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Di(p-methoxylphenyl)dibenzofulvene and Analogues: Optical
Waveguide/Amplified Spontaneous Emission Behaviors

Xinggui Gu, Jingjing Yao, Guanxin Zhang,* Yongli Yan, Chuang Zhang, Qian Peng,
Qing Liao, Yishi Wu, Zhenzhen Xu, Yongsheng Zhao, Hongbing Fu, and Deqing Zhang*

The synthesis and optical investigations of di(p-methoxylphenyl)dibenzof-
ulvene (1) and its analogues 2, 3, 4, 5, 6, and 7 with different lengths of
alkoxyl chains are presented. All of these molecules exhibit emission in the
solid state. The following interesting properties are reported for compound
1: 1) the solid-state fluorescence of 1 is dependent on the polymorphism
forms; the two crystalline forms 1a and 1b are strongly blue- and yellow-
green-emissive, whereas the amorphous solid is weakly fluorescent with
orange emission; 2) on the basis of crystal-structural analysis, the intermo-

lecular interactions will restrict the internal rotations, leading to fluorescence
enhancement for the two crystalline forms 1a and 1b; however, the difference

in emission color between 1a and 1b is ascribed to the molecular conforma-
tional alteration; 3) the solid-state fluorescence of 1 can be tuned by heating
and cooling as well as grinding. Importantly, microrods of 1a and 1b exhibit
outstanding optical waveguide behaviors. Moreover, amplified spontaneous

devices such as optical waveguides, " opti-
cally pumped lasersP®! and light-emitting
diodes.! However, many luminophores
that are highly luminescent in diluted
solution become weakly or even non-emis-
sive in the aggregations and solid states.
Such fluorescence quenching is usually
attributed to intermolecular interactions
leading to formation of detrimental spe-
cies such as excimers and exciplexes.P!
Various approaches have been explored
to inhibit the intermolecular interactions
and hence yield emissive organic mate-
rials.l In recent years, Tang and other
groups have reported several types of
organic molecules which show abnormal
fluorescent behaviors; they are weakly or
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emission for 1b and multimode-lasing behavior for 1a are presented. Besides
the studies of compound 1, the crystal structures and solid-state fluorescence

behaviors of 2, 3, 4, 5, 6, and 7 are also described.

1. Introduction

Organic materials that exhibit strong emission in the solid states
have received increasing attentions in recent years because of
their potential applications in optical devices and optoelectronic
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non-emissive in solution, but they become
strongly emissive upon formation of
aggregation states and in the solid states.”!
For instance, siloles,®l tetraphenyleth-
ylenesl’) and diphenyldibenzofulvenes!'”!
were found to show strong emission after
aggregation. Such aggregation-induced-
(enhanced) emission is mainly ascribed to
inhibition of internal rotations.”’~'!] Moreover, it is interesting
to note that the emission features of a few organic molecules
are dependent on the aggregation states; they emits faintly in
the amorphous states but strongly in the crystalline states.!112]

For the practical applications in optoelectronic devices as well
as sensors!’>"°l and memories,'®'7] organic emissive materials
whose emission intensities and colors can be tuned are highly
desirable. The most common approach is to modify the respec-
tive chemical structures and hence tune the emission properties
of luminophores. It is still challenging to tune the fluorescence
behaviors of organic molecules in the solid states. There are a
few reported examples of fluorescence tuning for organic mol-
ecules in the solid states upon heating, grinding and exposure
to chemical vapor.'®-21l In particular, mechanochromic fluores-
cence has been observed for derivatives of oligo(p-phenylene
vinylene) with cyano groups and long alkyl chains,'” pyrene
and anthracene based liquid crystals??® and coordination com-
plexes of copper, gold and platinum.?!

In this paper, we want to report thorough studies of di(p-
methoxylphenyl)dibenzofulvene (1, Scheme 1) and its analogues
with alkxoyl groups of different lengths (2, 3, 4, 5, 6 and 7) in
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emissive after further introducing poor sol-
vents such as water. As an example, Figure S1
in the Supporting Information shows the flu-
orescence spectra of 1 in THF and THF/water
mixture with 95% fraction of water. Obvi-
ously, the fluorescence intensity increased
upon addition of water because of the for-
mation aggregates of 1 as reported early.!”!

! In fact, such fluorescence enhancement can
2:n=2 be detected with naked eyes as illustrated in
3 E :2 the inset of Figure S1 where the photos of
5n=8 two solutions of 1 in THF and THF/water
6:n=12 (5:95, v/v) under UV light illumination were
7:n=16 displayed.

2.2. Polymorphism-Dependent Emission for 1

Scheme 1. The synthetic approach for compounds 1, 2, 3, 4, 5, 6 and 7. Reagents and condi-

tions: a) n-Buli, THF, =78 °C; b) BBr3;, CH,Cly; ¢) K,CO3, DMF, C,H,,,1Br, 60 °C.

terms of polymorphism-dependent emission in the solid state,
interesting optical waveguide and amplified spontaneous emis-
sion behaviors. The studies intend to examine 1) whether
polymorphism-dependent emission is a general phenomenon
for alkoxyl substituted diphenyldibenzofulvenes; 2) how the
alkyl chains influence the emission behaviors; 3) whether the
strongly emissive diphenyldibenzofulvenes in the solid states
can be used as optical waveguides and even exhibit ampli-
fied spontaneous emission behaviors. The results reveal that
1) compounds 1 and 2 with two methoxyl and two ethoxyl
groups, respectively, possess two stable crystalline forms which
exhibit different color emissions with high quantum efficien-
cies. In comparison, their corresponding amorphous forms
are weakly emissive; 2) the emission behaviors of diphenyld-
ibenzofulvenes in the solid state can also be tuned by varying
the alkoxyl chains; 3) microrods of 1 exhibit interesting optical
waveguide and amplified spontaneous emission behavior.

