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A series of fully spiro-configured terfluorenes were synthesized and characterized to be
amorphous materials showing a Ty of 296 °C with dendritic aromatic pendants, the highest
value ever reported for organic molecular systems. X-ray single-crystal analysis of key
structural moieties indicated nearly perpendicular orientations at all spiro-links. The
spectroscopic comparison of solid film and dilute solution suggested absence of aggregates
in the ground state and no increase in torsion angle with an increasing volume of the aromatic
pendant. All these conformational characteristics are consistent with molecular mechanics
simulation. Thermal annealing in argon caused a decrease in photoluminescence quantum
yield with phenyl pendants but an increase with dendritic pendants. These can be understood
in terms of local morphological reorganization of molecules to enhance or inhibit interactions

between the backbone chromophores.

Introduction

Conjugated polymers represent one of the most ex-
tensively investigated classes of advanced materials in
recent years. Reasons for the extraordinary intensity
of interest include the diverse structures and properties
afforded by molecular design and synthesis, the ease of
processing and low costs compared to inorganic materi-
als, and the technological potential for electronics,
optics, photonics, and optoelectronics.® In particular,
feasibility has been demonstrated for light-emitting
diodes,? organic lasers,® thin-film transistors,* photo-
conductors,® and nonlinear optical devices.® Recent
studies have uncovered the importance of interchain
interactions and nanoscale morphology in conjugated
polymer films to photophysical properties.” Conjugated
oligomers have a number of advantages over polymers
both for scientific understanding and device work:
solubility, purity, and ease of characterization. In ad-
dition, conjugated oligomers have well-defined struc-
tures with few defects to permit systematic investigation

* To whom correspondence should be addressed.

T Department of Chemical Engineering.

* Laboratory for Laser Energetics.

§ Department of Chemistry.

(1) Conjugated Polymers and Related Materials; Salaneck, W. R.,
Lundstrém, 1., Ranby, B., Eds.; Oxford University Press: Oxford, 1993.

(2) Friend, R. H.; Gymer, R. W.; Holmes, A. B.; Burroughes, J. H;
Marks, R. N.; Taliani, C.; Bradley, D. D. C.; Dos Santos, D. A.; Brédas,
J. L.; Légdlund, M.; Salaneck, W. R. Nature 1999, 397, 121.

(3) Tessler, N.; Denton, G. J.; Friend, R. H. Nature 1999, 397, 121.

(4) Horowitz, G. Adv. Mater. (Weinheim, Ger.) 1998, 10, 365.

(5) Bleir, H. In Organic Materials for Photonics; Zerbi, G., Ed,;
Elsevier: Amsterdam, 1993; p 77.

(6) Marder, S. R.; Kippelen, B.; Jen, A. K.-Y.; Peyghambarian, N.
Nature 1997, 388, 845.

(7) Nguyen, T.-Q.; Martini, I. B.; Liu, J.; Schwartz, J. J. Phys. Chem.
B 2000, 104, 237.

(8) Teetsov, J.; Vanden Bout, D. A. J. Phys. Chem. B 2000, 104,
9378.

10.1021/cm0109084 CCC: $22.00

of structure—property relationships.® However, oligo-
mers are limited by (i) a tendency toward crystallization,
yielding a polycrystalline film unsuitable for device
application because of light scattering and/or poor
charge carrier mobility, and (ii) a low glass transition
temperature, Ty, in comparison to polymers. Recently,
several distinct classes of glass-forming conjugated
oligomers with an elevated Ty have been successfully
synthesized: starburst molecules (or dendrimers)° with
a T4 up to 134 °C, spiro-linked oligo(p-phenylene)st! and
oligo(triphenylamine)s'? with T4 up to 236 and 133 °C,
respectively, and tetrahedrally configured oligo(p-phe-
nylenevinylene)s!® with a T4 up to 230 °C.

Our goal in the present study was to combine the
promise of poly(fluorene)s as efficient and stable blue
light emitters'4~18 with recent successes in the develop-
ment of functional molecular glass for optoelec-
tronics.10-1319-21 Additionally, we incorporated pendant
groups to suppress interchromophoric interactions that
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cause reduced emissive efficiency?? and color instabil-
ity.23 Dendritic pendants to poly(p-phenylenevinylene)?*
and poly(fluorene)?> have been found to be effective in
suppressing these unfavorable interactions. In what
follows, we report on novel terfluorenes in which all the
monomer units are spiro-configured to achieve an
elevated Ty while minimizing interchromophoric inter-
actions that occur through sz-stacking.

