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ABSTRACT: Supramolecular architectures with the
synchronized combination of various directional noncovalent
forces are ubiquitous in biological systems. However, reports
of such abiotic synthetic systems involving H-bonding in
aqueous medium are rare due to the challenge faced in the
formation of such structures by overcoming the competition
from the water molecules. In this paper we have studied self-
assembly of two structurally related naphthalene-diimide
(NDI) conjugated bola-amphiphiles (NDI-1 and NDI-2) in
water with an aim to realize the specific role of H-bonding among the hydrazide units present in one of the two building blocks
(NDI-2) on the self-assembly. Both chromophores showed vesicular assembly in aqueous solution driven primarily by π-stacking
among the NDI chromophores, which could be probed by UV−vis absorption spectra. Contrary to common belief, the lack of an
H-bonding group in NDI-1 was found to be a boon in disguise in terms of the stability of the aggregates. Whereas NDI-2
aggregates showed LCST around 65−70 °C owing to the breaking of the H-bonds with increased temperature, the NDI-1
aggregates were found to be structurally intact until 90 °C, which may be attributed to the increased hydrophobicity introduced
by the absence of the polar hydrazide group. Further concentration- and solvent-dependent UV−vis studies showed that NDI-1
formed assembled structure at greatly dilute solution and also in a solvent such as THF, confirming greater propensity for its self-
assembly. As both bola-amphiphiles contain an electron-deficient NDI chromophore, interaction of their vesicles was studied
with an externally added electron-rich pyrene derivative. Surprisingly, NDI-1 did not show any charge-transfer interaction with
the donor, whereas NDI-2 could effectively intercalate, leading to a functional membrane with tunable surface functionalities.
This was attributed to the additional stability of the intercalated state by H-bonding among the hydrazide units.

■ INTRODUCTION

Solvophobically driven aggregation of small-molecule surfac-
tants1 and amphiphilic macromolecules2−5 has been studied
with great intensity owing to their structure-dependent diverse
aggregation properties, which are highly relevant in biological
applications.6,7 In the recent past, a large number of papers
have appeared on different types of amphiphilic macro-
molecules, suggesting that several important physical properties
(critical aggregation concentration, stability, and particle size)
of the polymeric aggregates are more suitable for biological
application than the small-molecule surfactants. Nevertheless,
primarily the solvophobic collapse is the main driving force
even for different polymeric structures. Thus, although
extensive progress has been made toward imparting functional
aspects to polymeric aggregates in terms of their encapsulation
property, stimuli responsiveness,8,9 and targeting ability, the
tools to manipulate structural aspects have not been moved
forward to a great extent from the classical small-molecule
surfactants. In a quest to have more command on structural
aspects of amphiphilic aggregates, directional supramolecular
interactions such as π-stacking have been employed in
conjunction with amphiphilicity in a number of recent papers
relating chromophore-conjugated amphiphiles.10,11 Examples
include perylene bisimide,12,13 porphyrin,14,15 fullerene,16,17

naphthalene diimide,18−21 and other chromophore-conjugated
systems.22−25 Further mixed assembly of two different
amphiphiles containing complementary aromatic donor and
acceptor chromophores has also been studied in great
detail.26−32 Apart from precisely defined structure formation,
these systems also offer the opportunity to extract exciting
photophysical properties in the aggregated state,12,13 which are
highly desirable for their utility in imaging or sensing
applications. We envisioned that structural diversity of π-
conjugated amphiphiles can be enhanced if they are linked with
suitable functional groups to involve directional H-bonding
interaction in the self-assembly process. With this broader aim,
we have recently examined aqueous self-assembly of a
naphthalene diimide (NDI-2)-conjugated bola-amphiphile33

(Scheme 1) that contains two hydrazide units for H-bonding
interaction. It showed vesicular assembly by simultaneous
operation of H-bonding (among the hydrazide units) and π-
stacking (among the NDI chromophores). The existence of H-
bonding-mediated self-assembly of abiotic units in aqueous
medium is rather uncommon, and our investigation revealed
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the specific location of the H-bonding units was essential for
protecting them from bulk water and to remain H-bonded
among themselves. The vesicular membrane also showed a
unique property of very efficient intercalation of electron-rich
pyrene or its derivatives by charge-transfer (CT) interaction
among the pyrene and NDI chromophores. These interesting
features of this system raised the question about the actual role
played by H-bonding among the hydrazide units on the self-
assembly and intercalation properties of NDI-2.33 To under-
stand that in detail, herein we have studied self-assembly of
NDI-1 (Scheme 1) and compared its aggregation properties as
well as guest intercalation affinity with those of NDI-2 to shed
light on the specific role of H-bonding in self-assembly and co-
assembly with electron-rich chromophores.

