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We have collated various supramolecular designs that utilize organic
donor-acceptor CT complexation to generate noncovalently co-
assembled structures including fibrillar gels, micelles, vesicles, nano-
tubes, foldamers, conformationally restricted macromolecules, and
liquid crystalline phases. Possibly inspired by nature, chemists have
extensively used hydrogen bonding as a tool for supramolecular
assemblies of a diverse range of abiotic building blocks. As a structural
motif, CT complexes can be compared to hydrogen-bonded complexes
in its directional nature and complementarities. Additional advantages
of CT interactions include wider solvent tolerance and easy spectro-
scopic probing. Nevertheless the major limitation is their low associ-
ation constant. This article shows different strategies have evolved over
the years to overcome this drawback by reinforcing the CT interactions

with auxiliary noncovalent forces without hampering the alternate
stacking mode. Emerging reports on promising CT complexes in
organic electronics are intimately related to various supramolecular
designs that one can postulate based on donor—acceptor CT inter-

actions.

1. Introduction

Supramolecular chemistry!' has created an opportunity
for science practitioners from various disciplines to assemble
under a common platform and explore the enormous diversity
in the organization of molecules through noncovalent inter-
actions, spanning length scales ranging from nanometers to
several micrometers. Various subareas of this rather diverse
research field that include self-assembled m-conjugated
chromophores,*'" supramolecular polymers,''"'? crystal en-
gineering,™® conceptual development of the supramolecular
synthon,¥! self-organization of metal-containing building
blocks,'>1%1 assembly of m-conjugated amphiphiles!”! and
peptides!'™ in aqueous medium, supramolecular materi-
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als,"*? fibrillar gels® and the rele-
vance of supramolecular chemistry in
biology,”? have been extensively re-
viewed in the recent past. It is evident
that over the past several years, in-
credible progress has been made in
terms of identifying suitable molecular
entities with specific recognition units
for directional interactions and under-
standing structural nuances of the building blocks which
govern the molecular-level interactions and consequently the
macroscopic properties.

Hydrogen bonding has been most extensively studied in
this context owing to its highly directional nature, structural
diversity, and moderate to very high association constants.
Numerous examples on hydrogen-bonding-promoted, well-
defined supramolecular assemblies have been discussed in
several review articles concerning the pros and cons of the
noncovalent synthesis using hydrogen bonds,! quadruple
hydrogen-bonded systems,”” methods for modulating the
strength of hydrogen bonds,™ supramolecular polymers,'!
and self-assembled m-conjugated chromophores.”® It involves
a donor and an acceptor unit containing an acidic hydrogen
atom and a nonbonding electron lone pair, respectively.
Depending on whether they are part of a single molecule or
different molecules, the sequence of connectivity, as well as
other parameters, hydrogen bonding can be either self-
complementary (amide, urea, carboxylic acid, urethane, urido
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pyrimidine) or two units can be complementary to each other
(hydrogen bonding between two different nucleobases).
Charge-transfer (CT) interactions drive the alternate
stacking of aromatic donor (D) and acceptor (A) chromo-
phores® and is comparable to hydrogen bonding because of
its inherent complementary nature in alternating placement
of the D and A units. CT complexes of various D—A pairs have
been studied for a long time.®*! D-A cocrystals were
isolated years ago® ¥l and are sometimes called CT salts.*>*]
Nevertheless, there are fewer examples of such CT complexes
when compared to those of hydrogen-bonding-driven self-
organized systems. Possibly, very low to moderate association
constants, particularly in case of intermolecular D-A com-
plexes, limit their potential in the creation of the organized
structures with long-range order. Thus reinforcing CT com-
plexes by using other noncovalent forces such as solvophobic
forces, metal-ligand coordination, hydrogen bonding, etc.,
has been used as common design strategies to construct stable
supramolecular structures. Examples related to co-assemblies
driven by CT complexation have been partly discussed in
a few review articles which are primarily concerned with
aromatic interactions,™ % foldamers,!! gels,*”! and organic
electronics.¥ Nevertheless significant new results have been
published recently on complexation promoted by D-A
interactions for a diverse range of supramolecular assemblies
such as organogels, synthetic ion channels, rotaxanes, cate-
nanes, foldamers, superamphiphiles, and liquid crystalline
materials. In this review, we have brought together such
examples of supramolecular structures (Scheme 1) having
ground-state CT interactions as the central theme, and
highlight the scope of this classical nonbonding interaction
as a structural motif for efficient co-assembly of building
blocks containing electron-rich and deficient chromophores.
Although CT complexes have been extensively used to
produce many fascinating interlocked compounds such as
rotaxanes and catenanes, they have been excluded from this
article as they are reviewed elsewhere.** External host-
stabilized (such as cucurbit-[8]-uril) CT complexes and
related supramolecular assemblies have also been reviewed
recently™! and thus are not part of the present article.
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Scheme 1. Different kinds of D-A supramolecular assemblies discussed
in this Minireview.

2. D and A Chromophores and CT Complexes

Description of D and A chromophores: Over the last 50
years several donor and acceptor chromophores have been
examined in the context of their propensity to form CT
complexes. The large number of molecules published so far
makes it practically impossible to provide a comprehensive
account on their structures and properties in this subsection.
Thus we have chosen a few selected examples of representa-
tive st donors (D1-D12) and acceptors (A1-A12) (Scheme 2)
to highlight important aspects of CT complexes. It is also
important to note that this list does not include either lone-
pair (n) donors such as aliphatic amines, phosphines, and
alcohols, or o acceptors such as I,, Br,, and ICNP"! because
this article is concerned with m donors and acceptors.
Hexamethylbenzene (D1), tetramethylbenzene (D2), N,N-
dimethylaniline (D3), and many other structurally related
benzene derivatives substituted with electron-donating
groups were identified as donor units early on.””! Likewise
1,3,5-trinitrobenzene (A1), tetracyanobenzene (A2), and
structurally similar chromophores with electron-withdrawing
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Scheme 2. Structures of representative mt-donors and acceptors.

groups act as acceptor counterparts to form CT complexes.
Several quinone derivatives such as 2,3-dichloro-5,6-dicyano
p-benzoquinone (A3), tetrafluoro-p-benzoquinone (A4), and
other related compounds have been also extensively studied
as acceptor units for CT interactions with benzene-ring-
containing donors.”’! Derivatives of aromatic compounds
with larger m surfaces, such as naphthalene (D4), dialkoxy-
naphthalene (D5), anthracene (D6), pyrene (D7), carbazole
(D8), and triphenylene (D10) can act as donor components in
the formation of CT complexes with acceptors such as 2,4,7-
trinitrofluorenone (A7), pyromellitic diimide (A8), naphtha-
lene-diimide (A9), mellitic triimide (A10), and viologen (A6)
derivatives. Different combinations of these D—A pairs have
found widespread interest in the construction of a diverse
range of supramolecular assemblies which are discussed in the
subsequent sections of this article. Tetrathiafulvalene (TTF)
and its derivativest™ (D9) represent an important class of
donors which can form efficient CT complexes with 7,7,8,8-
tetracyano-p-quinodimethane (TCNQ, A5), having metallic
behavior,” and also with A6, A8, and A9 for formation of
interlocked compounds such as rotaxanes and catenanes. !
A few recent examples suggest that C;-symmetric donors such
as D11 (hexakisalkoxytriphenylene) and D12 (truxene deriv-
atives) can form highly stable D—A pairs with the comple-
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mentary acceptors All (hexaazatriphenylene)® and A12
(truxenone derivatives),” respectively, owing to their almost
identical shape and size.

