
RSC Advances

PAPER
Self-assembly of
Dipartimento STEBICEF, Sezione di Chim

Palermo, Italy. E-mail: francesca.danna@un

† Electronic supplementary information (E
compounds characterization. UV-vis, uor
See DOI: 10.1039/c6ra10250f

Cite this: RSC Adv., 2016, 6, 59502

Received 20th April 2016
Accepted 10th June 2016

DOI: 10.1039/c6ra10250f

www.rsc.org/advances

59502 | RSC Adv., 2016, 6, 59502–595
fluorescent diimidazolium salts:
tailor properties of the aggregates changing alkyl
chain features†

Floriana Billeci, Francesca D'Anna,* Salvatore Marullo and Renato Noto

Searching for new fluorescent organic salts to be used in biomedical and electrochemical field, we

conjugated properties of imidazolium salts with the ones of naphthalene diimide core and we obtained

some N,N0-bis-(1-alkyl-3-propylimidazolium)naphthalene diimide diiodides. We took into account alkyl

chains going from hexyl to dodecyl, as well as hydrogenated and fluorinated alkyl tails. After

determination of their thermal behaviour by differential scanning calorimetry, concentration-, and

temperature-dependent spectroscopic studies (UV-vis and fluorescence) were performed evidencing the

occurrence of isodesmic and enthalpy-driven self-assembly processes. Properties of aggregates were

also investigated in the solid state by fluorescence spectroscopy and scanning electron microscopy

(SEM). Information obtained evidenced the formation of H-aggregates that are organized in spherical or

disk-like structures.
Introduction

Self-assembled materials are the object of an intense interest,
stretching from aggregates observed in natural systems, to the
wide range of application of synthetic ones. Both share the
emergence of peculiar properties from the reversible and
spontaneous association of molecular building blocks.1

Hence, self-assembly is a viable route to obtain nano-
structures and smart materials, which can be employed in
different technological elds, spanning from biosensing, opto-
electronics, to solar cells.2–5 In this context, the most promising
self-assembled materials appear to be based on p-conjugated
molecules endowed with extended aromatic nuclei and well-
dened redox properties. These include oligophenyleneviny-
lenes, oligophenyleneethylenes, oligothiophenes, per-
ylenediimides and naphthalene diimides.6–8

The principal non-covalent interactions involved in the
formation of their aggregates are p–p stacking between
aromatic surfaces and hydrogen bonds. However, in these self-
assembly processes both solvent system and substituents take
on key roles.

The strong link between monomer structure and properties
of the aggregates is manifested in the possible formation of J
and H aggregates,9,10 where the aromatic nuclei are staggered
ica, Viale delle Scienze, Ed. 17, 90128

ipa.it

SI) available: Synthetic procedures and
escence and NMR spectra. SEM images.

12
along the longitudinal axis of the molecule or arranged in
parallel, respectively.

Among the various aromatic nuclei able to self-assemble,
a pivotal role is exerted by naphthalene diimides (NDIs). Their
structural features are suitable for several applications, such as
n-type organic semiconductors, optoelectronics, organic solar
cells and the organic light emitting diodes.11 Indeed, accessible
p orbitals and extended charge delocalization area facilitate
charge transfer.12,13 Other interesting applications show NDI
used in biomedical eld, as charge device and DNA inter-
calators.12,14–16 In the last case, the NDI moiety allows the
formation of aggregates and, as a consequence, the interaction
between biosensor and DNA.15 The particular redox properties
of the NDI nucleus allow its derivates to be used also as elec-
tronic scaffolds in lipid bilayers.17 Furthermore, NDI has been
used to analyse the role of DNA-G-quartet/quadruplex core in
the charge transfer. These additional examples conrm the
versatile features of these systems.18

To date, the study of these systems has been mainly focused
on neutral NDIs. To the best of our knowledge, only two reports
have taken in consideration viologen derivatives bearing NDI
core, able to form supra-amphiphiles to be used in optoelec-
tronic systems.19,20 This raises an important question: what
would be the utility of preparing new organic salts having NDI
core?

The presence of cationic heads on this electron decient core
could be crucial in all the applications in which coulombic
interactions play a pivotal role, like biomedical and energetic
materials. In the rst case, these derivatives should provide
charged species able to interact with polyanions like DNA
avoiding the need to prepare metal complexes. As far as the use
This journal is © The Royal Society of Chemistry 2016
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as semiconductors is concerned, organic salts based on NDI
bearing in their structure the support electrolyte should reduce
the use of more corrosive inorganic salts.

In the last few years, there has been a growing interest in the
obtainment of uorescent organic salts and in particular of
dicationic ones.21 Data so far reported evidence their high
thermal stability, up to about 300 �C, their good solubility in
common organic solvents and the possibility to obtain from
them bres and thin lms, similar to amorphous polymers.
Differently from these latter, organic salts avoid the use of
complex synthetic protocols and their properties as well as their
applications can be nely tuned bringing about small changes
on the cation or anion structure.

