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Ø Not a single step electron transfer, but multi step
Ø Donor – acceptors are embedded at optimized distance
Ø Protein has very less reorganization energy
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Is it possible to generate long-lived charge 
separated states from (bio)-organic donor-

acceptor structures???
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Donor-Triptycene-Acceptor: Varying the Strength of Acceptor

Wasielewski and coworkers,  
J. Am. Chem. Soc. 1991, 113, 719 7

Wasielewski and coworkers , Science, 1998, 396, 60

Distance Between Donor and Acceptor Matters?

Guldi and coworkers , Chem. Eur. J., 2005, 11, 1267
8
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Mullen and coworkers,  
J. Am. Chem. Soc. 2001, 123, 8101

Electron transfer in Complex Donor-Acceptor Systems

Gust and coworkers,
J. Phys. Chem. B, 2009, 113, 7147
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Energy/Electron Transfer in D-A Systems

D. Gust, T. A. Moore and A. L. Moore, Acc. Chem. Res., 1993, 26, 198 – 205
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Friend and coworkers,
Science 2014, 343, 512

Disordered Donor-Acceptor Pairs

Voorhis and coworkers,
Acc. Chem. Res. 2010, 43, 995
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Aida and coworkers, Science, 2011, 334, 340

Contiguous Donor Acceptor Heterojunction

13

Aida and coworkers, Science, 2006, 314, 1761

Co-axial

Guldi and coworkers,  
Angew. Chem., 2015, 54, 8292

Disordered

Mullen and coworkers,  
J. Am. Chem. Soc. 2012, 134, 5876

Parallel
Strategies to Reduce Rate of Charge Recombination

Matile and coworkers
J. Am. Chem. Soc. 2013, 135, 12082

14



5/17/21

8

ZnPC

C60

Imahori and coworkers,
J. Am. Chem. Soc. 2011, 133, 10736

Helix-wrapped

Braunschweig and coworkers,
J. Am. Chem. Soc. 2014, 136, 7809

Double helical

Fukuzumi and coworkers,
Chem. Sci., 2014, 5, 3888

Slip-sandwich

Wasielewski and coworkers,
J. Am. Chem. Soc. 2013, 135, 13322

Columnar

15

Rate of Charge Recombination in Aggregate vs. Monomer

Contributed by Supramolecular D-A structure
(Reference)

1 Würthner, Meijer 
and coworkers

Chiral OPV-PDI
(JACS 2002, 124, 10252)

300 ps 60 ps 0.2

2 Wasielewski and 
coworkers

Cylindrical Melamine-PDI
(Chem. Mater. 2005, 17, 6295)

110 ps 164 ps 1.5

3 Wasielewski and 
coworkers

Foldameric Melamine-PMI
(JPC Lett. 2012, 3, 3798)

<110 fs 261 ps >2300

4 Wasielewski and 
coworkers

Guanine-PDI G-Quadruplex
(JACS 2013, 135, 13322)

13 ps 1.2 ns ~100

5 Braunshweig and 
coworkers

Helical Diketopyrrolopyrole-PDI
(JACS 2014, 136, 7809)

<200 fs 30 ps >150

6 Our data Near-orthogonal Naphthalene-
Naphthalimide

<110 fs >1.2 nsc >10000

m - monomeric state; a - aggregated state; c - lifetime of the naphthalene dimer radical cation
could not be measured due to the lack of NIR detector coupled to our nanosecond transient
absorption spectrometer (refer Figure S21, SI).

16



5/17/21

9

(a) (b) (c)

(e) (f) (g)

(h) (i)(d)

Representative Strategies Adopted for Emergent Properties

Iverson and 
coworkers

Aida and 
coworkers

Fukuzumi and 
coworkers

Imahori and 
coworkers

Wuerthner, 
Meijer and 
coworkers

Wasielewski and 
coworkers

Aida and 
coworkers

???

Crystal Engineering to Optimize π-ways
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decrease (ca. 63 1C) in the Tm of 1AP when compared to the Tm
of the model compound pyrene (P)25 is indicative of attenuation
in the ordered arrangement of the crystalline 1AP. However,
further increase in the number of acetyl groups in the pyrene
core resulted in a near-linear increase (Fig. S1b, ESI†) in the Tm
having a maximum of 295.6 1C as in the symmetric 4AP
derivative. A similar trend was observed for the change in
enthalpy during the melting process for 1–4AP (Fig. S1c and
Table S2, ESI†).