Probing CT complexes: According to molecular orbital
treatments, the CT band arises as a result of an electronic
transition from the highest occupied molecular orbital
(HOMO) of the donor to the lowest unoccupied molecular
orbital (LUMO) of the acceptor. Formation of a CT complex
can be readily detected by the appearance of a new single or
multiple low-energy absorption bands while significantly
retaining the absorption peaks of the individual D and A
components. However as the extinction coefficients of the
broad CT bands are not so high in many examples, it becomes
difficult to identify them in a dilute solution of a 1:1 D/A
mixture for weak complexes. Thus increasing the concentra-
tion of one of the components often helps in visualizing the
CT band. In many examples, CT complexes also show a new
emission band having a mirror image relationship with the CT
absorption spectra.””’ They are also routinely probed by
NMR techniques®™ in which face-to-face alternate D-A
stacking results in upfield shifts of the aromatic protons
because of the shielding effect. Additionally, two-dimensional
(2D) NMR spectroscopic tools have been used in the recent
past®¥ to detect spatial communication among the protons
from the alternately stacked D and A units. Recently
electronic structures of D—A assemblies have been studied
by ultraviolet photoelectron spectroscopy.”

Association constant: Binding affinities of D-A com-
plexes depend on several parameters, including the donating
and accepting ability of the D and A chromophores,
respectively, steric crowding imparted by the substituent on
the aromatic ring, solvent polarity, and a proper match
between the m surfaces of the complementary D and A units.
Experimental techniques based on UV/vis and NMR spec-
troscopy have been most commonly used to determine the
association constants of D-A complexes. In a few cases
isothermal titration calorimetry (ITC) has also been em-
ployed for direct estimation of the thermodynamic parame-
ters associated with CT complexation. A detailed discussion
related to different methods for determination of association
constants and a comprehensive account of thermodynamic
parameters for various D-A complexes have been reviewed
elsewhere.””*! However, as a separate CT absorption band,
solely resulting from the associated species, appears in the
UV/vis spectra, monitoring its intensity as a function of
concentration appears to be a convenient method for
estimating the association constant of a 1:1 D-A complex
using Equation 1,°”) where ¢ and A represent the concen-
tration of individual components in a 1:1 D/A mixture and
absorbance (CT band), respectively, and / is the optical path
length. The values of ¢ and A are determined experimentally
by a series of UV/vis experiments with different dilutions.
Then from the slope and intercept of the linear plot of c/A
against 1/A'2, one can estimate the association constant (K)
and molar extinction coefficient (¢) of the CT complex.

c 1\ 1 1
z:<@) a7 T @
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Table 1: Association constants (K) for a selection of DA pairs listed in
Scheme 2.
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Table 2: Association constants (K) for various TTF derivatives (see
Scheme 3) with CBPQT*" estimated by NMR experiments (T=30°C).

D-A pair Solvent T[°C] Km™ TTF Solvent Km™] E'y2 [V] (MeCN)
D1-A1 cyclohexane 20 13.5+04 TTF-1 MeCN 10000 +0.34
D1-A1 cal, 20 5.7+0.3 TTF-2 Me,COE! 490 +0.45
D1-A1 chloroform 20 0.76+0.05 TTF-3 MeCN 180 +0.51
D1-A4 cdcl, 335 15.4 }
D2-A4 ccl, 335 4.90 [a] Data not reported in MeCN.
D5-A8l CDCl, 25 12.0

_A9Ql . .
D5-AS cbcl; %5 420 , Kvalue increases by almost two orders of magnitude.
D11-AT1E CH,Cl, e 2.6(+0.8)x 10

[a] Derivatives with different R groups have been used for the complex-
ation studies. [b] Not mentioned.

Herein we show a few examples (Table 1) to highlight
some important aspects related to structural and solvent
effects on association constants. Based on the extensive
experimental data it is grossly accepted that higher K values
can be obtained in poorly ionizing solvents. For example the
K value of the D1-A1 complex™ (Table 1) in cyclohexane is
about 20 times higher than that in CHCl;. However apart
from polarity alone, other structural parameters of the solvent
molecules may also influence the position of the equilibrium.
For example solvents like THF and ethers can act as n donors
and other solvents (even chloroform) may be involved in
weak hydrogen bonding with the D/A chromophores and thus
the estimated K values for a particular D-A pair may not
always show a linear relationship with the solvent dielectric
constant.?”) For example, K for the D1-A4®" is 15.4m7!
(Table 1), which is about three times higher compared to
that of D1-Al in the same solvent (CCl,). This can be
attributed to the more electron-deficient nature of A4
compared to Al. Likewise with a fixed acceptor, A4, D2
exhibits a lower K value® compared to D1 because of
a fewer number of electron-donating methyl groups in D2.
Stoddart and co-workers systematically studied®” CT com-
plexes of a series of TTF derivatives (Scheme 3) with cyclobis

- | é %

R'=R?=H: TTF-1 N* N
R! = SMe, R = CH,SMe:TTF-2
R!=R? = SMe:TTF-3

<§

cBPQTH

Scheme 3. Chemical structure of TTF derivatives, CBPQT**, and their
CT complex.

(paraquat-p-phenylene) (CBPQT*") as an acceptor, to under-
stand the influence of the donating ability of the TTF units
and other structural parameters on K.