2. Results and Discussions
2.1. Synthesis and Characterization

The synthesis of compounds 1, 2, 3, 4, 5, 6
and 7 is shown in Scheme 1. Coupling of flu-
orene and bis(4-methoxyphenyl)methanone
in the presence of n-Buli led to compound
1 in 30% yield.'% Demethoxylation of 1 and
further reaction with the respective alkylbro-
mides in the presence of K,COj; yielded com- la
pounds 2, 3, 4, 5, 6 and 7 in acceptable yields. B
The chemical structures of 1, 2, 3, 4, 5, 6 and
7 were confirmed by NMR and MS data (see
Experimental Section).

As reported for diphenyldibenzoful-
venes,'% compounds 1, 2, 3, 4, 5, 6 and 7
are almost non-emissive in good solvents
such as THF. However, they become strongly
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Interestingly, two kinds of crystals of 1 were
obtained by slow evaporation of the solution
of 1 in dichloromethane/petroleum ether (1:4, v/v). Figure 1A
and Figure 1B show photos of two kinds of crystals under day-
light and their CLSM (confocal laser scanning microscope)
images together with those of the amorphous one which will be
discussed below. One is colorless with blue emission (referred
to as 1a), and the other is yellow with yellow-green emission
(referred to as 1b).

The absorption and fluorescence spectra of 1a and 1b were
measured (see Figures S2 (Supporting Information) and 1C). 1a
exhibited no absorption above 450 nm, whereas 1b absorbed in
the region of 450-500 nm. Compared to the emission of 1a with
Amax =466 nm, the fluorescence spectrum of 1b was red-shifted to
518 nm. The solid state fluorescence quantum efficiencies of
1a and 1b were measured to be 0.95 and 0.62, respectively, thus
both 1a and 1b were highly emissive in the solid state. Addi-
tionally, the solid state fluorescence decay was also measured
for 1a and 1b (see Figure S3, Supporting Information), and
accordingly their average fluorescence lifetimes (<7>) were
estimated to be 4.96 ns and 1.89 ns, respectively (see Table 1).
In addition, the respective radiative rate constants (k,) and
the non-radiative rate constants (k,,) were also deduced and
listed in Table 1. For 1a and 1b, the respective k, is clearly
larger than k,,, being consistent with the fact that both 1a and
1b are strongly emissive. These results reveal that 1a and 1b,
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Figure 1. A,B) Daylight photos (A) and CLSM images (B) of 1: blue emission crystal (1a),
yellow-green emission crystal (1b) and amorphous solid (Tamorphous). C) The respective fluo-
rescence spectra of 1a, 1b, and Tamorphous.
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(- Table 1. The photophysical properties of 1a, 1b, and Tamorphous.

"

A ; a) b) 9 q 3 -1
< Compound Absorption Ay, Fluorescence A <> o k, ko [x108s7]
o [nm] [nm] [ns] [x108s7

-l Ta 398 466 4.96 0.95 1.92 0.10

5 1b 400 518 1.89 0.62 3.28 2.01

(T Tamorphous 450 583 0.30 0.05 1.67 1.66

4864 wileyonlinelibrary.com

3An apparent decay time constant <7> was determined by using the relation

n n
<T>=)aXx ri/Zai X Tj (n=2-~3),

i=1 i=1

where 7; and a;, respectively, represent the individual exponential decay time constant and the corresponding preexponential factor;?? ®)@; is measured by calibrated
integrating sphere; 9The radiative rate constant k, = ®/<7>; the non-radiative rate constant k,, = 1/<t> — k..

two crystalline forms of 1, exhibit different
emission behaviors, which may be attributed
to either different molecular conformations
of 1 or different intermolecular interactions
in two crystals.

Crystal structures of la and 1b were
determined, and the respective crystallo-
graphic data were listed in Table S1, Sup-
porting Information. Crystal 1la belongs to
monoclinic system with one molecule in
the asymmetric unit, and crystal 1b belongs
to orthorhombic system with two molecules
in the asymmetric unit. Figure 2 shows the
molecular structures of la and 1b. Their
bonding lengths and angles are in normal
region. The torsion angles of C13-C14-C15-C16 and C13-C14-
C22-C28 in la are 74.40° and 57.95°, respectively. In com-
parison, the corresponding torsion angles in 1b are 65.43°
and 44.83°, respectively. Obviously, the fluorene ring in 1b is
relatively more coplanar with the two benzene rings. Thus, it is
expected that the pi-electron conjugation degree in 1b is higher
than that in 1a. Accordingly, such molecular conformational
alteration from 1a to 1b may attribute to their differences in
absorption and emission spectra. Theoretical calculations also
support this assumption as to be discussed below.

Figure S4 (Supporting Information) shows the intermolecular
arrangements of 1a and 1b. Molecules of 1la are arranged as
zigzag chains along the a-axis, whereas molecules of 1b are
stacked as layers along the c-axis. The twisted conformations of
1a and 1b rule out specific strong intermolecular interactions
(such as m—m stacking or H/J-aggregates) in their crystals. In
fact, fluorene and benzene rings of neighboring molecules are
not parallel and no pi-pi interactions exist in crystals of both 1a
and 1b. Thus, the formation of intermolecular H- or J-aggregates
within crystals of 1a and 1b can be eliminated.”)! However, mul-
tiple interatomic short contacts (C...0: 3.18 A, O...H: 2.71 A,
2.65 A in 1a; C...C: 3.39 A, O...H: 2.77 A, 2.76 A in 1b) and
C-H...pi interactions (2.77 A, 2.86 Ain 1a; 2.80 A, 2.81 A, 2.84 A,
2.85 A, 2.86 A, 2.88 A, 2.89 A in 1b) exist in crystals of 1 (see
Figure S5, Supporting Information). These intermolecular weak
interactions will fix the molecular conformations of 1a and 1b in
the solid states, thus inhibit the internal rotations and block the
non-radioactive relaxation, according to previous studies.[’12
Furthermore, compared to those in 1b the interatomic con-
tacts in la are shorter; thus, intermolecular interactions in