Results and Discussion

Fully spiro-configured terfluorenes 1a, 1b, and 1c as
shown in Chart 1 were synthesized according to Scheme
1. Each molecule is comprised of two spiro-linked
terfluorene segments. Terminal fluorene units are fur-
ther spiro-linked to aromatic pendants with an increas-
ing volume from a phenyl group in 1a and a p-terphenyl
group in 1b to an aromatic dendron in 1c. Intermediates
6a, 6b, and 6¢ were synthesized from 2-bromofluorene
and 4a, 4b, and 4c in 50, 65, and 58%, respectively.
Intermediate 7b was prepared as a boronic ester,
instead of a boronic acid as 7a and 7c, to overcome the
solubility problem. The target compounds, 1a, 1b, and
1c were synthesized with the Suzuki coupling reaction?®
at a 71, 39, and 61% vyield, respectively. While 1a and
1c were found to be readily soluble in chloroform,
methylene chloride, and tetrahydrofuran, 1b showed
limited solubility presumably because of the linear and
rigid p-terphenyl group. Molecular structures were
elucidated with elemental analysis and 'H- and 3C
NMR spectroscopy, as illustrated, respectively, in Fig-
ures 1 and 2 for 1c. The three 13C signals at 6 45.82,
56.74, and 66.43 ppm are attributable to three types of
nonaromatic carbon atoms associated with the spiro-
centers.

On the basis of previously reported X-ray single-
crystal analysis of 9,9'-spirobifluorene,?” the two spiro-
linked fluorene units without any substituent groups
are oriented at 87.7°. X-ray analysis of single crystals
of 6a (0.20 mm x 0.20 mm x 0.40 mm), as shown in
Figure 3, further corroborates the molecular structure;
it also reveals a 90.3 and 144.6° orientation between
the two planes meeting at C-11 and those intersecting
at C-14 and C-21, respectively. These analytical data
combine to depict 1a, 1b, and 1c as molecular systems
meeting our objective of preventing mz-stacking of the
fluorene chromophores. The basic idea is visualized in
Figure 4A where spiro-links are shown as crosses, with
p-terphenyl groups and aromatic dendrons depicted as
long bars and circular plates, respectively. Single crys-
tals of 1a, 1b, or 1c were not successfully prepared for
X-ray analysis. Instead, molecular mechanics simulation
was performed on the three terfluorenes by using the
Amber software package together with the Alchemy
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Chart 1. Molecular Structures of Fully
Spiro-Configured Terfluorenes

force-field parameters. The energy-minimized structures
are presented in Figure 4B. All three compounds were
found to possess approximately the same conformational
characteristics. The planes intersecting at all five spiro-
centers were found to be oriented at 90° in all three
terfluorenes. On the basis of carbon atoms numerically
identified in Figure 3, the plane defined by C(11, 14,
21) makes a 146 + 3° angle with the one by C(14, 15,
20, 21), which is roughly coplanar with the phenyl ring
comprising C(15—20). A nearly constant torsion angle
between neighboring fluorene units, 42 + 3°, also
emerged from simulation: a value consistent with 40°
reported for hexaoctyl terfluorene.?® The terfluorene
segments in 1la, 1b, and 1c are responsible for a UV—
vis absorption peak at 358 &+ 2 nm, in dilution solution
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Scheme 1. Synthetic Routes for FuIIy Spiro-Configured Terfluorenes 1a, 1b, and 1c2
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Figure 1. 'H NMR spectrum (CDCIs) of terfluorene 1c.
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Figure 2. 13C NMR spectrum (CDCIs) of terfluorene 1c.

and in neat film (see Supporting Information), indicat-
ing a torsion angle independent of the aromatic pen-
dant’'s volume. In a nutshell, key conformational fea-
tures furnished with X-ray crystal analysis and UV—
vis absorption spectroscopy are in good agreement with
molecular mechanics simulation.

