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An unusual donor—acceptor (D-A) state is reported in a pair of
regioisomeric xylylene-bridged naphthalenediimide (NDI) dimers. The
D-A state is characterized by a weak, red-shifted absorbance and
a photoluminescence (PL) with a very high quantum efficiency. PL and
PL excitation (PLE) spectroscopy reveals the partial charge-transfer
character of the D—A state. Disruption of this D—A interaction in the
presence of a competing donor, reveals the unique one-donor-two-
acceptors stoichiometry. Finally, the effect of intramolecular pi-
stacking on the D—A interaction is discussed.

Multichromophoric aggregates garner a lot of attention as
promising candidates for electronic and photovoltaic applica-
tions.' In an aggregate, strong excitonic interactions between
multiple chromophores give rise to a variety of fascinating
phenomena, such as exciton migration* and charge transfer.?
Covalently-bridged bi- or tri-chromophoric compounds are
often used as model systems to gain a precise understanding of
interchromophoric interactions and their influence on the
electronic properties of molecular aggregates.* Since in these
model systems, the focus is primarily on interchromophoric
interactions, the bridging unit only serves as a structural motif
that predisposes the chromophores to a specific orientation. An
alternative, but less explored design strategy is the one, where
the bridge unit itself participates in a specific electronic inter-
action with the chromophore. By inducing aggregation between
the chromophores, one can then study how the “bridge-chro-
mophore” interaction evolves into a “bridge-aggregate” type
interaction. This can be particularly relevant in the context of
D-A type aggregates, where the D-A interface is constructed by
coating D (or A) molecules onto the surface of a preassembled A
(or D) nanostructures.® In such systems, the key interaction is
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between the molecules of one kind (D or A) and the aggregate of
the other (A or D).

NDIs have emerged as one of most promising organic n-type
semiconductors.® Its highly electron-deficient core, on one hand
facilitates molecular aggregation through pi-stacking, and on
the other, serves as a versatile acceptor unit in various D-A
geometries.” We report a pair of regioisomeric NDI dimer
systems, 1 and 2, where the two electron-deficient NDI units are
linked through a moderately electron-rich xylylene bridge,
creating the possibility of a D-A type interaction. In addition to
these acceptor-donor-acceptor (A-D-A) triads, we also have
included 3, a D-A dyad in our study (see Scheme 1). There are
recent reports on D-A type interactions between NDI and
aromatic solvent molecules that lead to a photoluminescent
state.® Photoluminescence (PL) is also reported from the inter-
action of NDI and aromatic guest molecules in a confined
metal-organic framework.® Thus, the prospect of having an
emissive D-A state makes it convenient to monitor NDI-xylylene
interaction in our compounds. Further, in a suitable solvent
environment, molecule 1 can fold into a conformation that
allows the two NDI units to stack cofacially, forming an
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Scheme 1 Syntheses of 1, 2 and 3. (i) C;2H2sNH,, 11 1iPrOH/H,0, 70
°C, Ar; (ii) glacial AcOH, reflux; (iii) m-xylenediamine, dry DMF, 120 °C,
Ar; (iv) p-xylenediamine, dry DMF, 120 °C, Ar; (v) mono-N-Boc-m-
xylenediamine, dry DMF, 120 °C, Ar.
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intramolecular H-type aggregate. This provides the opportunity
to monitor the fate of D-A interaction between xylylene donor
and the NDI dimeric aggregate. 1 and 2 were synthesized in
a two-step process, by condensation of a pre-synthesized
naphthalene monoimide 4 with the corresponding diamine
(see Scheme 1 and ESIT for details).*

Optical absorption spectra of 1, 2 and 3 are presented in
Fig. 1a. The spectra were recorded in dilute dichloromethane
solutions (~10 uM) in order to avoid any intermolecular
effects.] The dominant absorption band in all three cases is
identical, characterized by vibronic progressions at 380, 360 and
340 nm, typical of an isolated NDI chromophore.* Evidently, in
a good solvent such as CH,Cl,, there is no pi-stacking between
the NDI units. In addition to the absorption band of the non-
interacting NDI chromophore, a weak and strongly red-shifted
feature at 510 and 475 nm appears in the spectrum of the m-
xylylene dimer, 1. A closer look at 400-550 nm wavelength range
(see inset) reveals that the weak absorption feature is also
present, slightly broadened in the p-xylylene dimer, 2, but is
completely absent in 3. Identical absorption spectra were
measured in THF,{ which proves that the red-shifted absorp-
tion feature is not a consequence of any halogen—-pi interaction
involving CH,Cl,. We attribute this absorption feature to
a donor-acceptor (D-A) interaction between the aromatic ring
of the xylylene bridge and the NDI units. Lack of a similar D-A
interaction in the dyad, 3, and its characteristic but an
unprecedented red-shifted (~100 nm) absorbance are clear
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Fig.1 Donor—acceptor state of the dimers. (a) Absorption spectra of 1,
2 and 3 in CHyCl, (~10 uM). Characteristic NDI absorption appears
below 400 nm. Additionally in 1 and 2, a weak absorption feature
appears between 475-525 nm that corresponds to a D—A interaction.
Inset: spectra recorded at ~0.5 mMi clearly show the absence of D-A
species in 3. (b) PL is exclusively from the D—A state, even when the
excitation is carried out in the dominant higher energy absorption
band of NDI chromophore. Inset: PL spectra of 2 (Aex = 474 nm) is
similar to that of 1 (peak position marked with a black dashed line), but
11 nm red-shifted. Monomeric 3 shows no PL at 474 nm excitation, (c)
long-lived (5, = 3-4 ns) PL from 1 and 2 is consistent with the D-A
nature of the emissive state, (d) PLE spectrum (p. = 555 nm) of 1 bears
a perfect mirror-image symmetry to the PL spectrum, with a near-
negligible stokes shift.
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indications that the nature of xylylene-NDI interaction in 1 and
2 is markedly different from earlier instances of D-A interac-
tions involving NDI and aromatic compounds.*® Subsequent PL
and PLE spectroscopy results illustrate how this weakly
absorbing D-A state exclusively dominates the photophysics of
the two dimers.