Qualitative analyses of the single crystal X-ray structure of
1–4AP indicate intra- and intermolecular distances between
the methyl and aryl hydrogens in the range of 2.098–2.4 Å
(Tables S3 and S4, ESI†). Distances appearing at less than the
double of van der Waal’s radius of hydrogen atom (2.4 Å) could
indicate the existence of dihydrogen (H! ! !H) bonding.27 Quan-
tum theory of atoms in molecules analyses28 (QTAIM) of the
crystalline 1–4AP offered no characteristics supporting the
intramolecular dihydrogen interactions at distances less than
2.4 Å. Intermolecular C–H! ! !H–C interactions in crystalline 2, 3
and 4AP (Fig. S2, ESI†) are exemplified through the values of
electron density at the (3, "1) bond critical point (BCP; rb(r)),
its Laplacian (r2rb(r)), the interaction distance (d) as indicated
in Table 1 (also see Table S4, ESI†), a bond and virial path in the
potential energy density map. A closed-shell intermolecular
C–H! ! !H–C interaction possessing considerable bond path
between a pair of similar hydrogens (CH3) is seen in 2AP
(Fig. S2a, ESI†). Non polar C–H! ! !H–C interaction evaluated
accumulation of electron density, rb(r), 0.036 e Å"3 and the
positive value of the Laplacian at the BCP (0.52 e Å"5), to form
extended chain-like C–H! ! !H–C contacts along the b-axis in
2AP. Derivatives 1, 20 and 200AP lack intermolecular C–H! ! !H–C
interaction as confirmed through QTAIM calculations.

Similar electronegativity differences between involved sp3

C–H bonds could only arise from electrically neutral hydrogens
in the vicinity. The influence of the adjacent carbonyl group
may impart repulsive C–H! ! !H–C interactions from the first
order electrostatic contribution. C–H! ! !H–C contacts could be
due to second-order mutual polarization of distorted charge

clouds of the C–H bonds due to the vicinal carbonyl group.
Carbonyl groups adjacent to the interacting sp3 methyl groups
could make the C–H bonds both polarizable and polarizing with
respect to each other, as observed for B–H bonds.29 3AP exhibits
(CH3)H! ! !H(aryl) interactions whereas 4AP shows a bond path
for (CH3)H! ! !H(CH3) and (CH3)H! ! !H(aryl) interactions (Fig. S2b
and c, ESI†). QTAIM calculations also confirmed the existence of
C–H! ! !O and C–H! ! !C interactions in the derivatives 2–4AP,
apart from the C–H! ! !H–C contacts (Table S4, ESI†).

Hirshfeld surface analyses30 of 1–4AP (Fig. 1 and Table S5,
ESI†) exhibit systematic trends in the weak interactions with an
increase in the number of substituted acetyl groups per pyrene
unit as the following (i) decrease in the C! ! !H contacts that
corresponds to s–p (edge-to-face) interactions; (ii) increase in
the C! ! !C contacts that corresponds to p–p (face-to-face) inter-
actions; (iii) increase in the O! ! !H contacts that corresponds to
C–H! ! !O interactions; (iv) increase in the H! ! !H contacts that

Scheme 1 Row I: molecular structure of 1–4AP; row II: corresponding
single crystal X-ray structure. Photographic image of the crystals row III: in
daylight; and row IV: under UV illumination. X-ray structure of P is taken
from the literature.26

Table 1 Calculated topological properties of the electron density for the
intermolecular interaction in 2–4AP

C–H! ! !H–C
contacts da (Å)

rb(r),b

(e Å"3)
r2rb(r)c

(e Å"5)
DEd

(kJ mol"1)

2AP H18c! ! !H018c 2.230 0.036 0.520 3.46

3AP H20c! ! !H08 2.246 0.041 0.471 4.29
H20c! ! !H09 2.579e 0.019 0.249 1.87

4AP H018c! ! !H0022c 2.239 0.040 0.514 4.32
H04! ! !H18a 2.394 0.034 0.450 3.50
H05! ! !H18c 2.577e 0.023 0.300 2.29

a d = distance. b rb(r) = electron density at the BCP. c r2rb(r) = Lapla-
cian of rb(r). d DE = dissociation energy (see ESI for details). e Though
H! ! !H distance is 42.4 Å, QTAIM exhibited electron density at (3, "1)
BCP.

