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J-aggregation, impact on excited state dynamics 

and unique solvent effects on macroscopic 

assembly of a core-substituted 

naphthalenediimide 

Haridas Kar, a Dominik W. Gehrig, b Frédéric Laquai*b and Suhrit Ghosh*a 

Herein we reveal a straight forward supramolecular design for the H-bonding driven J-
aggregation of an amine-substituted cNDI in aliphatic hydrocarbons. Transient absorption 
spectroscopy reveals sub-ps intramolecular electron transfer in isolated NDI molecules in 
THF solution followed by a fast recombination process, while a remarkable extension of the 
excited state lifetime by more than one order of magnitude occurred in methylcyclohexane 
likely owing to an increased charge-separation as a result of better delocalization of the 
charge-separated states in J-aggregates. We also describe unique solvent-effects on 
macroscopic structure and morphology. While J-aggregation with similar photophysical 
characteristics was noticed in all tested aliphatic hydrocarbons, the morphology strongly 
depends on the “structure” of the solvents. In linear hydrocarbons (n-hexane, n-octane, n-
decane or n-dodecane), formation of entangled fibrillar network leads to macroscopic 
gelation while in cyclic hydrocarbon (methylcyclohexane or cyclohexane) although having 
similar polarity, the cNDI exhibits nanoscale spherical particles. These unprecedented 
solvent effects were rationalized by establishing structure-dependent specific interaction of 
the solvent molecules with the cNDI which may serve as a general guideline for solvent-
induced morphology-control of structurally related self-assembled materials.     

 

 

 

 

 

Introduction 

Conjugated π-systems provide diverse opportunities for 
creating functional supramolecular systems 1 with tunable 
photophysical properties 2 and enhanced charge-transporting 
ability 3 as a result of through space π-π interaction which is of 
considerable interest in miniaturized organic electronic devices 
4 as well as in biological applications. 5 In this context, core-
substituted naphthalene-diimides (cNDIs) 6 have been explored 
for a large number of applications 7 including organic solar 
cells, electron transport in field effect transistors, anion 
transport, photo-induced electron transport, fluorescence 
resonance energy transfer, bio-sensing and in donor-acceptor 
type conjugated polymers 8 owing to their substitution-
dependent tunable absorption spanning over almost the entire 
visible range, their superior fluorescence properties, variable π-
acidity and tunable electrochemical properties. Unlike the bay-

substituted perylene dyes, the cNDIs retain the planarity of the 
aromatic ring even after core substitution and thus π-stacking is 
not hindered. Nevertheless, in contrast to a large number of 
reports on supramolecular assembly of core unsubstituted NDIs 
9-11 such examples on cNDIs are still rare, 12 possibly due to 
lack of a facile synthetic route for their preparation until a 
recent surge in this field.13 However, even those examples do 
not adequately elucidate on the precise nature of the inter-
chromophoric interactions or impact of self-assembly on 
photophysical properties. Considering the structural and 
functional diversities in this class of π-systems, we envisioned 
supramolecular assembly of cNDIs would be worth 
investigating to examine the effects of structural nuances on 
self-assembly, morphology, and photophysical properties.14 
Amongst various substituted derivatives, amine-substituted blue 
NDIs are particularly interesting because of their fascinating 
redox properties (both di-cation and di-anion formation are 
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possible) and photo-induced charge-separation.15 Herein we 
reveal the first report of J-aggregation 16 of a core-substituted 
NDI-derivative and unprecedented solvent effects on 
macroscopic assembly and their excited state dynamics.  

Results and Discussions 

H-Bonding driven J-aggregation: The structure of the amine-
substituted NDI derivative cNDI-1 is shown in Scheme 1. It 
was synthesized in few steps (Scheme S1) from naphthalene-
tetracarboxylicacid-dianhydride and isolated as a deep blue 
waxy material 17 in an overall yield of 34 %. The NDI core was 
substituted by secondary amines and further connected to 
trialkoxy-benzamide (TB) wedges to promote H-bonding 
(among the amides) driven π-stacking. The control NDI 
derivative (cNDI-2) that is devoid of the structure-directing 
TB-wedge 18 was also prepared following a similar procedure 
(Scheme S1).  

 Scheme 1. Structure of the NDI building blocks. 