Aggregation of organic salts both in solution and in solid
state is generally characterized by the emission of blue light. In
some cases they have shown chemical behaviour typical of ionic
liquids and liquid crystals.12,22,23 Moreover, it has been demon-
strated that the presence of charges in the molecule can
improve both the aggregation ability and electronic properties
through the electrostatic interaction, increasing the life time of
charge-separated state.19,24

Bearing this in mind, in the framework of our interest in the
aggregation ability of diimidazolium salts endowed with an
aromatic spacer,6,25 we decided to combine the well-known
properties of imidazolium salts with the ones of NDI core.
Then, we herein report a study of the self-assembly ability of
several N,N0-bis-(1-alkyl-3-propylimidazolium)naphthalene dii-
mide iodides ([CnNDI][I]) (Chart 1) with the aim to answer two
main questions: (i) how the alkyl chain length affects their self-
assembly ability? (ii) Is the substitution of hydrogenated by
uorinated tails able to induce signicant changes in their self-
assembly ability?

To these aims, alkyl tails going from hexyl to dodecyl have
been taken into account. This should allow evaluating the
inuence of van der Waals interactions on the formation of
aggregates. Indeed, longer chains should enhance aggregation,
but at the same time may interfere with the core p–p stacking,
thus destabilizing the aggregates.26,27

Fluorinated alkyl chains have also been taken into account.
It is noteworthy that the presence of these chains oen
increases the thermal stability of substrates, affects their exi-
bility and could also lead to mesophases.28,29 Moreover, long
uorinated alkyl chains, such as those in [C8FNDI][I] and
[C12FNDI][I] should increase the hydrophobic character of the
system.30

Firstly, we analysed the thermal properties of all salts by
means of Differential Scanning Calorimetry (DSC)
Chart 1 Diimidazolium NDI salts studied.

This journal is © The Royal Society of Chemistry 2016
measurements. Then, we tested the aggregation properties of
our salts in a wide range of solvents by UV-vis and uorescence
measurements. We carried out concentration dependent UV-vis
and uorescence measurements in all solvents supporting
aggregation of the salts. To obtain additional information on
the importance of hydrogen bonding on the aggregates forma-
tion, we also analysed the effect of the addition of a protic
solvent like methanol.

The thermodynamic parameters relating to the aggregation
processes were determined by temperature dependent UV-vis
analysis. Variable temperature 1H NMR investigations allowed
us to identify the protons more involved in the aggregation
process.

Finally, the solid phase properties of systems were analysed
through uorescence spectra and SEM images.
Results and discussion
Synthesis of diimidazolium NDI salts

Our dicationic organic salts were synthesized using a two-step
procedure. In the rst step, the 1,4,5,8-naphthalene tetra-
carboxylic anhydride (NDA) was reacted with a small excess of 3-
aminopropylimidazole (2.2 eq.) in DMF solution at 140 �C,
according to a previous reported procedure (Scheme 1).31

This allowed us to obtain the N,N0-bis-(3-imidazol-yl-propyl)-
NDI (1) in good yield. The following alkylation of (1) was carried
out using a stoichiometric amount (2 eq.) of alkyl iodide in DMF
solution at 90 �C (Scheme 2).

Solvent removal under vacuum and treatment of crude
product with diethyl ether under ultrasound irradiation allowed
us to obtain reaction products with high yields (details of
synthetic procedures and full compounds characterization are
reported in ESI†).
Thermal behaviour

The thermal behaviour of our organic salts was investigated
performing DSC measurements. Traces of heat-cool cycles ob-
tained are reported in Fig. S1.† With the only exception of
[C10NDI][I] (Fig. S1†), in all the other cases, in the heating cycle
we observed transitions that were ascribed tomelting processes.
The melting temperatures and enthalpies were determined
respectively from the maximum of the signal and from its area.
In conrmation of this, observation of the salts using a polar-
ized optical microscope (POM) allowed us to rule out meso-
phases formation, and by heating we obtained isotropic
solutions. The trend of melting temperatures (Tm) as a function
of the number of methylene units in the alkyl chain (nCH2

) is
shown in Fig. 1. Furthermore, Tm are reported in Table S1,†
together with enthalpy (DHm) and entropy (DSm) variations.
Scheme 1
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Scheme 2

Fig. 1 Plots of (a) melting temperature (Tm) as a function of nCH2
and

(b) odd–even distribution.
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Analysis of values collected indicates a certain effect of alkyl
chain length on the melting temperature. The trend detected
was quite complex. The above trend results more clear if data
are analysed as a function of the odd or even number of
methylene units in the alkyl chain. Indeed, opposite trends were
detected for the two series. For odd terms, Tm increase with the
increase in the number of methylene units. On the other hand,
as for the even terms, Tm gradually decrease on going from
[C6NDI][I] to [C12NDI][I]. Interestingly, a divergence among the
above trends can be detected at higher number of methylene
units (Fig. 1b). The odd–even effect has been already used by
Desiraju et al.32 to explain the trend of some physico-chemical
properties like the elastic modulus and melting temperature
of a,u-alkane dicarboxylic acids. In that case, the divergence
between even and odd terms occurred at low number of meth-
ylene units. Also in the series of ionic liquids this effect has
proved to be crucial in determining trend of density and
experimental molar volume of alkylphosphonium and imida-
zolium salts.33
59504 | RSC Adv., 2016, 6, 59502–59512
Thermodynamic parameters corresponding to melting
process indicate that, for even terms, a decrease in Tm values as
a function of alkyl chain length is the result of a corresponding
increase in DSm values. This accounts for a more extensive
association of molecules in the solid state for salts with longer
alkyl chains. On the contrary, the entropic contribution
becomes unfavourable in the case of odd terms and induces the
increase in Tm.