Thermal analysis was carried out with a combination
of differential scanning calorimetry and hot-stage polar-
izing optical microscopy. Pristine samples of 1a and 1c
were found to be amorphous in the process of heating
to 370 °C, whereas that of 1b showed a crystalline
melting peak at 465 °C. These samples were subse-
quently cooled at —200 °C/min to —30 °C before record-
ing the second heating scans at 20 °C/min. The ther-
mograms presented in Figure 5 indicate that 1a and
1c undergo glass transitions at 225 and 296 °C, respec-
tively, whereas 1b undergoes a glass transition at 275
°C followed by recrystallization at 328 °C and crystalline
melting at 452 °C. The T4 of 296 °C exhibited by 1c
represents a 60 °C elevation over spiro-linked oligo(p-
pheyylene)s.!! Heating 1a and 1c to 370 °C as part of
the thermal analysis did not result in thermal decom-
position, as evidenced by Ty's determined from the third
heating scans remaining within +1 °C of those from the

120 100

80 60 40

Figure 3. Crystal structure of 6a based on X-ray analysis:
monoclinic, space group C2/c, a = 20.3801(15) A, b =
7.2207(5) A, ¢ = 21.7716(16) A, a = 90°, 8 = 96.1220(10)°, y =
90°, V = 3185.6(4) A3, Z =8, T = 193(2) K, and crystal size is
0.20 x 0.20 x 0.40 mm.
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(A) 1la 1b 1c
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Figure 4. (A) Molecular design concept for fully spiro-
configured terfluorenes and (B) molecular structures from
molecular mechanics calculations using the Amber software
package and the Alchemy force-field parameters.
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Figure 5. Differential scanning calorimetric thermograms at
420 °C/min of terfluorenes 1a, 1b, and 1c preheated to 370,
480, and 370 °C, respectively, followed by cooling to —30 °C
at a rate of —200 °C/min.

second heating scans. However, heating 1b up to 480
°C, necessitated by its high crystalline melting point,
apparently caused thermal decomposition, as evidenced
by a depression in the melting peak by 6 °C on the third
heating scan as compared to the second heating scan.

In comparison to previously reported conjugated
oligomers with a single spiro-link,1-12 all the fluorene
units in oligomers 1a, 1b, and 1c are spiro-configured
to minimize z-stacking. Films of la and 1lc were
prepared by spin-coating from a 1 wt % solution in
chloroform with subsequent vacuum-drying at room
temperature overnight, giving rise to a thickness on the
order of 100 nm. The UV—vis absorption spectra of solid
films of 1a and 1c showed no shift from a peak at 358
nm observed in chloroform at 105 M, indicating absence
of ground-state interactions to form aggregates in neat
film. With photoexcitation at 350 nm, films of 1a and
1c produced qualitatively identical emission spectra but
with a 10—14 nm red-shift from dilute solution (two
peaks at 393 and 414 nm) probably due to energy
migration to the more planar chromophores in the
excited state. Since benzylic hydrogens are known to be
prone to photooxidation, precautions were taken to
minimize degradation as a result of UV exposure in air
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Figure 6. The effects of thermal annealing at 100 °C under
argon for 96 h on UV—vis absorption and fluorescence (with
350 nm photoexcitation) spectra of spin-coated films: (A) 1a,
76 nm thick and (B) 1c, 124 nm thick. The amorphous
character of both films prior to and after thermal annealing
is revealed with electron diffraction patterns shown as insets;
the refractive index dispersions, n(1), measured with variable
angle spectroscopic ellipsometry are also included as insets.

by limiting the fluorescence measurement time to 1 min.
Enclosing films in a cell through which a constant flow
of argon was maintained produced identical fluorescence
spectra. The limited solubility of 1b prevented film
preparation by spin-coating for investigation of light
absorption and emission.

The UV—vis absorption and photoluminescence spec-
tra of solid films are presented in Figure 6, in which
the amorphous character is shown (with electron dif-
fractometry) to persist upon thermal annealing under
argon at 100 °C for 96 h (see insets). Furthermore, it is
demonstrated that thermal annealing did not result in
an appreciable change in the absorption spectra. How-
ever, significant modifications of fluorescence intensity
were observed: a 25% decrease in emission intensity
in the case of 1a but a 50% increase in the case of 1c.
In either case, no emission peak beyond 500 nm ap-
peared, as encountered with thermal annealing or
photooxidation of varied poly(fluorene)s.152329-31 As g
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typical example of emission spectral instability, poly-
(fluorene) functionalized with n-hexyl groups showed a
growing extent of excimer emission, with thermal an-
nealing, as a broad peak at 530 nm at the expense of
blue emission.32 A reduced emission intensity of 1a upon
prolonged heating could have arisen from enhanced
interchromophoric interactions, resulting in a long tail
in the emission spectrum (see Figure 6A) and quenching
through the formation of nonemissive excimers. A
plausible explanation for an increased emission inten-
sity as a result of thermally annealing 1lc is that
energetically favored dendritic stacking suppresses in-
terchromophoric quenching between fluorene units. The
above interpretation is motivated by two observations:
(i) the dendritic pendants in 1c are more inclined to
stacking than the isolated phenyl pendants in 1a and
(i) stacking of the aromatic dendrons is expected to
prevent fluorene units from z-stacking because of the
nearly perpendicular orientation between the two planes
meeting at C-11 and those intersecting at C-14 and C-21
(see Figure 2).