Fig 1. (a) UV/Vis (l = 1.0 mm) and (b) Intensity normalized 
absorption and emission (λex = 350 nm) spectra in THF and 
MCH. (c) 1H NMR spectra (selected region) in CDCl3 and 
MCH/ C6D6 (9:1).* indicates solvent peaks; C = 0.2 mM (UV), 
2.0 mM (NMR); T = 25 °C.  

UV/ vis absorption studies reveal strong solvent effects on self-
assembly of cNDI-1. In a “good” solvent such as CHCl3 or 
THF, sharp absorption bands are noticed (Fig 1a) at 353 and 
370 nm (S0-S1) due to π-π* transitions and also a broad charge 
transfer band at 600 nm.6 In methylcyclohexane (MCH), the π-
π* absorption bands exhibit a significant bathochromic shift of ~ 
11.0 nm in contrast to the control cNDI-2 which does not 

exhibit such solvent dependent spectral changes (Fig S1a). The 
oscillator strength of the lowest energy -* transition band in 
THF and MCH was estimated (see SI for detail) to be 14.1 and 
10, respectively. Furthermore, photoluminescence spectra show 
(Fig 1b) sharp emission bands in MCH exhibiting a mirror-
image-like symmetry with the absorption bands with a smaller 
Stokes shift (20 nm) compared to that in THF (Stokes shift ~ 34 
nm) suggesting J-aggregation of cNDI-1 in MCH.19 Although 
quantum yield of cNDI-1 was found to be low in both solvents, 
in MCH it was marginally higher (0.153) than THF (0.07) 
corroborating with literature precedence on J-aggregation.19  
For the control cNDI-2, the values were almost identical in 
THF (0.07) and MCH (0.09). 1H NMR studies (Fig 1c) further 
support self-assembly. In CDCl3, both cNDI-1 and cNDI-2 
exhibit sharp peaks at ~8.4 ppm corresponding to the aromatic 
proton of the NDI ring while in a nonpolar medium (MCH/ 
C6D6: 9:1), the peak disappears only for cNDI-1 suggesting its 
very high relaxation time as a result of firm self-assembly. 
However, for cNDI-2, only an upfield shift is noticed which 
can be attributed to mere solvent dielectric effects. Thus taking 
into account these observations, it is conceivable that the TB-
wedge dictates the J-aggregation of cNDI-1 possibly by 
synergistic H-bonding interaction among the amide groups 
which was directly verified by solvent dependent FT-IR 
studies. Fig 2a shows selected regions of the FT-IR spectra of 
cNDI-1 in MCH and THF. To avoid confusion in peak 
assignments FT-IR spectra of cNDI-2 were also recorded which 
show (inset-Fig 2a) the peak positions of the imide carbonyls 
marked with blue arrows, but they are not of concern in context 
of H-bonding of amides. In addition to those, characteristics 
peaks are noticed at 3387 cm-1, 1650 cm-1 and 1585 cm-1 
(marked with red arrow) in THF solution of cNDI-1 for the N-
H stretch, C=O stretch and amide-11, respectively, of the amide 
group. These peaks show pronounced solvent effects and 
appear at 3250 cm-1, 1625 cm-1 and 1575 cm-1, respectively, 
providing unequivocal evidences in support of inter-molecular 
H-bonding among the neighboring amide groups in J-
aggregated cNDI-1.20 Interestingly in presence of even a trace 
amount of the H-bond competing solvent MeOH, the UV/vis 
spectrum of cNDI-1 in MCH exhibits a significant blue shift 
(Fig 2b) and almost resembles the monomeric spectrum in THF 
further ascertaining the decisive role of H-bonding on J-
aggregation.  

Fig 2. (a) FT-IR spectra of cNDI-1 (inset- cNDI-2) in THF (red 
line) and MCH (black line). C = 0.2 mM; T = 25 °C. (b) Effect 
of MeOH on the UV/vis spectra.  