■ RESULTS AND DISCUSSION
Synthesis. Synthesis of NDI-1 is depicted in Chart 1.

Commercially available trihydroxymethyl benzoate (1) was

alkylated with tosylate derivatives of monomethoxytriethylene
glycol to produce compound 2, which was converted to amide
derivative 3 by reacting with ammonia, and then Hoffman’s
degradation produced amine derivative 4. It was then reacted
with naphthalenetetracarboxylic acid bis-anhydride to get the
desired NDI-1, which was purified by column chromatography
and isolated in 80% yield. It was structurally characterized by
1H NMR and HRMS (ESI). Synthesis of NDI-2 has been
reported by us elsewhere.33

Self-Assembly Studies. The self-assembly of NDI-1 and
that of NDI-2 were compared by solvent-dependent UV−vis
studies (Figure 1a). Going from THF to water, in both cases

the absorption spectra showed hypochromic shift with a
concomitant red shift, suggesting offset π-stacking among the
NDI chromophores.34,35 Furthermore, the intensity of the band
corresponding to S0−S1 (λmax = 376 nm) was found to be
weaker than that for S0−S2 (λmax = 356 nm) transition,
confirming π-stacking. Interestingly, even in THF, a similar
observation was made for NDI-1, whereas NDI-2 showed a
reverse trend indicating a higher propensity of aggregation for
NDI-1 so that it also shows the signature of π-stacking even in a
“good” solvent such as THF. This was further confirmed by the
emission spectra (Figure 1b), which show an intense excimer
band36 (λem ∼ 530 nm) for NDI-1 in both THF and water,
indicating aggregation in both solvents but perhaps to different
extents. On the other hand, for NDI-2 the emission intensity is
negligible in THF, which is attributed to an inherent low
quantum yield of monomeric NDI. However, a blue-shifted
(compared to the excimer band in NDI-1) band is detectable in
H2O with vibronic fine structure that has been noted for J-
aggregated NDI chromophores.36

To further compare their aggregation, a concentration-
dependent UV−vis study was carried out with NDI-1 in water
(Figure 2), which shows no significant change in the absorption
spectra with dilution at least until 6.5 × 10−6 M, suggesting very
low critical aggregation concentration. As the absorption
intensity below this concentration became very low and was
significantly affected by the baseline intensity arising out of the
scattering that is common in a colloidal solution, no
interpretation has been made with those data. On the other
hand, the same experiment with NDI-2 suggests disassembly
below 0.5 mM.33

Temperature-variable UV−vis studies further confirmed
significant difference in their aggregation property. When a
solution of NDI-1 was heated to 95 °C, no change was
observed in its absorption spectra (Figure 3a), revealing
extremely high thermal stability. On the other hand, for NDI-
2, the signature of disassembly was evident at ∼65 °C from the
reversal of peak intensities (Figure 3b) for S0−S1 and S0−S2
transitions.
Interestingly, around the same temperature the baseline

intensity also increased (Figure 3b) due to the scattering,
indicating macroscopic precipitation of the sample. Thus, this
can be assigned as the lower critical solution temperature
(LCST) of NDI-2. To quantify this, we have plotted the
scattering-induced absorption at 600 nm for both chromo-
phores as a function of temperature, which clearly shows
(Figure 3c) the presence of LCST for NDI-2 at ∼65 °C,
whereas no such phenomenon is noted for NDI-1.
Furthermore, we have plotted the normalized ratio of the
S0−S1 and S0−S2 peak intensities for both chromophores as a
function of temperature in Figure 3d, which clearly shows an
inflection point at LCST and thus confirms the LCST observed
in the case of NDI-2 is indeed related to the disassembly of the
aggregates. On the basis of the observation described above, it
is proposed that self-assembly of NDI-1 is stronger than that of
NDI-2 possibly due to the absence of the hydrophilic hydrazide
groups, which makes NDI-1 more hydrophobic in nature.
However, at elevated temperature when the H-bonds are
dissociated among the hydrazides, NDI-2 precipitates out due
to denaturation-induced exposure of the hydrophobic NDI
chromophore. However, for NDI-1 no such observation was
made because of its much stronger propensity for self-assembly
compared to NDI-2.