Part of their investigations showed the remarkable effect
of the first redox potential (E';,) of the TTF donors on the
observed K values (Table 2). For example, in MeCN going
from TTF-3 to TTF-1 with a decreasing E'), value, the
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Although it is not appropriate to compare the absolute
magnitude of K values of these interlocked systems with those
reported in Table 1, the observed trend certainly can be
considered a good example of a significant effect of the
donating ability of D on the binding constants for a particular
set of D-A complexes. Beside electronic effects, the proper
matching between the complementary &t surfaces also signifi-
cantly influences the association properties. For example, D5
shows a higher binding affinity towards A9 compared to that
with A8l (Table 1) although both the acceptors contain two
imide groups. This can be attributed to a more effective
moverlap in the D5-A9 CT complex. Chai, Liu, and co-
workers reported® a remarkably high association constant
(Table 1) for D11-A11 resulting from complementary charge
distribution and perfect shape matching in this D—A pair. This
value is one of the highest association constants reported to
date for any D-A complex which lacks additional assistance
from other noncovalent interactions. Wilson and co-workers
have recently reported!®! a systematic study on co-assembly
between a series of homopolymers containing different
pendant donors (carbazole, phenothiazine and pyrene) and
acceptors (pyromellitic diimide, naphthalene diimide, and
perylene diimide), and based on the experimental findings
they identified pyrene-NDI (D7-A9) as the best D-A pair
among all tested D-A combinations within this series. Note-
worthy in this case, is that the difference of n-surface area is
within only 10 % for the other two donors. Thus the difference
in K values was attributed to the highly congruent HOMO of
pyrene and LUMO of NDI, thus resulting in an effective
HOMO-LUMO overlap in alternate cofacial stacking. While
the majority of the studies concerning association constants of
CT complexes have been conducted in organic solvents,
Iverson and co-workers have shown!® a strong and positive
impact of high polarity solvents such as MeOH and H,O on
alternate D-A stacking of the D5-A9 pair by 'H NMR
experiments. The K values increased by almost three orders
of magnitude (Table 3) by changing the medium from CDCl,
to D,0.

They examined the thermodynamic parameters for the
CT-complex formation in a range of other solvents having
intermediate polarities and correlated the estimated K and
AG° values with the empirical solvent polarity parameter
E1(30), thus demonstrating higher stability in polar solvents,
a trend which is an exactly opposite to that seen in the data
reported in Table 1. This opposite behavior indicates that in
low polarity solvents the association constants show an
inverse relationship with the dielectric constant of the solvent
because of dominant electrostatic forces, while in highly polar
solvents such as MeOH and H,O, strong solvophobic
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Table 3: Solvent effect on D5-A9 binding parameters at T=298 K.

Solvent E+(30) Km™] —AG®
[kcal mol™'] [kcal mol™]
CDCl, 39.1 2+ <05 0.4
[DeJacetone 42.2 8+ <05 1.2
[Dg]DMSO 45 3+ <05 0.7
CD,CN 45.6 11+ <05 1.4
CD;0OD 55.5 30+ <05 2.0
CD,;0D/D,0 (3:1) 57 63+2 2.5
CD;0D/D,0 (1:1) 58.9 254+41 33
CD,;0D/D,0 (1:3) 60.8 952+ 64 4.1
D,0 63 2045+63 4.5

[a] Empirical solvent polarity parameter for nondeuterated solvents.

repulsion leads to very stable alternate D—A x stacking which
corroborates well with literature reports on self-assembly of
other  systems.[**%4

3. Gelation Driven by CT Interactions

Low-molecular-weight supramolecular gelators have been
a topic of recent interest!®®! owing to their fascinating self-
organization properties and relevance in a range of applica-
tions including drug delivery, light harvesting, templating,
organic photovoltaics, and others. D-A CT-interaction-pro-
moted gelation has been studied in the recent past by many
groups'® ™ including ours.”%! Gelation promoted by CT
interactions was first reported by the group of Maitra in
199911 They examined co-assembly of a few donor units,
having appended bile acids (Figure 1), in the presence of the
electron-deficient chromophore trinitrofluorenone (TNF, 1f)
and they noticed CT-interaction-promoted gelation for TNF
with compounds la-c. In suitable solvents, the critical
gelation concentration (CGC) was found to be even less than
1 wt %, thus suggesting supergelation. However the gel-to-sol
transition temperature (7,) of 1a/1f (1:1) was estimated to be
only 35°C in CHCIl; (¢c=62 mM of each component), thus
suggesting poor thermal stability. Moreover 1d and 1e do not
produce a gel, thereby suggesting that the placement of the
donor unit on the bile acid backbone played a critical role for

CO,Me

X = OCONH( Carbamate)
X X =0CO (Ester) o,

) 3%
LI

Figure 1. Early reports on various D and A building blocks for gelation
promoted by CT complexation./*”72
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co-assembly and gelation. Subsequently, they studied the co-
assembly of pyrene derivatives, with appended alkyl chains
(1g where R is different functional groups), and TNF in the
absence of the bile acid backbone.™ Interestingly, pyrene
derivatives lacking any hydrogen-bonding groups show CT
gelation but those with the amide, urethane, or urea groups
prefer self-assembly rather than co-assembly with TNF.
Subsequently more reports have appeared on the gelation
of different D—A pairs and describe the relationship between
gelation properties and the molecular structure of the
building blocks, nature of the solvent, and the D/A stoichi-
ometry.""74

While these examples deal with gelation by only CT
interactions, there is a significant interest in additionally using
other supramolecular forces, such as hydrogen bonding, for
formation of fibrillar two-component assemblies. TTF and its
derivatives™ " are well-known donors with electroactive
properties. They can be electrochemically/chemically oxi-
dized to radical cations and dications, thus providing an
additional opportunity to tune their self-assembly by an
external stimuli. Zhu and co-workers™ reported spontaneous
gelation of a urea-functionalized TTF (2a, Figure 2A) in 2-
propanol, cyclohexane, and 1,2-dichloroethene (DCE).

(o)
N,C12H25

X
QT
| 2a

!

Self-assembly (B

al— . s

+ s
NC, CN |\
== = . '
NG N

B) 2b

TCNQ e

cyclohexane

———
1,2-dichlorocthenc |

&
& TCNQ
#

Fe(C10.),
1,2-dichloroethene

Figure 2. A) TTF gelator and mode of co-assembly with TCNQ. B) Sol-
vent-dependent effect of TCNQ on TTF gelation (top and middle) and
oxidation-induced gel-to-sol transition (bottom). Reprinted with per-

mission from (Ref. [75]). Copyright (2005) American Chemical Society.

Solvent polarity seems to play a key role on how the TTF-
TCNQ CT complex influences the gelation behavior. In
a highly apolar solvent cyclohexane, the TTF gel shows
morphology transition from fibers to tubes in the presence of
TCNQ (2b) with concomitant appearance of a deep green
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color (Figure 2B) owing to CT complexation. Surprisingly, in
another solvent such as DCE, addition of TCNQ destroys the
gel phase of TTF and produces a dark green suspension
(Figure 2B). Such contrasting behavior in two different
solvents can be attributed to the presence of more charge
on the TTF gelator in a more polarizable solvent such as
DCE. Chemical oxidation of the TTF chromophore by an
equivalent amount of [Fe(ClO,);] also destroyed the gel phase
(Figure 2B) because of electrostatic repulsion among the
positive charges of the oxidized TTF product.