Fig. 1 Hirshfeld 2D fingerprint plot of 4AP with the region of the plots
corresponding to (a) C! ! !C and (b) H! ! !H interactions; Hirshfeld surface of
4AP mapped with dnorm depicting (c) C! ! !C and (d) H! ! !H interactions;
(e) percentage contribution of edge-to-face (C! ! !H) and face-to-face
(C! ! !C) interactions in 1–4AP.
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corresponds to dihydrogen interactions and (v) increase in the
O! ! !C contacts that corresponds to dipolar interactions
between the carbonyl groups. Concurrence of such weak inter-
molecular interactions dictates the molecular packing that
results in ideal columnar 2D stacks in 4AP having r = 0.46
(Fig. 2). A value of r = 19.5 in 1AP indicates the formation of a
herringbone structure in the crystalline lattice when compared
to the sandwich herringbone structure in the P (r = 3.4).
Efficient reduction in the r value from 1–4AP is a consequence
of simultaneous (i) decrease in the percentage of C! ! !H contacts
(s–p stacking) from 46.9% (1AP) to 7.4% (4AP) and (ii) increase
in the C! ! !C contacts (p–p stacking) from 2.4% (1AP) to 16.1%
(4AP). With an increase in the number of acetyl groups in the
pyrene core, crystal packing of 1–4AP shows distinct patterns
through a gradual decrease in the interplanar angle between
the adjacent pyrene units (y = 48.41 for 1AP and y = 01 for 4AP;
Fig. S3 and Table S6, ESI†). Decrease in the interplanar angle
was accompanied by transformation of the herringbone struc-
ture of 1AP to the columnar structure of 4AP. 20AP shows
herringbone packing without p–p overlap between adjacent
pyrene units while the crystal structure of 2, 200AP shows a
lamellar motif with 2D p–p stacking (brickwork/g-motif). The
torsional angles between the planes of adjacent pyrene units in
2, 200AP were found to be 01 and 11, respectively (Fig. S4 and S5,
ESI†). 3AP shows columnar stacks with extended 2D p–p stack-
ing (b-motif), consistent with 4AP. While 3AP exhibited a
torsional angle of 67.81 between the planes of adjacent pyrene
units, a near-orthogonal (80.41) arrangement of pyrene units
was observed for 4AP, consistent with the 1,3,6,8-tetraphenyl-
pyrene derivatives reported by Geerts, Bredas and coworkers.31

We observed a p–p stacking distance of 3.4–3.5 Å in 4AP when
compared to 4.8 Å in 1,3,6,8-tetrakis(4-methoxyphenyl)-pyrene
reported earlier.31 By virtue of the smaller size of the acetyl
vs. phenyl substituents, we observed a shorter p–p stacking
distance in 4AP.

In 2AP, carbonyl oxygen interacts with the aryl hydrogen
(C–H! ! !O; Fig. S6, ESI†) forming a zig-zag arrangement along
the b -axis (out-of-plane; 1D), while 20AP favors a linear arrange-
ment along the c-axis possessing C–H! ! !O interactions. An
interplanar angle of 14.51 between the pyrene units in 200AP
arises from C–H! ! !O contacts. Extended C–H! ! !O interactions

in 3–4AP across the ab -plane promotes a sheet-like arrangement
of pyrene units (Fig. S6, ESI†) in combination with interplanar
C–H! ! !O interactions that support the pyrene (b-structure) stacks
along the c-axis. In addition to C–H! ! !O interactions, we
observed C–H! ! !H–C contacts (3.46–4.32 kJ mol"1; Table 1) in
crystalline 2–4AP. C–H! ! !H–C contacts in 2AP (b -axis; in-plane;
1D) and 3AP (a-axis; in-plane; 1D) promote a linear arrangement
of the pyrene units. In 4AP, C–H! ! !O interactions promote stacks
along the c-axis which is reinforced by C–H! ! !H–C contacts
across the ab -plane.

We performed steady-state and time-resolved photophysical
measurements to correlate the extent of overlap between adja-
cent pyrene units vs. colour properties in crystalline 1–4AP.
Experiments were also carried out in dilute solutions of chloro-
form to understand the photophysical properties of 1–4AP.
Increasing the number of acetyl groups resulted in progressive
red-shift in the UV-Vis absorption maximum of 1–4AP in
chloroform, for example 22 nm (1AP) and 70 nm (4AP), when
compared to P (Table S7, Fig. S7a, ESI†). Upon excitation at
350 nm, the emission maximum of 1–4AP in chloroform
exhibited a similar trend indicating the role of extended con-
jugation arising from carbonyl group(s) in the electronic transi-
tions in the pyrene unit (Fig. S7b, ESI†). We observed a
significant decrease in the fluorescence quantum yield of
1–4AP (Ff o 0.9%, Table S7, ESI†) in chloroform when com-
pared to P (Ff = 75%).32 Observed low Ff of 1–4AP in chloroform
could be attributed to alternate excited state decay pathways
(knr E kISC d kr) due to the incorporation of acetyl group(s).16

Picosecond time-resolved fluorescence measurements of 1–4AP
in chloroform exhibit a short lifetime (tf = 1–2 ns) when
monitored at respective emission maximum upon excitation
at 375 nm (Fig. S8, ESI†). While 2–4AP in chloroform shows a
longer lifetime (ca. 3–5 ns) when monitored at a longer wave-
length (500–550 nm) indicating the possibility of aggregation.
Emission wavelength dependent excitation (Fig. S9, ESI†) in
combination with concentration dependent emission (Fig. S10,
ESI†) and excitation (Fig. S11, ESI†) spectra confirms the
existence of ground state aggregate in 2-4AP in CHCl3.

