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This article reports a comparative study on the synthesis, self-assembly, and photophysical properties of
perylene diimides (PDIs) symmetrically tethered with long alkyl chains or polyhedral oligomeric
silsesquioxanes (POSS) at the imide position and/or bromo substitutions at 1,7-positions of the bay area.
This series of samples include dodecyl-PDIly—dodecyl (1), dodecyl-PDlg,—dodecyl (2), POSS—PDIy—
POSS (3), and POSS—PDIg,—POSS (4). In solution, the PDIs with bromine substitution at bay area (2, 4)
exhibit red-shifted absorption maximum compared to those without (1, 3), which is consistent with
a twisted perylene chromophore as revealed by molecular simulation. Similar bathochromatic shift was
observed on the solid crystal state emission of 2 as compared to 1. However, in crystals, the emission
spectrum of 4 exhibits a seemingly hypochromatic shift relative to that of 3, which could be rationalized
by their packing in the crystals. The bromo substitution is believed to partially quench the fluorescence
and the relatively loose packing of the twisted m-plane of 4 may not be able to confine w-plane in place,
leaving multiple pathways for fluorescent quenching rather than red-shifted emission. While both 3 and
4 exhibit a unique dimer packing scheme, the dimers have quite different longitudinal offset and
transverse offset of the w-plane. The longitudinal offset in dimers of 4 is so large that the naphthalene

moieties in the dimer almost adopt a face-to-face arrangement and their mutual interactions are
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Accepted 5th March 2017 considered relatively independent. All these contribute to the less red-shifted fluorescent emission and

the lower fluorescent yields in crystals of 4 relative to 3 as compared to that in solution. The study shall
DOI: 10.1035/c7ra00779e shed light into the complicated mutual interactions among intrinsic electronic structure, microscopic

rsc.li/rsc-advances molecular packing, and the macroscopic optoelectronic properties.

light-emitting diodes, fluorescence sensors, display devices, and
biochemical probes.’* These components have traditionally been
developed from luminescent materials based on inorganic oxide
powders." However, the cost of these inorganic luminescence
materials is usually high and they often require complicated
processing techniques onto rigid substrates. Alternative cost-
effective sources of luminescent materials are thus highly
demanded, especially for flexible electronics. Various organic 7t-
conjugated molecules, such as pentacence, phthalocyanine, pen-
tacence, prophrin, perylene, have shown desirable optical prop-
erties and high versatility in the design and engineering of their
properties.>® Among them, perylene diimides (PDIs) have been
investigated intensively and extensively due to many desirable
features such as high fluorescence quantum yields, superb
chemical, thermal and photochemical stability, and facile

1 Introduction

In recent decades, significant technical advances in microelec-
tronics have pushed up the demand of optoelectronic devices like
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tunability of colors via core substitution.®*> However, the photo-
luminescent properties are often significantly compromised in
solid state due to quenching as a result of continuous ,m-
stacking.”*® It is necessary to design molecules to tune their
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emission and to improve the fluorescent properties in the solid
state.