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 2. Molecular structures of T1a (left) and 1b (right); the hydrogen atoms have been
omitted for clarity.

la are stronger, and accordingly the molecular conforma-
tion of 1a in the solid state will be fixed more completely.
This is consistent with the fact that 1a shows higher emission
quantum yield in the solid state. The following conclusions may
be drawn from the crystal structures of 1a and 1b: 1) the mul-
tiple intermolecular interactions will inhibit the internal rota-
tions and thus turn-on the fluorescence of 1a and 1b; 2) the fact
that the pi-electron conjugation degree within 1b is higher than
that in 1a is attributed to the red-shift of the emission maxima
of 1b compared to that of 1a.

Theoretical calculations (QM/MM)24 of compound 1 lead
to two stable conformations. One shows torsion angles of C13-
C14-C15-C16 and C13-C14-C22-C28 are 68.88° and 57.84°,
being close to those of 1a (see above); torsion angles of C13-
C14-C15-C16 and C13-C14-C22-C28 are 64.68° and 45.82° for
another conformation, which are close to those of 1b. The
absorption maxima of two conformations were calculated to be
374 nm and 385 nm, and their emission maxima were 454 nm
and 539 nm (see Table S2, Supporting Information). These cal-
culation results manifest that the red-shift of the emission max-
imum observed for 1b compared to 1a is mainly caused by the
molecular conformational change.

Alternatively, quickly cooling the molten crystals of either
la or 1b with liquid nitrogen led to the amorphous form of
1 for which only a broad XRD diffraction signal was detected
(see Figure S6, Supporting Information). Injection of the eth-
anol solution of 1 into water also led to the amorphous form
based on the XRD diffraction profile (see Figure S6, Supporting
Information). Compared to those of 1a and 1b, the absorption
spectrum of the amorphous form was red-shifted as depicted

Adv. Funct. Mater. 2012, 22, 4862-4872
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in Figure S2, Supporting Information. Interestingly, the amor-
phous form exhibited orange emission with maximum at
583 nm, which was red-shifted by 117 nm and 65 nm com-
pared to those 1a and 1b, respectively (see Figure 1C). However,
the fluorescence quantum efficiency of this amorphous form
was found to be 0.05, much lower than those of 1a and 1b (see
Table 1). Also, the average fluorescence lifetime of this amor-
phous form was measured to be 0.30 ns, being shorter than
those of 1a and 1b (see Table 1). Compared to those of 1a, k,
decreased slightly and k,, was enhanced by more than 15 times
for the amorphous form (see Table 1). It is not likely to deduce
the exact molecular conformation of 1 in the amorphous form,
but we speculate that the red-shifted weak emission from the
amorphous form may be due to 1) molecules of 1 are loosely
packed in the amorphous form, and as a result internal rota-
tions within 1 cannot be inhibited leading to weak emissions
as reported previously;!'l 2) molecules in the amorphous form
have more volume. Thus, molecules may become more planar
with higher conjugation degree and accordingly the emission
becomes red-shifted.

In short, two crystals and one amorphous form were found
for 1. Of interest is the fact that they exhibit different emis-
sion behaviors; two crystals are strongly emissive with different
emission maxima and the amorphous form shows weak orange
emission. It should be noted that this is abnormal feature as
crystallization usually decreases the emission efficiency and
amorphization leads to fluorescence enhancement for normal
fluorophores. As to be discussed below the three forms can be
interconverted by heating and grinding and thus the solid state
emission can be tuned.

2.3. Tuning the Solid-State Fluorescence of 1 by Heating
and Grinding

Apart from the melting point at 151 °C, a broad endothermic
peak was detected around 135 °C for 1a (see the DSC curve of
1a in Figure S7, Supporting Information). Such DSC data man-
ifest that there is a phase transition around 135 °C for 1a. In
fact, blue-emissive crystals of 1a were transformed into yellow-
green-emissive crystals after heating at 135 °C for 15 min. in air
as depicted in Figure 3. XRD analysis shows that the resulting
yellow-green-emissive crystals possess good crystallinity and
exactly the same crystallographic parameters as for 1b. More-
over, the emission spectrum of these yellow-green-emissive

a=13.798(3) A, a.=90°
b =10.137(2) A, B = 90.14(3)°
c=14.4433) A,y = 90°

a=20.290(4) A, a =90°
b =20.572(4) A, B = 90°
¢=9.773(2) A, y = 90°

Figure 3. The PL image of crystal-to-crystal transformation of 1a into 1b
by heating at 135 °C.

Adv. Funct. Mater. 2012, 22, 4862—4872
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crystals is almost the same as that of 1b. Therefore, heating at
135 °C led to the successful crystal-to-crystal transformation
of 1a into 1b. Sequential cooling of the yellow-green-emissive
crystals that were generated by heating 1a could not lead to
re-generation of la; this may indicate that 1b is more thermo-
dynamically stable than 1a. Alternatively, melting of either 1a
or 1b occurred after heating over 151 °C. Fast cooling of the
melting state with liquid nitrogen yielded the weakly-emissive
amorphous form as mentioned above. However, slow cooling
of the melting state led to yellow-green-emissive 1b as shown
in Figure S8 (Supporting Information), where the fluorescence
spectra of three forms of 1 generated via heating and cooling
were displayed. In short, 1b can be formed by either heating
of 1a at 135 °C or cooling of the melting state slowly, and the
fluorescence is tuned accordingly.