In the crystalline state, 1–4AP exhibited diverse colours
ranging (Scheme 1, row III) from pale yellow–yellow–orange
resulting in a red-shift of 100 nm in the absorption maximum
of 4AP when compared to P (Fig. S12, ESI†). Upon excitation at
350 nm, 1–4AP exhibited a remarkable red-shift, for example
174 nm in the case of 4AP, in the emission maximum when
compared to P (Scheme 1, row IV and Fig. S12b and S13,
ESI†).32 Red-shift in the excimer-like fluorescence of 1–4AP
could be attributed to a combination of additional conjugation
from acetyl groups and an increase in the extent of overlap
between the adjacent pyrene moieties.7 A significant red-shift
in the excitation spectra of 1–4AP when compared to the
corresponding absorption spectra is indicative of ground state
interaction between the vicinal pyrene units (Fig. S14, ESI†).
A slip-stacked arrangement between the adjacent pyrene units
in the crystalline 2, 20 and 200AP in combination with enhanced
Ff, tf and kr when compared to that in solution indicate
the possibility of J-like aggregates and/or excimers of pyrene

Fig. 2 Close packing arrangement in 1–4AP indicating the values of
r[(%C! ! !H)/(%C! ! !C)].34 Herringbone (r 4 4.5), sandwich herringbone
(3.2 o r o 4.0), g (1.2 o r o 2.7), b (0.46 o r o 1.0).
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decrease (ca. 63 1C) in the Tm of 1AP when compared to the Tm
of the model compound pyrene (P)25 is indicative of attenuation
in the ordered arrangement of the crystalline 1AP. However,
further increase in the number of acetyl groups in the pyrene
core resulted in a near-linear increase (Fig. S1b, ESI†) in the Tm
having a maximum of 295.6 1C as in the symmetric 4AP
derivative. A similar trend was observed for the change in
enthalpy during the melting process for 1–4AP (Fig. S1c and
Table S2, ESI†).

Qualitative analyses of the single crystal X-ray structure of
1–4AP indicate intra- and intermolecular distances between
the methyl and aryl hydrogens in the range of 2.098–2.4 Å
(Tables S3 and S4, ESI†). Distances appearing at less than the
double of van der Waal’s radius of hydrogen atom (2.4 Å) could
indicate the existence of dihydrogen (H! ! !H) bonding.27 Quan-
tum theory of atoms in molecules analyses28 (QTAIM) of the
crystalline 1–4AP offered no characteristics supporting the
intramolecular dihydrogen interactions at distances less than
2.4 Å. Intermolecular C–H! ! !H–C interactions in crystalline 2, 3
and 4AP (Fig. S2, ESI†) are exemplified through the values of
electron density at the (3, "1) bond critical point (BCP; rb(r)),
its Laplacian (r2rb(r)), the interaction distance (d) as indicated
in Table 1 (also see Table S4, ESI†), a bond and virial path in the
potential energy density map. A closed-shell intermolecular
C–H! ! !H–C interaction possessing considerable bond path
between a pair of similar hydrogens (CH3) is seen in 2AP
(Fig. S2a, ESI†). Non polar C–H! ! !H–C interaction evaluated
accumulation of electron density, rb(r), 0.036 e Å"3 and the
positive value of the Laplacian at the BCP (0.52 e Å"5), to form
extended chain-like C–H! ! !H–C contacts along the b-axis in
2AP. Derivatives 1, 20 and 200AP lack intermolecular C–H! ! !H–C
interaction as confirmed through QTAIM calculations.

Similar electronegativity differences between involved sp3

C–H bonds could only arise from electrically neutral hydrogens
in the vicinity. The influence of the adjacent carbonyl group
may impart repulsive C–H! ! !H–C interactions from the first
order electrostatic contribution. C–H! ! !H–C contacts could be
due to second-order mutual polarization of distorted charge

clouds of the C–H bonds due to the vicinal carbonyl group.
Carbonyl groups adjacent to the interacting sp3 methyl groups
could make the C–H bonds both polarizable and polarizing with
respect to each other, as observed for B–H bonds.29 3AP exhibits
(CH3)H! ! !H(aryl) interactions whereas 4AP shows a bond path
for (CH3)H! ! !H(CH3) and (CH3)H! ! !H(aryl) interactions (Fig. S2b
and c, ESI†). QTAIM calculations also confirmed the existence of
C–H! ! !O and C–H! ! !C interactions in the derivatives 2–4AP,
apart from the C–H! ! !H–C contacts (Table S4, ESI†).

