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A series of spiro-linked oligofluorenes were synthesized that exhibit blue emission with
photoluminescence quantum yields in some cases exceeding 0.50 in neat spin-coated films.
Differential scanning calorimetry revealed highly variable glass transition temperatures. A
longer conjugation length is desired for better stability against thermally activated
crystallization, and a shorter pendant is desired for a higher glass transition temperature
at a given conjugation length. In contrast to poly(2,7-(9,9-di-n-octylfluorene)), prolonged
heating of spiro-oligo(fluorene) films resulted in no changes in morphology, emissive color,
and photoluminescence quantum yield. The propensity of spiro-oligo(fluorene)s to thermally
activated crystallization was rationalized with molecular shapes predicted by molecular
mechanics simulations.

Introduction

Organic electroluminescent displays have gained
tremendous momentum toward a mature technology
because of simple systems design, wide viewing angles,
and potentially low power consumption compared to
liquid crystal displays. Two distinct material approaches
have been pursued: low molecular weight substances
that can be vacuum-deposited1 and conjugated polymers
that can be spin-coated.2 Blue emission has remained
a materials challenge to full-color display in terms of
quantum efficiency and color stability, for which poly-
(fluorene)s have emerged as the prime conjugated
polymer candidates.3-10 In particular, amorphous ma-
terials with an elevated glass transition temperature,
Tg, and with structural features that prevent π-stacking
are desired. However, both polymer structure and film
processing conditions have been found to affect inter-

chain interactions and nanoscale morphology that are
critical to emission characteristics.11,12 To better control
these structural features, conjugated oligomers with
well-defined chain lengths and end groups appear to be
particularly promising.13 Conjugated oligomers are char-
acterized by structural uniformity, absence of chain
defects, and ease of purification, characterization, and
processing into thin films. In comparison to polymers,
oligomers generally possess more predictable and re-
producible properties that are amenable to optimization
through molecular engineering. Nonetheless, it is highly
desirable to endow oligomers with a high Tg and
superior morphological stability against crystallization.
Therefore, glass-forming amorphous14-19 and mesomor-
phic20-22 molecular materials have been sought after for
electronic, optical, photonic, and optoelectronic applica-
tions. In particular, spiro-linked oligo(p-phenylene)s
stand out in their ability to form varied amorphous
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glasses.15,16,19 In what follows, we report on the synthe-
sis, characterization, and molecular simulation of a
novel class of spiro-linked oligo(fluorene)s for stable and
efficient blue emission.

Results and Discussion

On the basis of Scheme 1, five spiro-linked oligo-
(fluorene)s carrying n-propyl and n-octyl pendants were
synthesized with their molecular structures elucidated
by elemental analysis and 1H NMR spectroscopy. As an
illustration, the 1H NMR spectra of 8b and 9b are
presented in Figure 1. Signals were assigned based on
reported chemical shifts,23-25 coupling constants, and
the spectra collected for intermediates and precursors.
Note the downfield shift of the 9b spectrum from that
of 8b because of the greater extent of π-conjugation.
With these target compounds, the effects of structural
features on Tg and stability against thermally activated
crystallization were investigated.

Poly(fluorene)s are generally stable up to 400 °C
without thermal decomposition.5,9 Differential scanning
calorimetry (DSC) and polarizing optical microscopy
were employed to determine phase transition temper-
atures. Compiled in Figure 2 are the DSC heating scans

