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Abstract: The first series of monodisperse chiral oligofluorenes was synthesized and characterized. Chain
length was found to play an important role in solid morphology. Whereas dimer through tetramer are
amorphous, pentamer through hexadecamer all show cholesteric mesomorphism with varying degrees of
morphological stability against crystallization. Pristine spin-cast films, approximately 90 nm in thickness,
are amorphous but exhibit pronounced circular dichroism and highly efficient circularly polarized fluorescence,
suggesting the presence of chiral assemblies that remain to be experimentally characterized. A nonamer
with two sets of the 2S-methylbutyl group replaced by the 3S,7-dimethyloctyl group was prepared and
shown to be capable of forming a monodomain, glassy cholesteric film with thermal treatment. The
cholesteric film is responsible for an order-of-magnitude increase in circular dichroism and a handedness
reversal in circularly polarized fluorescence as compared to the amorphous pristine film. Molecular dynamics
simulation furnished new insight into the molecular origin of the observed chiral optical properties in neat
films.

I. Introduction Attempts have been made to interpret the supramolecular
structures of poly(thiophenes!! poly(p-phenylenevinylene);3

Because of the diverse structures and properties avaiIablepoly(ﬂuorene)sl,“ poly(p-phenylene)& and poly(acetylene)§:17

thrlough rrr11acrorl;10Iec_uIar Qes;gn arlld sg?theim&onjggated. all carrying enantiomeric pendants. Although both circular
polymers have been intensively explored for electronics, optics, gicroism and circularly polarized fluorescence support some

EhOtQQ_'FS’ hand boptoecliectronlcs O\ée; thl_e hpast wo dg%des. form of chiral structure$? few positive identifications have been
easibility has been demonstrated for light-emitting dicdes, achieved®” presumably because of the difficulty encountered

organic lasers, thin film transistors; photoconductors,and in aligning conjugated polymer films. To facilitate film process-

nonlinear optical d.eV|ce55]t has been shown that properties ing for a systematic investigation of structeeroperty relation-

are affectgd by film morphology at a length scalg from ships and for practical applications, monodisperse chiral con-
macroscopic down to a few angstroms, as dEterm,'ned byjugated oligomers appear to be superior to conjugated polymers
polymer structure and film processing conditiGiis particu- in general® In particular, aggregate structures of helically
larly challgngmg aspect Is th? design _Of ch|ra_l conjggated shaped aromatic oligomers have been characterized by X-ray
systems dlrect.ed at the formgtlon.of hellges, twisted rlbbpns, crystallography and electron microscdg§°Chiral sexithiophenes
and cholesteric mesomorphism in solution and neat film. have also been reported to exhibit smectic mesomorphism but
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Chart 1. Structure of Chiral Oligofluorenes and Polymer?@

910 1112—n2

F(55)-n
n=2-12, 16

F(5S)7F(10S)2

o GO
F(5S)-polymer

a(a) F(59)-n, where A and B identify two types of methyl group, and
1-13 identify protons; (b}F(55)7F(105)2; (c) (F(5S)-polymer.

with a tendency to crystallize on coolid§Chiroptical properties
of other types of monodisperse conjugated oligomers in solution
have also been characteriZ&&3Of all the conjugated systems

that have been explored, poly(fluorene)s have been identifie

as the prime candidate for electroluminescence, not only becausé)

of superior stability and efficiency to other conjugated
polymers?~26 put also because of the potential for liquid-
crystal-mediated alignmet28 Amorphous oligofluorenes have
also been synthesized to further improve on temporal stability
of blue emission from neat film&:2°The objectives of this study
are the following: to synthesize the first series of monodisperse
chiral oligofluorenes, to investigate the effect of chain length
on thermotropic and optical properties in dilute solution and
neat film, to assess chiroptical properties in relation to the
morphology of glassy films, and to furnish new insight into
experimental observations through molecular simulation.