Solvent effects on macroscopic-assembly and gelation: To 
understand solvent effects on self-assembly, we compared the 
UV/Vis spectra of cNDI-1 in other organic solvents (Fig S2) 
with varying polarity. In fact, apart from MCH, pronounced 
red-shifted spectra are observed only in n-decane which 
strongly favors H-bonding due to its low polarizability. 
However, cNDI-1 shows spontaneous macroscopic gelation 21-
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22 (for gelation test results in other solvents see Table S1) in n-
decane (inset-Fig 3b) with entangled fibrillar structure (length: 
several micrometer, width: 30-40 nm) as revealed by high 
resolution transmission electron microscopy (HRTEM) images 
(Fig 3b, S3). In sharp contrast, spherical nanoparticles are seen 
(Fig 3a, S3) in the HRTEM images of cNDI-1 in MCH and the 
solution does not turn to a gel (inset-Fig 3a) even at very high 
(10.0 mM) concentration. Atomic force microscopy (AFM) 
studies also suggest similar contrast in morphology revealing 
spherical particles (width = 135±15, height =12±2) and 
entangled fibers in MCH (Fig 3c) and n-decane (Fig 3d), 
respectively. However, virtually identical absorption and PL 
spectra (Fig 3e) in n-decane and MCH confirm similar J-
aggregation and MeOH-induced disassembly (Fig S4) confirms 
involvement of H-bonding in both solvents. Similar changes in 
the 1H NMR spectrum in decane (Fig S5) as observed in case of 
MCH (Fig 1c) suggest rigidification of the chromophore. Thus, 
it becomes evident that the difference lies in macroscopic 
assembly and not in inter-chromophoric interaction. 
Furthermore, very similar spectral features in gel state 
compared to dilute solution in n-decane (Fig 3f) suggest 
analogous inter-chromophoric interactions in gel and sol state.  

Fig 3. HRTEM- (top) and AFM-images (bottom) of cNDI-1 in 
MCH (a, c) and n-decane (b, d). Inset- Images of cNDI-1 
solution and gel in MCH (a) and n-decane (b) at C = 4.0 mM; 
(e) Normalized absorption and emission spectra of cNDI-1 in 
MCH and n-decane (C = 0.2 mM, λex = 350 nm); (f)  
Normalized absorption spectra of cNDI-1 in decane solution (C 
= 0.2 mM) and gel (C = 2.0 mM). 

Thus, why do such contrasting macroscopic structures exist in 
these two solvents of almost identical polarity? Powder X-ray 

diffraction (XRD) studies (Fig 4b) provide valuable 
information to rationalize this intriguing observation. XRD data 
of the dried gel in n-decane show a sharp peak at 2θ = 1.99° (d 
= 45 Å) nearly matching with the length of the cNDI-1 along y-
direction (Fig 4a) and also show successive peaks 
corresponding to d/2 and d/3 suggesting lamellar packing. 
Interestingly, XRD patterns of a dried solution from MCH 
reveal an additional sharp peak at 2θ = 5.3° (d = 16 Å). Such an 
intense peak is unlikely due to the d/2 (as in case of n-decane). 
Interestingly, this distance matches closely with the length of 
the molecule along x-direction Thus, it appears that in MCH, 
the growth happens in all three directions by (H-bonding + π-π 
interaction), van-der-Waals interaction among the peripheral 
alkyl chains of the TB-wedge and C-8 chains connected to the 
imide position, which understandably leads to spherical 
structures as observed by HRTEM and AFM microscopy. 
However, in n-decane, absence of an intense peak 
corresponding to the molecular length along x-direction 
suggests no long range growth along this direction. This can be 
attributed to capping of the C-8 chains by the linear 
hydrocarbon solvent molecules by effective van der Waals 
interaction. Thus instead of 3D spherical structure, in this case 
fibrillar morphology is noticed.  

Fig 4. (a) Proposed model for self-assembly (b) XRD pattern of 
dropcast sample from J-aggregated cNDI-1 gel (n-decane) and 
sol (MCH). 

To substantiate such possibility of a specific interaction of the 
extended C10 chains of n-decane with the alkyl chains 23 of the 
gelator, the possibility of external chiral induction24 to the J-
aggregated cNDI-1 was examined by using two different chiral 
solvents, namely (S)-citronellyl bromide and (S)-limonene, 
which can be considered closely similar to n-decane and MCH, 
respectively, in terms of their linear and cyclic structure. The 
CD spectra of cNDI-1 show (Fig 5) intense bisignated Cotton 
effects in (S)-citronellyl bromide, but not in (S)-limonene. 
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Interestingly, the CD band in (S)-citronellyl bromide disappears 
after addition of trace amounts of trifluoroacetic acid as it 
destroys H-bonding and thus disrupts self-assembly. In fact, the 
chromophore itself does not contain any chiral centre and thus 
the observed Cotton effect has to be attributed to induction of 
chirality by the solvent molecules, which itself is only effective 
in case of the straight chain chiral solvent due to a more 
efficient van der Waals interaction with the peripheral alkyl 
chains of the gelator. 