Fluorination of the alkyl chain causes an increase in Tm
values, as accounted for by the comparison among data
collected for [C8NDI][I] and [C8FNDI][I] or [C12NDI][I] and
[C12FNDI][I]. Thermodynamic parameters indicate that the
increase is mainly determined by an enthalpic contribution.
This result agrees with the one previously reported about
tribological properties of geminal dicationic organic salts
bearing uorinated alkyl spacer.34 Furthermore, more recently
the above effect has been also detected comparing Tm of imi-
dazolium ionic liquids having alkyl and peruoroalkyl side
chains,35 and it has been ascribed to different segregation of
non polar hydrogenated and peruorinated regions.
Spectroscopic investigation

Spectroscopic properties of our organic salts were investigated
using UV-vis and uorescence measurements. In particular,
their photophysical behaviour was rstly analysed in solvents
having different polarities and hydrogen bond donor abilities,
like acetone, acetonitrile (ACN), chloroform (CHCl3), 1,4-
dioxane (1,4-Diox), N,N-dimethylformamide (DMF) and tetra-
hydrofuran (THF). UV-vis and uorescence spectra of solutions
at a xed concentration (5� 10�5 M) as a function of solvent are
reported in Fig. 2 and S2.†

UV-vis spectra show two main absorption bands located at
�354 and 374 nm and a shoulder at �340 nm. The position of
these bands was barely affected by solvent nature and the
attempt to correlate lmax with solvent polarity gave no regular
trend, but evidenced on the whole an hypsochromic shi (�3–4
nm) with the increase in solvent polarity. In some cases (1,4-
Diox, THF and DMF), we observed a signicant hypochromic
effect.

Analysis of uorescence spectra (Fig. 2b and S2†) clearly
allowed us to ascribe the above changes to the occurrence of
aggregation processes. Indeed, in solvents like acetone, meth-
anol, chloroform and acetonitrile, main emission bands were
quite intense and located at�385 and 405 nm. In these solvents
the emission is strongly dominated by the monomeric compo-
nent. Consequently, in these cases, we rule out the possibility of
aggregation induced emission, which has been recently
observed in amide functionalised NDIs.36 However, moving
from these solvents to DMF, THF and 1,4-Diox solutions, we
detected a loss of the well-resolved spectra and a signicant
decrease in the uorescence intensity. Similar changes have
been previously reported in literature and have been considered
as clear evidences of aggregation processes.37–39

In the light of the above results, we performed concentration
dependent UV-vis and uorescence measurements. Concentra-
tions used ranged from 2 � 10�7 M up to 1 � 10�4 M. In
This journal is © The Royal Society of Chemistry 2016



Fig. 2 (a) UV-vis and (b) fluorescence spectra of [C12NDI][I] at 5 �
10�5 M as a function of solvent nature.

Fig. 3 (a) UV-vis (1 � 10�6 O 1 � 10�4 M) and (b) fluorescence spectra
(lex ¼ 362 nm) of [C12NDI][I] (2 � 10�7 O 1 � 10�4 M) in DMF solution
as a function of concentration.
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particular, to have information about solvent and alkyl chain
length effect, with the only exception of [C8FNDI][I] and
[C12FNDI][I], measurements were carried out in THF and DMF.
For the last two salts, solubility issues allowed using only DMF.
The solvent effect was further investigated using [C12NDI][I] as
model substrate and studying self-assembly process also in 1,4-
Diox and CHCl3. In Fig. 3 and S3,† UV-vis and uorescence
spectra for [CnNDI][I] are shown as a function of concentration.

UV-vis spectra indicate that intensity of absorption bands
gradually increased with salt concentration, without following
the Lambert–Beer law. This is better evidenced looking at the
trend of molar extinction coefficient (3) that drops dramatically
as the concentration increased (inset Fig. 3a and S4†). Raising
the concentration induced also small but consistent hyp-
sochromic shis in the main absorption band ranging from 0.9
nm in DMF to 2 nm in THF solutions. According to previous
reports,6,40–42 the hypsochromic effect is the result of the
formation of H-type assembly with parallel stacking of
chromophores.