Il. Results and Discussion

The general structure of oligofluorenes is depicted in Chart
la asF(59)-n, where n represents the number of fluorene units,
and Srepresents themethylbutyl group. These compounds
were synthesized following the divergent/convergent ap-
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L. J. Chem. Mater2002 14, 463. (b) Katsis, D.; Geng, Y. H.; Culligan,
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proaci132as outlined in reaction Scheme 1. The dinfggS)-
2, was prepared frorh in two steps. Comprising a trimethylsilyl
protecting group4 was prepared by treatir@with 1 equiv of
n-BuLi followed by quenching with trimethylsilyl chloride. The
boronic acid5, prepared fromt was coupled t® to obtain6
and 7 upon separation and purification. Treatmentécdind 7
with ICl afforded intermediate® and 10, the two iodides
intended to enhance selectivity and yield in the subsequent
Suzuki coupling reactiof® Intermediatel2 was obtained in
three steps fron6 and9. The trimer,F(59)-3, along with13,
was prepared through the Suzuki coupling reaction,khaas
further converted td4. Similar procedures were followed for
the preparation ofF(55)-5, F(59)-6, 15, 16, and 19—22
Treatment ofl7 with BBr; afforded F(55)-4 and 18. Oligo-
fluorenes with an odd number of units(59)-7, F(5S)-9, and
F(59)-11, were prepared by the Suzuki coupling reaction in a
39—-48% vyield, whereas those with an even numis€gS)-8,
F(59)-12, and F(5S)-16, were prepared by the Yamamoto
coupling reactioff in a 43-83% yield. In general, the higher
oligomers required an increasing equivalent of catalyst to arrive
at a comparable yield with the lower oligomers. Molecular
structures were elucidated with elemental analysistahdMR
spectroscopy.

Analysis based on both high performance liquid chromatog-

d raphy and size exclusion chromatography indicated an absence

f precursors and a purity level of better than 99%. Parts of the
H NMR spectra ofF(59)-2, -4, -8, and-16 were displayed in
Figure 1 for a quantitative assessment of peak integrations in
comparison to the chemical formulas. The peaks betweea8

and 7.45 and those betwe@n0.25 and 0.45 are attributed,
respectively, to the protons in terminal fluorene units, identified
as -3, and the 2-methyl groups, identified as A and B in Chart
193536

Good agreement between the calculation and observation of
peak integrations is shown in Table 1. In view of the general
tendency of(5S)-n to crystallize upon heating;(5S)7F(10S)-

2, as depicted in Chart 1b, was synthesized following reaction
Scheme 2, to enable the preparation of a glassy, monodomain
cholesteric film via spin coating and subsequent thermal
annealing.

Phase transition temperatures were determined with dif-
ferential scanning calorimetry in conjugation with hot-stage
polarizing optical microscopy, and the results are summarized
in Table 2. All of the samples were preheated to 3@0with
subsequent cooling te-30 °C at a rate of~20 °C/min before
gathering the second heating scan at@0min. With cholesteric
mesomorphism identified as oily streaks, the second heating
and the first cooling scans are reported as the first and second
line, respectively, for each sample in Table 2.

Lower oligomers are amorphous with a glass transition
temperatureTy, increasing in the ordef(5S)-2 < F(59)-3 <
F(59)-4 without crystallization or liquid crystalline mesomor-
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Scheme 1. Synthesis of Oligofluorenes F(5S)-n2
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a(i) (1) n-BuLi, —78°C; (2) (i-PrOx%B, —78 °C to room temperature; (3)4*. (ii) Pd(PPh)4, Na&CO;s (2.0 M aqueous), 96C. (iii) (1) n-BuLi, —78
°C; (2) CISiMe;, —78°C to room temperature. (iv) (1}-BuLi, —78°C; (2) (i-PrO)B, —78 °C to room temperature; (3)40. (v) ICI, 0°C. (vi) (1) n-Buli,
—78°C; (2) 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolangg °C to room temperature. (vii) (1) BBrroom temperature; (2) 4. (viii) Ni(COD)/
2,2-bipyridine/COD, 80°C.

phism. All of the oligomers longer than four fluorene units are for 1/, h before quenching to room temperature. The presence
inherently mesomorphic. Where&$5S)-5 is the only sample of oily streaks along with the absence of crystallinity observed
that resists crystallization on heating, cholesteric fluidg-of under polarizing optical microscopy confirms that crystallization
(59)-5, -6, -7, and-8 showed an increasinf on cooling without could be avoided in the quenching process. To measure the
encountering crystallization. helical pitch lengthp, a 4 um thick film contained between

