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enhanced emission in solid state

Vandana Bhalla,* Gopal Singh and Manoj Kumar,*

A new series of D-A-D molecules (1-3) with carbazole as donor while 2,5-diaryl-1,3,4-oxadiazoles, dibenzothiophene-S,S-

dioxide and Benzo[1,2,5] thiadiazole as acceptors have been synthesized. Polyphenylene dendrons have also been

incorporated to prevent the face to face n—m stacking in aggregates. Unlike traditional D-A systems, which show ACQ

problem and large red shifts in solid state, these derivatives (1-3) exhibit good solid state luminescence behavior without

undergoing red shift or fluorescence quenching. The present results indicate that just the combination of donors-acceptor

system with bulkier dendrons is not enough to generate efficient solid state emissions but prevention of co-facial

interaction of donor and acceptors in aggregates is more important. In case of derivative 3, restriction of complete

molecular planarization and steric hindrance near acceptor can effectively prevent intermolecular donor acceptor

interactions, thus, leading to enhanced emission in aggregates. While in case of derivative 1, sterically unhindered

acceptor is easily approached by donor due to close molecular packing in aggregates forming weakly luminescent species.

Introduction

Organic solid-state luminescent materials based on donor—
acceptor (D—A) systems have gained increasing attention in
recent years due to their potential applications in large-area
flexible display, solid-state lighting, organic lasers etc owing to
high fluorescent quantum vyields and impressive bipolar
charge-transporting properties.l'3 Their intramolecular charge
transfer (ICT) characteristic endows them with tunable
electronic states which can be modulated by independent and
diverse selection of donor and acceptor groups, making them
suitable for wide variety of applications biophotonics and
optoelectronics. These systems are anticipated to simplify the
device configuration by reducing the number of active layers
and consequently improving the device performance.“'13
However, most of the conjugated D-A molecules show very
high luminescence efficiency in dilute solutions only, and
exhibit large bathochromic shift with relatively weak or no
emissions in thin film due to aggregation caused quenching
(ACQ) effect. This ACQ may be attributed to the facilitated non
radiative decay induced by strong intermolecular interactions,
including exciton coupling and excimer formation.'® This ACQ
is also responsible for reduced photoluminescence (PL)
efficiency of these luminescent materials in the solid state and
thus considered as a great obstacle towards the development
of efficient optoelectronic devices using organic luminescent
materials. The major challenge in developing luminescent
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materials with D—A systems is to prevent the large red shift in
emission and ACQ in solid state while preserving the merits of
the D-A architecture.>*%® However, it is very hard to get
higher solid-state efficiencies than those of molecularly
dissolved species in non polar solvents.”®% Many methods
have been adopted to reduce ACQ like doping method,
introduction of i spacer, using weak t donor/weak 1 acceptor
etc but they have met with limited success only.zz"z‘r"6 Recently,
the phenomena of aggregation-induced emission (AIE)26 and
aggregation-induced emission enhancement (AIEE)27 have
been found to be very effective to obtain highly emissive
materials in solid state.?®>* However, there are few reports in
literature in which AIE has been used to obtain high solid-state
efficiency in D-A molecules.**®” The current research on
organic fluorescent materials indicates that the key point for
designing high efficiency solid state luminescent materials is to
suitably control the molecular orientations and stacking modes
of fluorophores in aggregate form.
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Fig. 1 Derivative 1-3
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Keeping in mind the importance of D-A systems, we planned to
design and synthesize D-A-D molecules (1-3) with carbazole
substituted polyphenylene as donor and 2,5-diaryl-1,3,4-
oxadiazoles/  dibenzothiophene-S,S-dioxide/  Benzo[1,2,5]
thiadiazole as acceptor, respectively. Carbazole is known for its
thermal stability and good hole-transporting ability.ss'39 On the
other hand, 2,5—diaryI—1,3,4—oxadiazo|es,4°"41 dibenzothiophene
—S,S—dioxide“"44 and benzol[1,2,5 thiadiazole® are versatile
electron-transporting materials with high electron affinity. We
incorporated non planar polyphenylene aromatic units into the
molecule. We expected that these units will provide good
thermal and morphological stability to the molecule and will
prevent aggregation caused quenching by reducing

8(45%)

Hj 10(42%)

Scheme 1. Synthesis of derivative 1-3: Reaction conditions: (1) Pd(PPhs),, Cul,
TEA,toluene, 75 °C, 24 h; (ll) Ph,0, reflux, 48h.

