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ABSTRACT: We report a nonparallel stacked arrange-
ment of donor−acceptor (D−A) pairs for prolonging the
lifetime of photoinduced charge-separated states. Hydro-
gen−hydrogen steric repulsion in naphthalimide-naphtha-
lene (NIN) dyad destabilizes the planar geometry between
the constituent units in solution/ground state. Sterically
imposed nonplanar geometry of the dyad allows the access
of nonparallel arrangement of the donor and acceptor
stacks having triclinic space group in the crystalline state.
Antiparallel trajectory of excitons in nonparallel D−A
stacks can result in lower probability of geminate charge
recombination, upon photoexcitation, thereby resulting in
a long-lived charge-separated state. Upon photoexcitation
of the NIN dyad, electron transfer from naphthalene to the
singlet excited state of naphthalimide moiety results in
radical ion pair intermediates that survive >10,000-fold
longer in the aggregated state (τcr

a > 1.2 ns) as compared to
that of monomeric dyad (τcr

m < 110 fs), monitored using
femtosecond transient absorption spectroscopy.

Modulating the behavior of photogenerated excitons is
crucial in the development of materials for artificial

photosynthesis and photovoltaic device applications.1 Precise
spatial organization of electronically complementary chromo-
phores is a prerequisite to afford long-lived photoinduced charge
separation. Generation of photoinduced long-lived charge-
separated states in isolated donor−acceptor (D−A) systems
continues to possess enormous interest.2 State-of-the-art
theoretical3 and experimental4 investigations suggest that D−A
systems that assemble to form extended architectures can
effectively prolong the lifetimes of photogenerated excitons.
Electron donors and acceptors tend to stack on one another by
virtue of their electronic complementarity,5 thereby trapping and
instantaneously annihilating the photogenerated charge carriers
through geminate charge recombination.6 Attempts to circum-
vent the interdigitating arrangement of donor and acceptor
include utilization of π−π stacking,7 hydrogen-bonded,8

cooperative,9 metal−ligand10 interactions, chiral auxiliaries,11

and self-organizing surface-initiated polymerization.12 Such
approaches have provided defined oligomers to large aggregates
possessing parallel,7 coaxial,6 contiguous,13 cylindrical,14 slip-
ped,15 slipped-sandwich,16 double-helical,9,17 or helix wrapped
columnar stacks18 of D−A chromophores (Scheme 1).
Our continued interest toward the design of near-orthogonally

arranged D−A systems, for exploiting favorable photoprocesses

in isolated19 and organized environment,20 enabled us to restrict
the cofacial arrangement21 of electronically complementary
aromatic chromophores. A significant energy barrier (∼100 kJ/
mol)19 to rotation between naphthalene and naphthalimide units
connected across single covalent bond enforces a nonplanar
arrangement of the dyad in ACN solution. Spherical/ring-like
architectures of the dyad formed in CHCl3, upon addition of
hexane, crystallize as nonparallel stacks (Scheme 1g) of
naphthalene and naphthalimide, in contrast to the disordered
aggregates proposed for similar architectures.22 We herein report
the first example of the formation of long-lived charge-separated
states (τcr

a > 1.2 ns) from the molecular aggregates of nonparallel
arrangement of segregated D−A stacks upon photoexcitation.
Suzuki−Miyaura cross-coupling of 4-bromonaphthalimide