In general, strong m-m interactions between PDIs lead to
tightly stacked arrays of PDI and result in fluorescence
quenching in the solid state. Breaking the stack can be achieved
either by reducing the planarity of PDI m-plane via bay area
modification or by introducing bulky substitutions at the N-
imides that can prohibit the continuous packing of molecules
via steric hindrance.""”'® The former is very effective in tuning
the energy level of PDI cores and the packing of PDIs. It usually
leads to a core-twisted m-system. Typical substituents include
fluorine, chlorine, bromine, and cyano group.’””** Among them,
PDI with 1,7-bromo substitution is perhaps the most widely
utilized due to the ease of preparation under mild conditions
and further derivatization by nucleophilic substitution.**** The
downside is the undesired broadening of the lowest energy
absorption band and the loss of vibronic fine structure of the
parent PDI due to core distortion arising from steric crowding at
the bay area.*” A balance should be achieved for optimal prop-
erties. For the latter method, a large variety of functional
groups, such as phenyl substituents,"”** alkyl group, poly-
glycerol,> and polyhedral oligomeric silsesquioxanes
(POSS),>* have been reported. PDI with attached POSS cages
displays outstanding properties like strong red fluorescence
with quantum yield approaching unity in solution and ~0.48 in
crystals. A unique dimer packing scheme was observed in the
crystals of PDI tethered with POSS cages and was proposed to
account for the high fluorescence quantum yield of the
crystal.”®3*3" Recently, our group has reported mono-POSS-
tethered PDI with two reactive groups (anhydride and
bromine) with enhanced fluorescence as an intermediate for
other materials.*" Further substitution of bromo with pyrroli-
dines limits the intermolecular m-m interaction, leading to
much improved photophysical properties for optoelectronic
applications.®* To the best of our knowledge, there is only very
few reports on a systematic study of the bay-area substitution
and N-substitution on the final material properties, especially
with respect to their self-assembled structures both in solution
and in the solid states.

In this article, we report a study of PDI derivatives with/
without bromo-substitution at the bay area and with two types

R, \77)\.Si*°\s,/\/\
TETE TS

Re POSS
Compound Ry R, Name
1 n-dodecyl H Dodecyl-PDIy-Dodecyl
2 n-dodecyl! Br  Dodecyl-PDlg-Dodecyl
3 POSS H POSS-PDI,-POSS
4 POSS Br POSS-PDIg,-POSS

Chart1 Chemical structures of the compounds.
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of bulky groups (namely, dodecyl group and POSS) at the N-
imide positions. We strive to understand the fine roles of the
type and position of substituents on the chromophore
arrangement and the resulting change in properties. Four
samples were thus designed and synthesized (Chart 1), as
dodecyl-PDIy-dodecyl (1), dodecyl-PDIg,—dodecyl (2), POSS-
PDIy-POSS (3), and POSS-PDIg,~POSS (4). The photophysical
properties were studied using UV-vis absorption and fluores-
cence spectrometry and the crystal structure of 4 was deter-
mined and compared to that of 3 to illustrate the impact of
molecular packing on the final material properties.

2 Results and discussion
2.1 Molecular design and chemical synthesis

The synthesize of POSS-PDI;—-POSS compounds connected via
both flexible and rigid linkages has been previously reported.>®
Both of them show strong tendency toward dimerization and
adopt a unique dimer packing scheme in crystals. POSS-
tethered PDI shows high fluorescence quantum yield due to
the steric hindrance of POSS that isolates the chromophore and
prohibits the potential structural relaxation process. Function-
alization of PDI at bay area with bromine is an important way to
expand the scope of PDI materials by allowing incorporation of
various substituents on PDI chromophores. Meanwhile, it also
leads to a twisted core. It is intriguing how it would affect the
self-assembly behaviors and molecular packing in crystal. This
is compared to compound 3 with no bromine substitution. The
effect of a three-dimensional POSS cage versus a one-
dimensional linear chain substitution on their photophysical
properties is illustrated by the comparison between compound
3 (4) and compound 1 (2). These samples can be conveniently
synthesized using conventional condensation methods
according to previous work.*® In particular, the synthesis of
compound 4 is discussed below.

It was reported by Wiirthner et al. that dibromination of
PTCDA is not regio-selective and subsequent imidization yields
regio-isomeric mixture of 1,7- and 1,6-dibromoperylene dii-
mides as evidenced by "H NMR spectrometry.>** Through
repetitive recrystallization, they successfully prepared regio-
isomerically pure 1,7-dibromoperylene diimide. Following the
literature procedure, the bromination was successfully achieved
after three times of recrystallization. Compound 4 was prepared
by condensation of PTCDAg, with two equivalents of POSS-NH,
in imidazole and ODCB solution. The success of the synthesis
was confirmed by molecular characterizations including 'H
NMR, *C NMR, FT-IR, and mass spectrometry (see the ESIT).