2| J. Name., 2012, 00, 1-3

Intermolecular n—m interactions of donor and acceptor in solid
state®®*® and could lead to formation of luminescent D-A
materials. The results of our investigation show that reduction
in size of acceptor lead to increase in steric hindrance and
reduced intermolecular donor-acceptor interaction in case of
derivative 2 and 3 which resulted in their efficient emission in
aggregate state. On the other hand, in case of derivatives 1
relatively unhindered acceptor is easily approached by the
donor in aggregates and quenching of emission is observed.
The photophysical, electrochemical, thermal and
morphological properties of these derivatives are investigated
in detail to elucidate the mechanism of enhanced emission in
the aggregate state.

This journal is © The Royal Society of Chemistry 20xx
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Results and Discussion

The precursors 4,49 5°° and 6°* were synthesised by following

the already reported procedure in the literature. Sonogashira
cross coupling of precursor 4 with 5, 6 and 7 in the presence of
palladium catalyst and copper lodide as co-catalyst gave the
compounds 8, 9 and 10, respectively. Further, the Diels Alder
reaction of 8, 9 and 10 with 11 furnished the target molecules
1, 2 and 3 in 25%, 37% and 39% yield, respectively. The
structures of these derivatives were confirmed by NMR and
mass spectroscopy. Mass spectra of derivative 1, 2 and 3
showed molecular ion peaks at m/z 1481.68, 1475.57 and
1395.65, respectively which corroborate with the structure of
these derivatives.

Thermal Properties

To explore the thermal properties of the derivatives, thermal
gravimetric analysis (TGA) and scanning
colorimetric (DSC) measurements were performed at a
scanning rate of 10 eC min™ under flowing nitrogen. As shown
in Fig. 2, TGA curve reveals very high decomposition
temperature, Ty (Tys4, corresponding to 5% weight loss) at 410,
385 and 378 oC for derivative 1, 2 and 3 respectively, which
indicate their high thermal stability. High thermal stability is
highly desirable to improve the efficiency and lifetime of
organic electronic devices. DSC curve exhibit only an
endothermic baseline shift due to glass transitions (T;) at 181
and 243 oC for derivative 1 and 3, respectively, while no T,
baseline shift could be observed for 3 (See Fig. S1, ESI). We
believe that the presence of bulky aryl groups is responsible
for their high thermal stability.
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Fig. 2 TGA curves of derivative 1-3

Electrochemical Properties

Cyclic voltammetry studies were carried out to reveal the
electrochemical behaviour of these compounds. All the
derivatives exhibited single oxidation peak with irreversible
electrochemical behaviour which was assigned to oxidation of
the carbazole (Fig. 3). Irreversible behaviour is due to the
intermolecular cross linking of the

carbazole radical

This journal is © The Royal Society of Chemistry 20xx
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intermediate via the free 3 and 6 positions of the carbazole
moiety.52
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Fig. 3 Cyclic voltamograms of derivative 1-3.