To compare total emission affected by prolonged
heating, fluorescence quantum yield () was measured
relative to 9,10-diphenylanthracene doped in a poly-
(methyl methacrylate) film at 10-2 M. For the measure-
ment of 7, the refractive index dispersion, n(1), is needed
as input to eq 2 in the Experimental Section. The results
determined with variable angle spectroscopic ellipsom-
etry are included as insets in Figure 6. An 7 value of
0.83 was found for 1a in a 0.5 um thick poly(methyl
methacrylate) film at a 102 M doping level, for which
the refractive index was also measured with the same
technique. Upon being heated for a prolonged time
under argon, a neat film of 1a (76 nm thick) exhibited
an n decreasing from 0.28 to 0.24, whereas a neat film
of 1c (124 nm thick) exhibited an 5 increasing from 0.16
to 0.24. These observations reveal localized molecular
dynamics at a temperature well below Tg. It is evident
that concentration quenching is responsible for the
diminished # in neat films compared to a lightly doped
poly(methyl methacrylate) film.

Summary

An effective approach to high glass transition terfluo-
renes has been successfully implemented in which all
the fluorene units are spiro-configured to prevent in-
terchromophoric interaction without disrupting sz-con-
jugation. Novel material systems were synthesized with
molecular structures elucidated by elemental analysis
and H- and 3C NMR spectroscopy. A T4 of 296 °C was
achieved with dendritic pendants to spiro-linked fluo-
rene trimers, which was found to be amorphous upon
prolonged heating under polarizing optical microscopy
and electron diffractometry. Single-crystal analysis of
key structural moieties and molecular mechanics cal-
culations of target molecules revealed nearly perpen-
dicular orientations at all spiro-links. All three terflu-
orenes showed a UV—vis absorption peak at 358 + 2
nm in dilute solution and in neat film, indicating
absence of ground-state aggregation in solid state and

(31) Lee, J.-1.; Klarner, G.; Miller, R. D. Chem. Mater. 1999, 11,
1083.

(32) Teetsov, J. A.; Vandan Bout, D. A. J. Am. Chem. Soc. 2001,
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no increase in torsion angle with an increasing volume
of the aromatic pendant. The conformational charac-
teristics derived from X-ray single-crystal analysis and
UV—vis absorption are consistent with molecular me-
chanics simulation. In comparison to the fluorescence
spectra in dilute solution, pristine films showed a 10—
14 nm red-shift presumably due to energy migration to
the more planar fluorene chromophores in the excited
state. The heating of solid films under argon at 100 °C
for 96 h resulted in fluorescence spectra similar to
pristine films without excimer emission as a broad peak
at 530 nm which is characteristic of varied poly-
(fluorene) films. However, the emission intensity was
found to decrease with phenyl pendants, which was
attributable to the formation of nonemissive excimers.
In contrast, the emission intensity was found to increase
with dendritic pendants upon thermal annealing, which
is ascribed to energetically favored stacking of dendritic
pendants that suppresses interchromophoric quenching
between fluorene units. Relative to 9,10-diphenylan-
thracene in a poly(methyl-methacrylate) film at 1072 M,
the fluorescence quantum yield was found to decrease
from 0.28 to 0.24 with phenyl pendants but to increase
from 0.16 to 0.24 with dendritic pendants as a result of
prolonged heating.