As for uorescence investigation, we detected different
trends as a function of the emission wavelength. Indeed, an
increase in salt concentration induces a drop in uorescence
intensity (I) in the range 380–500 nm. Moreover, signicant
changes in the shape of emission band were also observed, like
its enlargement and loss of ne structure. Conversely, a raise in
intensity of the band located at�550 nm was evidenced, further
conrming the occurrence of aggregation processes.10,43 The
increase in concentration also induced a blue shi of the main
emission band and it was more signicant in THF (�4 nm) than
This journal is © The Royal Society of Chemistry 2016
in DMF solution (�2 nm). Then, we determined I/C values at
415 nm for [C8NDI][I] in DMF, [C10NDI][I] in THF and DMF.
Moreover, I/C was determined at 533 nm for [C12NDI][I] in
dioxane, 435 nm [C12NDI][I] in CHCl3 and at 422 nm in all other
cases. These values gave as a function of salt concentration
a hyperbolic trend, and the determination of inection point
allowed us to calculate the salt concentration corresponding to
the onset of aggregation (Con). These values are displayed in
Fig. 4 and Table S2.†

Con range from 1.0 � 10�6 up to 5.5 � 10�6 M in THF and
from 1.1 � 10�6 up to 3.3 � 10�6 M in DMF solution. In the
latter solvent, Con are generally lower than the ones determined
in THF.

Plots in Fig. 4 indicate the presence of two series as
a consequence of odd or even number of methylene units in the
alkyl chain.

Self-assembly is negatively affected by the presence of uo-
rinated tails. Indeed, signicantly higher Con were calculated
for [C8FNDI][I] and [C12FNDI][I] with respect to [C8NDI][I] and
[C12NDI][I].

As above stated, the solvent effect was analysed for [C12NDI]
[I], performing measurements in four solvents. In this case, Con

increases along the series: Con,THF < Con,DMF < Con,1,4-Diox <
Con,CHCl3. The above trend does not t neither the one of solvent
polarity nor viscosity (ENT ¼ 0.407, 0.259, 0.207, 0.164 and h ¼
0.79, 0.54, 0.46 and 1.18 cP for DMF, CHCl3, THF and 1,4-Diox,
respectively).44 Many reports have underlined that factor
different from solvent polarity and viscosity, like size and shape
of molecules can be crucial in determining self-assembly
processes.45,46 Consequently, to take in consideration
RSC Adv., 2016, 6, 59502–59512 | 59505



Fig. 4 Plots of Con as a function of nCH2
(a) in THF and (b) in DMF

solution.
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geometrical features of solvents, we used DFT optimized
geometries and Amber atomic radii, recently determined
studying self-assembly processes of some phenyleneethynylene
diimidazolium salts.6 In particular, the ratio of the smallest to
the largest molecular dimension (m/M) gives information about
the shape of solvent molecule. In the present case, all solvents
used resemble an oblate ellipsoid and with the only exception of
DMF, Con increases with drop in m/M values (m/M ¼ 0.67, 0.59,
0.48 and 0.48 for THF, 1,4-Diox, CHCl3 and DMF respectively).
The above result indicates that, shape being the same, self-
assembly of [C12NDI][I] is determined by a concomitant action
of size and polarity of solvent used. For comparable polarities,
the drop in size determines a decrease in the self-assembly
ability.

Data collected by uorescence measurements were further
analysed to get quantitative information on the aggregation
Table 1 Association constants (Kass) as a function of different nature of

Salt 10�6 Kass,THF (M
�1) 10�6 Kass,DMF (M

[C6NDI][I] 1.60 � 0.20 4.00 � 0.10
[C7NDI][I] 0.60 � 0.06 2.45 � 0.10
[C8NDI][I] 2.30 � 0.10 2.20 � 0.10
[C9NDI][I] 3.00 � 0.10 2.00 � 0.10
[C10NDI][I] 2.60 � 0.10 2.00 � 0.10
[C11NDI][I] 1.40 � 0.10 1.70 � 0.10
[C12NDI][I] 3.00 � 0.10 2.20 � 0.20
[C8FNDI][I] 1.40 � 0.10
[C12FNDI][I] 2.20 � 0.10

59506 | RSC Adv., 2016, 6, 59502–59512
ability of salts, determining the association constants (Kass). To
this aim, we calculated the aggregation degree (aagg), which is
the fraction of molecules present in the aggregates, using the
eqn (1)

aagg ¼ IðCÞ � Imon

Iagg � Imon

(1)

where I(C) is the emission intensity at a given concentration,
Imon is the emission intensity detected for the lowest salt
concentration and Iagg is the emission intensity detected for the
highest salt concentration. aagg was determined at 415 nm for
[C8NDI][I] in DMF, [C10NDI][I] in THF and DMF. Moreover, aagg
was determined at 533 nm for [C12NDI][I] in dioxane, 435 nm
[C12NDI][I] in CHCl3 and at 422 nm in all other cases. Then, we
plotted aagg as a function of concentration. All plots obtained
displayed a sigmoidal trend, where aagg gradually increased
from 0 to 1 as the salt concentration increased (Fig. S5†).
According to previous report in literature,47,48 such behaviour
indicates the occurrence of an isodesmic process of aggrega-
tion. In this case, the aggregation is considered as a succession
of equilibrium steps in which a monomer is incorporated into
the growing stack. In this model of aggregation, the constant is
the same irrespective of the length of the stack. To obtain the
values of association constant (Kass), we tted this plot by non-
linear least square analysis using eqn (2) based on the iso-
desmic model:49

aagg ¼ 1� 2KassC þ 1� ð4KassC þ 1Þ1=2
ð2KassCÞ2 (2)

Kass values as a function of salt and solvent used are reported in
Table 1 and displayed in Fig. 5.