The whole data is summarized in table 1. HOMO and LUMO
energy levels were calculated from the oxidation onset
potentials (Eonset) and energy gaps (E;). On the basis of the
onset oxidation potential, we estimated the HOMO energy
levels of derivative with regard to ferrocene (-4.8 eV below
vacuum),53 which was found to be -5.50 eV, -5.51 eV and -5.51
eV for derivative 1, 2 and 3, respectively. The optical band gaps
were determined by the absorption edge
technique.54According|y, the LUMO energy levels were also
calculated by subtracting the band gap of these derivatives
from the HOMO energy level of these derivatives. It is clear
from the electrochemical data that HOMO levels are almost
same for all three derivatives while LUMO levels have shown
considerable change due to differences in the electron
affinities of acceptor groups. High lying HOMO and low lying
LUMO levels would facilitate hole and electron injection in
electronic devices, respectively. Repeated cycles show slight
decrease in current which suggests electrochemical oxidative
coupling reaction at the 3,6 positions of carbazole leading to
electro-polymerization and its deposition on working electrode
(See Fig. S2-S4, ESI).

Table 1. Electrochemical and thermal properties of derivative 1-3

Te/ T/ T HOMO/LUMO Band Gap
Comp. .
C eV eV
1 181/324/410 -5.5/-2.14 3.36
2 ND/ND/385 -5.51/-2.26 3.25
3 243/ND/378 -5.51/-2.62 2.89

Theoretical calculations

To understand the geometry and electronic structures of
derivatives 1-3, density functional theory (DFT) calculations
were performed with B3LYP/6-31G basic set using the
Gaussian 09 program. The optimized ground-state structures
of the derivatives 1-3 are shown in Figure 4. The ground state
optimized structures revealed that all the derivatives possess
twisted spatial conformations. The dihedral angles of the
acceptor core and the peripheral polyphenylene (PP) groups

J. Name., 2013, 00, 1-3 | 3
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(b)

Fig. 4. Optimized ground state strucures of derivative 1 (a), 2 (b) and 3 (c)

are in the range from 56 to 722. For derivative 1, the dihedral
angle between the acceptor and both PP units is 66.22 while
carbazole units are twisted out of plane from central benzene
ring of PP unit at 67.12 angle. For derivative 2, both PP units
are aligned at slightly different angles (64.6 and 662) with
respect to acceptor core while carbazole units are twisted out
of plane from central benzene ring at 66.09 and 72.6°. In case
of derivative 3 both PP units are aligned at 63 and 56.2° with
respect to acceptor core while carbazole units are twisted out
of plane from central benzene ring at 66.1 and 71°. Phenyl
rings of PP groups are twisted out of plane from central
benzene ring with dihedral angle from 58 to 682. These twisted
conformations hamper the m-m stacking interactions between
the molecules and enable them to emit efficiently in solid
state. Higher steric congestion is observed near acceptor core
in case of derivative 3 as compared to derivatives 1 and 2.

Photophysical Properties

Photophysical properties of derivatives 1-3 were investigated
by UV-visible absorption and fluorescence spectroscopy. All
the derivatives are freely soluble in most of the common
organic solvent due to the presence of alkyl chains on
carbazole. The absorption spectra of derivatives 1-3 reveal an
absorption band located around 300 nm due to nt-nt* electronic
transitions of the carbazole® and a shoulder around 355 nm
due to ni-it* electronic transitions of conjugated backbone

(b)

1

-

Normalised Absorption
Normalised Intensity

0

three

all

(Fig. 5). Among
benzothiadiazole

the derivatives, 3 having
acceptor exhibited absorption and
emission at longer wavelength. This result is in accordance
with the lowest LUMO energy calculated in case of derivative
3.45

as

Solvatochromism

The absorption and emission behaviors of all the three
derivatives were explored using different solvents with a wide
range of polarity (Table 2). The details of absorption, emission
and time resolved spectra recorded in different solvents of
varying polarity and thin film are summarized in table 2. The
absorption and fluorescence spectra of thin film were
recorded by drop casting DCM solution of the derivatives on a
quartz substrate. When going from toluene to DMSO, the
absorption spectra of these derivatives scarcely changed, thus,
indicating very stable ground state and negligible
intramolecular charge transfer process between donor and
acceptor in the ground state (Fig. 6). In sharp contrast to the
minor solvent dependent absorption spectral features, the
emission spectra of these molecules exhibited a prominent
positive solvatochromic effect indicative of great dipole
moment in the excited state (Fig. 6). All the three derivatives
showed bathochromic shifts in the emission maximum upon
increasing the solvent polarity. The main emission peaks
changed from 416 nm in toluene to 471 nm in DMSO for 1,
from 443 nm in toluene to 499 nm in DMSO for 2 and from 480
nm in toluene to 550 nm in DMSO for 3 (Table 2), suggesting

