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Understanding the structural parameters that determine the extension of t-conjugation in 2-dimensions
is key for controlling the optical, photophysical, and electronic properties of 2D-n-conjugated materials.
In this article, three non-slanted H-mers including a donor—acceptor H-mer (H-mer-3) with an increase
in dihedral angle (twist) between the strands and rungs are synthesized and studied. These non-slanted
H-mers represent the repeat units of 2D-n-conjugated materials. H-mer-3, containing donor-strands
and an acceptor-rung, is an unexplored donor—acceptor architecture in both slanted and non-slanted
H-mers. The H-mers displayed both acid and base dependent optical properties. While the rungs have a
little impact on the H-mer absorption spectra they play a key role in the emission and fluorescence
lifetime. H-mer-3 (i.e., donor—acceptor H-mer) shows a higher Stokes shift and fluorescence lifetime
than the other two H-mers. The twist and the presence of an electron deficient rung in H-mer-3 facilitated
an intramolecular charge transfer in the excited state from the strands to the electron deficient rung, and
therefore control over the H-mer emission properties. The lack of insulating pendant chains, reduced n—n
interactions in thinfilms, and longer fluorescence lifetimes make these H-mers interesting candidates for
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Introduction

The synthesis and study of structurally well-defined, monodis-
perse m-conjugated oligomers of diverse shapes that are
conjugated in 2-dimensions provide insights into the impact
of molecular shape on the extension of m-conjugation in
2-dimensions." ™ Also, nanosized 2D-n-conjugated oligomers
lend an opportunity to realize unique physical and electronic
properties that are unattainable with linearly conjugated
oligomers. For example, cruciform-shaped (also reported as
X-mers)*>*° optically active n-conjugated oligomers developed
by the Bunz group and others exhibit spatially non-overlapping
frontier molecular orbitals, which bestowed them with remark-
able sensory behavior. The Zhao group has developed slanted
H-mers, which are another class of 2D-n-conjugated oligomers,
in which two strands are connected via a rung."*'?* In the
slanted H-mers, the rungs are directly grafted onto strands and
therefore only half of the strands are in conjugation with each
other resulting in a conjugation path that resembles the
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various electronic and optoelectronic applications.

letter Z. The charge and exciton delocalization in H-mers can
be further extended by involving the whole strand in the
n-conjugation rather than just half of the strand. We envisioned
that this can be accomplished by connecting the rung to the
strand via a fused heterocycle such as imidazole,>*?* thiazole,*®
or triazole ring.”” These fused heterocyclic rings provide
n-conjugation paths for the whole strand to be in conjugation
with each other. Out of these, the benzimidazole (the fused
imidazole) containing H-mers are synthesized in one step via
dialdehyde and diamine condensation reaction, which is rela-
tively easy to synthesize unlike the other fused heterocycle
based H-mers.>**>*® The non-slanted H-mers represent the
repeat units of 2D-n-conjugated materials.?>*® Therefore, in
addition to extended m-conjugation between the strands, these
H-mers are also appropriate to grow into polymeric structures
due to the presence of mirror-plane symmetry compared to the
slanted-H-mers (Scheme 1). Even though the fused imidazole
containing H-mers have the potential to generate interesting
materials for optical and electronic applications, most of the
studies are focused on their self-assembled monolayers on
solid substrates®®***"** and use in molecular rotors**® as
axles. To fill in this knowledge gap, herein we have synthesized
three H-mers to understand the impact of twist between the
strands and rungs as well as the electronic nature of the rung
on the H-mer optical, sensing, and photophysical properties.
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as well as an electron deficient rung.