Kass range from 0.60 � 106 up to 3.00 � 106 M�1 in THF and
from 1.40 � 106 up to 4.00 � 106 M�1 in DMF. In THF, the
highest stability was detected for [C9NDI][I] and [C12NDI][I],
whereas the lowest was observed for [C7NDI][I]. Otherwise, in
DMF the lowest stability was detected for [C8FNDI][I], whereas
[C6NDI][I] gave rise to aggregates having the highest stability.

Trends of Kass as a function of alkyl chain are different in two
solvents. Indeed, in THF it resembles a bell-shaped curve;
whereas in DMF Kass irregularly decreases with a raise in the
alkyl chain length (Fig. 5).

The trend obtained in DMF solution indicates that stability
of the aggregates is negatively affected by the presence of longer
salt and solvent

�1) 10�6 Kass,CHCl3 (M
�1) 10�6 Kass,1,4-Diox (M

�1)

0.40 � 0.05 1.40 � 0.10

This journal is © The Royal Society of Chemistry 2016



Fig. 5 Plots of Kass as a function of alkyl chain length determined in: (a) THF; (b) THF for odd or even terms; (c) DMF solution.

Fig. 6 Fluorescence spectra of [C12NDI][I] at 5 � 10�5 M: (a) in THF/
MeOH and (b) DMF/MeOH binary mixtures as a function of MeOH
percentage (lex ¼ 362 nm).
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alkyl chains. Probably, in such polar solvent, the unfavourable
contact with non polar chains induces the partial wrapping of
these latter that, interfering with NDI spacer organization,
causes a drop in Kass.

On the whole, trend observed in THF is quite complex.
However, the above trend can be better understood dissecting
salts on the grounds of odd or even number of methylene units
in the alkyl chain. For even terms a gradual increase with the
alkyl chain length was observed. Differently, for odd terms
[C9NDI][I] represents the best compromise among stabilizing
and destabilizing effects.

The different behaviour of odd and even terms has been
already observed in self-assembly processes. It represents one of
the main concerns as frequently allows modulating properties
and consequently applications of aggregates. Recently, Sànchez
et al. have reported data about the effect that odd or even
number of methylene units has on the self-assembly of linear
bis(benzamides).50 Moreover, the presence of odd or even
number effect has proven to be crucial in determining the
gelling ability in toluene solution of a series of perylenebisimide
dimers.51

As far as solvent effect is concerned, results obtained
perfectly reassert the considerations about Con. Indeed, size of
solvent molecules determines trend of Kass, as accounted for by
its parallel decrease with m/M ratio (Kass: THF > 1,4-Diox >
CHCl3).

By contrast, the effect of the uorinated tail resulted
different depending on the alkyl chain length. Indeed, aggre-
gates of lower stability were formed by [C8FNDI][I] with respect
to the ones formed by [C8NDI][I]. However, no signicant
differences were observed as far as corresponding dodecyl
derivatives were compared.

As above stated, spectroscopic shis indicates the occur-
rence in our systems of H-aggregates that could be stabilized by
p–p, van der Waals and hydrogen bond formation. To estimate
the relevance of hydrogen bonding, we used a protic solvent
(MeOH) that did not support aggregation. To this aim, we per-
formed a uorescence investigation, at xed salt concentration
(5 � 10�5 M), in some THF/MeOH and DMF/MeOH mixtures
having variable composition. Fluorescence spectra collected for
[C12NDI][I] are reported in Fig. 6.
This journal is © The Royal Society of Chemistry 2016
We obtained almost complete conversion of aggregates into
monomeric species in the presence of 1 and 25% of MeOH for
MeOH/DMF and MeOH/THF binary mixtures respectively. This
result perfectly agrees with the one reported by Ghosh et al. about
self-assembly of some bis-(trialkoxybenzamide)-functionalized
NDI chromophores.41
Temperature-dependent measurements

Self-assembly processes were also studied as a function of
temperature, performing UV-vis measurements and using salts
solution having a xed concentration (5 � 10�5 M). Investiga-
tion was carried out in all cases in which we had evidences of
aggregation processes.

For all salts in THF and for [C12NDI][I] in DMF and CHCl3
solution, we detected signicant spectral changes with the
temperature and, at the highest value, we observed the presence
of the fully monomeric species. This allowed us to analyse the
effect of the alkyl chain length and solvent nature on thermo-
dynamic parameters. In all the other cases, we obtained only
a partial disruption of aggregates. The above evidences suggest
a considerable thermal stability of the aggregates, according to
previous reports in literature.52 UV-vis spectra as a function of
temperature are reported in Fig. 7 and S6.†

In the cases in which we observed the complete melting of
the aggregate, we determined the fractions of aggregates
molecules (aagg) and we plotted them as a function of temper-
ature (Fig. 7b and S7†). Plots obtained were consistent with an
RSC Adv., 2016, 6, 59502–59512 | 59507



Table 2 Melting temperatures (Tm,agg), enthalpy (DH) and entropy (DS)
variations corresponding to melting processes of aggregates as
a function of salt and solvent