Experimental Section

Materials. All chemicals, reagents, and solvents were used
as received from commercial sources without further purifica-
tion except tetrahydrofuran (THF) and toluene that had been
distilled over sodium/benzophenone and sodium, respectively.
Intermediates 3,6-diphenylphthalyl alcohol (2), 1,2-bis-
hydroxymethyl-3,4,5,6-tetraphenylbenzene (3), and 2,2',7,7'-
tetrabromo-9,9'-spirobifluorene (8) were all synthesized by
following literature procedures.®

2',3'-Bis(bromomethyl)-p-terphenyl (4b). Into a solution
of 2 (12.5 g, 43.2 mmol) and CBr; (35.8 g, 0.107 mol) in
anhydrous THF (80 mL) was added PPh; (28.3 g, 0.108 mmol)
in two portions. The resultant mixture was stirred for 30 min
before adding a large amount of water. The mixture was
extracted with methylene chloride. The organic extracts were
washed with brine and dried over anhydrous MgSO,. The
solvent was removed by evaporation to produce a white solid.
Further purification was accomplished by column chromatog-
raphy on silica gel with petroleum ether/methylene chloride
(4:1) as the eluent to yield 13.9 g (77%) of the product. *H NMR
(CDCl3, 400 MHz): ¢ 7.40—7.60 (m, Ph—H, 10H), 7.30—7.40
(m, Ph—H, 2H), 4.70—4.90 (m, —CH,—, 4H).

1,2-Bis(bromomethyl)-3,4,5,6-tetraphenylbenzol (4c).
The same procedures described for the synthesis and purifica-
tion of 4b were followed to produce 4c as a white solid in 87%
yield. *H NMR (CDCls): ¢ 7.10—7.24 (m, Ph—H, 10H), 6.70—
6.90 (m, Ph—H, 10H), 4.66 (s, —CH—, 4H). *C NMR (CDCly):
o0 142.81, 142.46, 139.50, 138.60, 134.30, 130.71, 130.05,
127.42, 126.85, 125.50, 29.66.

Spiro(2-bromo-fluorene-9,2'-indane) (6a). Into a solution
of 2-bromofluorene (5, 3.0 g, 12.2 mmol) and o,o’-dibromo-
methylbenzene (4a, 3.24 g, 12.2 mmol) in toluene (20 mL) was
added a 50 wt % NaOH aqueous solution (10 mL) followed by
benzyltriethylammonium chloride (140 mg, 0.614 mmol) as a
phase transfer catalyst. The reaction mixture was vigorously
stirred overnight and then poured into 200 mL water for
extraction with methylene chloride. The combined organic

(33) (a) Abu-Yousef, I. A.; Hay, A. S. Synth. Commun. 1999, 29,
2915. (b) Smith, J. G.; Wikman, R. T. Tetrahedron 1974, 30, 2603. (c)
Buchta, E.; Loew G. Liebigs Ann. 1955, 597, 123. (d) Bonner, E. F;
Finkensieper, A. G.; Becker, E. I. J. Org. Chem. 1953, 18, 426. (e) Wu,
R. L.; Schumm, J. H.; Pearson, D. L.; Tour, J. M. J. Org. Chem. 1996,
61, 6906.
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extracts were washed with brine before drying over anhydrous
MgSO.. After the solvent was evaporated, the solid residue
was purified by column chromatography on silica gel with
petroleum ether as the eluent to yield a white solid product
in 50% yield (2.14 g). *H NMR (CDCl3): 6 7.73 (dd, fluorenyl-
H, 1H), 7.62 (d and broad, fluorenyl-H, 1H), 7.49 (dd, fluorenyl-
H, 1H), 7.30—7.43 (m, Ar—H, 2H), 7.22—7.28 (m, Ar—H, 6H),
3.46 (m, —CHy—, 4H). 13C NMR (CDCl3): ¢ 154.54, 152.10,
142.34,138.61, 138.54, 130.47, 127.96, 127.53, 127.01, 125.73,
124.77, 122.42, 121.16, 119.86, 57.41, 45.21.