Hirshfeld surface analyses30 of 1–4AP (Fig. 1 and Table S5,
ESI†) exhibit systematic trends in the weak interactions with an
increase in the number of substituted acetyl groups per pyrene
unit as the following (i) decrease in the C! ! !H contacts that
corresponds to s–p (edge-to-face) interactions; (ii) increase in
the C! ! !C contacts that corresponds to p–p (face-to-face) inter-
actions; (iii) increase in the O! ! !H contacts that corresponds to
C–H! ! !O interactions; (iv) increase in the H! ! !H contacts that

Scheme 1 Row I: molecular structure of 1–4AP; row II: corresponding
single crystal X-ray structure. Photographic image of the crystals row III: in
daylight; and row IV: under UV illumination. X-ray structure of P is taken
from the literature.26

Table 1 Calculated topological properties of the electron density for the
intermolecular interaction in 2–4AP

C–H! ! !H–C
contacts da (Å)

rb(r),b

(e Å"3)
r2rb(r)c

(e Å"5)
DEd

(kJ mol"1)

2AP H18c! ! !H018c 2.230 0.036 0.520 3.46

3AP H20c! ! !H08 2.246 0.041 0.471 4.29
H20c! ! !H09 2.579e 0.019 0.249 1.87

4AP H018c! ! !H0022c 2.239 0.040 0.514 4.32
H04! ! !H18a 2.394 0.034 0.450 3.50
H05! ! !H18c 2.577e 0.023 0.300 2.29

a d = distance. b rb(r) = electron density at the BCP. c r2rb(r) = Lapla-
cian of rb(r). d DE = dissociation energy (see ESI for details). e Though
H! ! !H distance is 42.4 Å, QTAIM exhibited electron density at (3, "1)
BCP.

Fig. 1 Hirshfeld 2D fingerprint plot of 4AP with the region of the plots
corresponding to (a) C! ! !C and (b) H! ! !H interactions; Hirshfeld surface of
4AP mapped with dnorm depicting (c) C! ! !C and (d) H! ! !H interactions;
(e) percentage contribution of edge-to-face (C! ! !H) and face-to-face
(C! ! !C) interactions in 1–4AP.

Communication ChemComm



5/17/21

10

19

J. Phys. Chem. Lett., 2012, 3 (17), pp 2405–2408
Chemical Reviews 2018 118 (7), 3447-3507
Chemical Reviews 2016 116 (23), 14675-14725
Chemical Reviews 2016 116 (21), 12920-12955
Chemical Reviews 2016 116 (3), 962-1052

Number of Citations: 171 since 2012

Can Nonparallel Donor and Acceptor Chromophores Stack???

20

Self-Sort ed Assembly
(D-on-D and A-on-A St ack)

Mixed Assembly
(Alt ernat ing D-A St ack)

Nonplanar D-A 
Conjugat e

Can we predict which out of the two structures will be formed???
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Chem. Eur. J., 2018, 24, 18089-18096 (Young Chemists Issue 2018)

Structure-Packing-Property Correlation

Reducing the Rate of Back Electron Transfer!!!

kcs and kcr: Fast

kcs and kcr: Slow

Verhoewen
Schryver, 
Harriman, 

Wasielewski, 
Fukuzumi22
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Hariharan and coworkers,
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Hariharan and coworkers,
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Ongoing Research Activities
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Challenges in Artificial Photosynthesis

Photoinduced Energy Followed by Electron Transfer 
Resulting in Long-Lived Charge Separated States
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Intermolecular Electron Transfer in Solution:
Femtosecond Transient Absorption

Lifetime of perylenimide radical anion is 6 ps 27
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Intermolecular Electron Transfer in Co-Vesicle

Cheriya, R. T.; Mallia, A. R.; Hariharan, M. Energy Environ. Sci., 2014, 7, 1661

Lifetime of the radical anion
of perylenimide in vesicular
gel is 1000-fold longer in the
presence of indole when
compared to that in solution
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Can Nonparallel Stacks of Donor and Acceptor 
Chromophores Evade Onsager Charge Recombination???
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Impact of Molecular Packing on Electronic Polarization in Organic
Crystals: The Case of Pentacene vs TIPS-Pentacene
Sean M. Ryno, Chad Risko,* and Jean-Luc Bred́as*

School of Chemistry and Biochemistry and Center for Organic Photonics and Electronics, Georgia Institute of Technology, Atlanta,
Georgia 30332-0400, United States