Fig 5. Solvent dependent CD spectra of cNDI-1. The chemical 
structures of the solvents are shown on the left.  

In this scenario one can expect tunable gelation depending on 
the length of the hydrocarbon solvent, as this will determine the 
efficacy of interaction. To test this hypothesis, we studied 
gelation in n-hexane (C6), n-octane (C8), n-decane (C10) and 
n-dodecane (C12) solvents in which the gelation properties are 
indeed very different (Table 1). For instance, in n-dodecane a 
gel was formed within ~ 15 min, while it took ~ 18 h in n-
hexane. This is also reflected in the viscoelastic properties of 
the gels as revealed by stress-amplitude sweep measurements in 
different solvents. At a lower value of applied stress, storage 
modulus (G) > loss modulus (G′′) is observed (Table 1) for all 
samples suggesting existence of a typical gel phase. The value 
of G-G which indicates the elastic nature shows almost one 
order of magnitude increase for the n-dodecane gel compared to 
the n-hexane gel (Fig 6), while the values in the n-octane and n-
decane gel (Fig S6) lie in-between (Table 1).  

Fig 6. Stress amplitude sweep measurements results for cNDI-1 
gel (c = 10 mM) in a) n-hexane and b) n-dodecane.   

Furthermore, the yield-stress (y) (the critical value where G 
becomes less than G), a parameter that indicates robustness, 
also follows the same trend confirming this unprecedented 
impact of chain length of the aliphatic hydrocarbon solvents on 
gelation. Intriguingly the absorption spectra of cNDI-1, 
measured soon after solution preparation, look almost identical 
(Fig S7) in all cases indicating spontaneous J-aggregation 
irrespective of chain length of the solvent molecules. The 
question arises, why gelation is so slow? To answer this 
question, we examined the morphology of cNDI-1 in n-octane 

by AFM microscopy at different time intervals (Fig 7) which 
shows a very interesting morphology evolution during aging.25 
For a freshly prepared solution, spherical particles are noticed 
even in this case (like in MCH) which gradually convert to 
fibrils leading to gelation as a result of van der Waals 
interaction with solvent molecules with the alkyl chains of the 
gelator. It is conceivable that the efficacy of such interaction 
increases with the length of the alkyl chain which eventually 
determines the time required for gelation and in addition the 
physical properties of the gels (Table 1). On the other hand, 
cyclic hydrocarbons such as MCH or cyclohexane, lacking such 
propensity to interact with the alkyl chains of the gelator, are 
unable to produce a macroscopic gel, even though similar J-
aggregation was noticed.  
 

Table 1. Solvent effects on gelation of cNDI-1 (c= 4.0 mM). 

Properties n-Hexane n-Octane n-Decane n-Dodecane 

Time (min) 1100 480 60 15 

Tg/ °C [a] 38 46 64 76 

CGC (mM) 2.8 2.0 1.2 0.8 

G′ (Pa) 38 74 92 794 

G′′ (Pa) 8.0 10 13 88 

y (Pa) 0.2 1.0 1.7 4.9 
 

Fig 7. AFM-images of cNDI-1 in n-octane at different time. 
The time indicated in each image represents the aging time after 
which the solution was drop-casted for AFM imaging. But as 
imaging was done after drying the drop-casted sample, the 
morphology observed may not be exactly identical in solution 
after the same time interval. 

Impact of J-aggregation on excited state dynamics: Finally, 
we performed ultrafast transient absorption pump-probe 
spectroscopy to elucidate the excited state dynamics of cNDI-1 
in different solvents on the picosecond to nanosecond timescale 
as depicted in Fig 8 and Fig 9. The measurements reveal a 
strong dependence of the excited state lifetimes on the polarity 
of the solvent. THF was used as a “good” solvent, in which 
mainly monomeric states of cNDI-1 exist (Fig 1). The transient 
spectra after 1 ps shown in Fig 8a exhibit a ground-state bleach 
(GSB) originating from the depopulation of the ground state at 
the position of the charge transfer absorption band and 
moreover photo-induced absorption (PIA) features below 
558 nm and above 688 nm. The spectral features remain 
virtually the same after 1 ps. However, on the sub-ps timescale 
we observed spectral changes (Fig 9) indicating the transition 
from the primary photoexcitation to an intramolecular charge-
transfer (CT) state. This implies ultrafast electron transfer from 
the electron rich amine wedge to the NDI core within the 
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temporal resolution of our TA setup of ~200 fs. The ps-ns 
decay dynamics of the PIA peak around 750 nm is shown in 
Fig 8b (open symbols). 