Spiro(2-bromo-fluorene-9,2'-(4',7'-diphenyl indane))
(6b). Into a solution of 5 (2.36 g, 9.63 mmol) and 4b (4.0 g,
9.61 mmol) in toluene (70 mL) was added 50 wt % NaOH
solution (35 mL) followed by benzyltriethylammonium chloride
(110 mg, 0.483 mmol) as a phase transfer catalyst. The
reaction mixture was vigorously stirred for 5 h when an
additional amount of 5 (0.90 g, 3.92 mmol) was added. The
reaction was allowed to continue until 4b was completely
consumed, as monitored by thin-layer chromatography. The
reaction mixture was then shaken with water (200 mL) and
methylene chloride (200 mL). The organic phase was sepa-
rated, and the aqueous phase was extracted with methylene
chloride. The combined organic extracts were washed with
brine and dried over anhydrous MgSO,. After the solvent was
evaporated, the solid residue was washed with a large amount
of acetone to yield 2.66 g of 6b as a white solid product. After
the acetone was evaporated, the solid residue was further
purified on a silica gel column with petroleum ether/methylene
chloride (4:1) as the eluent, yielding additional 0.45 g of 6b;
the total yield was 65%. *H NMR (CDClz): ¢ 7.65 (d, fluorenyl—
H, 1H), 7.28—7.58 (m, Ar—H, 16H), 7.18—7.24 (m, Ar—H, 2H),
3.66 (d, —CH,—, 2H), 3.54 (d, —CH,—, 2H). 13C NMR (CDCl5):
0 153.73, 151.96, 140.76, 140.58, 138.80, 138.47, 137.74,
130.55, 128.55, 128.41, 128.17, 127.97, 127.58, 127.17, 125.85,
122.23, 121.22, 119.99, 57.66, 45.27.

Spiro(2-bromo-fluorene-9,2'-(4',5,6,7'-tetraphenyl in-
dane)) (6c¢). The procedures described above for the synthesis
and purification of 6b were followed to produce 2.32 g of 6¢ in
58% yield. *H NMR (CDClg): 6 7.60—7.70 (m, fluorenyl—H,
2H), 7.55 (d, fluorenyl—H, 1H), 7.42—7.48 (m, fluorenyl—H,
2H), 7.29-7.38 (m, fluorenyl—H, 3H), 7.0-7.20 (m, Ph—H,
10H), 6.80—7.00 (m, Ph—H, 10H), 3.47 (d, —CH,—, 2H), 3.36
(d, —CHy—, 2H). 3C NMR (CDCl3): 6 154.36, 152.72, 140.25,
140.10, 139.97, 139.90, 138.68, 138.30, 137.64, 131.58, 131.50,
130.33, 129.78, 128.00, 127.52, 127.40, 126.60, 126.09, 125.80,
125.30, 122.14, 121.13, 121.08, 119.77, 56.68, 45.72.

General Procedure for the Preparation of 7. Into a
solution of 6 in anhydrous THF was slowly added n-BuL.i (1.2
equiv) at —78 °C, where the reaction mixture was stirred for
1 h before adding triisopropyl borate (for 7a and 7c) and
2-isopropyl-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (for 7b) at
1.5 equiv in all cases. The reaction mixture was allowed to
warm to room temperature and then stirred overnight. With
triisopropyl borate as the reagent, 2.0 N HCI (10 equiv) was
added to quench the reaction. In both cases, the reaction
mixture was mixed with a large amount of water for extraction
with ether. The organic extracts were washed with brine before
drying over anhydrous MgSQ,. After the solvent was evapo-
rated, the crude products of 7a and 7c were washed with
hexane several times. The crude product of 7b was purified
by column chromatography on silica gel with methylene
chloride as the eluent.

7a: Yield: 89%, white powder. *H NMR (CDCl3): 6 7.60—
8.16 (m, fluorenyl—H, 4H), 7.28—7.45 (m, Ar—H, 4H), 7.21—
7.28 (m, Ar—H, 3H), 3.25—3.75 (m, —CH,—, 4H).

7b: Yield: 79%, white powder. *H NMR (CDCl3): ¢ 8.10 (s,
fluorenyl—H, 1H), 7.83 (d, fluorenyl—H, 1H), 7.70 (dd, fluoren-
yl—H, 2H), 7.47—7.53 (m, Ar—H, 6H), 7.35—7.41 (m, Ar—H,
4H), 7.20—7.32 (m, Ar—H, 3H), 7.00—7.10 (m, Ar—H, 1H), 6.95
(d, Ar—H, 1H), 4.0 (d, —CH.—, 2H), 3.28 (d, —CH,—, 2H), 1.40
(s, CHa, 12H).