PL spectra of 1 (Fig. 1b) in dilute CH,Cl, solutions presents
several interesting aspects. When excited in the dominant
absorption band of the non-interacting NDI chromophore (at
362 nm), no PL is observed between 400 and 430 nm, a region
where NDI emission is likely to appear. Instead, a vibronically-
resolved PL spectrum appears in 510-570 nm region. Surpris-
ingly, the intensity of 510 nm PL increases many folds when
excited at 474 nm, where the molecular absorption cross-
section is more than two orders of magnitude smaller.
Clearly, the emissive state of dimer 1 is associated with the
weakly absorbing D-A species, discussed earlier. The PL
quantum efficiency was estimated to be ~78%.f We further
note that the PL spectrum displays a near-negligible stokes
shift, a fact more clearly illustrated by PLE spectroscopy.
Distinct vibronic features in the PL spectrum at 510, 565 and
600 nm points to a well-defined emissive state that is strongly
Franck-Condon coupled to the molecular vibrational modes.
This is unlike a typical charge-transfer state which is charac-
terized by a broad, featureless PL spectrum.'* A modest hyp-
sochromic shiftf of the PL spectrum in non-polar CCl, reveals
that the emissive state has only a partial charge-transfer char-
acter.” The inset presents the PL spectrum of 2 and 3 at 474 nm
excitation. The p-xylylene dimer 2 exhibits a similar but
a further red-shifted (~11 nm) PL spectrum, suggesting that the
nature of D-A interaction in both the regioisomers are similar.
More importantly, 3 shows no PL emission in 500-600 nm
range, confirming the absence of a similar D-A interaction. This
leads us to speculate that the D-A interaction in 1 and 2 involves
one donor and a pair of acceptors, an interaction not feasible in
3.

PL of 1 and 2 have a nearly identical decay profile with
a lifetime of 3-4 ns (Fig. 1c), in sharp contrast to a much shorter
PL lifetime known for an isolated NDI chromophore (~20 ps).**
A longer PL lifetime is consistent with the partial charge-
transfer character of the emissive state. The fact that the
emission is almost entirely from the D-A species allows us to
exclusively investigate it using PLE spectroscopy, without any
interference from the dominant absorption of the NDI chro-
mophore. There are two distinct excitation features in the PLE
spectrum of 1 (see Fig. 1d): a low energy feature with vibronic
progressions at 508 and 474 nm, and a higher energy feature at
400 nm. The lower energy PLE matches perfectly well with the
weak absorption band (inset Fig. 1a). Mirror-image symmetry
between the lower energy PLE and the PL spectrum, along with
an exceedingly small stokes shift of 343 cm™" point at the
structural integrity of the emissive state. The vibronic structure
in PL, lower energy PLE, and the dominant band in the
absorption spectra bears a common trait: the spacing between
successive vibronic bands matches well with the ~1650 cm™*
asymmetric C=0 bond stretching modet in NDI.
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The nature of D-A interaction in 1 is nicely illustrated by F~
binding studies in CH,Cl,.T Electron-deficient NDI displays
a strong tendency towards F~ binding by means of anion-pi
interaction.' This presents a scenario where two donors, F~
and the aromatic ring of the xylylene bridge, compete for the
same acceptor, NDI. Even at a very low F~ concentration (9
mol%), 510 nm PL emission from the D-A state of 1 is quenched
by ~90% (see Fig. 2b). With subsequent increase in F~
concentration, the 510 nm PL is completely quenched, along
with the appearance of a new emission at 430 nm. PLE spectrum
(inset) confirms that the 430 nm PL is from an isolated NDI
chromophore. Since F~ is a better donor than the xylylene ring,
NDI preferentially forms an anion-pi complex with F~ at the
expense of D-A interaction with xylylene bridge (see Fig. 2a).
Thus, in the limit of very low F~ concentration, for every 1:1
NDI-F~ complex that forms, the second NDI unit of 1 becomes
free and contributes to a PL at 430 nm. It is instructive to note
that the free NDI that is generated is however incapable of
forming a D-A complex with the xylylene unit. This once again
corroborates our earlier hypothesis that the D-A interaction in
the dimers involves one xylylene donor and a pair of NDI
acceptor units. Fig. 2c presents the corresponding changes in
the absorption spectrum of 1. At 9 mol% of F~, the weakly
absorbing D-A species is completely replaced by a new
absorption feature at 470 nm that corresponds to the formation
of 1:1 NDI-F~ complex.™