*S Supporting Information

ABSTRACT: Polarization energy corresponds to the stabiliza-
tion of the cation or anion state of an atom or molecule when
going from the gas phase to the solid state. The decrease in
ionization energy and increase in electron affinity in the solid
state are related to the (electronic and nuclear) polarization of
the surrounding atoms and molecules in the presence of a
charged entity. Here, through a combination of molecular
mechanics and quantum mechanics calculations, we evaluate the
polarization energies in two prototypical organic semiconduc-
tors, pentacene and 6,13-bis(2-(tri-isopropylsilyl)ethynyl)pentacene (TIPS-pentacene). Comparison of the results for the two
systems reveals the critical role played by the molecular packing configurations in the determination of the polarization energies
and provides physical insight into the experimental data reported by Lichtenberger and co-workers (J. Amer. Chem. Soc. 2010,
132, 580; J. Phys. Chem. C 2010, 114, 13838). Our results underline that the impact of packing configurations, well established in
the case of the charge-transport properties, also extends to the polarization properties of π-conjugated materials.

■ INTRODUCTION
Organic molecular crystals, such as the oligoacenes (i.e.,
naphthalene, anthracene, tetracene, and pentacene) and their
substituted derivatives (e.g., rubrene, alkylsilylethynyl-substi-
tuted acenes, or heteroatom-substituted acenes), often serve as
representative systems to develop an understanding of the
electronic and optical phenomena in π-conjugated electro-
active materials.1−14 Overall, these molecular materials are held
together through the interplay among electrostatic (multipole)
interactions, dispersion and induction effects, and short-range
exchange−repulsion terms.15−17 A detailed understanding of
how these intermolecular interactions determine the available
molecular packing arrangements, for both crystalline and
disordered materials, is necessary if the full power of
computational materials chemistry is to be used to design
systems presynthesis, from isolated molecules to bulk packing,
and design the materials (e.g., electronic, optical) properties.
Increasingly sophisticated methodologies are under develop-
ment with the goal of predicting molecular packing through a
variety of theoretical approaches and are being applied to
systems that range from molecular crystals to proteins.18−22

Our focus here is on the solid-state electronic polarizations,
i.e., the energetic stabilizations of positive [or negative] charges,
P+ [P−], due to the interactions of the charged entities with
their electrostatic environment. The polarization energies can
be determined via the Lyons model by examining the change in
ionization energy, IE [electron affinity, EA], on going from the
gas phase to the solid state.23 Electronic polarization represents
a critical feature in organic electronic materials, as it provides a
measure of the energy landscape surrounding charge

carriers,16,24 which directly impacts the charge-carrier mobi-
lities;4 it is also expected to play an important role in the
charge-separation process in organic solar cells (through charge
screening as the electrons and holes move away from the
organic−organic interface).25
The conjugated backbones of molecular- and polymer-based

electronic materials are often appended with linear, branched,
and other types of bulky alkyl-based chains to increase solubility
and aid in the formulation of inks for solution deposition/
printing. However, there is only sparse study of the interplay
between electrostatic interactions and molecular packing in
bulk solids as a function of the variations in substitution
patterns. Recent UPS investigations by Lichtenberger and co-
workers26−28 started to address this issue by comparing the
polarization energies of oligoacenes to their tri-isopropylsilyl-
ethynyl (TIPS)-substituted counterparts. Interestingly, these
studies revealed large variations in the evolution of the IE on
going from the gas phase to the solid state as a result of the
addition of the TIPS functionality. Lichtenberger and co-
workers measured that, in the gas phase, the IEs for pentacene
and TIPS-pentacene were 6.54 and 6.28 eV, respectively,
indicating that TIPS-pentacene is intrinsically better able to
stabilize the resulting positive charge as expected from its more
extended conjugation.28 In thin films, however, pentacene is
measured to have a considerably larger polarization energy
(1.73 eV; solid-state IE of 4.81 eV) compared to TIPS-
pentacene (0.44 eV; solid-state IE of 5.84 eV). Similar trends
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ACN CHCl3

Femtosecond Transient Absorption Spectroscopic Measurements

Crespo-Hernández and coworkers, J. Phys. Chem. A 2013, 117, 6580.
Fukuzumi and coworkers, Faraday Discuss. 2012, 155, 89.
Majima and coworkers, J. Phys. Chem. A 2006, 110, 9319.

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).

Journal of the American Chemical Society Communication
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F igure S16: Nanosecond transient absorption spectra of (a) NI, (b) NIPh, (c) NIN (�exc=355 nm) in 
ACN and (d), (e), (f) represent corresponding right singular vectors obtained from SVD analysis.  