Smith and co-workers reported metastable gelation of
styrene/divinylbenzene (90:10) by a dimeric amide-function-
alized pyrene donor (3a, Figure 3) only in the presence of

SRR

& )
D-A Co-assembly i i =)
—_—
1
—
1
on Qib - ==
.O NO, CT-complexation induced

H-bonding and gelation

Figure 3. Gelation promoted by simultaneous hydrogen bonding and
CT interactions.

a TNF acceptor (3b)." In this case a low T, value (34°C at
c=20mmMm of 3a; 3a/3b=1:2) indicates a weak assembly.
Spatial organization of the building blocks in alternating D
and A units appears to be essential for the amide groups to
remain hydrogen bonded, and this was not the case for
homoaggregates of the pyrene dimers. Interestingly, the
fibrillar gel network gradually transforms into microcrystals
through fiber—fiber aggregation, thus indicating an intimate
relationship between gelation and crystallization.”!

We have explored co-assembly of a bis(trialkoxybenz-
amide)-functionalized dialkoxynaphthalene (DAN) donor
and naphthalene diimide (NDI) acceptor gelators (Fig-
ure 4 A) with different spacer lengths (L, and L, for A and
D chromophores, respectively) between the two amide
groups.

All compounds (shown in Figure 4 A) on their own exhibit
spontaneous gelation”® in a nonpolar solvent such as
methylcyclohexane (MCH). The choice of such building
blocks stems from the fact that it can impart self-assembly in
a nonpolar solvent through the synergistic effects of hydrogen
bonding among the amides, n—mn stacking/CT interactions
between the D and A chromophores, and hydrophobic effects
through the terminal trialkoxybenzamide groups. We ob-
served that the mode of assembly in such systems strongly
depends on the subtle balance between several factors. For
the D-A pair, where the relative distance between the two
amides in the D and A chromophores does not match (L, #
L,), self-sorting®™! is observed® and is stabilized by m—m
stacking and strong hydrogen bonding between similar A—A
and D-D chromophores. When the distances are comparable
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Figure 4. A) Structure of NDI- and DAN-based building blocks and
mode of assembly. B) Effect of MeOH on the CT absorption band (left)
and gelation (right) of 4a/4d in TCE. C) Supramolecular switching of
CT gel (4a/4d) to self-sorted gel in MCH. D) Structure-dependent
morphology and gelation of D-A CT complexes. Figures 4B and C are
reprinted with permission from (ref [80]). Copyright (2011) John Wiley
and Sons.

(Li~L,), both possibilities exist:"**? a) Alternate D-A
stacking which is stabilized by moderate hydrogen bonding
(because the distance is nearly but not exactly same), between
the amides of dissimilar D and A chromophores, and CT
interactions, b) self-sorting that involves the hydrogen bond-
ing without any geometrical constraints and o stacking
between similar chromophores.
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In a moderately polarizable solvent like tetrachloroethy-
lene (TCE), where the hydrogen bonding is inherently less
influential, the contributions of both CT interactions and
hydrogen bonding count and thus a stable red CT gel is
formed”™ (Figure 4B) from 4a/4d (1:1) with a critical gela-
tion concentration of (CGC)=3.0mm and 7,=72°C (c=
10mm of each component). Significantly high thermal
stability of the CT gel in this case, compared to previous
reports,[® ™ is believed to be a consequence of intermolecular
hydrogen bonding between the amide groups in the alter-
nately stacked D—A assembly. This presumption is supported
by the observation that the CT gel in TCE is destroyed
(Figure 4 B) with concomitant disappearance of the CT band
in the presence of only about 7% (v/v) MeOH, which is
a protic solvent that competes for hydrogen bonding. Unlike
TCE, in a less polarizable solvent such as MCH, where
hydrogen bonding is expected to be stronger, the mode of
assembly is governed solely by hydrogen bonding and the
relatively weaker CT/m-stacking interactions do not play
a decisive role. Therefore, in MCH although initially a kineti-
cally controlled red CT gel is formed by a 4a/4d pair, within
5-6 hours it reorganized to the thermodynamically more-
stable self-sorted yellow gel (Figure 4 C) to achieve maximum
effect of the hydrogen bonding. This reorganization was
supported by FT-IR studies which showed a shift of the peak
corresponding to the NH stretching from 3309 cm™ to
3271 cm™! as a result of such supramolecular chromophoric
reorganization. Stability and morphology of the CT com-
plexes and the rate of supramolecular switching (from CT to
segregated state) are greatly influenced by even minor
structural variations of the building blocks, solvent polarity,
and the DAN/NDI ratio.[”! For example, in a given D-A pair,
the introduction of just one additional methylene unit to the
spacer segment of the NDI building block leads to a complete
change in the morphology, and gelation behavior which can
be observed in Figure 4D. In TCE, the DAN building block
4d forms one-dimensional (1D) fibers and 2D reverse vesicles
(sol) with 4a and 4b, respectively, and consequently gelation
is noticed selectively for the 4d/4a pair. Association constants
for co-assembly of 4d/4b (sol) and 4d/4a (gel) were
estimated®! to be 1300M~' and 342M~", respectively, in TCE
at T=25°C. Notably an association constant value on the
order of about 10°M™~', as obtained for 4d/4b, is the highest
reported so far for any NDI-DAN pair in organic solvents
and can be attributed to the additional stability of the D-A
stack imparted by hydrogen bonding. However Figure 4D
reflects stronger assembly is not the sole criteria for gelation
even for structurally very similar building blocks. Rather in
this case the anomaly between the stability of the D-A
complex and gelation can be attributed to a slight difference
in the flexibility of the spacer segments, with even one
additional methylene unit, by which 4a and 4b can be
structurally differentiated.

4. Amphiphilic CT Complexes

Amphiphilic small molecules™ and macromolecules®!
produce versatile nanostructured assemblies in aqueous
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medium. The nature of the aggregates and their functional
utilities are closely related to the structure of the amphiphile.
Structural engineering of amphiphilic molecules has been
mostly limited to variation in the volume or area of the
hydrophobic tail or hydrophilic head groups. Inclusion of
a specific supramolecular functional group in an amphiphilic
molecule may help in achieving more diversity in their
aggregation properties® by virtue of directional noncovalent
interactions.

Zhang and co-workers showed® %% CT interactions
could substantially modulate aggregation properties of D/A-
containing amphiphiles. For example, a pyrene-functionalized
cationic surfactant (5a, Figure 5 A)®" exhibits nanotubular
assembly by m stacking of the pyrene chromophores. But, in
the presence of an acceptor (5b, Figure SA), a transparent

A
) ‘%

XD \©*°”°,..

5 (o]
? Self-assembly‘ D-A Co- assembly -
-\,
. ._\/\/2\-! N
-\, —~_~_aa -,
TN am

B) NaO,$ i SO;Na
HO ' SO;Na

5¢c

Figure 5. A) Nanotubular assembly of pyrene-functionalized surfactant
and its morphology transition to spherical vesicles by CT interactions
in presence of an acceptor. B) Structure of various other donor and
acceptor amphiphiles studied by the groups of Zhang (5¢, 5d) and
George (5e,5f, 5g, and 5h).

yellow solution is observed owing to the CT complexation
which induces morphology transformation from nanotubes to
vesicles because of the relatively shorter radius of curvature
for the alternately stacked D—A assemblies.