Salt/solvent Tm,agg
a (�C) DH (kJ mol�1) DS (J K�1 mol�1)

[C6NDI][I]/THF 43 �140 � 1 �370 � 2
[C7NDI][I]/THF 45 �195 � 2 �540 � 6
[C8NDI][I]/THF 37 �240 � 1 �690 � 3
[C9NDI][I]/THF 43 �350 � 5 �1020 � 15
[C10NDI][I]/THF 41 �170 � 1 �460 � 4
[C11NDI][I]/THF 41 �130 � 1 �330 � 2
[C12NDI][I]/THF 45 �200 � 2 �550 � 7
[C12NDI][I]/CHCl3 45 �210 � 2 �580 � 6
[C12NDI][I]/DMF 77 �40 � 1 �30 � 1

a In all cases standard deviations were lower than 1%.

Fig. 8 Trends of Tm,agg values as a function of: (a) even and (b) odd
number of methylene units in the alkyl chain.

Fig. 7 (a) UV-vis spectra as a function of temperature for [C12NDI][I] (5
� 10�5 M) in THF; (b) plot of agg as a function of temperature (l ¼ 374
nm).
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isodesmic aggregation pathway and could be tted using eqn
(3) based on the isodesmic model derived by Meijer et al.53

aagg ¼ 1� 1

1þ exp

�
T � Tm;agg

T*

� (3)

where Tm,agg is the melting temperature of the aggregate, i.e. the
temperature at which at which aagg is 0.5, while T* is a charac-
teristic temperature related to the slope of the curve at Tm,agg. To
have further information, we determined association constant
values at each temperature from the corresponding degree of
aggregation, following the procedure reported by Meijer et al.
(details of calculation method are reported in ESI†). Then, we
applied the van't Hoff treatment, obtaining enthalpy and
entropy variations corresponding to aggregation processes
(Table 2 and Fig. S7†). Tm,agg values are reported in Table 2
together with thermodynamic parameters.

Melting temperatures in THF range from 37 up to 45 �C,
indicating only a modest effect of the alkyl chain length. Once
again, trend of Tm,agg as a function of the alkyl chain length can
be rationalized only dissecting salts used on the grounds of odd
or even number of methylene units. Indeed, for even terms,
Tm,agg has the lowest values for [C8NDI][I]. Then, it regularly
increases with the alkyl chain length. Differently, for odd terms,
melting temperature decreases with the increase in the alkyl
chain length (Fig. 8).

Analysis of DH and DS values shows that aggregation of salts
is enthalpy driven. As far as alkyl chain length is concerned,
from a thermodynamic point of view, [C9NDI][I] represents the
“inversion point” (Fig. S8†). Indeed, in the range C6–C9, the
enthalpy becomes gradually more negative with the increase in
59508 | RSC Adv., 2016, 6, 59502–59512
the alkyl chain length. Differently, for salts with longer alkyl
chains a gradual gain in entropy can be evidenced, probably as
a consequence of the more difficult organization of the side tail
that induces a higher disorder degree in the monomers.

As for solvent effect in the case of [C12NDI][I], comparable
Tm,agg were obtained in THF and CHCl3, whereas a signicantly
higher value was calculated in DMF. This can be ascribed to
more positive enthalpy variation and can be the result of the
unfavourable polar/apolar contact between solvent and side
chain that maximizes van der Waals interactions among
monomers and positively contributes to aggregate stability.

Temperature dependent measurements were also carried out
using 1H NMR to identify the protons mainly involved in the
supramolecular interactions. Investigation was performed on
This journal is © The Royal Society of Chemistry 2016
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[C6NDI][I], [C12NDI][I], [C8FNDI][I] and [C12FNDI][I], in DMSO-
[d6] solution at a xed concentration (7.5 � 10�3 M).

As for [C6NDI][I] and [C12NDI][I], at 27 �C, we observed the
enlargement and loss of multiplicity for signals corresponding
to protons on the alkyl tail (Fig. S9†). Furthermore, we also
noticed the presence of signals in the range 7.30–7.70 ppm that
could not be easily ascribed to protons of dications. Tempera-
ture increase to 85 �C induced an improvement in the signals
multiplicity, without affecting chemical shi.

To better identify the origin of the above signals, we recorded
1H NMR spectrum of [C12NDI][I] in CD2Cl2, a solvent that did
not support aggregation. The absence of the above signals
induced us to hypothesize the occurrence of self-assembly
processes in DMSO-[d6] and to ascribe them to aggregated
species. Moreover, the absence of chemical shi variation with
temperature could be the evidence of signicant stability of the
aggregates, perfectly recalling the situation observed in DMF
solution for the same salt using UV-vis measurements.