 

F igure S17: Jablonski diagram depicting excited state energy levels of naphthalene (N), 
naphthalimide (NI) and the charge separated state of NIN. aExperimental (in eV) and btheoretical (in 
eV) energies corresponding to each levels are provided; theoretical calculations were performed at 
B3LYP/6-311G**+ level of theory using Gaussian-09 program suite (see computational methods in 

experimental section for more details). Cross-sign (x) shows that naphthalene is not directly photo-

excited. Triplet excited state of naphthalene (3N*) probed using femtosecond transient absorption 
spectroscopic measurements and naphthalimide (3NI*) using nanosecond transient absorption 
spectroscopic measurements strongly suggests the possibility of charge separation�geminate charge 
recombination�triplet formation before relaxing to the ground state in monomeric NIN. Close lying 
energy levels (�E = 0.06 eV) of ���� 	 ������and 3N*25 when compared to moderately separated 
energy levels (�E = 0.59 eV) of ���� 	 ��� and 3NI10, 26 suggests the possibility of ultrafast formation 
(kISC� > 9 x 1012 s-1) of 3N* when compared to the slower formation of 3NI* (kISC��; (kISC�������ISC�).  
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Can Nonparallel Stacks of Donor and Acceptor 
Chromophores Evade Onsager Charge Recombination???

Yes, it can!!!

VS.hn ET

hv ET h+

e-

tCR < 110 fs tCR > 1.2 ns
Approximately 4.5 µs

33

34



5/17/21

18

N OO

Br

B
HO OH

R

N OO

R

Pd (PPh3)4, K2CO3, 70 oC

NBr
i.AN (R = H)

ii.ANBr (R = Br)

87o

35

Can D-D-A Triad Create Long-Lived CS State Upon Assembly???
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Long-Lived Charge Separated States and Structural Heterogeneity

A 108-fold 
enhancement 
in the lifetime 

of charge 
transfer 

intermediates 
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Anthracene-Adenine Dyad
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tcr » 0.12 s
tcr < 110 fs
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Is it possible to arrange the aromatic 
chromophores in cross stacked geometry???

If yes, how does it respond to light???
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Null Exciton Splitting in Chromophoric Greek Cross (+) Aggregate
Ebin Sebastian+, Abbey M. Philip+, Alfy Benny, and Mahesh Hariharan*

Abstract: Exciton interactions in molecular aggre-
gates play a crucial role in tailoring the optical
behaviour of p-conjugated materials. Though vital for
optoelectronic applications, ideal Greek cross-dipole
(a = 908) stacking of chromophores remains elusive.
We report a novel Greek cross (+) assembly of 1,7-
dibromoperylene-3,4,9,10-tetracarboxylic tetrabuty-
lester (PTE-Br2) which exhibits null exciton coupling
mediated monomer-like optical characteristics in the
crystalline state. In contrast, nonzero exciton coupling
in X-type (a = 70.28, PTE-Br0) and J-type (a = 08,
q = 48.48, PTE-Br4) assemblies have perturbed opti-
cal properties. Additionally, the semi-classical Marcus
theory of charge-transfer rates predicts a selective hole
transport phenomenon in the orthogonally stacked
PTE-Br2. Precise rotation angle dependent optoelec-
tronic properties in crystalline PTE-Br2 can have
consequences in the rational design of novel p-conjugated
materials for photonic and molecular electronic applications.

Molecular coalition of organic chromophores into hier-
archical architectures has proved pivotal in realizing efficient
photonic and optoelectronic devices.[1] Three-dimensional
(3D) ordering of p-conjugated materials plays a crucial role in
dictating “light–matter interactions”,[2] an inevitable phenom-
enon for photofunctional applications.[3] Geometrical rulers,
that is, relative spatial orientation,[4] p-overlap,[5] and inter-
molecular distances (d) between the chromophores govern
the electronic communication and synchronously the optical
response of the crystalline scaffold.[3a, 6] Inevitably, assemblies
of p-chromophores typically encounter bottlenecks, such as
concentration fluorescence quenching mediated by trap states
and/or exciton coupling.[7] Molecular exciton theory[8]

accounts coherent coupling among the co-facial, parallel
transition dipoles (H-aggregate) for the quenched fluores-
cence (Scheme 1).[3a, 9] Though, H-aggregates are detrimental
to fluorescence, they exhibit high charge transport efficien-
cies.[10] Conversely, exciton coupling among the staggered
transition dipoles (J-aggregate) exhibit strong fluorescence
character, albeit with weak charge transport character.[10, 11]