In a subsequent report they described co-assembly of
a viologen-containing amphiphile (5d, Figure 5B) with a wa-
ter-soluble anionic pyrene donor (5e¢, Figure 5B). Unlike the
previous example (Figure 5 A), in this case 5d forms spherical
vesicles®™! while its CT complex with 5¢ exhibits elongated
fibers with a pH-dependent curly or straight morphology. In
a more recent report they further elaborated on pH-depen-
dent aggregation of amphiphilic CT complexes generated
from similar chromophores.™®
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By using similar strategies George and co-workers have
reported formation of a hydrogel by co-assembly of a coro-
nene tetracarboxylate salt donor (5e, Figure 5B) and dodecyl
methyl viologen acceptor (5f, Figure 5B).””) They have also
shown! co-assembly of a p-type semiconducting oligo(phe-
nylenevinylene) (5g, Figure 5B) donor and an n-type semi-
conducting perylenebisimide (5h, Figure 5B) acceptor which
produces cylindrical micelles leading to hydrogelation at
higher concentrations. Conductive atomic force microscopic
studies on a selected gel fiber reveal remarkably high
conductivity (0.02 Scm™), thus suggesting great prospects
for these materials in organic electronic devices.

In a different design, Zhang and co-workers have shown
strong influences of a minor structural variation on the co-
assembly of donor- and acceptor-containing surfactants (Fig-
ure 6). Individually, 6a and 6b"”? show fibrillar and spherical

A) ﬁp

\}{;t:m

X-shaped superamphiphile H-shaped superamphiphile

F£ N

1Dfibre 2D nano-sheet

B) |J©\©
ML 00
7 N
e ol
6d

Figure 6. A) Geometry-dependent aggregation of NDI-DAN super-
amphiphiles. B) Structure of terminal acceptor containing donor and
acceptor surfactants reported in Ref. [93].

o ISR
8+l
Br

micellar morphologies, respectively, in aqueous medium. In
contrast, their equimolar mixture exhibits a rodlike morphol-
ogy owing to formation of an X-shaped superamphiphile!®!
through alternate D-A stacking driven by CT interactions. In
contrast, 6¢ (Figure 6), which differs from 6b by only the
position of the two alkoxy substitutions, forms a H-shaped D—
A complex with 6a because of the directional nature of the
CT interactions, thus resulting in a 2D nanosheet morphology.
They further extended the scope of this superamphiphile
design by linking two viologen acceptor units (Figure 6B) at
the termini of the 6a and 6 ¢ building blocks.™
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The combination of 6d and 6e also shows a 2D sheetlike
morphology similar to that of 6a/6c. But because of the
presence of the terminal acceptor units, the structure can be
transformed into a 1D fiber in the presence of a pyrene donor
owing to additional CT interactions involving the pyrene and
the terminal viologen units. These examples illustrate ample
opportunity to tune the aggregation properties of amphiphilic
molecules through CT interactions.

In this section so far we have discussed mixed assemblies
of alternately stacked D and A amphiphiles by solvophobi-
cally assisted CT interactions. We envisaged that involving
hydrogen-bonding functional groups could further enhance
the possibility of tuning the aggregation phenomenon in such
nt-conjugated amphiphiles. With this aim we have studied the
self-assembly of an electron-deficient naphthalene-diimide-
based amphiphile (NDI-1, Figure 7),*¥ which contains two
hydrophilic trialkoxy benzhydrazide wedges on both arms of
the chromophore for enhancing water solubility, and two
hydrazide groups for hydrogen bonding. In aqueous medium,
it spontaneously forms vesicles (Figure 7) through the syner-
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N
—
RO or / Pyrene
o8 NDI-1  donor
R= K%Y bews D-ACT-interaction ' 1D-Fiber  Hydrogel

Figure 7. Self-assembly of hydrazide-functionalized NDI bolaamphi-
phile and morphology transition through pyrene intercalation by CT
interactions. Reprinted with permission from (Ref. [94]). Copyright
(2012) John Wiley and Sons.

gistic effect of mstacking and hydrogen bonding. Control
experiments show the necessity of the rigid placement of the
hydrazide groups in the hydrophobic pocket to ensure
hydrogen bonding between themselves instead of bulk water.
Further, we have shown that the electron-deficient NDI-1 can
allow intercalation of a water-insoluble electron-rich pyrene
donor by virtue of strong CT interactions (K = 9.69 x 10°m™").
Importantly, even in the alternately stacked CT state the
hydrogen-bonding network among the hydrazides remains
unaffected. But in this arrangement, increase in radius of
curvature,™ as a result of pyrene intercalation, induces
a gradual morphology transition from vesicles to 1D fibers,
thus resulting in increased viscosity and eventually gelation
after 72 hours.

In an attempt to utilize this intercalation phenomenon for
surface functionalization of the NDI vesicle, we tested
intercalation of a carboxylate-functionalized water-soluble
pyrene derivative which also showed similar effects with
a linear relationship between the amount of added donor and
the intensity of the CT absorption band. Zeta-potential
measurements revealed varying surface charges as a result
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of a different amount of added pyrene containing a carbox-
ylate functional group. This result provides an opportunity for
further surface modification of similar NDI vesicles through
D-A CT interactions by intercalation of various functional-
ized pyrenes.

5. Foldamers and Conformationally Restricted
Macromolecules

Synthetic oligomers/macromolecules that adopt well-
defined conformations in solution are known as foldam-
ers.*%l For achieving an organized folded assembly, the
entropy cost needs to be compensated for by the enthalpy
gain with contributions from intrachain noncovalent inter-
actions such as hydrogen bonding. While nature has executed
it with perfection, it still remains a challenging task to obtain
a well-defined secondary structure of synthetic polymers/
oligomers, particularly those with a flexible backbone because
of their numerous conformations in solution. Intrachain CT
interactions between D and A units embedded in a single
chain has been utilized to recognize such folded assemblies.
Iverson and co-workers demonstrated the folding of a series
of D-A oligomers with varying chain length where the DAN
and NDI chromophores were linked by flexible amino acid
linkers containing a pendant carboxylic acid functional
group.'™ UV/vis studies showed a reduction in band
intensities and the appearance of a red-shifted CT band with
higher oligomers, thus suggesting the existence of the folded
structure by intrachain D-A stacking (Figure 8), which was

o] o]
PR 0M~j
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T P “—n:r”wrv\
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0
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n=1,2,3
Folding
in water

Water solubilizing 7
groups

D-A Foldamer * Crystal structure

Figure 8. Folding of DA oligomers (top) in aqueous medium by
intrachain CT interactions. Crystal structure is shown at bottom right.
Reprinted by permission from Macmillan Publishers Ltd: [NATURE]
(Ref. [100]), copyright (1995).

also confirmed by a change in the chemical shift values of the
aromatic ring protons and NOE studies. In a subsequent
report, they showed that such folded structures can undergo
an irreversible thermal denaturation,!'”"!® a phenomenon
which is similar to the denaturation of proteins. The same
group has studied various other structurally related D-A
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oligomers with different molecular designs for gaining de-
tailed insight into the folding process.”*!%!