2.2 Photophysical properties in solution

The UV-vis absorption and photoluminescence profiles of these
compounds in solution are shown in Fig. 1. All samples clearly
shown three characteristic monomeric PDI absorption bands.
There was very little difference in absorption spectra between
these samples except the peak broadening, which is reported to
be due to the loss of planarity upon bromo substitution.*” It also
seems that brominated PDI (2 and 4) losses some of the fine

This journal is © The Royal Society of Chemistry 2017
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(a) Normalized UV-vis absorption spectra and (b) fluorescence spectra of the compounds 1, 2, 3 and 4 at room temperature in CHCls at

concentrations of 1.6 x 107, 1.3 x 1075, 1.0 x 107%, and 3.0 x 107° M, respectively. The excitation wavelength is 470 nm, 470 nm, 480 nm and

480 nm for 1, 2, 3, and 4, respectively.

features of the electronic structure (Fig. 1a), which is consistent
with previous reports.>* In the fluorescence emission spectra
(Fig. 1b), all of these samples exhibit resembling mirror image
with regard to the corresponding bands in UV-vis absorption
spectrum. But it should be noted that the fluorescence spectra
of brominated PDI (2 and 4) show considerable bathochromatic
shifts relative to that of the unsubstituted PDI (1 and 3). It
suggests that the intermolecular - interactions are weaker in
2 and 4 due to the presence of the bromine substituents. To
rationalize the emission red shift, quantum calculations were
performed based on molecular structures by density functional
theory (DFT) using Gaussian 09 package. The geometries
(Fig. S51) of the compounds 2 and 4 were optimized by adopting
B3LYP method with 6-31G** basic set***” via energy minimi-
zation. The twist angles between the two naphthalenoid moie-
ties of 2 and 4 are 22.11° and 21.83° respectively, which are close
to the reported value in literature.'**® The twisted perylene
plane, caused by the introduction of bromine, leads to different
photophysical behaviors between brominating PDIs and
unmodified PDI, as demonstrated in the above discussion. In
addition, the stoke shift of 4 (2) was larger than that of 3 (1),
which indicate that the fluorescence is more sensitive to
modification at the imide position with bulky substitution than
with linear substituents. This is probably because the former is
more effective in weakening the - interaction of the PDI core.
Fluorescence quantum yields (@) in solution were also tested
(see Table 1). They all have high &; values close to unity,
demonstrating their potential as highly fluorescent material for
wide-ranging applications.

Table 1 Solution and solid state emission and fluorescence quantum
yield (@) of the PDI samples

Aem,max (nm) (pf (%) (AEX/nm)

Solution Crystal Solution Crystal
14 542 647 98 (490) 0.02 (420)
27 549 661 95 (490) 2.83 (420)
3 538 624 100 (490) 48 (415)
4 552 603 96 (450) 8.70 (380)

“ The data are from ref. 33.