at 20 °C/min of samples that have been melted with
subsequent cooling to -30 °C. That 8b sustained heat-
ing without decomposition was evidenced by both Tg and
Tm staying constant to within (0.1 °C in three heating-
cooling cycles between 0 and 370 °C. Spiro-linked
terfluorenes, 8a and 8b, undergo glass transition at 60
and 179 °C, respectively. Upon heating beyond Tg, 8a
and 8b were found to crystallize, respectively, at 84 and
243 °C, referred to as the crystallization temperature,
Tk. This is an indication of morphological instability,
as commonly encountered with nonpolymeric organic
materials. Further heating revealed the crystalline
melting point, Tm, at 194 and 348 °C for 8a and 8b,
respectively. The enthalpies of phase transition are
included to accompany the truncated peaks in Figure
2. In contrast, spiro-linked pentafluorenes, 9a and 9b,
are morphologically stable upon heating beyond their
respective Tg’s, 56 and 202 °C. Note that a shorter
pendant contributes to an elevated Tg, 8b vs 8a and 9b
vs 9a. The strong interaction between n-octyl pendants
seems to predominate over the effect of conjugation
length in view of 8a, 9a, and 10 all exhibiting a Tg ∼
60 °C. With n-propyl pendants, an increase in conjuga-
tion length from three to five is accompanied by a 23
°C elevation in Tg.
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Scheme 1. Synthesis of Spiro-oligo(fluorene)s 8a, 8b, 9a, 9b, and 10a

a 1. (i) n-BuLi, -78 °C, (ii) (i-PrO)3B, -78 °C to RT, (iii) HCl (2 M); 2. Pd(PPh3)4, Na2CO3 (2.0 M aq.), toluene, 90 °C.
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The morphology of spin-coated films has a direct
bearing on the feasibility of oligo(fluorene)s for device
application. Since crystallization tends to create grain
boundaries that limit charge transport and cause poor
contact, glassy films with an elevated Tg are desired for
practical applications. Flakes of all five compounds were
characterized to be amorphous by electron diffraction.
The absorption and photoluminescence (PL) spectra of
8a, 9a, and 10 in dilute solutions and neat films on
fused silica substrates are shown in Figure 3. Pristine
films of 8a, 9a, and 10 show a 2-6 nm and 6-9 nm
red-shift in absorption and PL, respectively, from dilute
solutions, that are accountable with changes in dielectric
environment or molecular conformation. Since photo-
oxidation is a complicating factor in the photophysics
of organic luminescent materials, oxygen and ambient
light were excluded from thermal annealing. The intent
was to address PL spectral instability as a result of

nanoscale structural evolution. Thus, thermal annealing
experiments were conducted at 70 °C (i.e., 10 °C above
Tg) in argon for 96 h. The results shown in Figures 3c
and 3d indicate very small changes in absorption and
PL spectra and quantum yields, ΦPL, 0.44 ( 0.02 and
0.54 ( 0.02 for 9a and 10, respectively. In contrast,
thermal treatment of the 8a film led to a blue-shifted
absorption spectrum with a reduced absorbance and a
loss of vibronic structures in the PL spectrum, suggest-
ing that molecules adopt a more twisted structure.
Nevertheless, these minor changes did not compromise
the desired stable blue emission. The fact that the
quantum yield remains high, ΦPL ) 0.57 ( 0.01, is
consistent with the intramolecular origin of the observed
changes induced by thermal annealing. In all cases, the
amorphous character of spin-coated films was found to
persist upon prolonged heating as determined by elec-
tron diffraction. The observed ΦPL values compare

Figure 1. 1H NMR spectra (400 MHz, CDCl3) of (a) 8b and (b) 9b.
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favorably with those of poly(fluorene)s structurally
optimized to elevate Tg and to prevent interchro-
mophoric interactions.7,10,29 Heating pristine films in air
under otherwise identical conditions led to little loss in
the PL intensity from the 8a film but substantial losses
from the 9a and 10 films while retaining their amor-
phous character (see Supporting Information).