250 300 400 450 370 420 470

350
Wavelength (nm)

Fig. 5. UV-visible (a), fluorescence (b) and time resolved spectra (c) of derivative 1-3 in
DCM (conc. - 10pM, Aex = 355 nm for 1 and 2 and 352 nm for 3).
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Table 2. Photophysical and decay properties of derivative 1-3

Absorpti Emissi
sorption mission QY Tla(A)b Tza(A)b ch

Comp. (Amax) (Amax)
o (ns) (ns) (ns)

(nm) (nm)
1 Tol. 290, 355 416 046 | 1.14(64%) 4.39(36%) 155
THF 290, 355 433 046 | 1.41(55%) 6.25(45%) 2.18
DCM 290, 355 444 063 | 1.78(48%) 9.18(52%) 3.06
DMSO 290, 355 471 055 | 2.74(31%) 19.5(69%) 6.74
Thinfilm | 290, 356 445 - 0.76(63%) 3.46(37%) 1.07
2 Tol. 290, 355 443 043 | 3.43(11%) 7.41(89%) 6.57
THF 290, 355 461 0.40 5.09(3%) 12.2(97%) 10.81
DCM 290, 355 472 047 | 6.13(0.4%) 16.6(99.6%) 16.5
DMSO 290, 355 499 032 | 0.85(0.55%) | 29.7(99.45%) | 25.10
Thinfilm | 292, 352 450 2.61(41%) 8.30(59%) 4.37
3 Tol. 299, 352 480 0.1 2.55(24%) 9.50(76%) 5.71
THF 299, 352 493 003 | 1.64(21%) 8.77(79%) 4.49

=fl life ti
a=Tuorescence Tite ime, DCM 299, 352 515 002 | 2.14(19%) 12.3(81%) 6.41
b = percent contribution,

¢ = weighted mean life DMSO 299, 352 550 001 | 2.98(14%) 13.5(86%) 9.01
time Thinfilm | 299, 352 478 - 3.32(30%) 10.0(70%) 6.21

typical ICT emissions for these compounds in solution.*®™°

We believe that derivatives 1 and 2 are emissive in their
solutions due to conformational stiffness and planarity in the
excited state owing to small steric effects.®®** The
fluorescence quantum vyields of 1 and 2 increases from 47 and
43% in non polar toluene to 63 and 47% in medium polarity
DCM, respectively, indicating better stabilization of the highly
polar emitting state by polar solvents however, quantum yield
decrease in highly polar DMSO to 55 and 32% respectively,
which is a common property of molecules exhibiting large
charge separation in the excited state. Further, a significant
decrease in quantum vyield of derivative 2 in DMSO is observed
which may be attributed to the partial twisting of donor
acceptor units in excited state due to high polarity. On the
other hand, derivative 3 was found to be weakly emissive in
solution. We believe that the out of plane twisting of carbazole
units in excited state owing to steric congestion near smaller

presence of TICT in case of derivative 2 and 3 (Fig. 7). On the
other hand, very small increment of fluorescence intensity and
blue shift was observed in derivative 1 which shows absence of
TICT state in case of derivative 1.