7c: Yield: 80%, white powder. *H NMR (CDCl3): 6 8.28—
8.40 (m, fluorenyl—H, 1H), 7.25—8.00 (m, fluorenyl—H, 6H),
6.85—7.20 (m, Ph—H, 20H), 3.25—3.75 (m, —CH.—, 4H).
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General Procedure for the Suzuki Coupling. To a
Shlenck tube containing 8 (1 equiv), 7 (5—6 equiv), and
Pd(PPhs)4 (8 mol %) was added toluene and a 2.0 M aqueous
solution of Na,COs; (50 equiv; toluene/water at 6:4). The
reaction mixture was stirred vigorously at 90 °C for 2 days
followed by the addition of a large amount of methylene
chloride. The organic phase was separated and washed with
brine before drying over anhydrous MgSO,. After the solvent
was evaporated, crude products of 1a and 1c were purified by
column chromatography on silica gel with petroleum ether/
methylene chloride (2:1) as the eluent. The crude product of
1b could not be purified by column chromatography because
of limited solubility. Instead, it was washed repeatedly with
toluene. All three final products were obtained in white
powders via precipitation from a cholorform solution into
methanol followed by thorough drying.

la: Yield, 71%. *H NMR (CDCls, 400 MHz): ¢ 7.93 (d, Ha,
4H), 7.66—7.71 (m, Hqe, 8H), 7.63 (dd, Hy, 4H), 7.47 (dd, Hy,
4H), 7.10—7.40 (M, Hgnij and Ph—H, 32H), 6.94 (d, H,, 4H),
3.45 (d, Hy, 8H). 3.34 (d, Hk, 8H). 1*C NMR (CDCls;, 100 MHz):
0 152.81, 152.53, 149.64, 142.72, 140.89, 140.59, 140.11,
139.03, 138.80, 127.38, 127.28, 126.90, 126.73, 126.41, 124.58,
122.51, 122.10, 120.90, 120.32, 119.88, 119.76, 66.12, 57.46,
45.22. Anal. Calcd. for Cip9H72: C, 94.75; H, 5.25. Found: C,
94.41; H: 5.30.

1b: Yield, 39%. *H NMR (CDCl3, 400 MHz): 6 8.16 (d, Ha,
4H), 7.89 (dd, Hy, 4H), 7.60—7.70 (M, Hges 12H), 7.00—7.36
(m, Hgn,ij and Ph—H, 64H), 6.94 (d, H,, 4H), 3.62 (d, Hk, 8H),
3.34 (d, Hk, 8H). 3C NMR spectrum was not available because
of its limited solubility. Anal. Calcd. for Ci57H104: C, 94.73; H,
5.27. Found: C, 94.47; H, 5.37.

1c: Yield, 61%. *H NMR (CDCls, 400 MHz): 6 8.05 (d, Ha,
4H), 7.75 (dd, Hy, 4H), 7.55—7.80 (M, Hges 12H), 7.20—7.50
(M, Hgnij, 16H), 7.14 (d, H, 4H), 6.80—7.05 (m, Ph—H, 80H),
3.60 (d, Hy, 8H), 3.20 (d, Hy, 8H). **C NMR (CDCls 100 MHz):
0 154.05, 152.01, 149.84, 140.99, 140.73, 140.20, 140.05,
139.95, 139.74, 139.10, 138.75, 137.59, 131.63, 131.57, 129.81,
127.60, 127.47,127.24, 127.06, 126.66, 126.60, 126.01, 125.27,
122.55, 121.76, 120.98, 120.56, 119.95, 119.76, 66.43, 56.74,
45.82. Anal. Calcd. for CyosH136: C, 94.73; H, 5.27. Found: C,
94.43; H, 5.14.

Molecular Structures, Morphology, and Thermal Tran-
sition Temperatures. 'H- and 3C NMR spectra in CDCl3
were acquired with an Avance-400 spectrometer (400 MHz).
Elemental analysis was carried out by Galbraith Laboratories,
Inc. Single crystals of 6a, prepared by slow evaporation of a
chloroform solution in a methanol environment, were analyzed
with a CCD X-ray diffractometer (Siemens SMART). Thermal
transition temperatures were determined by DSC (Perkin-
Elmer DSC-7) with a continuous N, purge at 20 mL/min.
Samples were preheated to beyond crystalline melting points
followed by cooling at —20 °C/min to —30 °C before taking the
reported second heating scans at 20 °C/min. Morphology and
the nature of phase transition were characterized with a
polarizing optical microscope (DMLM, Leica, FP90 central
processor and FP82 hot stage; Mettler, Toledo). The absence
of crystallites was further validated with electron diffractom-
etry (see below).