Within experimental uncertainties, the absorption
and PL spectra in dilute solutions are not affected by
the pendant’s chain length, n-propyl in 8b and 9b
(Figure 4a) vs n-octyl in 8a and 9a (Figure 3a), sug-
gesting a constant torsion angle between neighboring
fluorene units within the conjugated segments. In
comparison to dilute solutions, pristine films’ absorption
spectra show no more than a 4 nm blue-shift while their
PL spectra show a 5-10 nm red-shift; see Figures 4b
and 4c. Stability tests of the 8b and 9b films were
conducted in argon at 100 °C for 96 h. The amorphous
character was found to persist, and both absorption and
PL spectra remain largely intact. However, the n-propyl
pendant seems to be responsible for 30 to 40% lower
PL quantum yields than the n-octyl pendant, presum-
ably because the n-octyl pendant is more effective in
suppressing π-stacking. As a comparison, a 170 nm
thick poly(2,7-(9,9-di-n-octylfluorene)), PF8, film was
prepared for a stability test under the same conditions
as 8b and 9b. Since PF8 is known to exhibit liquid
crystalline mesomorphism upon heating beyond 170
°C,31 precautions were taken to ensure that this film

remained amorphous throughout the experimentation.
As shown in Figure 4d, thermal treatment of an
amorphous PF8 film resulted in spectral shift and
excimer formation, causing undesirable emissive color
instability.

To furnish insight into how molecular structure
affects the observed properties in dilute solution and
neat film, molecular mechanics simulation was per-
formed on single molecules using the AMBER software
package. The energy to be minimized accounts for all
the interactions between bonded and nonbonded atoms
in a given molecule. The spirobifluorene core and the
9,9-di-n-alkylfluorenyl unit were separately computed
for the construction of 8a, 8b, 9a, and 9b, whose final
structures, as shown in Figure 5, are largely indepen-
dent of the initially imposed torsion angle between
neighboring fluorene units. The top views indicate that
the two spiro-linked fluorene units are oriented at 90°
with respect to each other, consistent with the X-ray
single-crystal analysis, 88°, reported for 9,9′-spirobif-
luorene.32 Furthermore, the torsion angles of all com-
pounds fall within 28 ( 1°, consistent with the experi-
mental observations that the absorption and PL spectra
in dilute solutions are independent of pendant groups.
The presented top and side views combine to permit
visualization of overall molecular shapes. Because of the
longer conjugation length in 9a and 9b, the resultant
“shallow bowls” seem to prevent thermally activated
crystallization. In contrast, the “flat plates” assumed by
8a and 8b are responsible for crystallization from
isotropic melts above Tg, as shown in Figure 2. These
insights suggest that molecular packing calculations will
be useful in designing spiro-oligo(fluorene)s that resist
crystallization while retaining their intramolecular pho-
tophysical properties.

Conclusions

Novel spiro-oligo(fluorene)s with n-propyl and n-octyl
pendants, that are readily soluble and processable into
thin films, have been synthesized and characterized as
stable and efficient blue light emitters. Key observations
are recapitulated as follows:

(1) The amorphous character of spin-coated films of
all compounds was found to persist upon prolonged
heating. Furthermore, amorphous glasses of spiro-
pentafluorenes and heptafluorenes were found to resist
thermally activated crystallization. A Tg of 202 °C was
achieved with spiro-pentafluorene carrying n-propyl
pendants. However, spiro-terfluorenes with n-propyl
and n-octyl pendants were found to crystallize upon
heating beyond Tg.

(2) Pristine films of the spiro-oligo(fluorene)s exhibited
almost identical spectroscopy to that in dilute solution
and have PL quantum yields close to 0.50. Furthermore,
prolonged heating of neat films in argon resulted in
practically no changes in emissive color or quantum
yield. In contrast, thermal treatment of a poly(2,7-(9,9-
di-n-octylfluorene)) film caused substantial emissive
color instability.

(3) Molecular mechanics simulation yielded a 90°
orientation between the two spiro-linked fluorene units,
consistent with the reported single-crystal X-ray analy-
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Figure 2. Heating scans at 20 °C/min of samples of spiro-
oligofluorenes that have been preheated to isotropic liquids
followed by cooling at -20 °C/min to -30 °C.
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sis. The torsion angles between neighboring fluorene
units within a conjugated segment were all evaluated
at 28 ( 1°, consistent with the fact that the absorption
and PL spectra in dilute solutions are independent of
pendants. The molecular shapes revealed through mo-
lecular mechanics simulation are correlated with stabil-
ity against thermally activated crystallization.