Scheme 1. Structures of the Two NDI-Conjugated
Amphiphiles

Chart 1. Synthesis of NDI-1a

aReagents and conditions: (a) R-Ts, K2CO3, KBr, CH3CN, 80 °C,
95%; (b) aqueous NH3, MeOH, rt, 12 h, 80%; (c) Br2, KOH, 12 h, 90
°C, quantitative yield; (d) DMF, 140 °C, 80%.

Langmuir Article

dx.doi.org/10.1021/la500089b | Langmuir 2014, 30, 1969−19761970



Well-defined secondary structure of a protein is generally
denatured in the presence of a reagent such as urea,37,38 which
can interact with the amide groups involved in H-bonding. As
the present system is primarily concerned with the role of H-
bonding on self-assembly, we examined the self-assembly of
NDI-1 and NDI-2 by comparing the change in their absorption
spectra (Figure 4) in the presence of urea. In the presence of
excess urea (2.25 M), the absorption spectra of NDI-2 show no
signature of π-stacking and the presence of monomeric dye.
This clearly suggests the π-stacking in this case is heavily
dependent on the H-bonding among the hydrazide units. On
the contrary, for NDI-1, in the presence of the same amount of
urea, no change is noted for the S0−S1/S0−S2 intensity ratio,
confirming intact π-stacking and thus no involvement of H-
bonding in this case as expected due to the absence of any
hydrazide groups.

Figure 1. Solvent-dependent UV−vis (a) and emission (b) spectra. c = 1.0 mM.

Figure 2. Concentration-dependent UV−vis absorption spectra of
NDI-1 in water.

Figure 3. Variable-temperature UV−vis spectra of NDI-1 (a) and NDI-2 (b) in water (c = 1.0 mM); (c) variation of the absorbance at 600 nm as a
function of temperature for both chromophores; (d) variation of the normalized (lowest temperature values were fixed to 1.0 for both
chromophores) ratio of S0−S1/ S0−S2 peak intensities as a function of temperature for NDI-1 and NDI-2.
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So far, the experimental results described primarily reveal the
contrast between the two amphiphiles in terms of their
interchromophoric interaction. Furthermore, we examined the
macroscopic nature of the self-assembly of NDI-1 by
transmission electron microscopic (TEM) studies. Figure 5a
shows the presence of hollow spheres with average diameter in
the range of 30−40 nm, revealing the formation of vesicles. The
morphology and sizes are very similar to those reported for

NDI-2,33 and hence, similarly, it could be assumed here also
that, initially, the NDI-1 molecules form a 1-D stack by π−π
interaction among the NDI chromophores, which then forms a
vesicle, a closed membranous structure, to avoid unfavorable
edge interaction of the hydrophobic NDI to water, as shown in
Figure 5b. The nature of the assembly is confirmed by powder
XRD, which shows a sharp peak in the small-angle region,
corresponding to d = 43.2 Å, as depicted in Figure 5c. This
value closely matched the theoretically estimated length of
extended NDI-1 (38 Å) as shown in Figure S1 of the
Supporting Information. The presence of π-stacking was also
validated by the XRD data, showing a signature peak for π−π
stacking corresponding to d = 3.6 Å, as evident from Figure 5c.
Dynamic light scattering studies confirmed unimodal size
distribution (Figure 5d), although the average hydrodynamic
diameter (Dh) was found to be slightly bigger than that
estimated from TEM images. This is related to the effect of
drying of the samples in the TEM studies.39

Donor Intercalation. In a previous paper on vesicular
assembly of NDI-2,33 we showed that the membrane containing
electron-deficient NDI could intercalate electron-rich pyrene by
virtue of strong donor (D)−acceptor (A) CT interaction.40

Intriguingly, we noted that the intercalation resulted in fusion
of the membrane, leading to slow gelation, which was attributed
to the consequence of additional strain imposed by H-bonding
among the hydrazide groups. As a continuation of the previous

Figure 4. Effect of urea on the UV−vis absorption spectra of NDI-1
and NDI-2 in water (c = 1.0 mM). Diminished intensity of NDI-1
bands in the presence of urea may be related to shifting of the
equilibrium more toward aggregates due to salting-out effect.