Interestingly, grinding of fine crystals of 1a via agate mortar
led to yellow solids as shown in the inset of Figure 4A. The
yellow solids after grinding of 1a exhibit a few diffraction sig-
nals with weak intensities (rather than broad diffraction signal)
compared to 1a in the form of fine crystals (see Figure 4B).
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Figure 4. A) The fluorescence spectra of T1a before (a) and after
(b) grinding; the inset shows the respective photos under daylight. B) The
XRD of 1a before and after grinding.
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Figure 5. CLSM images of crystals of 2 (2a and 2b) and 3, microcrystalline powders of 4, 5, 6 and 7 from crystallization; the scale bar is 100 um.

Thus, after grinding the crystallinity is significantly reduced and
accompanied with obvious color change. Moreover, such yellow
solids show rather weak emission with A,,,,, = 525 nm as shown
in Figure 4A. The emission maximum lies between those of 1b
and the amorphous form of 1 (see Figure 1C). Such emission
spectral variation is probably due to the transformation of 1a
into 1b and further partial conversion into the amorphous form
after grinding. Similarly, grinding of fine crystals of 1b also led
to emission intensity reduction and red-shift.

2.4. The Influence of the Alkoxyl Chains on the Fluorescent
Behavior of Diphenyldibenzofulvenes

With the end to examine the influence of alkyl chains on the
solid state fluorescence behaviors of diphenyldibenzofulvene
compounds, longer alkyl chains than methyl were linked to
diphenyldibenzofulvene framework leading to analogues of
1, compounds 2, 3, 4, 5, 6 and 7 (see Scheme 1). During our
studies, Tang and coworkers reported the diphenyldibenzoful-
vene with two n-propoxyl groups, and two crystal forms as well
as the amorphous state with different emission behaviors were
described.!””! Interestingly, compound 2 also exists three mor-
phology forms, the blue- (2a) and yellow-green-emissive (2b)
crystals (see the CLSM images in Figure 5)
as well as the weakly emissive-amorphous
solid. Both the blue-emissive (A, = 448 nm,
see Figure S3, Supporting Information) and
the yellow-green-emissive (A, = 499 nm)
crystals were found to be highly fluorescent
with quantum yields of 0.72 and 0.58, respec-
tively (see Table S3, Supporting Information).
In comparison, the fluorescence quantum
yield of the amorphous solid (the emission
maximum A,,,, = 578 nm) was measured to
be 0.05 (see Table S3, Supporting Informa-
tion). Additionally, the average fluorescence
lifetimes of the blue-/yellow-green-emissive
crystallines and the amorphous solid were

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

estimated based on the respective fluorescence decays as listed
in Table S3, Supporting Information; these fluorescence life-
times are consistent with the fact that the blue-/yellow-green-
emissive crystals are strongly emissive while the amorphous
solid is weakly fluorescent.

The crystal structures of the blue- and yellow-green-emissive
crystalline forms of 2 were determined. Figure 6 depicts
the respective molecular structures of the blue- and yellow-
green-emissive crystalline forms of 2. As for compound 1,
the two structures for the crystalline forms of 2 are confor-
mational isomers. Being different from 1 the two isomers
(2a and 2b) are structurally symmetrical around the ethylene
bonds. The torsion angle C7-C8-C9-C14 in 2a is 83.35°, respec-
tively. In comparison, this in 2b forms is 77.48°. Obviously, the
fluorene ring in 2b is relatively more coplanar with the benzene
ring (C9-C10-C11-C12-C13-C14). Thus, it is expected that the
pi-electron conjugation degree in 2b is higher than that in 2a.
Accordingly, such molecular conformational alteration from 2a
to 2b may attribute to their differences in absorption and emis-
sion spectra. The multiple interatomic short contacts (C...H:
2.83 A, 0...H: 2.47 A 'in 2a; O...H: 2.74 A in 2b) and C-H...pi
interactions (2.86 A, 2.87 A, 2.90 A, 2.92 A, 2.93 A, 2.94 A,
2.95 Ain 2a; 2.91 A, 2.92 A, 2.93 A, 2.96 A, 2.98 A in 2b) exist
in crystals of 2, (see Figure S9, Supporting Information) but

Figure 6. Molecular structures of 2a (left) and 2b (right); the hydrogen atoms have been
omitted for clarity.

Adv. Funct. Mater. 2012, 22, 4862-4872
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Figure 7. Molecular structure of 3; the hydrogen atoms have been
omitted for clarity.

intermolecular pi-pi interactions can be neglected because of
the large separation among aromatic rings. Therefore, the red-
shift of the emission maximum of 2b compared to that of 2a
should be attributed to the molecular conformational difference
between them as for 1.

Attachment of two butoxyl groups to diphenyldibenzoful-
vene framework leads to compound 3. Several crystallization
conditions were tested, and only one crystalline form was
yielded for 3 (see the CLSM image in Figure 5). Photophys-
ical investigations manifest that crystals of 3 are highly emis-
sive with fluorescence quantum yield of 0.54 (see Table S3,
Supporting Information). The emission maximum (Ay.. =
522 nm) was more red-shifted compared to those of 1b and 2b
(see Figure S3, Supporting Information). As shown in Figure 7,
the molecular structure of 3 is symmetrical around the eth-
ylene bond. The torsion angle C7-C8-C9-C14 in 3 is 74.44°,
respectively. Again, the intermolecular pi-pi interactions do not
exist within crystal structure of 3, but interatomic short con-
tacts O...H (2.67A) and C-H...pi interactions (2.94A, 2.98A)
(see Figure S11, Supporting Information) further restrict the
internal rotations which will accordingly lead to fluorescence
enhancement.