Time-resolved fluorescence measurements of derivative 1-3
were also performed and the detailed data of these studies are
listed in table 2. The fluorescence decay behavior of all the
three derivatives 1-3 in different solvents and thin film is well-
fitted by the double-exponential. All the derivatives have
shown longer life time with increasing solvent polarity which
shows better stabilization of excited state in polar solvents
(Fig. 6). Excited states of 1-3 decay via fast and slow channels.
With increase in solvent polarity, decay via fast channel is
slowed while decay via slow channel is populated which is
consistent with increased life time of 1-3 with solvent polarity.
Derivative 2 exhibits longest fluorescence life times which may
be attributed to the larger delocalization of electrons in this
case which leads to a larger molecular stabilization effect for
the excited state. Furthermore, the derivatives 1-3 also
exhibited good thin film photoluminescence (PL) behaviour.
This is expected due to the molecular design because sterically
crowded polyphenylene prevent molecular aggregation

sized benzothiadiazole makes it more susceptible to non
radiative decay, resulting in a weaker emission in
solution.”®Further emission studies of derivative 3 showed
gradual decrease in quantum yield on increasing the polarity of
solvents (0.1, 0.03, 0.02 and 0.01 in toluene, THF, DCM and
DMSO, respectively). Red shifted emission along with decrease

in quantum yield with increasing solvent polarity indicates the c?‘nse?uehtly inhibiting Afc?] Exce.p’i . der:!va’;flve L
presence of twisted intramolecular charge transfer (TICT) photoluminescence spectra of the materials in thin films are

which is usually observed in D-A systems.29'57'62'64 TICT almost similar to their spectra in nonpolar toluene solution

weakens the fluorescence due to its susceptibility towards non (Figure _6)’ t.hus, |nd.|cat|ng that the ag.gre.gatlon is suppressed.
radiative decay quenching process The derivative 1 emits at 445 nm in thin film, about 29 nm red-

To examine the presence of TICT in derivatives 1-3, we carried shifted from that of its toluene solution (416 nm} while

. o derivatives 2 and 3 have emission at 450 and 480 nm in thin
out temperature dependent fluorescence studies as it is well : ; .
film and 443 and 480 nm in toluene, respectively. This shows

that the emissive species for 1, in aggregated state is different
from those in solution which is further supported by PL decay
dynamics (vide infra). A

known that TICT emission is sensitive to temperature
P 65 . . . .
variation. Gradual increase in fluorescence intensity
accompanied by blue shifting of emission maxima with
increasing temperature was observed which confirms the

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5
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Fig. 6 UV-visible (a3, d, g), fluorescence (b, e, h) and time resolved spectra (c, f, i) of
derivative 1, 2 and 3 respectively.

considerably faster excited state decay of derivative 1 in neat
film (1.07 ns) indicated enhanced excitation migration and
non-radiative relaxation at the quenching sites.

ACQto AIE

Organic molecules with propeller shaped structure or with
rotatory groups are known to show aggregation induced
emission (AIE) or aggregation induced emission enhancement
(AIEE) effect.® The presence of phenyl rotors in derivatives 1-3
prompted us to explore AIE(E) characteristics of these
molecules, thus, we carried out aggregation studies of these
derivatives in THF/water solvent mixture. Despite structural
exhibited very different
aggregation behavior. Only derivatives 2 and 3 were found to
be AIE active while derivative 1 displayed ACQ.

similarity, these derivatives

The absorption spectra of all derivatives (1-3) exhibited no
spectral shift in presence of water fractions ranging from 0% to

6 | J. Name., 2012, 00, 1-3

Wavelength (nm)

50%, which is similar to their behavior in different solvent (As
the solvent polarity increases with addition of water).66
However, when water fraction is further increased (60-90%),
leveling off tail appears in the visible region of spectra due to
the formation of aggregates (Mie scattering effect).67 Further
the absorption spectra of the aggregates formed at the water
fraction of 90% were found to be same as that of their thin
film absorption (See Fig. S5-S7, ESI). In the fluorescence studies
of derivatives 1-3, the emission peaks of all derivatives are red-
shifted with gradual addition of water upto 50% (Fig. 8, 9 and
10). We believe that the red shifting of emission band in
presence of 50% water fraction is due to solvent polarity
effect.® However, when water fraction was increased from
60% to 90%, emission maximum was blue-shifted due to
elimination of solvent polarity effect in the aggregates.68 This
blue shift emission upon aggregation is common behavior in all
the three derivatives (Table 3).