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 1, 3 and tetrabromo-9,9′-spirobifluorene were
synthesized according to literature procedures.25,33 Poly(2,7-
(9,9-di-n-octylfluorene)) was prepared following literature
procedures.33 Anal. Calcd for (C29H40)n: C, 89.63; H, 10.37.
Found: C, 89.68; H, 10.28. With the use of a size exclusion
chromatograph equipped with serially arranged UV-vis ab-
sorbance detector, 15 and 90° light scattering detector, dif-
ferential viscometer, and differential refractometer, as de-
scribed previously,34 the weight-average molecular weight was
evaluated at 75 700 g/mole with a polydispersity index of 1.88.

9,9-Di-n-octylfluorenyl-2-boronic acid (2a). To a solu-
tion of 2-bromo-9,9-di-n-octylfluorene (12.0 g, 25.6 mmol) in
anhydrous THF (50 mL) was slowly added n-BuLi (2.5 M in
hexane, 12.0 mL, 30.0 mmol) at -78 °C. At this temperature,
the reaction mixture was stirred for 1 h before adding tri-iso-
propyl borate (9.0 mL, 7.34 g, 39.0 mmol). It was then warmed
to room temperature, stirred overnight followed by quenching
with 100 mL HCl (2.0 M), and poured into a large amount of
water. After extraction with ethyl ether three times, the
organic portions were washed with brine before drying over
anhydrous MgSO4. Solid residues collected by evaporating off
the solvent were purified by column chromatography on silica
gel with petroleum ether/ethyl acetate (2:1) to afford 2a as
white solids (10.0 g, 89%). 1H NMR (400 MHz, CDCl3): δ 7.70-
8.35 (m, fluorenyl H, 4H), 7.34-7.44 (m, fluorenyl H, 3H),
1.90-2.15 (m, -CH2C7H15, 4H), 1.00-1.30 (m, -CH2CH2-
(CH2)5CH3, 20H), 0.83 (m, -CH3, 6H), 0.71 (broad, -CH2CH2-
C6H13, 2H), 0.60 (broad, -CH2CH2C6H13, 2H).

9,9-Di-n-propylfluorenyl-2-boronic acid (2b). The pro-
cedure for 2a was followed to prepare 2b from 1b (6.00 g, 18.2
mmol) as white solids (4.10 g, 76%). 1H NMR (400 MHz,
CDCl3): δ 7.83-8.35 (m, fluorenyl H, 4H), 7.34-7.47 (m,
fluorenyl H, 3H), 1.90-2.20 (m, -CH2C2H5, 4H), 0.60-0.90
(m, -CH2C2H5, 10H).

7-Bromo-9,9,9′,9′-tetra-n-octyl-2,2′-bifluorene (4a). A
mixture of 2a (2.0 g, 4.60 mmol), 2,7-dibromo-9,9-di-n-oc-
tylfluorene (3a, 4.0 g, 7.32 mmol), Pd(PPh3)4 (50 mg, 0.043
mmol), Na2CO3 (2.0 M aqueous solution, 12.0 mL, 24.0 mmol),
and toluene (20 mL) was stirred at 90 °C for 2 days. After it
was cooled to room temperature, 200 mL of petroleum ether

(33) Grell, M.; Knoll, W.; Lupo, D.; Meisel, A.; Miteva, T.; Neher,
D.; Nothofer, H.-G.; Scherf, U.; Yasuda, A. Adv. Mater. 1999, 11, 671.

(34) Chen, H. P.; Katsis, D.; Mastrangelo, J. C.; Marshall, K. L.;
Chen, S. H.; Mourey, T. H. Chem. Mater. 2000, 12, 2275.