Compounds 4, 5, 6 and 7 entail longer alkoxyl chains. Their
single crystals of good qualities were not obtained though
many efforts; as a result their crystal structures were not deter-
mined. However, the respective microcrystallines were yielded
(see the CLSM images in Figure 5). As depicted in Figure S12
(Supporting Information) several sharp diffraction peaks were
detected for 4, 5, 6 and 7. Table S3 (Supporting Information)
summarizes the fluorescence quantum yields and lifetimes
of the respective microcrystallines of 4, 5, 6 and 7. Obviously,
microcrystallines of 4, 5, 6 and 7 are highly emissive with the
emission maximum around 450 nm (see Figure S3, Supporting
Information). As for compounds 1, 2 and 3 the corresponding
amorphous forms of 4, 5, 6 and 7 could be prepared similarly
by melting the respective microcrystallines, followed by quick
cooling with liquid nitrogen. The amorphous forms of 4, 5, 6
and 7 were found to be weakly fluorescent around 570 nm; but
those of 6 and 7 were unstable and easily transformed into the
corresponding crystallines.

Adv. Funct. Mater. 2012, 22, 4862—4872
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As detailed above compounds 1 and 2 with shorter (than
n-butoxyl) alkoxyl chains possess two crystalline forms with dif-
ferent emission colors, whereas for 3 with n-butoxyl and longer
(than n-butoxyl) alkoxyl chains only one crystalline form was
yielded. The blue-emissive forms of 1 and 2 as well as 4, 5, 6
and 7 are highly fluorescent in the crystalline forms; interest-
ingly, their emission maxima were slightly dependent on the
lengths of alkoxyl chains (see Figure S3, Supporting Informa-
tion). Similarly, the yellow-green-emissive forms of 1 and 2 as
well as 3 are also highly fluorescent; the emission of 3 is slightly
more red-shifted compared to the yellow-green-emissive forms
of 1 and 2 (see Figures 1C and S3). It was reported previously
that alkyl chains could influence the intermolecular pi-pi inter-
actions of conjugated molecules and as a result their emission
behaviors in the solid states were tuned.?® For 1, 2, 3, 4, 5, 6
and 7, however, alkoxyl chains do not affect the intermolecular
pi-pi interactions of diphenyldibenzofulvene framework signifi-
cantly based on the crystal structural analysis of 1a, 1b, 2a, 2b
and 3. It is probable that alkoxyl chains within 1, 2, 3, 4, 5, 6
and 7 may affect the molecular conformations and thus the pi-
conjugation degree leading to variation of the emission maxima
for short alkoxyl chains.

2.5. The Waveguide Behavior of Microrods of 1

Figure 8A and Figure 8B show the photoluminescence (PL)
images of microrods of 1a and 1b, respectively. The microrods
of both 1a and 1b exhibit bright luminescence spots at the two
rod-ends and relatively weaker emission from the rod-bodies,
which is a characteristic of optical waveguides. These micro-
rods can absorb the excitation light and propagates the PL emis-
sion toward the respective rod-ends. Almost all of the observed
microrods of 1a and 1b possess the waveguide behavior.

The microrods were excited with a focused laser down to
the diffraction limit at different local positions along the length
of the microrods. Figure 8C depicts the microarea PL micros-
copy images for microrods of la. Interestingly, blue emission
was observed from both ends of the microrods of 1a irrespec-
tive of the excitation position. In general, the emission of light
can only be observed at the local area of the excited position.
The appearance of the outcoupling light at the ends of each
microrod of 1a is a typical characteristic of strong waveguide
behavior. Because the waveguided light is generated from the
PL, such microrods of 1a can be classified as active waveguides
based on previous reports.[!2]

As shown in Figure 8D where the microarea PL microscopy
images of microrods of 1b are displayed, yellow-green emis-
sion was detected at the ends of microrods of 1b upon excita-
tion at different positions. Thus, microrods of 1b also function
as active waveguides. Furthermore, yellow-green emission was
also observed after each excitation along the short-axis direc-
tion (the respective left and right sides of each excitation area).
Accordingly, microrods of 1b are able to propagate light in two
dimensions.?’]

In order to gain further insight into the light waveguide
behaviors within microrods of 1a and 1b, their spatially
resolved PL spectra were measured. Figure 8E shows the col-
lected PL spectra at the end of a single microrod of 1a under
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Figure 8. A,B) PL microscopy images of microrods of 1a (A) and 1b (B) deposited on a glass wafer. C) (for 1a) and D) (for 1b) Bright-field images (on
the left side of each PL image) and microarea PL images by exciting identical microcrystals of 1a and 1b at six different positions, respectively. Both
samples were excited with a focused UV laser (351 nm). E) (for Ta) and F) (for 1b) spatially resolved PL spectra of the emissions that are out-coupled

at the tip of the microcrystals of 1a and 1b (curves from top to bottom: a,

maxima vs. the propagation distance for 1a and 1b.

the excitations at different positions (labeled as a, b, ¢, d, e
and f). Obviously, the emission intensity at the microrod-
ends decreases upon increasing the propagation distance. As
depicted in the inset of Figure 8E, the emission intensity at
480 nm of the outcoupled light decreases almost exponentially
with the propagation distance. Note that the emission intensi-
ties of the excited points do not change substantially with the
position along the microrods. Thus, the inset of Figure 8E can
also represent the variation of intensity ratio of incident and
outcoupled light vs. the propagation distance. By fitting the data
of inset of Figure 8E according to the reported procedure, the
optical loss coefficient at 480 nm for microrods of 1a was esti-
mated to be 76.5 dB mm™.

Similarly, the PL spectra at the end of a single microrod of
1b were measured (see Figure 8F). The emission intensities
decrease obviously by prolonging the light propagation dis-
tance. By fitting the variation of emission intensity at 538 nm
vs. the propagation distance shown in the inset of Figure 8F,

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

b, ¢, d, e, f); the insets show plots of the peak intensity at the respective

the optical loss coefficient for microrods of 1b was estimated to
be 56.7 dB mm™.