Molecular aggregates exhibiting minimal exciton inter-
actions can have important implications in photonic devi-
ces.[12] Chromophoric “M-aggregates”[13] possessing magic
angle stacking (q = 54.78) and “null-aggregates”[6b, 14] have
been reported to possess minimal net exciton interaction in
the condensed state. Cross-stacked chromophoric assemblies
with near-orthogonal transition dipoles (a! 908) can also
ensue minimal exciton interactions.[12] Though, having a co-
facial orientation, these aggregates exhibit strong lumines-
cence and can create proficient transport p-ways for the
charge carriers.[15] Kasha and co-workers in their pioneering
work and later Br!das and co-workers provided the theoret-
ical conception of such system with negligible exciton
interaction.[8a,16] Ma and co-workers provided an experimen-
tal demonstration of cross-dipole (a = 708, X-aggregate)[12,17]

stacks in distyrylbenzene derivatives and subsequently sev-
eral cross-dipole (08<a< 908) assemblies evolved (Table S1,
Supporting Information).[9b, 15a,18] To date, chromophoric
aggregates possessing orthogonal geometry (a = 908) have
only been proposed based on solid-state NMR spectrosco-
py,[19] two-dimensional wide angle X-ray scattering (2D-
WAXS),[20] and molecular modelling[21] methods. Though
thermodynamically accessible[22] in columnar liquid crys-
tals,[19–21] realization of a single crystalline architecture cross-
stacked precisely at right angle (a = 908) remains elusive,
predictably due to the steric effects (among the peripheral
substituents) mediated inefficient packing of the aromatic
chromophores.[18e] To our knowledge, we report the first
crystal evidence for null exciton interaction in Greek
cross (+) chromophoric assembly possessing an impeccable
orthogonal (a = 908) geometry between the chromophores in
1,7-dibromoperylene-3,4,9,10-tetracarboxylic tetrabutylester
(PTE-Br2). As surmised theoretically, null Coulomb coupling
in the Greek cross (+) chromophoric aggregate give a mono-
mer-like optical character and an unprecedented anisotropic

Scheme 1. Exciton splitting diagram for a molecular dimer with staggered (J-
aggregate), co-facial (H-aggregate), and Greek cross ((+)-aggregate) configura-
tions.
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Greek Cross (+) Aggregate

Kasha, M. Discussions of the Faraday Society, 1950, 9, 14-19

Exciton Isolation in Greek Cross (+) Architecture

Rotational angle of 90° between the transition dipole moments of the chromophores resulting in monomer-
like optical characteristics in crystalline state mediated by the null exciton coupling
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Null exciton splitting in chromophoric Greek cross aggregate Greek Cross 
(+)



5/17/21

22

Ø Greek cross (+) architecture with appreciable interchromophoric separation (di = 4.74−5.99 Å) in the crystalline
state directed by noncovalent C−H···C interactions

Ø Negligible contributions from long-range Coulombic (JCoul) and short-range charge-transfer exciton (JCT)-mediated
couplings

Molecule JCoul (cm-1) JCT (cm-1)
N2-P 0.099 0.07X10-4

M2-P -0.019 -4.7X10-3

P2-P 12.348 -2.214

Lijina, M. P.; Benny, A.; Ramakrishnan, R.; Nair, N. G.; Hariharan, M., J. Am. Chem. Soc., 2020

Pentacene centric Kasha’s ideal null exciton Greek Cross 
(+)
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Greek Cross (+) Aggregate

Kasha, M. Discussions of the Faraday Society, 1950, 9, 14-19

58

Greek cross stacking (a = 908) mediated negligible exciton coupling has been
theoretically known since 1965 (Kasha et al.). In their communication (DOI:
10.1002/anie.201810209) M. Hariharan and co-workers report the first experimen-
tal evidence of null exciton coupling mediated unperturbed photoexcited state
properties and selective hole transport in a crystalline Greek cross (+) assembly,
thereby highlighting the importance of precise cross stacking in modulating the
optoelectronic character of crystalline arenes.

Hariharan and Coworkers, Angew. Chem. Int. Ed. 2018, 57, 15696-15701
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(+) PDI2

•Optimized using CAM-B3LYP/6-31G* 

»90°

Symmetry Breaking Charge Separation 
In Perfectly Orthogonal PDI Dimer

Jiang, Wei, et al. Chemistry–A European Journal 18.22 (2012): 6764-6775.

Ref-PDI
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Toluene

Femtosecond	Transient	Absorption

G-Ground state
A-Locally excited 

singlet state
B-Symmetry breaking

charge transfer state
C-Triplet state

Excited singlet state 
life-time in Toluene 
(from TSCPC)
(+) PDI2: 9.84 ns

Acetonitrile

60
Submitted
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Can we achieve 
radial arrangement of chromophores???

J. Am. Chem. Soc. 2019, 141, 4536

If yes, how does it respond to light???

62

Radial Arrangement and Ultrafast ISC: Dual Role of Bromines
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Thank You!!!