Figure 5. (a) TEM images of NDI-1 vesicular assembly by π-stacking among the chromophores as shown in panel b. The relatively bigger structures
(diameter = 100−200 nm) and also the elongated structure observed in the top-right and bottom panels possibly originate from the fusion of the
smaller spherical vesicles. (c) Powder XRD pattern (inset shows wide-angle selected region) of dried sample prepared from aqueous solution of
NDI-1. (d) Particle size distribution as obtained from DLS for NDI-1 in water (c = 1.0 mM).
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study, another donor molecule, namely, 1,8-dimethoxynaph-
thalene (DMN), was investigated, which failed to form a strong
CT complex with NDI-2, as evident from the UV−vis spectra
given in Figure 6.

Therefore, it was comprehended that besides the nature of
acceptor, the structure of the donor molecule also plays a
critical role in the formation of the intercalated CT complex.
Due to the poorer donating ability of DMN compared to that
of pyrene, DMN is perhaps unable to intercalate within the
NDI-2 assembly, resulting in a negligible CT complexation
between the two. To further examine the utility of this
noncovalent membrane functionalization, we attempted to
intercalate a pyridine-functionalized pyrene derivative (Py-1,
Figure 7) in the NDI-2 membrane in acidic pH, wherein Py-1 is
soluble on its own.

An equimolar mixture of NDI-2 and Py-1 produced a green
solution in water, suggesting intercalation and CT complex
formation, which was confirmed by the appearance of a new
absorption band at 565 nm in the UV−vis spectra (Figure 7).
We carried out the DLS and zeta-potential characterization

(Figure 8a) of the Py-intercalated NDI-2 as a function of time
to check any effect of intercalation on morphology transition.
In the presence of Py-1, the hydrodynamic diameter of NDI-2

vesicles increased from ∼80 to 350−400 nm over 3 days and
then remained constant. Although the size increased signifi-
cantly, the nature of the aggregates remained vesicular, as has
been confirmed from static light scattering (SLS) measure-
ments, which provided a radius of gyration (Rg) value of 171
nm (Figure 8b) and an Rg/Rh (Dh/2) value of 1.06
(approximately unity), confirming hollow spherical morphol-
ogy.41−43 Further TEM images of the aged mixed solution
showed (Figure 8c) the presence of hollow spherical particles,
confirming retention of vesicular morphology. We believe that
due to the donor intercalation the membrane expanded to
release the strain imposed by H-bonding among the hydrazides
in the intercalated state and that might have resulted in the
fusion of a few vesicles to produce vesicles of larger diameter.
Interestingly, the zeta-potential value concomitantly diminished
from +26 mV to +2.5 mV with increasing time.44 The positive
value further confirms donor intercalation induced decoration
of the membrane surface with positively charged pyridinium ion
in acidic pH. However, with time as the particle size increases,
the charge density reduces and thus the zeta-potential values
show a descending order. On storage of the sample for more
than even 7 days, no sign of generation of fibrous structure or
hydrogel was noted, even at higher concentrations, unlike the
previous report on pyrene intercalation. This could be
attributed to the repulsion among the positively charged
vesicles. To check if the charge of the nanoaggregates/pH has
any role in initiating gel formation, alkali solution (0.01 mM
NaOH) was gradually added to the solution of 10 mM CT
complex, but the resulting solution did not show any gel
formation either. Rather, after a measured amount of NaOH
addition (300 μL), a hazy suspension resulted, subsequently
from which a reddish precipitate settled at the bottom of the
vial (Supporting Information Figure S2), possibly due to the
greater hydrophobicity as a result of deprotonation of the
pyridine groups.
The association constant for this complex was determined to

be 4.9 × 102 M−1 from the concentration-dependent UV−vis
spectra (Supporting Information Figure S3).45,46 To tune the
amount of surface functionalization with the positively charged
Py-1, the amount of intercalator was varied with a fixed NDI-2
concentration. This produced a series of green solutions for
which the absorption spectra were recorded, which showed a
linear relationship of the CT-band as a function of
concentration of the added Py-1 (Figure 9). This indicates
the CT interaction mediated donor intercalation can be used as
an effective strategy for tunable surface functionalization, which
may have implications in a range of biologically relevant
applications.
In the previous section this intercalation phenomenon was

shown to be strongly dependent on the nature of the donor,
and for a weak donor this did not happen. The new question is
how the CT interaction mediated intercalation is dependent on
the H-bonding. Surprisingly enough, NDI-1 that lacks the
hydrazide groups did not exhibit any CT-band in the presence
of pyrene or its water-soluble sodium butyrate derivative in
aqueous solution as observed by the UV−vis spectra of the
mixture (Supporting Information Figure S4). Hence, this
implies that the D−A CT interaction alone is not adequate for
intercalated structure formation. Due to lack of an H-bonding
group in NDI-1, the intercalated D−A stack could not be
molecularly “locked” by the H-bonds among the hydrazides, as
in case of NDI-2. Thus the acceptor is unable to keep any
donor molecule arrested in the CT complex state in aqueous

Figure 6. Solvent-dependent UV−vis absorption spectra of NDI-2 +
DMN (1:1). c = 2.0 mM.