The observed optical loss for microrods of 1a and 1b may
come from the following sources based on previous studies:1"?!
1) self-absorption, 2) the effect of glass substrate and 3) Rayleigh
scattering due to defects within microrods, which will lead to the
local variation of refractive index along the microrods. On the
basis of the fact that the corresponding absorption and fluores-
cence spectral overlap is small for 1a and 1b in their crystalline
states (see Figure S13, Supporting Information), self-absorption
may not contribute largely to the optical loss during the light
propagation. This is indeed in agreement with the observation
that the emission spectral profiles at the ends of either 1a or
1b keep almost unaltered upon increasing the propagation dis-
tance (see Figures 8E and 8F).

In addition, the microarea PL microscopy images and the
PL spectra at the end of a single microrod upon excitation
at different positions were also measured for the respective

Adv. Funct. Mater. 2012, 22, 4862-4872
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Figure 9. A) PL spectra of crystal 1b as a function of the pump laser
energy. B) Variation of the peak intensity and FWHM of emission spectra
with the pump laser energy.

microrods of 2a, 2b and 3 (see Figures S14 and S15, Supporting
Information). These results manifest that microrods of 2a, 2b
and 3 also exhibit active waveguide behaviors. Moreover, the
corresponding optical loss coefficients for microrods of 2a, 2b
and 3 were also estimated and those of 2a and 3 were relatively
small.l28l

2.6. The Amplified Spontaneous Emission
Behavior of Microrods of 1

As discussed above, the microrods of 1a and 1b show out-
standing waveguide property. In general, waveguided propaga-
tion of the emission is thought to be one prerequisite for lasing
and amplified spontaneous emission (ASE).}?’) The PL spectra
of the microrod of 1b were collected at the excitation position as
a function of the pump laser energy (see Figure 9A). Figure 9B
shows the plot of the peak intensity and full width at half max-
imum (FWHM) of emission spectra versus the pump laser
energy. By increasing the pump energy, a gain-narrowed peak
rises out of the broad emission spectrum as depicted in Figure
9A. The FWHM of the emission spectra changes from 33 nm
at 1.0 uJ pulse™! to 6 nm at 7.0 uJ pulse™l. The relationship
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between the peak intensity and the pump energy is nonlinear.
Such behavior is characterized as ASE according to previous
reports.?’l The slope changes at 5.3 pj pulse™!, which can be
regarded as the threshold value of ASE. However, the modes of
lasing were not observed at room temperature.

However, the ASE phenomenon was not observed around
470 nm for 1a (see Figure S16, Supporting Information) upon
increasing the pump laser energy. Interestingly, the multimode
lasing was generated between 520 nm and 550 nm upon expo-
sure to pump laser (10 uJ pulse™) (see Figure S16, Supporting
Information). The mode spacing is ca.1.7 nm. However, such
multimode lasing was not detected immediately after exposure
to the pump laser. The appearance of the gain-narrowed emis-
sion signals is probably due to the partial transformation of 1a
into 1b which shows emission in the range of 520-550 nm (see
Figure 9A). As discussed above, 1a can be transformed into 1b
upon heating, and it is anticipated that the microcrystallines of
1a can be heated upon exposure of pump laser. Further investi-
gations are underway.l*"!

3. Conclusions

Diphenyldibenzofulvene compounds 1, 2, 3, 4, 5, 6 and 7 with
different lengths of alkoxyl chains were synthesized and investi-
gated. All of these molecules display AIE (aggregation-induced
emission) features. For compound 1, two crystalline forms and
the amorphous solid were obtained. Interestingly, the solid state
fluorescence of 1 was found to be dependent on the morphology
forms; the two crystalline forms were strongly blue- and yellow-
green-emissive, whereas the amorphous solid was weakly fluo-
rescent with orange emission. On the basis of crystal structural
analysis, the intermolecular interaction will restrict the internal
rotations leading to fluorescence enhancement for the two crys-
talline forms 1a and 1b; but, the difference in emission color
between 1a and 1b is ascribed to the molecular conformational
alteration. Crystal-to-crystal transformation was realized from
1a to 1b by heating at 135 °C, and the amorphous form was
easily obtained by heating either 1a or 1b to the melting states,
followed by fast cooling with liquid nitrogen. Moreover, either
1a or 1b can be partially transformed into the amorphous form
by grinding. In these ways, the solid state fluorescence of 1 can
be tuned by heating and grinding.

The influences of the alkoxyl chains on the solid state fluo-
rescence behaviors of diphenyldibenzofulvene framework were
investigated. Compound 2 with two ethoxyl chains also exists
two crystalline forms which are strongly blue- and yellow-
green-emissive, respectively. However, for 3, 4, 5, 6 and 7 with
n-butoxyl and longer (than n-butoxyl) alkoxyl chains only one
emissive crystalline form was yielded. These studies manifest
that alkyl chains within compounds 1, 2, 3, 4, 5, 6 and 7 can
affect the molecular conformations and thus the pi-conjugation
degree leading to variation of the emission maxima.

Importantly, microrods of 1a and 1b as well as those of 2a,
2b and 3 were found to exhibit outstanding optical waveguide
behaviors. Moreover, amplified spontaneous emission for
1b and multimode-lasing behavior for la were detected by
increasing the pump laser energy. These results clearly reveal
that diphenyldibenzofulvene compounds deserve further
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attentions for the development of new functional materials for
organic optics.