Figure 3. Absorption and photoluminescence (with excitation at 350 nm) spectra of (a) dilute solutions of 8a, 9a, and 10 in
chloroform at 10-5 M based on fluorene monomer units, (b) neat film of 8a before and after thermal treatment, (c) neat film of 9a
before and after thermal treatment, and (d) neat film of 10 before and after thermal treatment.
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was added to the reaction mixture. The organic portion was
separated and washed with brine before drying over anhydrous
MgSO4. The solvent was evaporated off, and the solid residues
were purified by column chromatography on silica gel with
petroleum ether to afford 4a as white solids (2.52 g, 66%). 1H
NMR (400 MHz, CDCl3): δ 7.75 (d, J ) 7.84 Hz, fluorenyl H,
1H), 7.71 (d, J ) 7.72 Hz, fluorenyl H, 2H), 7.55-7.63 (m,
fluorenyl H, 5H), 7.43-7.47 (m, fluorenyl H, 2H), 7.29-7.36
(m, fluorenyl H, 3H), 1.93-2.02 (m, -CH2C7H15, 8H), 1.00-
1.30 (m, -CH2CH2(CH2)5CH3, 40H), 0.76-0.81 (m, -CH3,
12H), 0.67 (broad, -CH2CH2C6H13, 8H).

7-Bromo-9,9,9′,9′-tetra-n-propyl-2,2′-bifluorene (4b). The
procedure for 4a was followed to prepare 4b from 2b (2.23 g,
7.58 mmol) and 2,7-dibromo-9,9-di-n-propylfluorene (3b, 10.0
g, 24.5 mmol) except for the use of petroleum ether/methylene
chloride (95:5) for column chromatography to afford 4b as
white solids (3.18 g, 72%). 1H NMR (400 MHz, CDCl3): δ 7.79
(d, J ) 7.82 Hz, fluorenyl H, 1H), 7.76 (d, J ) 7.84 Hz,
fluorenyl H, 2H), 7.60-7.70 (m, fluorenyl H, 5H), 7.52 (d, J )
1.45 Hz, fluorenyl H, 1H), 7.49 (dd, J ) 7.99 Hz, 1.75 Hz,
fluorenyl H, 1H), 7.33-7.42 (m, fluorenyl H, 3H), 1.90-2.10
(broad, -CH2C2H5, 8 H), 0.74 (broad, -CH2C2H5, 20H).

9,9,9′,9′-Tetra-n-octyl-2,2′-bifluorenyl-7-boronic acid
(5a). The procedure for 2a was followed to prepare 5a from
4a (3.10 g, 3.61 mmol) as white solids (2.52 g, 85%). 1H NMR
(400 MHz, CDCl3): δ 7.92-8.41 (m, fluorenyl H, 3H), 7.63-
7.85 (m fluorenyl H, 7H), 7.33-7.41 (m, fluorenyl H, 3H),
2.00-2.30 (m, -CH2C7H15, 8H), 1.00-1.30 (m, -CH2CH2-
(CH2)5CH3, 40H), 0.60-0.87 (m, -CH2CH2C6H13 and -CH3,
20H).

9,9,9′,9′-Tetra-n-propyl-2,2′-bifluorenyl-7-boronic acid
(5b). The procedure for 2a was followed to prepare 5b from
4b (2.97 g, 5.14 mmol) as white solids (1.32 g, 47%). 1H NMR
(400 MHz, CDCl3): δ 7.92-8.41 (m, fluorenyl H, 3H), 7.64-
7.85 (m, fluorenyl H, 7H), 7.34-7.44 (m, fluorenyl H, 3H),
2.00-2.30 (m, -CH2C2H5, 8 H), 0.72-0.93 (m, -CH2C2H5,
20H).

7-Bromo-9,9,9′,9′,9′′,9′′-hexa-n-octyl-2, 7′;2′,7′′-terfluo-
rene (6). The procedure for 4a was followed to prepare 6 from
5a (1.40 g, 1.70 mmol) and 3a (1.86 g, 3.4 mmol) as white solids
(1.25 g, 59%). 1H NMR (400 MHz, CDCl3): δ 7.76-7.85 (m,
fluorenyl H, 5H), 7.61-7.71 (m, fluorenyl H, 9H), 7.49-7.52
(m, fluorenyl H, 2H), 7.32-7.41 (m, fluorenyl H, 3H), 2.00-
2.15 (m, -CH2C7H15, 8H), 1.00-1.34 (m, -CH2CH2(CH2)5CH3,
60H), 0.80-0.93 (m, -CH3, 18H), 0.73 (broad, -CH2CH2C6H13,
12H).