Figure 7. Solvent-dependent UV−vis absorption spectra of NDI-2 +
Py-1 (1:1) and NDI-2. c = 5.0 mM. The structure of Py-1 is shown at
the top.
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solution, although a CT color appeared in the solid state. Thus,
it is evident that the donor insertion is greatly stabilized by the
H-bonds in this particular system.
On the basis of the forgone discussion, it is evident that

intercalation of the donor molecule is strongly correlated with
H-bonding among the hydrazide units. This raises the question
regarding the sequence of operation of these two noncovalent
interactions. Intuitively, as the medium is water, the hydrazides
are expected to be well solvated by solvent molecules, whereas
the extended π-conjugated NDI or Py chromophores should
have a strong tendency to form π-stacked assembly due to a
hydrophobic effect. Thus, it is conceivable that the hydro-
phobically driven π-stacking leads to self-assembly of the NDI
chromophores, which shields the hydrazide units from the bulk
water due to hydrophobic effect and at the same time brings
them spatially close enough to be engaged in H-bonding among

themselves. To substantiate this hypothesis, we studied
coassembly of NDI-3 (Scheme 1), a hydrophobic analogue of
NDI-2, with pyrene in an organic solvent methylcyclohexane.
In this case, no CT color was noted, in sharp contrast to the
behavior of NDI-2 + Py-1 observed in water. This is because in
organic solvent the H-bonding takes the lead role and thus the
self-assembly is already formed by strong H-bonding, which
does not allow further insertion of the donor molecule.
However, in the case of water, as π-stacking leads the assembly
process, initially alternate D−A assembly is formed, which then
is stabilized by the H-bonding and, thus, it can be called a π-
stacking-induced H-bonding, whereas in organic solvent it is H-
bonding-induced π-stacking.

■ CONCLUSION
To summarize, we have shown comparative self-assembly
studies of two amphiphilic NDI building blocks and revealed
the role of H-bonding in their aggregation properties. NDI-1,
which lacks the H-bonding hydrazide groups, forms stable
vesicular structure in water even at very dilute condition due to
π-stacking interaction among the NDI chromophores. On the
other hand, a structurally similar NDI-2, which contains two
hydrazide units, also forms vesicles but at relatively higher
concentration and the structure is destroyed at elevated
temperature, which was denoted its lower critical solution
temperature. The membrane made of stacked assembly of
electron-deficient NDI was tested for its ability to intercalate
electron-rich pyrene or its derivatives. Surprisingly, NDI-1 did
not produce any CT complex in the presence of pyrene
derivatives, whereas NDI-2 could effectively intercalate pyrene
and its derivatives because of the H-bonding-induced arrest of
the alternate donor−acceptor stacking. The pyrene intercala-
tion produced a modified vesicle surface with tunable presence
of a functional group that was attached to the pyrene donor.

Figure 8. (a) Time-dependent DLS size distribution of the mixed aqueous solution of NDI-2 + Py-1 (1:1, c = 5.0 mM) and the corresponding zeta-
potential values. (b) Zimm’s plot for the determination of Rg from SLS data. (c) TEM images of the mixture after day 5.

Figure 9. UV−vis absorption spectra (CT region) of NDI-2 in the
presence of different amounts of Py-1. In each case total chromophore
concentration = 5 mM. (Inset) Variation in absorption intensity of the
CT-band at 565 nm as a function of mole percent of Py-1.
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Such intercalation resulted in slow enlargement of the
membrane over prolonged time. Surprisingly, in organic
solvents similar NDI derivatives did not show any alternate
stacking with externally added pyrene. Such a striking solvent
effect was attributed to a different sequence of events in water
and MCH. In the case of H2O, the assembly was primarily
driven by π-stacking and the H-bonding was a consequence of
that, whereas in MCH H-bonding initiated the assembly
process and thus there was no scope for the pyrene
chromophores to be inserted between the two NDI units
before the assembly was produced.