In the H-mers, a rung acts as a bridge between the strands
and play a key role in extending the n-conjugation across the
strands and therefore determining the optical and electronic
properties of H-mers. Thus, the dihedral angle (twist) between the
strands and rung determines the extension of m-conjugation
between the strands. A twist will disrupt the extension of
n-conjugation between the strand and rung, and therefore causes
a disruption in m-conjugation between the two strands. To
investigate the impact of the twist on the optical properties, a
1H-benzimidazole containing H-mer (H-mer-1), a N-methylated
benzimidazole H-mer (H-mer-2), and a N-methylated benzimi-
dazole H-mer with a tetrafluoro substituted phenyl rung
(H-mer-3) are synthesized and their optical properties are
studied (Scheme 1). H-mer-3 will also help shed light on the
impact of an electron deficient rung on the optical properties.
Slanted-H-mers containing electron withdrawing and donating
substituents on the strands have been synthesized to generate
materials with unique optical and optoelectronic properties.”*
Nonetheless, H-mer-3 with donor-strands and acceptor-rung is
an unexplored donor-acceptor architecture in both slanted and
non-slanted H-mers and this is the first report of exploring the
impact of the electronic nature of rungs on the optical proper-
ties of H-mers. Detailed understanding of the factors that
dictate the optical and electronic properties of H-mers will help
to better design 2D-n-conjugated oligomers and polymers for
desired applications.

The benzimidazole H-mers synthesized so far use conven-
tional pendant solubilizing chains to impart solubility.>* To
obtain soluble H-mers, herein, we have employed bifacial
cyclophanes that were reported by our group recently** and
were shown to impart solubility to polymers without the need
for pendant solubilizing chains. All the H-mers are readily
soluble without heating in chloroform and dichloromethane.
UV-vis absorption and emission spectra of all the three H-mers
are recorded in neutral, acidic and basic environments. Studied
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(left) Slanted and non-slanted H-mer topology; (right) three H-mers synthesized in this study with varying twists between strands and rung,

structural changes and environment had minimal impact on
the UV-vis absorption spectra of the H-mers. Interestingly,
H-mer-3 with an electron deficient rung and twist displays a
larger Stokes shift compared to other H-mers. The red shift in
emission upon protonation is significantly higher compared to
T-mers that have analogous absorption and emission spectra
in a neutral state.>® The larger Stokes shift in the H-mers is due
to efficient intramolecular charge transfer in the excited state
from the strands to the electron deficient rung. H-mer-1, unlike
H-mer-2 and H-mer-3, also shows spectral changes in a basic
environment. The photoluminescence of H-mer-3 is quenched
by an electron acceptor such as tetracyanoethylene (TCNE).
More importantly, the excited state lifetime of H-mer-3 is at
least 5 times higher than H-mers-1 and 2, which highlights the
importance of the rung electronic nature.

Results and discussion

The H-mers are synthesized as shown in Scheme 2. Rungs for
the H-mers are synthesized by condensation of 1,2-dibromo-
3,6-diaminobenzene with terephthalaldehyde. In a typical
procedure, the diamine and dialdehyde are reacted in the
presence of ZrCl, in chloroform to generate a bisbenzimidazole
tetrabromo intermediate (9a). The Sonogashira coupling of
9a with racemic (+) ethynyl adamantanocyclophane (8) resulted
in H-mer-1. H-mer-2 is synthesized following similar protocols
except that the amines on the tetrabromo-rung were methylated
to generate 10a. The methylation of amines helped to improve the
solubility of the rung slightly. H-mer-3 was synthesized following
similar protocols using tetrafluoro terephthalaldehyde instead of
terephthalaldehyde. All the generated H-mers are atactic in nature
i.e., there is no control over orientation of the cyclophane units
along the strand since a racemic mixture of 8 was used to
synthesize the H-mers. Compound 8 was synthesized as shown
in Scheme 2. Esterification of adamantane-1,3-dicarboxylic acid

This journal is © The Royal Society of Chemistry 2020
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Scheme 2 Synthesis of H-mers.

followed by reduction yielded adamantane-1,3-dimethanol (3).
Thioesterification and reduction of 3 gave adamantane-
1,3-dimethanethiol (5). Compound 5 was reacted with
2-bromoxylylene dibromide under high dilution conditions to
form (+)-bromo adamantanocyclophane (6). Compound 6 is
obtained as a racemic mixture due to planar chirality. Sonoga-
shira coupling of (£)6 with TMS acetylene followed by desilyla-
tion resulted in compound (£)8. Tetrabromo intermediates
(9a, 9b, 10a and 10b) are insoluble in organic non-polar
solvents including chloroform and dichloromethane but are
soluble in organic polar solvents including DMSO and DMF.
Nonetheless, the final H-mers are readily soluble without
heating in low-polarity chlorinated solvents including chloro-
form and dichloromethane because of the cyclophanes, which
impart solubility without the need for pendant solubilizing
chains. Absence of pendant solubilizing chains gets rid of the
insulating alkyl chain layers between the H-mers in thin films
and therefore facilitates enhanced charge and energy transport
between the molecules. Also, the ready solubility of H-mers in
organic solvents coupled with the absence of pendant solubiliz-
ing chains further enables the use of these H-mers as building
blocks for 2D-n-conjugated networks.