The fluorescence studies of derivative 1 showed small
enhancement in emission intensity with increase in water
fraction upto 50% which is due to better stabilization of its
charge transfer state in more polar solvents (vide supra).

This journal is © The Royal Society of Chemistry 20xx
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Fig. 7 Temperature dependent fluorescence spectra of derivatives 1 (a), 2 (b) and 3 (c)
in THF. {Slit width used — 3:1.5 for derivative 1 and 2 while 3:3 for derivative 3}.

However, upon further increasing the water fraction from 60%
to 90%, a decrease in emission intensity is observed due to
intermolecular interactions in aggregates. The donor carbazole
can easily approach less sterically hindered oxadiazole
acceptor of neighbouring molecule, forming intermolecular
charge transfer state, which reduces the emission intensity of
aggregates.ﬁg'70 DLS studies show reduction in particle size of
aggregates upon increasing water fraction from 600-1400nm
in 60% to 30-140nm in 90% water (See Fig. S17 and S18, ESI).
life time of derivative also increased with
increasing water content due to stabilization of charge but
decreased sharply with the formation of aggregates which is
consistent with fluorescence studies.”” Tri exponential decay of

Fluorescence

aggregates also indicates the formation of additional non
radiative decay pathway in aggregates.

Morphological investigation of the aggregates by transmission
electron microscope (TEM) image and electron diffraction
spectroscopy (ED) spectrum indicates that the aggregates
formed in 60% and 90% (fw) mixture are round in shape with
amorphous state and give an obscure diffuse halo in ED
spectrum (See Fig. S11 and S12, ESI). Amorphous nature of
derivative 1 is also confirmed by powder XRD analysis (See Fig.
S8, ESI) which showed no sharp peaks.

Derivative 2 exhibited red shifting of emission band along with
decrease in emission intensity when the water fraction in the
THF/water mixtures is increased from 0 to 50%, however, in

(a) Water % (b)
200 —_0%
—_—10% 280
20% 240
150 —30% 'g 20
> —40% £
@ —=50% @ 160
= Q
g 100 60% § i
= —T70% g
. ==
’ 40
0 0

Wavelength (nm)

500 550 435 485 535 585
Wavelength (nm)

presence of 60% water fraction, a blue shift along with
emission enhancement is observed and emission intensity
reaches same as that in pure THF (®=0.40). But it again
decreases in 80 and 90% water (Table 3). This phenomenon
may be attributed to the formation of crystalline or

amorphous particles. Crystalline particles leads to
enhancement while amorphous leads to reduction in emission
intensity.72

TEM images show formation of nano rods in 60% water
fraction with clear diffraction spots in ED spectra which
confirm the crystalline nature of aggregates (See Fig. S13, ESI),
while in 90% water only amorphous spherical aggregates are
observed giving only an obscure diffuse halo in ED spectra (See
Fig. S14, ESI). Powder-XRD patterns also show many sharp
peaks indicating degree of order present in powder sample
(See Fig. S9, ESI). In higher water content (90%) the molecules
are more tightly packed into aggregates leading to stronger
intermolecular interactions, thus, reducing the emission
intensity. This behavior is consistent with decrease in
fluorescence life time of aggregates in 90% water fraction as
compared to 60% (Table 3). The lifetime of 2 is almost from
the contribution of the longer lifetime species in solution,
while in aggregates the contribution of shorter lifetime species
is increased. DLS studies also show that the average particle
size decreases from 600-1200 nm in 60% to 50-140nm in 90%
water (See Fig. S19 and S20, ESI).