9,9,9′,9′,9′′,9′′-Hexa-n-octyl-2, 7′;2′,7′′-terfluorenyl-7-bo-
ronic acid (7). The procedure for 2a was followed to prepare
7 (0.891 g, 79%) from 6 (1.16 g, 0.93 mol) as white solids. 1H
NMR (400 MHz, CDCl3): δ 7.85-8.42 (m, fluorenyl H, 2H),
7.7-7.83 (m, fluorenyl H, 14H), 7.36-7.4 (m, fluorenyl H, 3H),
2.00-2.24 (m, -CH2C7H15, 8H), 1.00-1.30 (m, -CH2CH2-
(CH2)5CH3, 60H), 0.79-0.86 (m, -CH3, 18H), 0.75 (broad,
-CH2CH2C6H13, 12H).

General Procedure for the Preparation of 8, 9, and
10 via the Suzuki Coupling Reaction. Toluene and a 2.0
M aqueous solution of Na2CO3 (60 equiv; toluene/water at a
6:4 ratio) were added to a Schlenk tube containing 2,2′,7,7′-
tetrabromo-9,9′-spirobifluorene (1 equiv), boronic acids 2, 5,
or 7 (6 equiv), and Pd(PPh3)4 (5 mol %). The reaction mixture

Figure 4. Absorption and photoluminescence (with excitation at 350 nm) spectra of (a) dilute solutions of 8b and 9b in chloroform
at 10-5 M based on fluorene monomer units, (b) neat film of 8b before and after thermal treatment, (c) neat film of 9b before and
after thermal treatment, and (d) neat film of PF8 before and after thermal treatment (PL spectra from excitation at 370 nm).
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was stirred thoroughly at 90 °C for 2 days followed by the
addition of a large amount of methylene chloride. The organic
portion was washed with brine, dried over anhydrous MgSO4,
and concentrated by evaporating off the solvent for further
purification by column chromatography on silica gel.

2,2′,7,7′-Tetrakis(9,9-di-n-octylfluorenyl)-9,9′-spirobi-
fluorene (8a). The title compound was prepared from 2a (1.00
g, 2.30 mmol) with column chromatography using petroleum
ether/methylene chloride (8:1) as the eluent, resulting in a
yield of 66% (0.49 g). 1H NMR (400 MHz, CDCl3): δ 8.05 (d, J
) 7.96 Hz, spirobifluorenyl H, 4H), 7.78 (dd, J ) 7.97 Hz, 1.44
Hz, spirobifluorenyl H, 4H), 7.67 (dd, J ) 7.13 Hz, 1.31 Hz,
fluorenyl H, 4H), 7.63 (d, J ) 7.92 Hz, fluorenyl H, 4H), 7.51
(d, J ) 1.05 Hz, fluorenyl H, 4H), 7.43 (dd, J ) 7.95 Hz, 1.39
Hz, fluorenyl H, 4H), 7.25-7.34 (m, fluorenyl H, 12H), 7.21
(d, J ) 1.03 Hz, spirobifluorenyl H, 4H), 1.96 (t, J ) 8.22 Hz,
-CH2C7H15, 16H), 1.00-1.30 (m, CH2CH2(CH2)5CH3, 80H),
0.80 (t, J ) 7.11 Hz, -CH3, 24H), 0.63 (broad, -CH2CH2C6H13,
16H). Anal. Calcd for C141H176: C, 90.52; H, 9.48. Found: C,
90.51; H, 9.38.