with the corresponding arylboronic acids offered naphthali-
mide-naphthalene (NIN) and naphthalimide-phenyl (NIPh)
dyads (Figure 1a, see Supporting Information, SI). In
DCM:hexane (1:3) mixture, NIN and NIPh crystallize in
triclinic (P1) and orthorhombic (Pbcn) space groups,
respectively, whereas NI crystallizes in monoclinic (P21/c)
space group (Table S1). The phenyl (Ph) and naphthyl (N)
groups are tilted by 63° and 68° with respect to the NI plane in
NIPh and NIN, respectively, suggesting nonparallel arrangement
of constituents in the dyads (Figures 1 and S1). Quantum theory
of atoms in molecules analysis (Figure S2) indicates strong
dihydrogen interactions20,23 between (i) C−Hmoiety of NI and
N units of adjacent dyad at a distance of 2.28 Å and (ii) the
methylene protons of hydroxypropyl side-chain of two
neighboring dyads at a distance of 2.27 Å. In addition, synergistic
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Scheme 1. Representative Strategies Adopted to Spatially
Organize Electron Donors and Acceptors for Emergent
Properties
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C−H···π, π−π, and C−H···O interactions along “b” axis further
propagate nonparallel stacks resulting in donor-on-donor and
acceptor-on-acceptor arrangement in crystalline NIN (Figure
1d,g-i). Nearest donor-to-donor and acceptor-to-acceptor π−π
separations are found to be 3.76 and 3.55 Å, respectively. The
intermolecular C−H···O and C−H···π interactions along “a” axis
constitute self-assembled structures in NIN (Figures 1g-ii and
S3a,b) that do not have nonparallel donor and acceptor stacks. In
NIPh, C−H···π interaction between methylene C−H of one
molecule and the phenylic π-cloud of the adjacent one at a
distance of 2.80 Å promotes the formation of an antiparallel
stacked (3.60−3.89 Å; Figure 1f-i,ii) NIPh dimer. C−H···O
interaction between phenylic C−H and imidic oxygen at a
distance of 2.62 Å and an angle of 170° connects two successive
self-assembled dimers. The successive self-assembled dimers are
rotated relative to each other by an angle of 65° resulting in a
double helical organization with a pitch of 15.18 Å incorporating
eight molecules per turn (Figure S3c).
Dynamic light scattering (DLS) experiments were performed

to explore the existence and nature of NIN aggregates in solution
(Figure 2a). DLS measurements of 0.1 mM NIN in CHCl3
indicate the existence of aggregates with an average hydro-
dynamic diameter (DH) of 350 nm. Successive increments (up to
2 mM) in concentration of NIN in CHCl3 exhibit a bimodal
distribution with DH of 300 nm and 4.5 μm. Nonequilibriated
spherical aggregates that possess smaller DH transform to larger
aggregates with an increase in the concentration of NIN.
Morphological analyses of 0.1 mM NIN in CHCl3 using tapping
mode AFM, SEM, TEM, and confocal microscopic techniques
confirm the existence of spherical particles having an average size
of 370−400 nm, which is in good agreement with the DLS
measurement (Figures 2b,c and S4a−c).
At higher concentration (2 mM) of NIN in CHCl3, spherical

particles having an average diameter of 1.45, 1.67, and 1.86 μm
are observed from AFM, SEM, and confocal microscopic

techniques (Figures S4d−f and S8). Co-existence of ring-like
structures having an average diameter of 3.1 μm along with the
larger spherical particles is observed. Ring-like architectures
further transform into discrete thick torroidal nanostructures
(Figures 2d,e and S5−S8). Selected area electron diffraction
(SAED) of NIN aggregates in CHCl3 indicates single-crystalline
nature having hexagonal/cubic crystal system (Figure 2f).24 The
amphiphilic nature of NIN enables the molecule to form bilayers
in CHCl3 at higher concentrations resulting in small spherical
architectures that transform to larger spherical/ring-like
architectures, consistent with similar amphiphilic molecules.25

Such bilayer assembly could maintain the donor-on-donor and
acceptor-on-acceptor arrangement even in the aggregated state
similar to that observed in the crystalline state (Figure S8i,j, SI).
Having established the formation of nonparallel donor-on-

donor and acceptor-on-acceptor stacks in the aggregated state,
we have evaluated the ability of the system to prolong the long-
lived charge-separated states. Frontier molecular orbital (FMO)
analysis, UV−vis, fluorescence, and cyclic voltammetric measure-
ments are employed to investigate the extent of perturbations in
electronic interactions between donors (N/Ph) and acceptor
(NI) in aggregated vs monomeric state of the dyads. FMO
analyses of NIN and NIPh show that the electron density of
HOMO is distributed in NI and N/Ph units, while electron
density of LUMO is completely localized on NI unit. This is
clearly suggestive of the presence of charge-transfer (CT)
interaction between the constituents in the ground state (Figure
S9 and Table S2), consistent with 4-substituted naphthalimide
derivatives reported earlier.26 A decrease in HOMO−LUMO
gap (Figure S10) for the di/tetrameric vs monomeric NIN
indicates the possibility of more favorable photoinduced charge
separation in the aggregate when compared to the monomer.
UV−vis absorption spectra of NIN and NIPh in ACN exhibit