4. Experimental Section

General: All chemical materials were purchased from Alfa aesar for direct
use. The water used was purified by Millipore filtration system. "H NMR
and "*C NMR were collected on Bruker Avance 400-MHz spectrometer.
MALDI-TOF and MS were recorded with BEFLEX Il spectrometer.
Absorption spectra were recorded on UV-VIS-NIR spectrophotometer
(UV-3600, Shimadzu spectrometer). Steady-state fluorescence spectra
were recorded with Hitachi (F-4500) spectrophotometers at 25 °C.
Fluorescence confocal laser scanning images were recorded with
Olympus research inverted system microscope (FV1000-1X81, Tokyo,
Japan) equipped with a charge couple device (CCD, Olympus DP71,
Tokyo, Japan) camera; the excitation source is a Hg lamp equipped with
a band-pass filter (330 ~ 380 nm). DSC analysis was carried out using a
SII DSC6220 instrument at a scanning rate of 10 °C/min. All photographs
were recorded on a Canon digital camera.

Crystal Structural Analysis: Crystals of 1, 2 and 3 were grown
by slow evaporation from the respective solutions: 1a and 1b
from the dichloromethane/petroleum ether solution, 2b from
the dichloromethane/petroleum ether solution, 2a from the
dichloromethane/methanol solution, and 3 from the dichloromethane/
petroleum ether or the dichloromethane/methanol solution. All single
crystals data were collected on Rigaku Saturn diffractometer with CCD
area detector. All calculations were performed using the SHELXL97
and crystal structure crystallographic software packages. Powder
X-Ray diffraction (XRD) patterns of 4, 5, 6 and 7 were carried out in
the reflection mode at room temperature using a 2 kW Rigaku X-ray
diffraction system. Crystallographic data (excluding structure factors)
for the structure(s) reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publication
no. CCDC:833259, 833260, 833261, 833262, 833262.

Photophysical Studies: Quantum efficiencies of 1, 2,3, 4,5, 6 and 7 in
the solids states (crystals and microcrystalline powders) were recorded
on FLSP 920 fluorescence spectroscopy with a calibrated integrating
sphere system. Fluorescence lifetimes of 1, 2, 3, 4, 5, 6 and 7 were
measured based on the time-resolved PL experiments which were made
with a regenerative amplified Ti: sapphire laser (Spectra-Physics, Spitfire)
at 400 nm (150 fs pulse width, second harmonic). The PL spectra were
recorded with a streak camera (C5680, Hamamatsu Photonics) attached
to a polychromator (Chromex, Hamamatsu Photonics), which the
temporal and spectral resolutions of the detector are ~10 ps and 2 nm,
respectively. All the spectroscopic measurements were carried out at
room temperature.

Optical Waveguide and ASE Measurements: To measure the microarea
PL spectra of single microrod, the microrods dispersed on a glass
cover-slip were excited with a UV laser (A = 351 nm, Beamlok, Spectra-
physics). The excitation laser was filtered with a band-pass filter
(330-380 nm), then focused to excite the microrod with an objective
(50x, N.A. = 0.80). For ASE experiments, the excitation source was
delivered from an OPA (TOPAS, Spectra-physics) which is pumped by a
pulsed Ti: sapphire femtosecond laser (Solstice, Spectra-physics, pulse
duration 200 fs, repetition rate 1000 Hz). After passing through a narrow
band filt (LD01-405, Semrock), the excitation laser was focused on the
sample by the same objective and the spot size was less than 2 um.
The collected microarea PL emission were filtered by a long-pass filter
(BA420), and coupled to a grating spectrometer (Acton, SP-2358) with
matched ProEm: 512B EMCCD camera (Princeton Instruments).

Computational Methodology: In this work, our computational QM/
MM model is established on the basis of the X-ray diffraction crystal
structure. Figure S17 (Supporting Information) shows the QM/MM
cluster of 1a, where 59 molecules (3068 atoms) are included. In the
same way, the clusters for 1b, 2a, 2b, and 3 are set up and include
45 (2340 atoms), 21(1218 atoms), 19 (1102 atoms), 15 (1050 atoms)
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molecules, respectively. For all the compounds studied in the paper,
the geometry optimizations are performed on the QM region while the
MM region is fixed. Then the excitation energies are calculated at the
optimized configurations of the ground and the excited states.

All the QM/MM calculations were carried out by the ChemShell 3.4
interface package, where QM was performed for the center molecule
at DFT/TDDFT (B3LYP/SV(P)) level with Turbomole 6.3 package and
the surrounding molecules were treated with the General Amber force
field (GAFF) as implemented in DL-POLY package. The electrostatic
embedding scheme is applied in the QM/MM calculations, namely, the
MM charges were incorporated into the one-electron part of the QM
Hamiltonian and the QM/MM electrostatic interactions were evaluated
from the QM electrostatic potential and the MM partial charges.

Synthesis and Characterization: Compound 1 was synthesized and
purified according to the reported procedures.'?

Compound 8: To a solution of 1 (3.90 g, 10 mmol) in dry
dichloromethane under N, atmosphere at 0 °C were added of BBr;
(25 mL, 25 mmol) in a dropwise way, after which the temperature of the
solution was allowed to raise to room temperature. After being stirred
overnight, HCl (25 mL, 25 mmol) were added to the solution slowly and
the reaction mixture was stirred for additional 1.0 h. Then, the yellow
precipitate was filtered off, which was dissolved in ethyl acetate and
washed with water three times and dried with anhydrous sodium sulfate.
Evaporation of solvents afforded a crude material that was purified by
a silica gel column using petroleum ether/ethyl acetate (5:1 v/v) as
eluent. Compound 8 was obtained as a yellow powder (3.30 g) in 91%
yield. "H NMR (400 MHz, Acetonitrile-ds, 8): 7.77 (d, 2H), 7.25 (¢, 2H),
7.18 — 7.16 (m, 6H), 6.98 (t, 2H), 6.88 (d, 4H), 6.74 (d, 2H); 13C NMR
(100 MHz, Acetonitrile-dg, 6): 158.4, 147.5, 140.8, 139.9, 135.7, 133.5,
132.4, 128.1, 127.2, 125.3, 120.2, 116.4; HRMS (EI) m/z: [M*] calcd for
CosH150,, 362.1307; found, 362.1312.