2,2′,7,7′-Tetrakis(9,9-di-n-propylfluorenyl)-9,9′-spirobi-
fluorene (8b). The title compound was prepared from 2b (1.80
g, 6.12 mmol) with column chromatography using petroleum
ether/methylene chloride (4:1) as the eluent, resulting in a
yield of 76% (1.00 g). 1H NMR (400 MHz, CDCl3): δ 8.06 (d, J
) 7.97 Hz, spirobifluorenyl H, 4H), 7.79 (dd, J ) 7.96 Hz, 1.46
Hz, spirobifluorenyl H, 4H), 7.67 (dd, J ) 5.80 Hz, 1.58 Hz,
fluorenyl H, 4H), 7.63 (d, J ) 7.91 Hz, fluorenyl H, 4H), 7.52
(d, J ) 0.92 Hz, fluorenyl H, 4H), 7.44 (dd, J ) 7.94 Hz, 1.39
Hz, fluorenyl H, 4H), 7.26-7.35 (m, fluorenyl H, 12H), 7.21
(d, J ) 1.28 Hz, spirobifluorenyl H, 4H), 1.95 (t, J ) 7.76 Hz,
-CH2C2H5, 16H), 0.62 (m, -CH2C2H5, 40H). Anal. Calcd for
C101H96: C, 92.61; H, 7.39. Found: C, 92.28; H, 7.50.

2,2′,7,7′-Tetrakis(9,9,9′,9′-tetra-n-octyl-2,2′-bifluorenyl)-
9, 9′-spirobifluorene (9a). The title compound was prepared
from 5a (1.0 g, 1.21 mmol) with column chromatography using
petroleum ether/methylene chloride (7:1) as the eluent, result-

ing in a yield of 50% (0.32 g). 1H NMR (400 MHz, CDCl3): δ
8.09 (d, J ) 7.95 Hz, spirobifluorenyl H, 4H), 7.83 (dd, J )
7.92 Hz, 1.02 Hz, spirobifluorenyl H, 4H), 7.74-7.80 (m,
fluorenyl H, 12H), 7.69 (d, J ) 7.93 Hz, fluorenyl H, 4H), 7.56-
7.65 (m, fluorenyl H, 20H), 7.49 (d, J ) 7.93 Hz, fluorenyl H,
4H), 7.30-7.39 (m, fluorenyl H, 12H), 7.26 (s, spirobifluorenyl
H, 4H), 2.04 (broad, -CH2C7H15, 32H), 1.00-1.34 (m, -CH2-
CH2(CH2)5CH3, 160H), 0.66-0.84 (m, -CH3, 48H), 0.64 (broad,
-CH2CH2C6H13, 32H). Anal. Calcd for C257H336: C, 90.11; H,
9.89. Found: C, 89.59; H, 9.82.

2,2′,7,7′-Tetrakis(9,9,9′,9′-tetra-n-propyl-2,2′-bifluorenyl)-
9,9′-spirobifluorene (9b). The title compound was prepared
from 5b (1.25 g, 2.30 mmol) with column chromatography
using hexane/chloroform (2:1) as the eluent, resulting in a yield
of 72% (0.66 g). 1H NMR (400 MHz, CDCl3): δ 8.10 (d, J )
7.96 Hz, spirobifluorenyl H, 4H), 7.84 (dd, J ) 8.02 Hz, 1.03
Hz, spirobifluorenyl H, 4H), 7.73-7.79 (m, fluorenyl H, 12 H),
7.69 (d, J ) 7.92 Hz, fluorenyl H, 4H), 7.57-7.65 (m, 20H),
7.49 (dd, J ) 7.95 Hz, 1.24 Hz, fluorenyl H, 4H), 7.30-7.41
(m, fluorenyl H, 12H), 7.26 (d, J ) 1.19 Hz, spirobifluorenyl
H, 4H), 2.04 (broad, -CH2C2H5, 32H), 0.66-0.75 (m, CH2C2H5,
80H). Anal. Calcd for C177H176: C, 92.30; H, 7.70. Found: C,
92.05; H, 7.80.

