between both CIE diagrams rely on the different packing from
the solid state to the nanoprecipitated where H-aggregates are
more favored in the solid state. The ¢ for NDI-C3 in the solid
state (39.2%) is the highest quantum yield so far reported for a
non core-substitued NDI, and its ¢p obtained in solution
(21.9%, Table 1) is one of the highest so far reported for a
simple NDI just behind few cases reported.***? However, in one
of those cases the synthesis of NDI derivatives requires up to
five reactions steps achieving a non-symmetric functionalization
at the N-imide positions. The resulting amphiphile molecule is
capable of self-assemble into microcapsule nanostructures
stabilized via amide H-bonding an exhibiting an AIE effect with
a ¢p Of 22.8%.5% In the other example, a chemosensor based
on carboxyl functionalized NDI showed AIE after reaction with
Hg*" leading to a ¢p_of 32%.°" It is clear that our methodology
becomes quite appealing with just one reaction step of
synthesis and no metal required or a further functionalization
for AIE phenomena. In other examples, NDI units with long
saturated and unsaturated alkyl chains at imide position have
exhibited AIE effect with quantum yields up to 5% in THF/H,0O
mixtures, however still far from the values reported in this
work B

The chain length dependence aggregation behavior of NDI-
(C3-C8) molecules has also been evaluated by thermal analysis.
Differential Scanning Calorimetry (DSC) scans have been
implemented on all NDI derivatives with varying chain length.
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As summarized in Figure 4A, the onset temperatures of both
melting peak and crystallization peak are revealed to monotoni-
cally decrease with chain length, suggesting that shorter chain
length enables the formation of different aggregation forms
when compared to longer ones. Furthermore, transition
enthalpy of both melting and crystallization peaks were
extracted from the raw DSC data and represented in Figure 4B
(see Figure S2 for raw DSC traces). Note that the sudden drop in
enthalpy of NDI-C6 is due to the formation of polymorphic
crystallites or different liquid crystal phases as reported for
related systems.”*?

In order to have an insight about n-stacking of the different
NDI units, powder XRD measurements were performed (Fig-
ure S3). According to the literature concerning NDI
supramolecular nanostructures, interplanar n-n distances are
reported to be in the range of 20 = 23°-25°1¥4481 gych
characteristic diffraction peaks are more clearly observed for
shorter chains (C3-C5) while for larger (C6-C8) such distances
are less pronounced (Figure S3). This behavior is indicative of a
supramolecular packing where the n-stacking of NDI units
through H-aggregates becomes important, favoring the AIE
phenomena with higher quantum vyields. The lack of these
peaks for longer chains where n-n distances with J-aggregates
are not so representative rendering the system less emissive.

All the above presented results can be rationalized probably
in terms of the degree of freedom of NDI units to stack among
the aliphatic chains upon the solvophobic collapse on the flash
injection in water. We believe that longer chains with a bigger
solvophobic domains leave the NDI cores to interact in a more
disordered way favoring J-aggregation (Figure 5). On the other
hand, shorter chains with a much smaller solvophobic domains
constrain NDI cores to stack in a more restricted way (H-
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Figure 4. A) Onset temperatures of crystallization and melting peaks as a
function of chain length. B) Plots the enthalpy of both crystallization and
melting peaks. All values are extracted from primary thermal events with
highest temperature for each investigated sample.
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Figure 5. Schematic representation of the possible nanoaggregates showing

J- and H- aggregates upon flash injection in water and exhibiting a marked
AIE phenomena for shorter chains.
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aggregates) in order to protect NDI cores from water more
effectively in which AIE effect is turned on (Figure 5). In this
sense, the observed AIE effect is probably given due to the
restriction of intramolecular motions as reported elsewhere for
non-symmetric NDI systems.’¥ In the aggregated state, the
non-radiative decay channels are hindered due to RIM events
which lead to the enhancement of emission properties.!'6-8%%

Conclusions

In conclusion we have studied the AIE properties of simple NDIs
varying the length of the alkyl chains (C3-C8). The photo-
physical studies of these compounds showed that they
assemble into H-type or J-type aggregates depending on the
nature of the chain - shorter chains favoured H-aggregates and
they are much more emissive in comparison with longer ones
exhibiting mainly J-aggregates. A simple synthesis path allowed
us to achieve the highest ¢p, so far reported for simple NDIs in
the solid state (C3 - 39.2%) and one of the highest in solution
(C3 - 21.9%). Moreover, AIE properties showed a responsive
and linear pattern in the chromatic diagram moving from
whiter to bluer shifted coordinates when passing from shorter
to longer chains, a behavior rarely observed with such a slight
modification on a small organic molecule. This here reported
strategy together with additional design strategies for bright
NDI molecules such as core-subtitution or shoulder conjugation,
could lead to a wide range of highly emissive molecules for
different purposes with relatively ease. H-aggregates could be
favored by a solvophobic collapse using short alkyl chains
without the need of H-bonds in the molecular self-assembly,
which usually requires more complex reaction steps to get the
desired molecular structure. We believe that this work paves
the way for the design of new NDI molecules as promising
AlEgens with simple synthetic strategies.
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