In case of derivative 3, with gradual addition of water into THF

(c)

5000

Counts

360 410 460 510 560 610
Wavelength (nm)

Fig. 8 Fluorescence spectra (a), fluorescence intensity (b) and time resolved spectra (c)
of derivative 1 in THF with different water fractions. [slit width used —3:1.5]

This journal is © The Royal Society of Chemistry 20xx
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Table 3. Photophysical and decay properties of derivative 1-3 in different water
fractions

Water Emission 2(A)° °(A2)° 75°(As)° <>°
Fraction (%) Amax(nm) (ns) (ns) (ns) (ns)
1 0 435 1.54(56%) 6.36(44%) 2.32
20 460 2.02(41%) 13.4(59%) 4.08
40 468 2.19(35%) 15.5(65%) 4.91
60 448 2.08(40%) 0.59(17%) 8.13(43%) 1.86
90 435 1.73(56%) 0.34(17%) 7.66(27%) 1.18
2 0 466 0.43(0.4%) 11.6(99.6%) 10.66
20 482 0.17(0.4%) 16.80(99.6%) 12.36
40 487 0.35(0.7%) 16.80(99.3%) 12.67
60 465 2.40(9%) 13.8(91%) 9.72
90 446 3.67(35%) 11.4(65%) 6.60
3 0 490 2.20(20%) 8.95(80%) 5.59
20 519 2.29(20%) 7.12(70%) 0.28(10%) 1.91
40 532 1.44(15%) 5.34(74%) 0.3(11) 1.67
60 490 1.61(13%) 11.6(87%) 6.34
90 480 4.14(21%) 13.7(79) 9.12

a = fluorescence life time, b = percent contribution, c = weighted mean life time

(Upto 50%), the emission intensity is weakened and
bathochromically shifted from 490 to 532 nm. The derivative 3
demonstrated a steep increase in the fluorescence with
increasing water fraction from 60 to 90%, thus delivering 8 fold
enhancement in emission intensity (Fig. 10b). The average life
time of the derivative 3 exhibited shortening with increasing
water fraction from 0% to 50% giving tri exponential fit
suggesting involvement of multiple excited states and decay
pathways in solvent mixture while longer life time observed in
aggregates with bi-exponential fit is concomitant with
increased emission intensity.

TEM images show clear morphological change from
shaped aggregates in 60% water to spherical aggregates in
90% water (See Fig. S15 and S16, ESI). Strangely, in contrast to
derivative 2, the electron diffraction pattern both type of the
aggregates (rod shaped in 60 % and spherical in 90 %) display
diffraction spots, proving the crystalline nature of both. Many
sharp peaks are observed in powder-XRD analysis also which

rod

confirms the semi-crystalline nature of derivative 3 in solid
state (See Fig. S10, ESI). Due to the steric constrain, the

derivative 3 resist complete molecular planarization and
retains its twisted conformation in aggregates, thus, averting
closer intermolecular donor acceptor interactions.

To find out whether the restriction of intramolecular rotation
or vibrational motion of phenyl units plays any part in emission
enhancement, we carried out fluorescence studies in different
ratios of DMSO and glycerol (Fig. 11). Glycerol increases the
viscosity of the medium, hence, restricting the rotational and
vibrational motions of molecules. In lower glycerol fraction
(upto 40%), emission intensity decreased with red shift in
emission due to high polarity of glycerol (similar to solvent
polarity effect). But as the glycerol content is further increased
(upto 80%), a blue shift of emission maxima is observed (41, 52
and 74 nm for derivative 1, 2 and 3, respectively). Emission
intensity decreased in case of derivative 1 while an increase in
emission intensity was observed for 2 and 3. Decreased
emission intensity of derivative 1 even in highly viscous
medium (80% glycerol) show that intramolecular phenyl
vibrational and rotational motions are not involved in emission
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Fig. 9 Fluorescence spectra (a), fluorescence intensity (b) and time resolved spectra (c)
of derivative 2 in THF with different water fractions. [slit width used —3:1.5]
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Fig. 10 Fluorescence spectra (a), fluorescence intensity (b) and time resolved spectra (c)
of derivative 3 in THF with different water fractions. [slit width used —3:1.5]