■ EXPERIMENTAL SECTION
Materials and Methods. All chemicals and reagents were

purchased from Sigma-Aldrich (USA) and used without any further
purification unless otherwise mentioned. The solvents used for the
spectroscopic studies were of spectroscopic grade. UV−vis spectra
were recorded in a Perkin-Elmer Lambda 25 spectrophotometer
equipped with a Peltier system for temperature-controlled experi-
ments. Emission spectra were monitored in a Fluorolog-3 spectropho-
tometer, purchased from HORIBA Jobin Yvon. For measurement of
the hydrodynamic size of the aggregates and the zeta potential, DLS
was used, and the measurements were done in a Malvern instrument,
working at a scattering angle of 173°. For the characterization of the
molecule synthesized, NMR spectroscopy was utilized, and all of the
NMR spectra were recorded in a Bruker DPX-300 MHz NMR
spectrometer. TEM images of the formed aggregate particles were
captured from JEOL-2010EX, operating at an accelerating voltage of
200 keV.
Synthesis. The synthetic procedure for the NDI-1 molecule is

described in detail in the Supporting Information. NDI-2 was reported
by us elsewhere.33

Sample Preparation. For the preparation of vesicular dispersion,
a stock solution of the sample was prepared in THF, and required
amounts were aliquotted for appropriate concentrations. THF was
removed by air-drying, and a measured amount of water was added to
make the desired concentration. The solution was then sonicated for a
few minutes to make the vesicular assembly.
TEM Studies. Five microliters of aqueous solution of the sample

(1.0 mM) was drop-casted on a copper grid coated with carbon mesh
and left overnight for air-drying before images were captured. The
same solution was also used for DLS and SLS studies.
LCST Studies by UV−Vis Spectroscopy. For LCST studies,

aqueous solutions of sample (1 mM) were placed in a quartz cuvette
of 0.1 cm path length and heated from 25 to 90 °C with intervals of 5
°C. Percent absorbance at 600 nm was noted at various temperatures,
and 10 min of equilibration time for each temperature was allowed
before the measurements were done. The absorbance at 600 nm was
plotted against temperature, and LCST was obtained from the
inflection point.
XRD Diffraction. XRD data were recorded on a Seifert XRD3000P

diffractometer using Cu Kα radiation (α = 0.15406) with a voltage and
current of 40 kV and 30 mA, respectively. For the preparation of the
sample, roughly 1 mL of a concentrated solution (5.0 mM) of the
sample was drop-casted repeatedly on a glass slide and left for air-
drying followed by drying under vacuum, resulting in a thick film. The
data were recorded from 1 to 30° with a sampling interval of 0.02°/
step.
DLS and SLS Studies. For DLS studies, 1.0 mL of a 1.0 mM aqueous

solution of NDI-1, NDI-2, or their CT complexes with pyrene
derivatives was freshly prepared and subjected to measurement. For
SLS, the same solutions prepared for DLS were used, but the
measurements were done at different scattering angles (60, 80, 90, 105,
and 150°). To determine the radius of gyration (Rg) using a Zimm
plot, the following equation was utilized:

− = +I C R q1 (1 /3)g
2 2

I = I′ sin θ, I′ is the intensity of scattered light, θ is the angle of
scattered light, C is a constant, and q is the magnitude of the scattering
wave vector given as

π θ λ=q n4 sin( /2)/ 0

n is the refractive index of the of the liquid, and λ0 is the wavelength of
light in vacuum. The slope of the plot determines the Rg.

39,40 As we
were interested in determining only the Rg, the experiment was
performed with angular variation.

Determination of the Association Constant (Ka) for the CT
Complex. For the determination of Ka, UV−vis spectra were recorded
at different dilutions for the CT complex of NDI-2 + Py-1 (1:1). The
intensity of the band at 565 nm was monitored at each dilution and,
from these data Ka was determined utilizing eq 1

ε ε= √ √ +c A K l A l/ 1/( ) 1/a (1)

where c, A, ε, andl denote the concentration, absorbance, extinction
coefficient, and optical path length of the cuvette, respectively. c/A is
plotted against 1/A1/2, and Ka is obtained from the slope of the plot.

Fluorescence Spectroscopy. For the measurement of PL spectra
of NDI-2 and NDI-1 aggregates, 1.0 mM solutions of both the
compounds were prepared in THF as well as in water, and the PL
spectra were recorded (λex = 360 nm).
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