Film Preparation and Characterization. Thin films on
the order of 100 nm thick were prepared by spin-coating from
1.0 wt % solutions in chloroform at 5000 rpm on optically flat,
fused silica substrates (25.4 mm diameter x 3 mm thick,
Escoproducts; transparent down to 200 nm) followed by
vacuum-drying at room temperature overnight. Film thickness
was determined with a variable angle spectroscopic ellipsom-
eter (VASE, J. A. Woollam, Corp., Inc.). A spectrophotometer
(Lambda-900, Perkin-Elmer) was employed to gather UV—vis
absorption spectra of thin films and in dilute solution. Photo-
luminescence was characterized with a spectrofluorimeter
(Quanta Master C-60SE, Photon Technology International).
The dilute solution spectra were taken in a 90° arrangement
between excitation and detection beams. In the case of solid
films, a straight-through arrangement was adopted in which
a liquid light guide (Photon Technology International) was
used to direct an excitation beam at 350 nm onto the center
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of the film; the light guide also served as a polarization
randomizer. Approximately 100 nm thick flakes for electron
diffraction were prepared following the same procedures,
except on NaCl substrates, and then floated off in a trough
filled with deionized water for mounting onto copper grids.
Electron diffraction was performed on a transmission electron
microscope (JEM 2000 EX, JEOL USA).

Molecular Simulation. Molecular mechanics calculations
were performed using the Amber software package with the
Alchemy force-field parameters. The potential energy that is
to be minimized accounts for all the interactions between
bonded and nonbonded atoms in the system. Molecules of the
three terfluorenes were divided into five fragments, the spiro-
configured bifluorene core plus four fluorene units spiro-linked
to aromatic groups. Molecular mechanics simulation was first
carried out for these two types of structural fragments. The
target molecule was then constructed by assigning an initial
value of the torsion angle between the energy-minimized
fragments. Systems of a single molecule and of a stack of two
and three molecules were simulated, yielding molecular
structures independent of the input torsion angle and the
number of molecules in the simulation system.

Measurement of Fluorescence Quantum Yield. As the
primary standard for fluorescence quantum vyield (), 9,10-
diphenylanthracene (99%, Acros Organics) was repeatedly
recrystallized from xylenes until pale yellow prism crystals
were obtained. Anthracene (99%, Aldrich Chemical Co.) was
recrystallized from ethanol. Poly(methyl methacrylate) (PMMA,
Polysciences, Inc.) with a weight-average molecular weight of
75 000 was used without further purification. About 5 um thick
PMMA films doped with 9,10-diphenylanthracene and an-
thracene at 1072 M were spin-cast on fused silica substrates
followed by drying in vacuo overnight. The film lightly doped
with 9,10-diphenylanthracene was assigned a widely accepted
value of » = 0.83.3% The anthracene-containing film was
characterized with the following formula®®

s _1—10 A BN’
= (1)
N 1-10 " Brnr2

where subscripts s and r refer to sample and reference,
respectively, A denotes absorbance at the excitation wave-
length, B is the integrated intensity across the entire emission

spectrum, and n? is defined as follows,

- f 1(A)n?(1) dA
nN=———-
f 1(2) dA

in which (1) stands for emission intensity, and the integration
is performed over the entire emission spectrum. A variable
angle spectroscopic ellipsometer (VASE, J. A. Woollam Corp.,
Inc.) was employed for the measurement of refractive index
dispersion, n(4), of neat films of 1a and 1c. The accuracy of

)
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our measurements was validated with a spin-coated 550 nm
thick PMMA film, whose refractive index profile in the 300—
900 nm spectral range was found to agree with refractometric
data®® to within 0.003. The significant difference in the
measured refractive index between materials 1a and 1c in the
neighborhood of 400 nm, as shown in Figure 6, can be
attributed to the absorption coefficient. Material 1a has an
absorption coefficient twice that of 1c mainly because of the
higher number density of terfluorene segments in neat film.
The real part of the dielectric function was calculated through
a Kramers—Kronig integration of the imaginary part. Thus,
the material with a higher absorption coefficient is expected
to have a higher refractive index near its absorption band.3’
The fluorescence quantum yield was measured by using the
spectrofluorimeter described above with emission detected at
60° off-normal to prevent excitation light from entering the
detector. The result for the anthracene-containing PMMA film,
n = 0.28 + 0.03, agrees with the reported value of 0.27 in
benzene and ethanol,®® thus validating the experimental
procedure.
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