Fig 8. a) Picosecond transient absorption spectra of cNDI-1 in 
THF (upper panel) and MCH (lower panel) and b) kinetics of 
the bleach and photoinduced absorption in THF (red squares) 
and MCH (black triangles) tracked between 680-700 nm (filled 
symbols) and 740-760 nm (open symbols). 

Fig 9. Sub-ps spectra of cNDI-1 in MCH (upper panel) and 
dynamics at various wavelength regions (lower panel). 

The excited state decay in THF can be described by a 
biexponential function consisting of a short-lived component 
with an inverse decay rate of 6.6 ps and a relative amplitude of 
70% and a longer-lived component exhibiting an inverse decay 
rate of 44 ps with a relative amplitude of 30%. We assign the 
short component to a fast decay of excited states, while the 
slow component is assigned to recombination of intra-
molecular CT states. This is in line with previous reports, for 
instance, such decay dynamics on the time scale of tens of 
picoseconds have been reported earlier for nitrogen-substituted 
NDIs.26 cNDI-1 was also measured in MCH in which it shows 
J-aggregation. MCH was particularly chosen as the solvent for 
TA experiments as it avoids scattering of pump and probe 

beams on the one hand, while maintaining a sufficient degree of 
supramolecular organization on the other hand. cNDI-1 excited 
states exhibit distinct differences in MCH compared to THF. 
Interestingly, the ratio of the peaks of GSB and PIA is altered. 
While the measurement in THF resulted in a peak ratio of GSB: 
PIA ~ 1:2, it was only 1:1 in MCH. The PIA peak at 750 nm is 
assigned to NDI anions according to literature.9 We note, that a 
similar change has been reported for perylene diimide (PDI) 
derivatives.27 We speculate, that the higher NDI anion 
absorption in THF can be explained by a stronger localization 
of the charge on a single chromophore unit resulting in a more 
pronounced charge-induced absorption peak. In contrast, in 
MCH delocalization is enabled by aggregation and therefore the 
relative intensity of the spectral feature is reduced. 
Furthermore, a feature around 900 nm evolves, which is 
assigned to aggregates, as previously also observed for PDI 
derivatives. In line with the spectral changes, a prolongation of 
excited state lifetimes was observed. A biexponential fit to the 
decay dynamics obtained from TA measurements in MCH 
yielded inverse decay rates of 34 ps and 401 ps with relative 
amplitudes of 40% and 60%, respectively. The considerable 
extension of the excited state lifetime by more than one order of 
magnitude is likely caused by an increased separation of 
charges enabled by the aggregation of chromophores and hence 
an increased delocalization28 of charge separated states.  

Conclusions 

 
In summary, we have demonstrated for the first time the design 
of a supramolecular building block based on an amine-
substituted NDI-chromophore for H-bonding driven J-
aggregation in non-polar solvents and its effect on excited state 
dynamics. Unprecedentedly, the lifetime of the charge-
separated state could be prolonged by more than one order of 
magnitude by J-aggregation, which appears highly promising 
for various applications including efficient photo-catalysis and 
energy conversion.20, 30 We have also shown intriguing solvent 
effects on self-assembly. While the polarity, which influences 
H-bonding, dictated the J-aggregation, the macroscopic 
structure and gelation showed a strong dependence on the 
structure of the solvent molecules. Linear and cyclic 
hydrocarbons produced contrasting morphologies (fibrillar and 
spherical, respectively), leading to macroscopic gelation only in 
the former cases. While several reports have correlated solvent 
effects on gelation 31 by different physical parameters such as 
Hildebrand, Hansen and Kamlet-Taft parameters, polarity 
(Et(30)) or dielectric constant, this is the first example to the 
best of our knowledge demonstrating that even a variation in 
the chain length or structure, namely linear vs. cyclic, in a 
series of aliphatic hydrocarbon solvents with identical polarity 
can impose such a remarkable influence on morphology. 
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