2,2′,7,7′-Tetrakis(9,9,9′,9′,9′′,9′′-hexa-n-octyl-2,7′;2′,7′′-
terfluorenyl)-9,9′-spirobifluorene (10). The title compound
was prepared from 5b (0.800 g, 0.660 mmol) with column
chromatography using petroleum ether/methylene chloride (6:
1) as the eluent, resulting in a yield of 46% (0.25 g). 1H NMR
(400 MHz, CDCl3): δ 8.11 (d, J ) 7.94 Hz, spirobifluorenyl H,
4H), 7.76-7.86 (m, spirobifluorenyl and fluorenyl H, 24 H),
7.58-7.72 (m, fluorenyl H, 40H), 7.51 (d, J ) 8.27 Hz, fluorenyl
H, 4 H), 7.32-7.41 (m, fluorenyl H, 12H), 7.24 (s, spirobifluo-
renyl H, 4H), 2.07 (broad, -CH2C7H15, 48H), 1.00-1.30 (m,
-CH2CH2(CH2)5CH3,240H),0.60-0.90(m,-CH3and-CH2CH2C6H13,
120H). Anal. Calcd for C373H496: C, 89.96; H, 10.04. Found:
C, 89.86; H, 10.04.

Figure 5. Top and side views of single molecules of 8a, 8b, 9a, and 9b from molecular mechanics simulation using the AMBER
software package.
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Molecular Structures, Morphology, and Thermal Tran-
sition Temperatures. 1H NMR spectra were acquired in
CDCl3 with an Avance-400 spectrometer (400 MHz). Elemental
analysis was carried out by Galbraith Laboratories, Inc.
Thermal transition temperatures were determined by DSC
(Perkin-Elmer DSC-7) with a continuous N2 purge at 20 mL/
min. Samples were preheated to isotropic liquids 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).

Film Preparation and Characterization. Thin films on
the order of 100 nm in thickness 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 × 3 mm
thickness; Esco products; transparent down to 200 nm) fol-
lowed by vacuum-drying at room temperature overnight. A
UV-vis-NIR spectrophotometer was used to measure absorp-
tion spectra in dilute solution and neat film. PL was charac-
terized 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 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 single-crystal NaCl substrates
(International Crystal Laboratories) 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).

Photoluminescence Quantum Yield. As the primary
standard for PL quantum yield (ΦPL), 9,10-diphenylanthracene
(99%, Acros Organics) was repeatedly recrystallized from
xylenes until pale yellow prism crystals were obtained. An-
thracene (99%, Aldrich Chemical Co.) was recrystallized from
ethanol. Poly(methyl methacrylate) (PMMA, Polysciences) with
a weight-average molecular weight of 75 000 was used without
further purification. About 5 µm thick PMMA films doped with
9,10-diphenylanthracene and anthracene at 10-2 M were spin-
cast on fused silica substrates followed by drying in vacuo
overnight. A low doping level was adopted to avoid concentra-
tion quenching, entailing the much thicker film than neat films
of spiro-oligo(fluorene)s. The film lightly doped with 9,10-
diphenylanthracene was assigned a widely accepted value, ΦPL

) 0.83.35 The anthracene-containing film was characterized
with the following formula36

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 n2 is defined as follows

in which I(λ) stands for emission intensity, and the integration
is performed over the entire emission spectrum. A variable
angle spectroscopic ellipsometer (V-VASE, J. A. Woollam) was
employed to collect data at four incident angles (55, 60, 62,
65° off-normal), and a UV-vis spectrophotometer (Lambda-
900, Perkin-Elmer) was used to collect tramsmission spectra
at normal incidence. A computer software package was used
for the evaluation of film thickness and refractive index
dispersion n(λ). The accuracy of 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 data37 to within 0.003. The
PL quantum yield was measured 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, ΦPL ) 0.28 ( 0.03,
agrees with the reported value of 0.27 in benzene and etha-
nol,38 thus validating the experimental procedure. In general,
the presently reported ΦPL values are accompanied by an
uncertainty of (10%.
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