The twist along the rung determines the extension of conjuga-
tion between the strands. 'H-NMR spectra of the tetrabromo
intermediates provided insight into the twist along the rung
and hence the extension of mn-conjugation between the benzi-
midazole and the rung. In the case of 9a, the protons on
the phenyl ring are highly deshielded (6 = 8.51 ppm) due to
the electron with drawing nature of imidazoles (Fig. 1 and
ESIT). Whereas in the case of 10a, the protons are relatively less

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 H-NMR spectra of 9a and 10a depicting the change in chemical
shift of phenyl rung protons.

deshielded (0 = 8.03 ppm) than in 9a indicating that the
electron withdrawing effect of imidazoles is slightly impeded
after N-methylation (Fig. 1). This is due to the increased twist
between the benzimidazole and phenyl ring, which reduces the
p-orbital overlap between the imidazoles and phenyl ring.
Simulations using B3LYP/6-31G* also showed that the strand
is twisted out of plane by 35.3° in the case of the N-methylated
H-mer-2 whereas there is no twist in the unmethylated H-mer-1
(0.002°). In the case of H-mer-3, the steric repulsion between
the N-methyl group and fluorine further increased the twist to a
54.7° dihedral angle (Fig. 2). Based on the NMR studies
and simulations, the twist in the H-mers follow the order:
H-mer-3 > H-mer-2 > H-mer-1. The twist between strands
and rung helps the H-mers to not pack closely in thin films,
which is a desired quality for electroluminescence devices.*”
In order to determine the impact of twist and electron
withdrawing rung on the H-mer optical properties, UV-vis
absorption spectra, fluorescence spectra, and fluorescence life-
time of the H-mers were recorded (Fig. 3 and 4). All the H-mers
have an absorption maximum at ca. 350-370 nm and a
shoulder at ca. 385-390 nm (Fig. 3). The optical band gap of
the H-mers, determined from the onset of UV-vis absorption,
are within the range of 2.92-3.08 eV indicating that neither
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Fig. 2 Front (top) and side-view (bottom) of H-mers.
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Fig. 3 (a) UV-vis absorption and (b) emission spectra of H-mers in chloroform (c) UV-vis absorption and (d) emission spectra of H-mer-2 and H-mer-3

in hexanes (low polarity solvent) and chloroform (relatively high-polarity solvent).

twist between the strands and rung nor the presence of electron
deficient tetrafluoro phenyl rung has an effect on the band gap
(Table 1). The band gap values determined from simulations
(B3LYP/6-31G*) are also close for all the three H-mers and
concur with the experimental observations (Table 1).

It has been shown that benzimidazoles and 2,2’-bisbenzi-
midazoles exhibit imine-amine tautomerization and the rate
of interconversion is substituent dependent. In general, the
is fast above ca. 280 K based on 'H-NMR
H-mer-1 is expected to exhibit imine-amine tauto-

conversion
studies.>®*”
merization, whereas tautomerization is not possible in H-mer-2
and H-mer-3 due to the N-methylation. Thus, the conjugation
path and absorption spectrum of H-mer-1 may vary depending
on temperature due to tautomerization whereas temperature
should have a negligible effect on the conjugation path in
H-mer-2. "H-NMR spectra of H-mer-1 at both room temperature
(298 K) and high temperature (353 K) are recorded and com-
pared (Fig. S1 and S2, ESIt). At high temperature the peaks
in the 'H-NMR became slightly sharper. This behavior is
also observed in H-mer-2 and H-mer-3 that do not have the
possibility to tautomerize (Fig. S3 and S4, ESIT). So, the change
in the shape and intensity of the peak at ¢: 7.5 ppm in H-mer-1