In an interesting finding, Iverson and co-workers com-
pared the folding patterns of a few D-A oligomers (Figure 9)
having different D-A sequences. Oligomers having a DAD
sequence forms a pleated structure, while a DDA-type system
shows an intercalative folding pattern.'™!

They also demonstrated that such folding can be achieved
by interchain CT interactions between (Figure 10) structur-

SE& ==

Pleated
folding

Trimer stack Dimer stack

prevented

Intercalative
folding

Figure 9. Sequence-dependent folding of different D-A oligomers.
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Figure 10. Heteroduplex formation by folded donor and acceptor
oligomers.

Hetero-duplex

ally similar oligomers containing either NDI or DAN units.*”!

They studied the effect of the length of the oligomers on the
thermodynamic parameters for the formation of the double-
helical structure by NMR spectroscopy and isothermal
titration calorimetric (ITC) experiments, which revealed
a 1:1 stoichiometry between the NDI and DAN oligomers.
Stability constants at 318 K were found to be 3.5 (0.2) x
10°m~! and 1.3 (0.1)x10’M ™' for the longest (n=4) and
shortest (n=1) oligomers, respectively. Such remarkable
effects of chain length on binding affinities can be attributed
to the multivalent effect which becomes increasingly prom-
inent for higher oligomers.

Li, Chen, and co-workers studied the folding of oligopep-
tides containing pendant DAN donors and pyromellitic
diimide acceptor units, and showed a stable folded confor-
mation in solution by virtue of D—A interactions.']

Ramakrishnan and co-workers showed that CT interac-
tions in concurrence with other noncovalent forces can
promote folding of even high-molecular-weight poly-
mers!'7 1 with a flexible backbone. They considered self-
assembly of a segmented donor-acceptor polyimide (Fig-
ure 11 A), consisting of an alternately placed pyromellitic
diimide (PMD) acceptor and a DAN donor, connected by
a hydrophilic hexa(ethylene oxide) (OE) spacer.'”” In the
presence of a suitable alkali-metal ion such as K*, which can
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Figure 11. A) Metal ion complexation induced CT interaction and fold-

ing of D—A polymers and model compounds. B) External FA induced
folding of a flexible polymer.

effectively form a complex with the OE spacer, the polymer
adopts a folded conformation in relatively polar organic
medium (1:1 CHCIy/CH;CN) owing to synergistic effects of
the CT interactions, metal-ion complexation, and solvophobic
assistance. In a solvent-dependent (CHCl;/MeOH mixtures)
folding study they noted non-unidirectional behavior which is
discussed in Section 2. Subsequently they have studied the
folding of structurally similar polymers with varying spacer
segments and found alkali metal ion selective folding for the
different OE-spacer-containing polymers."® A comprehen-
sive spectroscopic investigation with DAD-, ADA-, and DA-
type model compounds indicates that in the folded confor-
mation, the D and A units of the polymer experience similar
chemical environments to that of the ADA and DAD model
compounds, respectively. This suggests appreciable average
stack lengths for the folded polymer.

Subsequently they introduced an external folding agent
(FA) which could induce folding of a polymer containing only
acceptor units (Figure 11 B) by a two-point binding, including
the CT interaction and complexation of the ammonium ion of
the FA (11a) with the OE spacer of the polymer chain.!'*”
Association constants (from NMR experiments in 1:1 CDCly/
CH;CN) for the two structurally related FAs, 11a and 11¢,
were estimated to be 850M ' and 600M !, respectively, thus
suggesting that proper choice of the spacer segment is
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important for effective binding. More interestingly a physical
mixture of 11b and NH,ClO, shows an association constant of
only 30M ' with the acceptor polymer, thus reflecting the
importance of synergy between the two different noncovalent
forces.

Such an FA-based approach was also successfully em-
ployed later in a slightly modified design involving CT
interactions and hydrogen bonding (Figure 12).1% In this case

\("\n’°\/‘° % o\/\ofk/‘Nj'
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Donor functionalized
polymerchain
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" H-bonding

Alternate D-A co-assembly
Driven by two-pointinteraction
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n=1;12b 4 E00H
=2;12¢ Acceptor with complementary
=3;12d H-bonding functionality

Figure 12. Externally induced folding of a synthetic polymer by two-
point interactions involving hydrogen bonding and CT interactions.

a donor-containing polymer (12a) could be made to adopt
a folded conformation in the presence of 12 ¢, which contains
an acceptor unit and a complementary hydrogen-bonding
group. An appreciably high association constant (1200m™") is
reported for 12a/12¢ in CHCl;/MeOH (20:1) because of the
synergistic effect of the CTinteractions and hydrogen bond-
ing. Interestingly, the K values for complexation of 12a with
12b and 12d are much less (800M~" and 300M ™!, respectively),
thereby reflecting the vital role of the number of methylene
units in the acceptor chromophore for effective two-point
interactions.

Hybridization of these two designs (metal-ion-induced
folding of a D—A polymer and FA-driven folding of only an A
polymer) in a single system!"!! allows stepwise folding of the
polymer chain containing randomly distributed D-A and A—
A segments (Figure 13). In the presence of a suitable alkali-
metal ion the polymer exhibits a partially folded conforma-
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Figure 13. Two-step folding of a synthetic polymer having D-A and A-
A sequences.
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tion (Step 1) by intrachain CT interactions between the
adjacent D-A units. Subsequent addition of the FA induces
folding (Step 2) of the remaining segments containing A-A
sequences.

This concept of CT-interaction-promoted folding in
synthetic polymers was also explored in aqueous medium
with ionenes containing alternate D and A units."'? Strong
solvophobic repulsion induces a chain collapse in rather
controlled manner by alternate D-A stacking. In a very
recent report George and co-workers have combined amphi-
philicity and an FA-based strategy together to demonstrate
possibility of multiple-acceptor binding to a single-donor
scaffold in aqueous medium.!"!

The story of polymers containing pendant D/A units is
rather old. However in the early days the focus was on their
enhanced charge-transport properties as a result of D-A
stacking."'!"8) The concept of supramolecular assembly in
such macromolecular systems was probably demonstrated
first by Percec and co-workers.""”! They studied solid-state
miscibility of polymers (Figure 14) bearing a carbazole donor

W H o
g oo D

Figure 14. Early examples of polymers containing pendant aromatic
donor or acceptor units.