process. This may be due to the fact that the peripheral phenyl
rings cannot rotate freely owing to the steric repulsion
between ortho-hydrogens of its neighbouring phenyl groups.
While the enhanced emission of derivative 2 and 3 can be
explained by restriction of TICT due to very high viscosity of
glycerol which restricts the torsional relaxation of molecule in
excited state. We also carried out temperature dependent
studies of all derivatives in 80% glycerol fraction and almost no
change in emission intensity was observed on increasing
temperature. These results show the absence of restriction of
intramolecular rotations (RIR) in these systems. It is worth
noticing that the emission spectra of derivatives 2 and 3 in
80% glycerol are similar to their thin film spectra while that of
derivative 1 is 15 nm blue shifted (430 nm) as compared to its
thin film (445 nm). This further supports our assumption that
derivative 2 and 3 are able to prevent intermolecular donor
acceptor interactions in aggregate state while in case of
derivative 1 greater donor acceptor interactions are
responsible for red shift and decrease in emission intensity.
From all the studies conducted above, it seems that restriction
of TICT and decreased intermolecular donor-acceptor
interactions due to steric effects are playing major role in
maintaining efficient emission in aggregated state in case of
derivative 2 and 3. In case of derivative 1, less sterically

0 10 20 30 40 50 60 70 80 90 100
Water Fraction (%)

0 10

0 30
Time (ns)

hindered oxadiazole acceptor group is easily approached by
donor carbazole of neighboring molecule during aggregation
which leads to decrease in fluorescence due to intermolecular
€079 On the other hand, in derivative 3, due to
steric congestion near benzothiadiazole acceptor, the out of

interactions.

plane twisted carbazole offers great resistance to close packing
preventing the
intermolecular donor acceptor interaction which leads to
emission enhancement.”>”>?°2! Whereas derivative 2 clearly
demonstrate the importance of conformational twisting and
molecular packing. It shows crystalline aggregates with high
luminescence in 60% water fraction indicating that the co-
facial packing is well averted, hence, retaining its emission.
While in 90% water fraction, decreased aggregate size force
the molecules to pack tightly and become coplanar leading to
stronger donor-acceptor interactions and
decrease in emission intensity.

of molecule in aggregate form, hence,

intermolecular

Conclusion

In summary, a new series of a series of D-A-D molecules (1-3)
with carbazole as donor while 2,5-diaryl-1,3,4-oxadiazoles,
dibenzothiophene-S,S-dioxide and Benzol[1,2,5] thiadiazole as
acceptors have been synthesized. Polyphenylene dendrons
have also been incorporated to prevent the face to face m—n
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Fig. 11 Fluorescence spectra of derivative 1 (a), 2 (b) and 3 (c) in different DMSO/
glycerol ratios [conc. 10uM, slit width used —3:1.5].

This journal is © The Royal Society of Chemistry 20xx

Wavelength (nm)

Wavelength (nm)

J. Name., 2013, 00, 1-3 | 9




Physical Chemistry Chemical' Physics

stacking in aggregates. In addition, the materials possess high
thermal stability (Ty = 378-410 °C) and have relatively high
band gaps (2.62-3.36 eV). Unlike traditional D-A systems,
which show ACQ problem and large red shifts in solid state,
these derivatives (1-3) exhibit good solid state luminescence
behavior without undergoing red shift or fluorescence
quenching. Despite structural similarity, these derivatives
exhibited remarkably different aggregation behaviour. The
present results indicate that just the combination of donors-
acceptor system with bulkier dendrons is not enough to
generate efficient solid state emissions but prevention of co-
facial interaction of donor and acceptors in aggregates is more
important. In case of derivative 3, restriction of complete
molecular planarization and steric hindrance near acceptor can
effectively prevent intermolecular donor acceptor interactions,
thus, leading to enhanced emission in aggregates. While in
case of derivative 1, sterically unhindered acceptor is easily
approached by donor due to close molecular packing in
aggregates forming weakly luminescent species. These results
would be beneficial to understand the importance of minor
steric effects governing the packing behaviour of molecule in
aggregated state and could be helpful in designing efficient
solid state emissive materials for organic electronic devices.
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