This journal is © The Royal Society of Chemistry 2017

Self-assembly behaviors in solution are affected by concen-
tration, solvent, temperature, etc. It is important to choose
a solvent that has appropriate solubility to ensure that aggre-
gation can be observed at low concentrations without precipi-
tation. Concentration-dependent UV-vis absorption and
fluorescence spectra were tested in hexanol to determine the
aggregation of 3 and 4 with increasing concentration. The
results are presented in Fig. 2. The absorption spectra (Fig. 2
left) display at low concentrations are typical monomeric
absorption characteristics of PDIs, including three bands at
456 nm, 487 nm, 522 nm, which correspond to the 0-2, 0-1, 0-
0 electronic transitions, respectively.*® Sample 4 in hexanol at
low concentration also exhibits high extinction efficient since
the molecules are monomeric and don't interfere with each
other. It was observed that from 2.3 x 10> to 1.1 x 10~ * M, the
absorption spectra of 4 remain characteristic of the monomeric
state (Fig. 2c). While there was a gradual and uniform reduction
of peak intensity with increase in concentration, the ratio of
peak intensity remains constant. However, as the concentration
increases further to 1.8 x 10~ * M, the peak intensity reduction
becomes evident and the ratio of absorption maximum at peak
to that of the shoulder begins to reduce. This trend persisted at
higher concentrations and the absorption maximum reversed at
5.0 x 10~* M. The shoulder peak is now the maximum peak. It
is also noted that the reduction of peak intensity ratio was
accompanied by some red shift of both maximums, which may
be attributed to the coexistence of dimers and monomers. The
isosbestic points were found to be at 535 and 496 nm, respec-
tively. Reduction of absorption peak intensity ratio, the
appearance of an isosbestic point, and the maximum peaks
reversal are signs for aggregation in concentration-dependent
absorption spectra.”” Therefore, upon increasing the concen-
tration, the molecules begin to form aggregates, as evidenced by
an apparent decrease in absorption efficient and the &;_o/e9_1
become smaller. Besides, the 0-0 and 0-1 band peaks reverse
indicating that the molecules form dimers instead of oligomeric
aggregates according to previous works and others.**** In
addition, the ¢y_¢/eo-; represents indirectly the ratio between
monomeric molecules and dimers in solution since the
strengths of 0-0 and 0-1 electronic transitions are inversely
proportional to that of m-m stacking.”” Thus the dimers in

RSC Adv., 2017, 7, 16155-16162 | 16157
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Fig.2 Concentration-dependent UV-vis absorption spectra (left) and fluorescence emission spectra (right) in hexanol of POSS—PDIy—POSS (a,
b) and POSS-PDIg,—POSS (c, d). The excitation wavelength is 460 nm and 487 nm for (b) and (d), respectively. The label ¢ stands for extinction
coefficient in the absorption spectra and PL stands for photoluminescence.

solution become more and more significant with increasing
concentration. The corresponding concentration-dependent
fluorescence spectra of 4 (Fig. 2d) also agree well with the
above discussion. The emission spectrum of 4 exhibits a mirror
image to absorption spectrum with corresponded 0-0 and 0-1
transitions. The only change was the reduction of peak intensity
with increasing the concentration. Significant fluorescent
quenching occurred at concentrations higher than 1.8 x
10~* M without formation of any significant new red-shifted
peak, which suggest that the electronic interaction between
the chromophores in the aggregates mainly leads to fluorescent
quenching.

Comparing the results of 3 (Fig. 2a and b) and 4 (Fig. 2c and
d), several distinct features can be identified. First, the aggre-
gation of 4 occurs at much higher concentration (1.8 x 10™* M)
than 3 (1.2 x 10° M), as evidenced by the onset of peak
intensity ratio change. In fact, the reduction of the peak intensity
ratio in 3 was so quick that even at 3.5 x 10°® M the bands
already start to show signs of maximum peak reversal. Second,
new absorption bands and fluorescent emission bands occur in
3 whereas complete fluorescent quenching was observed in 4.
The results suggest that due to the presence of bromo group at
the bay area, 4 has much higher solubility and is less prone to
aggregate than 3. The aggregation of 4 at higher concentrations
leads to broadening of the fluorescent emission and shifting of
the maximum to ~575 nm with profound quenching effect. By
contrast, the new emission band with red-shifted emission
maximum and significant tailing to longer wavelengths could be

16158 | RSC Adv., 2017, 7, 16155-16162

observed at a concentration of 2.7 x 10~° M (Fig. 2b black line),
which could be attributed to the aggregation of compound 3.7® It
suggests that while the presence of POSS substituents imposes
considerable steric hindrance to disfavor continuous -7
stacking, so the twisted PDI core in 4 may lead to a completely
different aggregate structure than 3. We then proceed to study
their molecular packing and photophysical properties in
condensed states, especially, in crystals.