O,
fo*i

o}

(14a, 14b) and dinitrobenzoate acceptor (14¢) by using
detailed thermal analysis. The glass-transition temperature of
a blend of the two polymers showed a positive deviation
compared to the weight-average value estimated from those
of the individual components. This was attributed to the
effective D-A CT interaction.

Rotello and co-workers showed that it is possible to
impose a restriction on the conformational freedom of
a flexible polymer backbone in solution through intermolec-
ular CT interactions (Figure 15).1*" They showed a polystyr-
ene derivative (15) containing pendant anthracene units can
adopt a globular conformation by weak intrachain s-stacking
interactions between the anthracene chromophores attached
to the same chain. Furthermore, in the presence of picric acid,
an electron acceptor, the stability of the collapsed polymer
globule can be enhanced significantly through CT interactions
between the picric acid and anthracene. Unlike this example,
which shows assembly of a single polymer chain, Kilbinger
and Grubbs showed physical crosslinking of several polymer
chains, containing a pyrene donor at the chain terminus, in the
presence of perfluoroarene acceptors through CT interac-
tions,"?!! thus resulting in network formation and hydro-
gelation.

More recent reports portray supramolecular assemblies of
two different polymers containing multiple pendant chromo-
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Figure 15. Intrachain collapse of macromolecules by 7 stacking and
stabilization of the collapsed structure through CT interactions.

phores of either an electron-rich or electron-deficient nature.
Iverson and co-workers have shown!" that multivalent
interchain D-A interactions between water soluble polymers
containing NDI and DAN pendants can produce a network
structure (Figure 16) through CT interactions, thus resulting

”"W°'W1r

T

Non-covalently cross-linked polymer network

_/‘<\°

HNJ_N

Figure 16. CT-promoted network formation of polymers with appended
donors and acceptors.

in a purple viscous liquid. Conceptually similar strategies with
different polymer scaffolds have been also reported by Weck
and co-workers''>! as well as Wilson and co-workers™¥ for
organic solvents.

From a broader perspective, systems described so far in
this section show either intrachain folding or interchain
crosslinking through CT interactions. Colquhoun and co-
workers studied a slightly different system which encompass-
es both of these features. They showed a high binding affinity
of a molecular tweezer containing two bisamide-functional-
ized pyrene donors and a pyromellitimide acceptor by
simultaneous hydrogen bonding and CT interactions (Fig-
ure 17).'* Their studies reveal enhanced binding strength of
the tweezer molecule with pyromellitimide, attached to
compounds containing a 4,4’-biphenylenedisulfone unit, be-
cause of the additional m-stacking interactions with the latter
chromophore.
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Figure 17. Assembly of donor tweezer and acceptor polymer thorugh
CT interactions.

This strategy was extended later to the macromolecular
systems wherein specific complementary D-A binding motifs
could help in determining the sequence of high-molecular-
weight polymers™®! in the short as well as long range.'?”%*]
This group further utilized the pyrene-NDI alternate stacking
interaction to demonstrate supramolecular crosslinking of
a folded polymer. The system consists of a polyamide back-
bone with pyrene groups at both ends while the folding of the
other polymer is achieved by intrachain m-stacking interac-
tions between the NDI units.'” A blend of these two
polymers shows superior mechanical properties resulting
from the supramolecular crosslinking by the D-A CT
interactions (Figure 18) and also self-healing properties by
taking advantage of the noncovalent nature of crosslinking.

peetelBrerel s “mﬁ
J\-L-\/\-w

CT-interaction
IOk 1 i i __promoted _
N N%bn ‘ supramolecular
-\/\"-m cross linking

Figure 18. Supramolecular crosslinking by D-A interactions.

Colquhoun and co-workers also examined the mechanical
properties of blends made out of the same NDI folded
polymer and similar telechelic polyamides having end func-
tionalization using a pyrene-containing tweezer."*” In this
case mechanical properties of the blends are found to be
much higher compared to the previous systems because of the
stronger binding between the NDI and pyrene tweezer.

In a very recent report,'™ Sada and co-workers have
shown tunable lower critical solution temperature (LCST)
properties of a polymer containing pendant donor units
(pyrene) in organic solvents through CT interactions (Fig-
ure 19). In a solvent like 1,2-dichloroethane the polymer 19a
is not soluble on its own because of the presence of the rigid
aromatic units. However, in presence of an acceptor (19b-d),
derivatized with branched alkyl chains, the resulting CT
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Figure 19. Top: Schematic showing control of polymer phase transition
by D-A CT interactions. Bottom: Structure of the donor-containing
polymer and various acceptors.

CeHyz 7 C4Ho

complex becomes soluble. At an elevated temperature,
disassembly of the D-A complex thus results in macroscopic
precipitation of the polymer and can be assigned as the LCST.
As this phenomenon depends on CT complexation, the
temperature at which the complex is disintegrated and
consequently the LCST can be precisely tuned by varying
the structure and concentration of the acceptor units. Note-
worthy, the LCST behavior is generally observed for water-
soluble polymers, and is governed by the hydrogen bonding
between a particular functional group of the polymer and
water. In that sense, the present example is conceptually
a new one, because it relies upon solubilizing an otherwise
insoluble polymer in a given medium by noncovalent com-
plexation with a small molecule that bears the solubilizing
group.

D-A alternate stacking interactions has also been utilized
to generate supramolecular polymers in solution. Martin and
co-workers have shown supramolecular polymerization of an
AB-type monomer consisting of a Cq acceptor and a bis-
(exTTF) donor (Figure 20A) through CT interactions.*

Sessler and co-workers showed that CT interactions
mediated the supramolecular polymerization of A2- and
B2-type monomers (Figure 20B) containing TTF donors
(20b-d) and dinitrophenyl (DNP) acceptors (20e) anchored
to calyx[4]pyrroles.’* For 20e, both cis and trans isomers
(with respect to the positioning of the DNP units) were
studied and are not shown in the scheme. Detailed aggrega-
tion studies with different combinations of these two types of
monomers in CHCI; reflected the most effective supramolec-
ular polymerization to be that of 20¢ and 20e (trans) with
a Kvalue of 7.9x10°m™" and average degree of polymeri-
zation (N) of about 90 (¢ =20 mm), which can be attributed to
the combined effect of TTF-DNP CT interactions and pyrrole
NH-nitro group hydrogen bonding. They also showed
chemoresponsive properties of the polymers in the presence
of chloride ion or a stronger acceptor such as trinitrobenzene.
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Figure 20. Supramolecular polymers by D-A interactions.