2920 | Mater. Adv., 2020, 1, 2917-2925

could be simply due to increase in the solubility of H-mer-1 at
elevated temperature and not due to tautomerization. More-
over, due to the presence of different diastereomers in H-mers
(see ESL,t page-3) it will be very challenging to clearly assign
which protons are responsible for the change in J: 7.5 ppm
peak shape and intensity. "H-NMR experiments are not helpful
here to learn about the possible tautomerization in H-mer-1. It
has been shown that some of the substituted benzimidazoles
UV-vis peak pattern is useful to identify and quantify the percen-
tage of each tautomers.***° Tautomers of H-mer-1 are degenerate,
hence their ratio in solution should have minimum effect on
the UV-vis peak pattern. Indeed, the UV-vis peak pattern of
H-mer-1 did not change at 363 K (Fig. S5, ESIt) indicating that
both the tautomers are degenerate. High temperature UV-vis
absorption spectrum of H-mer-2 was also recorded to determine
if N-methylation has any effect on the extension of n-conjugation
within H-mer-2 compared to unmethylated H-mer-1 (Fig. S6,
ESIt). No significant difference in the absorption spectra of
H-mer-1 and H-mer-2 was observed within the temperature window
of 298-363 K, indicating that both secondary (unsubstituted)
and tertiary amines (N-methylated) have similar capability in
extending the m-conjugation between the strands via the rung.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Emission spectra of H-mers in (a) acidic (dashed lines); and (b) basic (dashed lines) environment (inset shows the emission spectra of H-mers in
acid or base environment); emission spectra of neutral H-mers are shown in solid lines; (c) H-mer-3 fluorescence quenching by TCNE acceptor; (d) Re-
plotted fluorescence lifetime measurements for H-mers (the x-axis was modified with time = 0 ns) where the intensity starts to increase (unmodified

fluorescence lifetime measurements data is shown in Fig. S11, ESI).

Table 1 Optical and photophysical properties of H-mers

Jabs A A Jabs Bandgap Fluorescence lifetime
(CHCLy) (CHCLy) (hexane) (film) (DFT studies) Bandgap (UV-vis Quantum
H-mer (nm) (nm) (nm) (nm) (ev) absorption) (eV) yield” 7, (ns) 7, (ns)
H-mer-1 368 417,440  — — 3.023 2.90 0.21 0.78 (80%) 2.24 (20%)
H-mer-2 361 416, 435 411, 437 366 3.122 2.99 0.24 0.46 (69%) 1.24 (31%)
H-mer-3 351, 362 535 484, 510 364 3.113 3.06 0.12 3.81 (67%) NA

¢ Relative quantum yield using 9,10-diphenylanthracene in ethanol as a reference.

The absorption maxima of H-mers in thin films (Fig. S7,
ESIY) are similar to those in the solution state. Similar absorp-
tion spectra in both solution and thin films indicate that n-n
aggregation between H-mers is hindered in thin films. Based
on our previous studies on cyclophane-based polymers,
bifacial cyclophanes are shown to hinder n-m-interactions.>*
Even though the cyclophanes in H-mers are located only at the
periphery and not on the benzimidazole and the rungs, they
are efficient in masking the n-surface of H-mers and hindering

This journal is © The Royal Society of Chemistry 2020

n-m interactions in the aggregated state. In addition to this, the
twist between the strands and rung in the H-mers also hinders
the intermolecular n-r aggregation in thin films and therefore
results in no significant changes in the absorption spectra of
H-mers in solution and thin films. Thus, the twist in H-mers
helps them to not pack closely in thin films, which is a desired
quality for electroluminescence devices.>>

The emission maxima of H-mers 1 and 2 are 440 and
435 nm, respectively, which correspond to a ca. 72 and 74 nm