Compound 2: To a solution of 8 (0.181 g, 0.50 mmol) in dry DMF
(10 mL) under N, atmosphere was added K,CO; (0.152 g, 1.1 mmol)
and the mixture was stirred for 30 min.. Then, 1-bromoethane (0.5 mL,
6.65 mmol) was added into the mixture and the reaction solution was
maintained at 50 °C for 8.0 h. After removal of DMF, the residue was
dissolved in dichloromethane, and the resulting solution was washed
with water three times and dried with anhydrous sodium sulfate. After
purified with a silica gel column using petroleum ether/dichloromethane
(5:1 v/v) as eluent, compound 2 (0.177 g, 0.43 mmol) as a white
microcrystal was obtained in 85% yield. "H NMR (400 MHz, Acetone-dj,
5): 7.80 (d, 2H), 7.25 (d, 6H), 7.01 — 6.94 (m, 6H), 6.77 (d, 2H), 4.14
—4.09 (m, 4H), 1.43 — 1.39 (t, 6H); '*C NMR (100 MHz, Acetone-dg, J):
160.4, 147.0, 141.0, 139.9, 136.2, 133.8, 132.3, 128.1, 127.1, 125.3, 120.1,
115.5, 64.2, 15.1; HRMS (El) m/z: [M*] calcd for CyoHp60,, 418.1933;
found, 418.1938.

Compounds 3, 4, 5, 6, and 7 were synthesized and purified similarly
as for compound 2.

Compound 3: Yield: 86%. '"H NMR (400 MHz, Acetone-dg, 6): 7.81
(d, 2H), 7.25 (t, 6H), 7.02 (d, 4H), 6.96 (t, 2H), 6.78 (d, 2H), 4.08 (t,
4H), 1.82 — 1.77 (m, 4H), 1.57 — 1.51 (m, 4H), 1.01 — 0.98 (t, 6H); 13C
NMR (100 MHz, Acetone-dg, 0): 160.6, 147.0, 141.0, 139.9, 136.2, 133.8,
132.3,128.1,127.1,125.3,120.1, 115.5, 68.4, 32.1, 19.9, 14.1; HRMS (El)
m/z: [M*] calcd for C34H340,, 474.2559; found, 474.2565.

Compound 4: Yield: 84%. '"H NMR (400 MHz, CD,Cl,,): 7.72
(d, 2H), 7.25 — 7.21 (t, 6H), 6.97 — 6.92 (m, 6H), 6.79 (d, 2H), 4.02 (t,
4H), 1.83 = 1.78 (m, 4H), 1.54 — 1.50 (m, 4H), 1.38 — 1.37 (m, 8H),
0.93 (br, 6H); '*C NMR (100 MHz, CD,Cl,,8): 160.6, 146.9, 140.9, 140.1,
136.2, 133.8, 132.6, 127.9, 127.1, 125.4, 120.0, 115.4, 69.1, 32.5, 30.2,
26.7, 23.5, 14.7; HRMS (El) m/z [M*] calcd. for Cy5Hg0,, 530.3185;
found, 530.3190.

Compound 5: Yield: 86%. "H NMR (400 MHz, CD,Cl,,8): 7.72 (d, 2H),
7.23 (t, 6H), 6.97 — 6.91 (m, 6H), 6.79 (d, 2H), 4.02 (t, 4H), 1.85 — 1.78
(m, 4H), 1.49 — 1.47 (m, 4H), 1.35 - 1.32 (m, 16H), 0.90 — 0.89 (m, 6H);
13C NMR (100 MHz, CD,Cl,,5): 160.6, 146.9, 140.9, 140.1, 136.2, 133.8,
132.6, 127.9, 127.1, 125.5, 120.0, 115.4, 69.1, 32.8, 30.3, 30.2, 27.0,
23.6, 14.8; HRMS (El) m/z: [M*] calcd for C4,Hs500,, 586.3811; found,
586.3818.
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Compound 6: Yield: 85%. '"H NMR (400 MHz, CD,Cl,,8): 7.72 (d,
2H), 7.23 (t, 6H), 6.97 — 6.92 (m, 6H), 6.78 (d, 2H), 4.02 (t, 4H), 1.83
~1.80 (m, 4H), 1.51 = 1.47 (m, 4H), 1.28 (br, 32H), 0.89 — 0.87 (m, 6H);
3C NMR (100 MHz, CD,Cl,,8): 160.6, 146.9, 140.9, 140.1, 136.2, 133.8,
132.6, 127.9, 127.1, 125.4, 120.0, 115.4, 69.1, 49.7, 32.8, 30.5, 30.32,
30.26, 30.2, 27.0, 23.6, 14.8; HRMS (El) m/z: [M*] calcd for CsoHgO;,
698.5063; found, 698.5071.

Compound 7: Yield: 90%. 'H NMR (400 MHz, CD,Cl,, 8): 7.72 (d,
2H), 7.25 — 7.23 (m, 6H), 6.94 — 6.92 (m, 6H), 6.79 (d, 2H), 4.02 (t, 4H),
1.83 — 1.80 (m, 4H), 1.49 (br, 4H), 1.27 (br, 52H), 0.88 — 0.86 (m, 6H);
3C NMR (100 MHz, CD,Cl,, 8): 160.5, 146.9, 140.9, 140.1, 136.2, 133.8,
132.6, 127.9, 127.1, 125.4, 120.0, 115.4, 69.1, 32.8, 30.6, 30.33, 30.25,
30.21, 29.7, 29.5, 29.4, 29.1, 27.0, 26.7, 23.6, 14.8; HRMS (EI) m/z: [M*]
caled for CsgHg,0,, 810.6315; found, 810.6325.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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