bands centered around 270−280 and 350−353 nm, respectively,
(Figure S11a,c,d). Both the short and long wavelength
transitions are red-shifted (∼8−11 nm) compared to that of
NI. The longer wavelength band in NIN and NIPh arises from a
π−π* (HOMO → LUMO) transition that has CT character,27

while the shorter wavelength band corresponds to a n−π*
(HOMO-1 → LUMO) transition. Upon excitation at 340 nm,
NIN and NIPh in ACN exhibit broad emission centered at 570
(τf = 4.15 ns) and 430 (τf = 3.55 ns) nm, respectively (Figure
S11b,e,f). A significant red-shift (∼185 nm; Figure S11b) in the

Figure 1. (a) Syntheses scheme for dyads NIPh andNINwith respective
chemical structures. Packing arrangements of (b) NIPh (along “c” axis)
and (d) NIN (along “b” axis). Perspective views of (c) NIPh and (e)
NIN along “c” and “a” axes, respectively. Self-assembled structures of (f)
NIPh and (g) NIN, respectively.

Figure 2. (a) Concentration-dependent particle size distribution of NIN
from DLS; (b) confocal microscopic image of 2 mMNIN excited at 405
nm; TEM images of (c) 1 and (d) 2 mMNIN; (e) SEM image of NIN in
CHCl3 drop casted on carbon coated Cu substrate; (f) SAED pattern of
NIN.
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emission maximum of NIN in ACN, compared to that of the NI,
further confirms a very strong CT character in NIN. Solvent
polarity established negligible changes in the absorption maxima
and a substantial bathochromic shift of 125 and 27 nm,
respectively, in the emission maxima (Figures S12a,b and
S13a,b).With an increase in solvent polarity, a 49% enhancement
in fluorescence quantum yield of NIPh is observed, which could
be due to the decrease in the nonradiative rate constant (Figure
S14a,b and Table S3). The difference between excited- and
ground-state dipole moments in NIN and NIPh is estimated to
be 8.02 and 4.17 D, respectively, employing Lippert−Mataga (L-
M) equation (see SI). The degree of charge separation in NIN
and NIPh is determined to be 38.61% and 21.10%, respectively,
from the centers of the spin density distributions28 and L-M plots
(see SI). At higher concentrations (0.125mM) of NIN in CHCl3,
a bathochromic shift of ∼20 nm in UV−vis, emission, and
excitation measurements suggests the possibility of aggregation
in NIN (Figure S12d−f). Under similar conditions, NIPh in
CHCl3 exhibits no characteristic features corresponding to self-
aggregation (Figure S13c,d). Spectroscopic features correspond-
ing to aggregates of NIN are more prominent in the crystalline
NIN, as expected (Figure S15).
A favorable ΔGET of −0.78 eV (see SI for Rehm−Weller

analysis) for photoinduced electron transfer from N to singlet
excited state of NI (1NI*) in NIN prompted us to employ
femtosecond20a and nanosecond transient absorption (fTA and
nTA) techniques to investigate the existence of charge-transfer
intermediates (CTIs) in the monomeric vs aggregated state of
NIN. Upon excitation at 355 nm, nTA spectra of NIN in ACN/
CHCl3 exhibit absorption bands centered at 400 and 480 nm
having a lifetime of 3.36 μs (Figure S16 and Table S4) that is
characteristic of triplet absorption of NI (3NI*) chromophore.29

The fTA measurement of NIN in ACN has positive absorption
centered at 440 and 600 nm. NIN in ACN yielded single
principal component having a lifetime of 1.99 ns, which could be
attributed to the naphthalene T1 (π−π*) transition30 (Figures
3a,c). Absence of CTIs in nTA/fTA measurements with
significant population of triplet excited state of N/NI
substantiates ultrafast charge separation9,15 followed by geminate
charge recombination resulting in the formation of 3N*/3NI*

(Figure S17), upon photoexcitation of NI, consistent with earlier
reported similar D−A systems.19,28