6. D-A Liquid Crystalline Materials

Alternate D-A stacking has been used as a powerful
strategy to achieve thermotropic liquid crystalline (LC)
materials."*! Ringsdorf and co-workers showed CT-complex-
ation-mediated induction of LC phases in otherwise amor-
phous main-chain and side-chain polymers with triphenylene
donors (Figure 21 A) in the presence of aromatic acceptors
such as 2.4,7-trinitrofluorenone (TNF) and 2.,4,7-trinitrofluo-
ren-9-ylidenemalonodinitrile (TNF-CN).!'3") The side-chain
and main-chain polymers exhibit nematic-columnar and
columnar hexagonal phases in the presence of approxiemtely
25% TNF (21b) owing to CT interactions. In the presence of
a stronger acceptor, TNF-CN (21c), the clearing temperature
of the hexagonal phase can be enhanced to about twofold in
comparison with that of TNF, thus suggesting not only
induction of the mesophases but also modulation of the
phase properties are achievable through CT interactions. In
subsequent reports, detailed investigations have been carried
out on the induction and stabilization of discotic mesophases,
transformation of nematic to discotic phases, and evolution of
various columnar mesophases by electro-rich triphenylene/
alkyl pentakis(phenylethynyl)phenyl ethers based on small
molecules (21d, Figure 21 B) as well as polymers through CT
interactions with TNF, which was either added externally or
linked covalently with the donor by different linkers,1%6-14¢!

Subsequently Park, Hamilton, and co-workers showed
that C;-symmetric mellitic triimide (Figure 21B) could offer
a better matching of m surfaces with the triphenylene core to
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Figure 21. A) Various molecular designs for LC materials derived from
a triphenylene donor and TNF acceptor. B) Top: pentakis (phenylethy-

nyl) phenyl-TNF twin molecule that shows LC properties; Bottom: C;-
symmetric acceptors form discotic LC phases with triphenylene based
donors.

produce more versatile and robust LC phases with the
additional advantage of property manipulation using differ-
ent derivatives, an aspect which was not possible with the
TNF acceptor.'*”) Chai, Liu, and co-workers introduced®™
another Cs;-symmetric acceptor, (Figure 21 B), namely hexa-
azatriphenylene triimide (HAT), which was found to be even
as an acceptor for CT interactions with hexakisalkoxytriphe-
nylene (D11, Scheme 1), as evidenced by a very high
association constant (2.6+0.8x10*m™") in CH,Cl,. They
further showed implications of the strong association proper-
ties in inducting columnar mesophases by the elongated 1D
alternating D—A stacks.

Iverson and co-workers have examined LC properties of
various DAN-NDI pairs (Figure 22) as a function of different
peripheral alkyl substitutions."**'*! They showed in most of
the D-A pairs, columnar mesophases existed over a wide
range of temperature by alternate DAN-NDI stacking and
the phase-transition temperatures are directly related to the
thermal properties of the individual components and thereby
provide a great opportunity of generating mesophases with
predictable properties by structural variation of the building
blocks. Interestingly they found that depending on the nature
of the side chains, a few DAN-NDI pairs exhibited thermo-
responsive mesophases to crystalline phase transition, thus
resulting in a reorganization from the alternate D—A stacking
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Figure 22. Alkyl chain variations in NDI-DAN LC materials.

to a segregated assembly, (red to yellow color change), which
is highly relevant in organic photovoltaics. Reczek and co-
workers also elaborately described the influence of the
structural variations of NDI- and DAN-based systems for
tuning properties of LC phases generated by alternate D-A
stacking.™"!

Percec and co-workers have reported'™ an elegant design
for mixed supramolecular assembly of D/A-containing poly-
mers and semifluorinated dendrons containing D/A chromo-
phores in the core (Figure 23). They used various commonly

4’\/%"
Donor/ Acceptor Iinked
dendrons
O 23a O &35

O(CH;)4(CF2)gF

o 0 o
O(CHZ)‘(CFZ)S \(/\ 1 4\/0)9"
AID
O(CH2)4(CF2)eF
2

Donor/ Acceptor linked
polymers

n %
% No, 23h
23f 23g OaN NO,

Figure 23. D- and A-containing dendrons and polymers that form
columnar co-assembled structures.

used donor and acceptor units such as pyrene, naphthalene,
carbazole, and TNF. The linear macromolecules (23 f-h) form
highly stable D-A complexes with the complementary
dendrons (23a-e) by inter-macromolecule CT interactions,
thus producing various supramolecular nanoscale columns
with extremely high charge-carrier mobilities. Strong repul-
sive forces between the peripheral fluorinated chains (shown
in blue) of the dendron and the pendant aromatic groups of
the linear polymers has been identified as a possible reason
for the polymer chains to stay close to the core of the dendron,
resulting in a stable co-assembly and consequently high
mobility.
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7. Outlook

Various weak noncovalent forces play a key role in the
assembly of biomolecules. This phenomena has inspired
chemists to explore various nonbonding interactions, partic-
ularly hydrogen bonding, for the assembly of abiotic systems.
However, in last 20 years or so the field of supramolecular
chemistry has expanded beyond just hydrogen bonding by
employing other noncovalent forces, including  stacking,*'"!
metal-ligand coordination,'>!! and dipole—dipole interac-
tions.'”l In this article we have shown the utility of the D-A
CT interaction, which is not so common in biological systems,
in several conceptually different noncovalent molecular
designs which produce a diverse range of supramolecular
structures. However, even after accumulating all such reports,
the number is far less compared to those involving hydrogen
bonding possibly because of inherent weak association
constants for most of the CT complexes.””) Nevertheless, D—
A complexes can be viewed as being similar to hydrogen
bonding in terms of assembly of complementary functional
groups with the additional advantages of their easy detection
by simple spectroscopic techniques and tolerance to a wide
range of solvents. For example, CT complexes with high
association constants have been reported in range of solvents
including TCE,® CH,CL,*? CHCL,™3 CHCl,/MeOH, "
CH,CN,” and also in protic solvents such as MeOH/H,O"”!
and H,0.”] Thus they can be utilized in a much wider domain
if supplemented by additional noncovalent forces without
losing their complementary nature, as illustrated in this
article. The future of this particular strategy depends on how
far one can stretch the association strength of complementary
building blocks having donor and acceptor units. Currently
examples of high association constants (in the range of 10°-
10*m™') for CT complexes are scarce, 028094110133 eyen after
involving additional nonbonding forces to stabilize the D-A
complex. While these are encouraging numbers, they are still
three to four orders of magnitude lower when compared to
some of the highest K values reported for hydrogen bond-
ing,?¥ m stacking,'”! or dipolar assemblies.®? Further en-
hancement of the binding strengths requires exploration of
new materials which account for multiple factors in stabilizing
the CT complex as discussed in Section 2 and also designing
suitable building blocks decorated with other supramolecular
functionalities. Such efforts should be encouraged given the
recent reports that suggest alternately stacked D—A systems,
if judiciously designed, can be highly promising for organic
room-temperature ferroelectrics,'* photoconductivity,'>
and ambipolar charge transport.'>***! Thus CT complexes
offer exciting future opportunities both in terms of executing
elegant structural engineering as well as extracting functional
properties for organic electronics.
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