Mater. Adv., 2020, 1, 2917-2925 | 2921
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Stokes shift in chloroform (Fig. 3). On the other hand, the
emission maximum of H-mer-3 is 535 nm, which corresponds
to ca. 174 nm Stokes shift in chloroform (Fig. 3). The large
Stokes shift in the emission maximum of H-mer-3 compared to
H-mers-1 and 2 indicates an efficient intramolecular charge
transfer in the excited state from the strands to the electron
deficient tetrafluorophenyl rung. Emission from the low-energy
excited charge transfer state results in the larger Stokes shift.
Linear molecules and polymers containing donor-acceptor
units have, in general, shown a higher Stokes shift due to
intramolecular charge transfer from donor to acceptor moieties
in the excited state.**™ In order to confirm the emission
occurring from the charge-transfer state, the polarity of the
solvent is reduced. The low polarity solvents are not effective in
stabilizing the excited charge-transfer state, and therefore
hamper the formation of the charge-transfer excited state and
reduce the Stokes shift. The absorption and emission spectra of
H-mer-2 and H-mer-3 are recorded in hexane, a low polarity
solvent (Fig. 3). Indeed the low polarity hexane has no effect on
the absorption and emission spectra of H-mer-2. Similarly, the
low polarity hexane has no effect on the absorption spectrum of
H-mer-3. The emission spectrum of H-mer-3 in hexane, how-
ever, is blue-shifted by 25 nm as expected. Also, the emission
spectrum has two maxima at 484 nm and 510 nm. The similar
absorption spectrum but different emission spectrum of
H-mer-3 compared to H-mers-1 and 2 indicate that rungs have
a little impact on the absorption spectra whereas they play a key
role in the emission and fluorescecne lifetime (vide infra).
Simulations (B3LYP/6-31G*) also show that the HOMO is
mostly localized on the strands whereas the LUMO is localized
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Fig. 5 Frontier molecular orbitals (HOMO [bottom]; LUMO [top]) of
H-mers 1-3.
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on both the strands and rungs (Fig. 5). This is the first report in
which the impact of the electronic nature of the rung is studied
in not only the non-slanted-H-mers but the slanted-H-mers, as
well. The emission intensities of the H-mers are highly depen-
dent on the structure. The quantum yields of H-mers are
recorded relative to the 9,10-diphenylanthracene*®*” and are
reported in Table 1 and Fig. S8 (ESIt). The quantum yield of
H-mers follow the order H-mer-2 ~ H-mer-1 > H-mer-3.
Amines are known to quench the fluorescence of molecules,
which explains the slightly lower quantum yield of H-mer-1
compared to H-mer-2. In general the emission from charge
transfer state is weaker and explains the low quantum yield of
H-mer-3 compared to other H-mers.

The presence of benzimidazoles affects the absorption and
emission spectra of H-mers in acidic and basic environment.
Toward this, the absorption and emission spectra of H-mers in
trifluoroacetic acid (TFA) and tetrabutylammonium hydroxide
solutions were recorded. All three H-mers show a slight blue
shift in absorption in the acidic environment and the magni-
tude of the blue shift follows the order: H-mer-1 (31 nm) =~
H-mer-2 (36 nm) > H-mer-3 (11 nm) (Table 2 and Fig. S9, ESIY).
Interestingly, the H-mers displayed a significant red shift in
emission and the magnitude of the red shifts follows the order:
H-mer-2 (187 nm) > H-mer-1 (104 nm) > H-mer-3 (67 nm)
(Table 2 and Fig. 4). In addition to the Stokes shift, the emission
intensity of the H-mers also reduced upon protonation. The imine
nitrogen, which is the most basic nitrogen in the imidazole, gets
protonated in the acidic environment. This enhances the electron
withdrawing nature of the rungs and stabilizes the LUMO, which
is mostly located on the rungs. The large Stokes shift in the
emission maximum of H-mers in acidic environment is due to an
efficient intramolecular charge transfer in the excited state from
strands (HOMO) to the electron deficient rungs (LUMO) as well as
stabilization of the LUMO. Emission from the low-energy excited
charge transfer state results in a larger Stokes shift. Within the
H-mers, H-mer-2 had a higher shift due to the drastic change in
the electronic nature of the rung compared to H-mer-3; also the
larger twist in the H-mer-2 isolates the frontier molecular orbitals
and promotes intramolecular charge transfer in the excited
state leading to higher red shift in H-mer-2 compared to H-mer-
1. The benzimidazole containing T-mer’s® and L-mer’s*® show
absorption and emission trends similar to H-mers’ upon proto-
nation. The key difference is the magnitude of the red shift in the
emission spectra upon protonation, which is high in H-mers
compared to T-mer's®® and L-mer’s.>*® In the case of a T-mer
that has similar absorption and emission spectra to H-mer-2 in
the neutral state showed only a ca. 75 nm red shift in emission