Upon excitation at 400 nm, fTA spectra of aggregated NIN in
CHCl3 exhibit positive absorption bands at 420, 550, 710, and
1020 nm (Figure 3b,d) that consist of four principal components
obtained by global analyses and singular value decomposition
(Figures 3d, S18, and 19c,d and Table S5). Right singular vector
at 420 nm possessing a lifetime of 1.52 ns corresponds to the
naphthalimide radical anion31 (NI•−), a twin absorption
centered at 430 and 560 nm corresponds to naphthalene T1
(π−π*) transition30 that decays with a lifetime of 2.02 ns (see
SI), while the third right singular vector at 710 nm, having a
lifetime of 2.53 ns, corresponds to naphthalene radical cation
(N•+).32We also observed a positive band centered at 1020 nm, a
feature that is not found in the monomeric NIN, which
undergoes time-dependent shift of ∼60 nm. Positive band
centered at 1020 nm having a lifetime >1.2 ns33 corresponds to
naphthalene dimer radical cation (N2

•+), as reported earlier.32

Observed time-dependent shift in the peak corresponding to N2
•+

could be attributed to the evolution of a radical cation with
discrete π−π stacks of naphthalene, as observed in π−π stacks of
perylenimide.20a In contrast, NIPh in ACN and CHCl3 exhibits
one principal component at 500 nm having a lifetime of 1.17 and
1.98 ns respectively, corresponding to 1NI* (Figures S18−20).23
Cyclic voltammetry of (0.1 M nBu4NPF6 in ACN) NIN and

NIPh (Figure S21a and Table S2) exhibited oxidation peaks at
1.54 and 2.48 V, while reduction peaks appeared at −1.33 and
−1.30 V respectively. Ph/N substitution at fourth position of NI
induced significant perturbations in the oxidation potentials as
compared to unsubstituted NI, while reduction potentials (Ered =
−1.33 V vs SCE) exhibited negligible change as observed
earlier.27 At higher concentrations (15 mM, Figure S21b,c),
reduction of NIN in CHCl3 occurs 133 mV more positive
compared to that at lower concentrations (1 mM). In contrast,
NIPh under similar conditions (data not shown) exhibited
concentration-independent redox behavior. Facile electrochem-
ical reduction of aggregated NIN relative to monomer suggests
alteration in thermodynamic feasibility for photoinduced charge
separation/recombination in the monomeric vs aggregated NIN.
Such perturbations in the redox properties are a direct
consequence of delocalization of hole and electron in the NIN
assembly consistent with the observation of N2

•+ using fTA
spectroscopy.34

In summary, a nonparallel segregated D−A stacked arrange-
ment of a dyad formed by naphthalimide and naphthalene that
undergo self-assembly in CHCl3 by virtue of co-operative weak
interactions is reported. The self-assembled D−A architecture
thus generated can enhance the survival time of CTIs, upon
photoexcitation, by >104 fold (τcr

a /τcr
m) in comparison to the

monomeric NIN. Observed long-lived CTIs in the aggregated vs
monomeric state of NIN possessing simple components could be
corroborated to the synergistic effects induced by (i) nonplanar
arrangement of the D−A pair and (ii) the delocalization of
excitons across the nonparallel D−A stacks.
Significant smaller increases (Table S6) in the survival time of

CTIs, ∼1.5, 3, >100 and >150-fold are observed in the
aggregated state for cylindrical melamine-perylenediimide
(PDI),14 chlorophyll-pyromellitimide-naphthalenediimide,35

guanine-PDI G-quartet,10a and diketopyrrolopyrrole (DPP)-
PDI,9 respectively, in solution, relative to the respective
monomeric dyads. In thin films, a 1000-fold enhancement in
the survival time of CTIs was observed for DPP-PDI36 when
compared to the monomer. Solvent vapor annealed thin films of

Figure 3. Femtosecond transient absorption spectra of 5 mM NIN in
(a) ACN and (b) CHCl3. (c and d) Right singular vectors obtained from
singular value decomposition (see SI).
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PDI-DPP-PDI15 reported by Wasielewski et al. yielded CTI
lifetime of 4 μs. Simple design and ease of processing exploiting
synergistic effects offered by various nonbonded interactions
make our strategy superior in moderating the behavior of CTIs in
the aggregated state compared to the earlier “emergence-upon-
assembly” approaches. Self-assembled nonparallel D−A archi-
tectures that possess a potential barrier for charge recombination
with enhanced survival time of CTIs (τcr

a > 1.2 ns)33 could serve
as promising scaffold for light harvesting, molecular electronics,
and novel photofunctional applications.
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