2.3 Photophysical properties in aggregated and condensed
states

2.3.1 Morphology and crystal structure of POSS-PDIg,-
POSS. A slow-diffusion-induced crystallization between two
solvent phases was used to grow single crystals of 4 in MeOH/
chloroform, as outlined in the ESI.f The SEM images clearly
(Fig. 3) reveal a needle-like crystal morphology for 4. The crystal
is also strongly birefringent, indicating a high degree of
molecular anisotropy within the crystal and that the optical axis
is along the direction of m-m stacking.**** In addition, the
crystals exhibit strong red fluorescence, which indicates that the
-1 stacking does not dramatically quench the fluorescence
and that the molecules may be well-organized in the solid
state.*>*® Using single crystal X-ray diffraction experiments, the
crystal structure and molecular packing was determined to be
a triclinic unit cell with ¢ = 1.11 nm, » = 2.16 nm, ¢ = 2.43 nm
and a = 92.6°, f = 99.0°, ¥ = 90.7°. This is close but not
identical to that of similar POSS-PDI-POSS derivatives reported

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 SEM images of crystals of 4 at (a) x1000 magnification and (b)
%10 000 magnification.

previously,”® which is reasonable considering the very similar
structures of the two compounds. Fig. 4 shows the molecular
packing scheme of 4 along different axes in its crystal lattice
using Mercury 3.0 software. The structural motif consists of two
molecules. Because of steric hindrance of POSS cages and the
relatively flexible linkages, two molecules of 4 pack together via
- interaction. The POSS cages must bend away from PDI onto
two sides, preventing it from continuous packing beyond
dimers. Therefore, the dimer is a sandwiched structure with two
POSS layers and a middle PDI layer. This is very much like the
crystal structure of 3. However, the existence of bromo atoms at
1,7 positions leads to fine differences in the precise structure of
the dimer, which may lead to differences in the photophysical
properties between the crystals of 3 and 4.

2.3.2 Characterization of photophysical properties. Solid
state UV-vis absorption and fluorescence spectra of 1-4 were
tested and compared. Their solid state (crystals) fluorescence
quantum yield (@) were also measured (Fig. 5). The results are
summarized in Table 1. All samples have broad but similar UV-
vis absorption profiles. However, their fluorescent emission
profiles are quite different. The emission maximums of 1 and 2
appear at longer wavelengths of 647 nm and 661 nm with low &
of only 0.02 and 2.83, respectively. In the solid state, the emis-
sion maxima of 2 is red-shifted as compared to 1. The trend is
the same in solution where the emission maxima is 525 nm for
1 and 550 nm for 2 (Fig. 1). For both compounds 1 and 2, the
T, m-stacking between PDI planes are so strong that the fluo-
rescences are already significantly quenched in the solid state.
This effect is much more profound than that from the heavy
bromo atom. However, the steric hindrance from bay area
bromo substitution of 2 leads to twisted PDI plane, which could
not pack as closely as that in 1. Therefore, it alleviates the
influence of m,w-stacking and leads to a higher fluorescence
quantum yield in 2. By contrast, the emission maximums of 3
and 4 are at 624 nm and 603 nm, respectively. The ®¢values are
generally higher for POSS-bound PDIs (3 and 4) than linear alkyl
bound PDIs (1 and 2). There are two surprising observations: (1)
the emission maximum of 4 appears at shorter wavelengths
than that of 3; (2) the &¢ value of 4 (8.7%) is much lower than
that of 3 (48%). The order is opposite to that in dilute solutions
(Fig. 1). Nevertheless, it could be understood from the
concentration-dependent aggregation experiments. On the one
hand, the lower &;value of 4 in the solid state is consistent with
the significant fluorescent quenching of 4 in solution with

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Molecular packing of compound 4 in the crystal lattice. Top:
projections from the bc-plane; middle: projections from the ac-plane;
bottom: projections from the ab-plane. Each projection contains four
unit cells.

increasing concentration. On the other hand, the emission red-
shift of 4 with increasing concentration in solution is not as
profound as that of 3. The fluorescent emission of 3 has a long
tailing into longer wavelengths, which is consistent with the solid
state emission maximum at about 600 nm. To rationalize this, we
speculate that the introduction of bromine atoms at bay posi-
tions are not only expected to twist the PDI plane and reduce the

RSC Adv., 2017, 7, 16155-16162 | 16159
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Fig. 5 Solid state UV-vis absorption (a) and fluorescence spectra (b) of the compounds (e, = 480 nm).