Table 2 Change in absorption and emission maxima in acidic and basic environments

Jabs TFA Jem TFA

(CHCI) 23bs AAZDS (CHCI,) jem AJED TBAOH A2ZES TBAOH /&%, AIED
H-mer (nm) (nm) (nm) (nm) (nm) (nm) 23bs (nm) (nm) (nm) (nm)
H-mer-1 368 337 -31 417, 440 521 104 394 26 498 50
H-mer-2 361 325 —36 416, 435 603 187 365 4 438 3
H-mer-3 351, 362 340 —-11 535 602 67 365 3 554 19
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upon protonation compared to the ca. 187 nm red shift observed
in H-mer-2. Comparison of the magnitude of the red shift in upon
protonation highlights the advantage of the non-slanted H-mer
topology over the T-mer topology.

In the basic environment H-mer-1 shows a significant red
shift in both the absorption (26 nm) (Fig. S10, ESIf) and
emission (50 nm) (Fig. 4) spectra. On the other hand, H-mer-
2 and H-mer-3 show minimal changes in the absorption and
emission spectra. Benzimidazolate anion generated upon
deprotonation of the benzimidazole, destabilizes the HOMO
and reduces the band gap resulting in a red shift in both the
absorption and emission spectra. Since there is no acidic imide
proton in both H-mer-2 and H-mer-3, the base has minimal
effect on their absorption and emission spectra. These results
show the H-mers as potential candidates for chemical sensors.
In addition to acid and base sensing, the H-mers are also
capable of transferring electrons to suitable acceptors in the
photoexcited state. The photoluminescence of H-mer-3 is quenched
by the TCNE acceptor (Fig. 4), indicating that H-mers are suitable for
optoelectronic and electronic applications.

The fluorescence lifetimes of all the three H-mers were
recorded to determine the impact of the H-mer structure on
the excited state lifetime (Fig. 4). The lifetime decays of all the
three H-mers are described by a biexponential decay model
with two lifetimes as shown in Table 1. The fast and slow
decay lifetimes and their corresponding relative amplitudes are
0.78 ns (79.6%) and 2.24 ns (20.4%) for H-mer-1, 0.46 ns
(69.1%) and 1.24 ns (30.9%) for H-mer-2, and 3.81 (67.3%) for
H-mer-3. The slow decay for H-mer-3 could not be determined
due to low emission intensity. More importantly, the excited
state lifetime of H-mer-3 is at least 5 times higher than that of
H-mers-1 and 2. We are thrilled to see such a long lifetime for
H-mer-3 since higher lifetime is desired in solar cells because it
enhances the efficiency of photo-excited exciton splitting.*’

Conclusions

We show that the twist between the strands and rung is con-
trollable in non-slanted H-mers and the twist increases as the
substituents size increases. The twist, along with the electronic
nature of the rung, plays a significant role in determining the
optical and photophysical properties of the H-mers. Also, this
work highlights the importance of the type of donor-acceptor
architecture in H-mers. H-mers with an electron deficient rung
and twist showed larger Stokes shift in neutral and acidic
environments. H-mer-1, unlike the other two H-mers also
showed spectral changes in a basic environment due to the
presence of acidic proton on the imide nitrogen. The non-
slanted H-mers showed a larger red shift in emission spectra
and fluorescence lifetime compared to T-mers highlighting the
advantages of the non-slanted H-mer design. The larger Stokes
shift is due to an efficient intramolecular charge transfer in the
excited state from strands to the electron deficient rung. There-
fore, rungs have a little impact on the absorption spectra
whereas they play a key role in the emission and fluorescence

This journal is © The Royal Society of Chemistry 2020
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lifetime. Bifacial cyclophanes on the periphery H-mer render
solubility without conventional solubilizing chains. The lack
of insulating pendant chains, reduced n-n interactions in
thinfilms, longer fluorescence lifetime make these H-mers
suitable for various electronic and optoelectronic applications
including electroluminescence, photovoltaics, and sensors. The
developed H-mer design criteria also helps to design 2D-n-
conjugated materials with control over the m-conjugation in
two dimensions.
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