As far as [C8FNDI][I] and [C12FNDI][I] are concerned, NMR
investigation conrmed the presence of aggregates in the used
experimental conditions at 27 �C (Fig. S10†). In these cases,
signals at 8.86 and in the range 7.71–7.50 ppm were observed.
Temperature increase induced a downeld shi of the above
signals and it was more signicant for [C12FNDI][I] with respect
to [C8FNDI][I] (Fig. 9).
Fig. 9 Trend of DdHi (ppm) for (a) [C8FNDI][I] and (b) [C12FNDI][I] as
a function of temperature in DMSO-[d6] solution (7.5 � 10�3 M).
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The above result accounts for a lower thermal stability of
aggregates formed by salts bearing uorinated tails with respect
to corresponding hydrogenated terms. Moreover, it allows
identifying protons of naphthalene core, together with H5 and
H6 (as labelled in Fig. 9) of imidazolium ion as the most
affected by supramolecular interactions, further supporting the
hypothesis of H-aggregates formation in which chromophores
are arranged face to face.

Properties of aggregates were also investigated in solid state
using uorescence spectroscopy and scanning electron
microscopy. In both cases, we analysed thin lms obtained
from casting of solutions at a xed concentration (5 � 10�5 M).
Solid state uorescence measurements

As far as uorescence in solid state is concerned, we were
interested in analysing both solvent and alkyl chain length
effect. Consequently, spectra were recorded on thin lms ob-
tained from THF solution of all salts and from CHCl3, DMF and
1,4-dioxane solution of [C12NDI][I].

In all cases we detected intense uorescence signals with
broad emission bands in the solid state. To have a comparison
with spectra collected in solution and identify the position of
main bands, we performed deconvolution of solid state emis-
sion bands. Superimposed normalized spectra recorded in
solution and in solid state are displayed in Fig. 10 and S11.†

Aer deconvolution, analysis of solid state spectra indicates
that lmax of emission band located at �360 nm corresponds to
emission band collected in solution and located in the range
410–420 nm. In all cases, on going from solution to solid state
an hypsochromic shi was observed and according to previous
report this should indicate the occurrence of H-aggregation.54

The largest and the lowest shis (Dlmax) were equal to 44 and
18 nm and they were detected for thin lm obtained for
[C12NDI][I] from casting of DMF and 1,4-dioxane solutions
and for [C9NDI][I] from casting of THF solution, respectively
(lmax values for solution and solid state spectra are reported in
Table S3†).

With the only exception of [C9NDI][I], Dlmax were not
affected by alkyl chain length. On the other hand, shis
Fig. 10 Fluorescence spectra of [C12NDI][I] in DMF solution (5 � 10�5

M) and thin film obtained from casting of DMF solution (lex ¼ 390 nm
and 273 nm respectively).
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detected for [C12NDI][I] lms were barely affected by the nature
of solvent.
Fig. 12 Suggested schematic model of aggregation. (a) Front view of
an oligomer with anions included. (b) Side view of a growing stack. (c)
Representation of the final aggregates. Anions are omitted in (b) and (c)
for the sake of clarity.
SEM investigation

Morphology of some selected aggregates was investigated per-
forming SEM measurements. In particular, we took in consid-
eration the effect of the alkyl chain length, solvent polarity and
the presence of uorinated tails. To pursue these goals, SEM
measurements were carried out on the thin lms obtained from
casting on aluminium stubs of [C6NDI][I] THF solution, and
[C6NDI][I], [C12NDI][I] and [C12FNDI][I] DMF solutions. SEM
images are reported in Fig. 11 and S12.†

As far as solvent effect is concerned, images collected for
[C6NDI][I] in THF and DMF show that increase in solvent
polarity induces an increase in the thickness of texture char-
acterizing materials obtained (Fig. 11a and b). In both cases,
they are featured by the presence of disk like aggregates.
Diameter of above aggregates range from 260 up to 1560 nm for
materials obtained fromDMF solution and, from 460 up to 1560
nm for the ones obtained from THF solution (Fig. S12a and b†).
However, in the rst case a continuous lm was obtained;
whereas as for lm deriving from THF solution, disk-like
aggregates were arranged in a sponge-like three-dimensional
structure (Fig. 11).

The increase in the alkyl chain length, on going from [C6NDI]
[I] to [C12NDI][I], induces a change in the shape of aggregates.
Indeed, comparison between SEM images collected from
Fig. 11 SEM images collected at 5� 10�5 M from casting of (a) [C6NDI]
[I] in THF; (b) [C6NDI][I] in DMF; (c) [C12NDI][I] in DMF; (d) and (e)
[C12FNDI][I] in DMF.
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casting of DMF solutions evidences the transition from disk like
to spherical aggregates (Fig. S12b and c†). Furthermore, in the
latter case, they are less extended as accounted for by their main
size that ranges from 365 up to 848 nm.

Finally, on going from [C12NDI][I] to [C12FNDI][I], no
signicant changes in morphology were detected. The presence
of uorinated tail gave rise only to formation of less porous
aggregates (Fig. S12d†).
Conclusions

It is well known that properties of self-assembled systems can be
tailored to their applications by small changes on the structure
of tectons. So, combining the properties of NDI chromophore
and imidazolium ion, we have obtained a new series of uo-
rescent diimidazolium salts differing for the alkyl chain length
and for the presence of hydrogenated or uorinated tails. Our
main goal was understanding the effects exerted by different
features of alkyl chain borne on the imidazolium ions on the
self-assembly ability of the salts.

The presence of chains having a different number of meth-
ylene units gave rise to different behaviours. Indeed, stability of
the aggregates is the result of a ne balance between the posi-
tive contribution of van der Waals interactions and the negative
one deriving from conformational factors and entanglement of
alkyl chain.