-7t stacking, but also play the role as a typical heavy atom
perturbation to quench the fluorescence to certain extent.*” To
shed light into this unique change in fluorescence spectra, we
further turn to the molecular packing in the crystals.”®

A comparison of the dimer motifs of 3 and 4 in crystal is
shown in Fig. 6. The parameters, including longitudinal offset
(1), transverse offset (¢), interplanar spacing (d) and the rotating

()

1=3.29A

angle («), are listed in Table 2. It can be found that POSS-PDIg,~
POSS has a larger m-stacking distance than POSS-PDI;-POSS
and other reported PDI chromophores owing to the twisted -
plane with bulky bromo substitution at the bay area. Compound
4 also shows much larger longitudinal offset but slightly smaller
transverse offset than 3 (Fig. 6b). The 6 value, defined as the
angle of the transition dipole moments with respect to their

Fig. 6 The molecular packing structure of dimer of 3 (a) and 4 (b) in the unit cell of crystal with longitudinal offset, ([, and transverse offset, t,

interplanar spacing, d and rotation angle (6).
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Table 2 The packing parameters of the dimer motifs of compounds 3
and 4 in the crystal

Compound d/A I/A t/A 6/°
3 3.40 1.04 2.66 76.5
4 3.69 3.29 1.70 78.5

geometrical arrangement, is 51.7°.**% Since both 3 and 4 form
dimers rather than continuously packed oligomers, it may not
be accurate to describe them with reference to the conventional
H- and J-aggregates. By examining the dimer structure of 4 even
more closely (Fig. S6), one can find that the longitudinal offset
is so large that the two neighboring naphthalene units in the
dimer are almost face-to-face. If we consider only the naph-
thalene planes, the 0 value is 78.5°. This unique geometry leads
to relatively independent interaction between the naphthalene
units, which may account for less red-shifted emission in crystal
as compared to that in solution. The similarity between the
fluorescent emission spectra of 4 and that of certain reported
naphthalene derivatives also offers some indirect evidences to
this hypothesis.*>**

3 Conclusion

In this paper, we report the synthesis of perylene diimides with
bromine substitutions at 1,7 positions and POSS's symmetri-
cally tethered at the imide positions and compared their self-
assembly and photophysical properties with a variety of
control samples. The results show that the bulky POSS particles
can constrain m-m stacking due to steric hindrance.
Compounds 3 and 4 exhibit very similar packing schemes in the
crystal state, however, 4 exhibits apparently hypochromatic
shifts relative to 3, whereas dodecyl-substituted 2 exhibits
bathochromatic shifts relative to 1 in fluorescence emission
spectra. It should be noted that in dilute solution, both 2 and 4
exhibit bathochromatic shifts in fluorescence emission maxima
relative to 1 and 3, respectively. Therefore, the apparent hypo-
chromatic shift of emission maximum of 4 relative to 3 is again
understood from the unique dimer packing scheme of the
crystals. It would lead to two consequences: (1) the bromine
atoms in the dimer act as a quencher to partially quench the
fluorescence, which is responsible for the lower fluorescence
quantum yield; (2) the twisted m-plane of 4 does not pack as
tightly as that of 3 and POSS may not be sufficient to confine the
m-plane in place, leaving multiple pathways for fluorescent
quenching rather than red-shifted emission. Notably, the
longitudinal offset in 4 is so large that the naphthalene moieties
in the dimer almost adopt a face-to-face arrangement and their
mutual interactions are relatively independent, which may also
partially contribute to the less red-shifted fluorescent emission
in crystal as compared to that in solution.
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