The results presented so far illustrates the nature of D-A
interaction between the xylylene bridge and a pair of non-
interacting NDI chromophores. We now explore the fate of
D-A interaction as the non-interacting NDI units of 1 fold into
a strongly interacting pi-stack. Intramolecular pi-stacking in 1
was carried out in a mixture of good (CH,Cl,) and bad (meth-
ylcyclohexane - MCH) solvents at very low (107> M)
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Fig. 2 F~ binding with dimer 1 (a) change in PL spectra (20 uM in
CH,Cl,, Aex = 380 nm) with incremental addition of tetra(n-butyl)
ammonium fluoride shows a rapid decline in 510 nm PL and
a concomitant rise in free NDI emission at 430 nm. F~ mole
percentage is noted. Inset: PLE spectrum recorded for Ap. = 430 nm
shows that the PL is indeed from free NDI. (b) Absorption spectrum
shows that D—A absorbance is completely replaced by a 470 nm
absorbance corresponding to 1:1 NDI-F~ complex. (c) Schematic
summarizes the competition between F~ and the aromatic ring
donors.
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Fig. 3 Effect of intramolecular pi-stacking on the D—A interaction. (a)
Absorption spectra of 1 in CH,Cl,/MCH solvent mixture. Above 50%
MCH composition, 1 folds into an intramolecular H-type aggregate, (b)
normalized PL spectra (Aex = 380 nm) of 1 in CH,Cl,/MCH solvent
mixture shows dual emission: PL from NDI excimer at 570 nm in
addition to a 510 nm PL form the D—A state. Inset: 474 nm excitation
gives rise to the characteristic 510 nm PL from the D-A state in fully
aggregated 1. (c) Schematic summarizes the evolution of PL as 1 folds
into an intramolecular H-type aggregate.

concentration. Fig. 3a presents the absorption spectrum of 1 in
CH,CI,/MCH solvent mixture. At higher MCH compositions,
there is an overall reduction of light extinction and a reversal in
the relative intensities of 0-0 and 0-1 vibronic features. These
changes are consistent with an H-type aggregation." Further,
appearance of a new shoulder at 400 nm indicates that the
transition to the lower exciton state of the H-type aggregate is
also partially allowed. Absorption spectrum of 1 in 90% MCH
confirms that the dimer is folded into its aggregated form.
Persistence of the characteristic 510 nm PL emission in aggre-
gated 1 clearly suggests that an excitonic coupling between the
NDI units do not disrupt the 1 : 2 D-A interaction in 1 (inset to
Fig. 3b). Direct excitation of the intramolecular H-type aggre-
gate at 380 nm (Fig. 3b) leads to a composite PL spectrum,
where at least two distinct emissive species can be identified. In
addition to the 510 nm PL from the D-A species, a broad PL
emission appears at 570 nm, which is presumably from an
excimer (NDI*-NDI) species.” Dual emission suggests that the
initial photoexcitated state of the aggregated dimer can relax
through two competing pathways with comparable rate
constants, leading to either the excimer, or the D-A state.

Conclusions

In summary, we report a unique intramolecular D-A interaction
in a pair of regioisomeric covalently-bridged NDI dimers, 1 and
2. Though the D-A interaction is characterized by a weak
absorbance, it exclusively dominates the photoluminescence
properties of the dimers. Vibronically resolved PL and PLE
spectra exhibiting mirror-image symmetry, a negligible stokes
shift and a weak solvatochromism, points to a partial charge-
transfer character of the D-A state. Using F~ binding studies,
we established that the D-A interaction involves one donor
(xylylene ring) and a pair of non-interacting acceptor (NDI)

This journal is © The Royal Society of Chemistry 2016
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units. This is further supported by the absence of a similar D-A
species in 3. Finally, we have demonstrated that the D-A
interaction persists even in the presence of a strong excitonic
interaction between the NDI units. The significant of this
finding should be seen in the context of supramolecular
nanostructures of those donor-acceptor (D-A) type molecules,
where only one part of the molecule (say acceptor) aggregates to
create the nanostructure. We have shown that the interaction
that operates between the donor and the acceptor units at the
molecular level, continues to be present between the donor and
an “aggregate of acceptors”.
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