All these salts give rise to the formation of H-aggregates in
THF and DMF solution, as well as in the solid state. In these
aggregates, chromophore are stacked face to face and their
stability, other than van der Waals interactions, is mainly
determined by p–p stacking and hydrogen bond between
iodide and the protons on imidazolium ions. This latter motif is
well known for imidazolium salts and it is recognized as the
main contribution that gives rise to the formation of their
supramolecular polymers.55

Trend of properties of organic salts, as well as the ones of
aggregates they are able to form, can be rationalized only
This journal is © The Royal Society of Chemistry 2016



Paper RSC Advances
dissecting them in two series on the grounds of odd or even
number of methylene units in the alkyl chain. On the other
hand, the comparison between substrates bearing hydroge-
nated or uorinated alkyl chain demonstrate that uorination
increase the strength of interactions in the solid state, as
accounted for by the increase in Tm values. By contrast,
a signicant decrease in the stability of the aggregates formed
in solution was detected only for octyl derivative.

SEM investigation allows evidencing the presence in the thin
lms of spherical or disk-like aggregates, completing the
picture about the studied system and allowing suggesting the
schematic model of aggregation reported below (Fig. 12).

Experimental
Material

1,4,5,8-Naphthalenetetracarboxylic dianhydride, 1-(3-amino-
propyl)imidazole, 1-iodohexane, 1-iodoheptane, 1-iodooctane,
1-iodononane, 1-iododecane, 1-iodoundecane, 1-iodododecane,
1,1,2,2-tetrahydroperuorooctyliodide, 1,1,2,2-tetrahydroper-
uorododecyliodide were purchased and used without further
purication.

N,N-Dimethylformamide, tetrahydrofuran, acetonitrile and
chloroform were purchased and used without further purica-
tion. Dichloromethane, 1,4-dioxane, methanol and acetone
were distilled before use.

High resolution mass spectrometry

High resolution mass spectra were obtained on a Q-TOF mass
spectrometer equipped with a dual AJS ESI ion source.

Spectroscopic measurements at variable concentration and
temperature

All the samples were prepared by dilution of stock solutions in
dichloromethane (1 � 10�4 M, 1 � 10�5 M, 1 � 10�6 M). The
proper amount of these solutions was put into a vial. The
solvent was removed under vacuum, and the solid obtained was
dissolved in 2 mL of the desired solvent. To favour dissolution,
each sample was sonicated for 2 minutes. In general the
concentration ranged from 2 � 10�7 M up to 1 � 10�4 M. The
UV-vis measurements were performed using a spectrophotom-
eter equipped with a Peltier temperature controller. UV-vis
spectra were recorded using quartz cuvette with a light path
of 1 cm, in the wavelength range between 300 nm and 750 nm.
Before recording spectra, each solution was equilibrated at
25 �C.

Measurements at variable temperature were carried out on 5
� 10�5 M solutions. The temperature range and ramp were
chosen in dependence of the solvent (in the case of THF from 20
�C to 55 �C with a temperature increase of 3 �C; in the case of
DMF from 20 �C to 100 �C with a temperature increase of 5 �C).

Fluorescence measurements

Fluorescence measurements were performed at 25 �C on
a spectrouorophotometer equipped with temperature
controller. Measurements were conducted 24 hours aer the
This journal is © The Royal Society of Chemistry 2016
preparation of the solutions. Spectra were recorded from 377
nm to 700 nm, using quartz cuvette with a light path of 1 cm
both in excitation and in emission. Solid-state uorescence
spectra were recorded from casting of organic salt solutions (5
� 10�5 M) onto quartz plates. Spectra were recorded using
a high-pass lter with l equal to 375 nm. To ensure a mean-
ingful comparison between solid- and solution phase spectra,
the excitation spectra were recorded for each sample. Then the
emission spectra were obtained by exciting the samples at those
wavelengths.

Differential scanning calorimetry

DSC measurements were carried out using a Q20 instrument
calibrated using indium as standard. Samples were weighed in
aluminium pans and hermetically sealed. Heating and cooling
rates were 20 �Cmin�1. The maximum heating temperature was
varied in dependence of the sample; the minimum cooling
temperature was set at �5 �C under nitrogen atmosphere. For
each sample two heat-cool cycles were performed.

Scanning electron microscopy

SEM images were recorded by using FEI Quanta 200 instrument
with 20 kV operating voltage. 10 mL of the solution (5 � 10�5 M)
was placed on the aluminium stub and the solvent was evapo-
rated under vacuum. The supercial layer was shielded by gold.

NMR measurements
1H NMR, 13C NMR spectra were recorded using Bruker AV-300
and AV-400 nuclear magnetic resonance spectrometers. Chem-
ical shis were reported relative to SiMe4.

1H NMR spectra at
variable temperature were recorded using a 300 MHz nuclear
magnetic resonance spectrometer. Temperature ranges were
changed as a function as of the alkyl chain nature (27–85 �C for
the hydrogenated and 27–70 �C for uorinated alkyl chain,
respectively).
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