To illustrate the ability of these oligomers to preserve surface-treated silica substrates was prepared following the same
cholesteric structure in the solid state, a micron thick film of melt processing. The resultant well-aligned film was mon-
F(59)-8 was contained between a microscope slide and a coverodomain (i.e., devoid of oily streaks). The SEM image of the
slip without alignment coating to encourage formation of film’s cross section revealed thpt= 123+ 7 nm, a value also
disclinations. The sandwiched films were annealed at 80  observed for &(55)-5 film. In contrast,F(5S)-9, -11, -12, and
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chloroform) show nearly identical® values, indicating an
absence of ground-state aggregation in the solid state. However,
neat film shows a 59 nm red shift inA™, from dilute solution
at the same chain length, suggesting light emission from a more
planar structure in the solid state. The general trends exhibited
by 22% andAM in dilute solution with respect to chain length
are consistent with a recent report on monodisperse oligo[9,
9-bis(-hexyl)fluorene]$” As also shown in Table 2, the
fluorescence quantum yields of chiral oligomers (6-5135)
are superior to that of their polymer analogue (0.24) with the
FSS).8 average refractive indices measu_red by variab_le ar_lgle spectro-
scopic ellipsometry. One plausible explanation is that the
polymer film contains aggregates, formed during the spin-
coating process, that act as fluorescence quenching siteish
are apparently absent in oligomer films. These amorphous, spin-
cast films were further characterized in terms of circular
dichroism (CD) and circularly polarized fluorescence (CPF) with
F(58)-4 the spectra illustrated in Figure 2b and c foFgS)-16 film.
( The bisignate CD spectrum as shown in Figure 2b suggests the

presence of chiral assemblies in neat film. In contrast, vanishing
J\ F(5S)-2

CD values were observed in chloroform (a good solvent)

h»m

Y

2.124
T
M 38
U 17

el

Integzel
7
11,800
—
o
——
7,950
I
L
7,038
==
35 941
12 287

Integral
_—
3.812

11 795
12 447

containing up to 30% methanol (a poor solvent). The same neat
film of F(55)-16 gave rise to strong CPF as shown in Figure
2c. The pronounced CPF as well as bisignate CD must have
HH originated from some form of supramolecular chirality.

HIE Presented in Figure 3a are the CD spectr&(66)-5, -7, -9,

Tom 7.8 76 74 ‘ 0‘_4 0',2 -12, and-16_of app_roxirr_]ately the same film t_hickness (204 .
Figure 1. M NMR spectra (CDGJ 400 MHz) of F(55)n, n = 2, 4, 8, nm) determined with ellipsometry. The negatl\_/e pea_lks centering
and 16, with chain lengths verified by integrations of signals identified as around 410 nm suggest a left-handed orientation between
A, B, 1-3, and 4-13. chromophores based on exciton coupling the$tyhut the

structure of these chiral assemblies remains to be experimentally
characterized. The fact that the CD spectra collectively define
an “isodichroic point” suggests similar chiral assemblies with

____,,,
15489
—
2.2778
T
e
Z.1383
T~

Totagral
2.9%08

&

Table 1. End-Group Analysis of TH NMR Spectra To Validate the
Chain Lengths of Oligo[(2S-methylbutyl)fluorene]s

sample CHs(A) CHs(B) H(1-3) H(4-13) . . ) .
a longer chain supporting an increasing extent of handedness
F(59)-2 gg',;d 1122 3 % %3 88 0 preferencé? However, handedness preference appears to be
F(55)-4 calc 12 12 6 20 saturated afF(5S)-12 because of the inevitable defects, such as
obsd 12.4 11.8 6.0 20.2 kinks and reversaf$P In contrast to oligomers, the amorphous
F(5s)-8 gz'gd 1122 5 %% o 66 0 42‘4 . polymer film exhibits a relatively weak CD signal while missing
F(559-16 calc 12 84 6 92 the isodichroic point, suggesting that polymer chains assume
obsd 13.2 83.4 6.4 92.0 dissimilar chiral structures to oligomers. The degree of CPF

can be quantified by the dissymmetry factgs,= 2(I. — Ir)/

(IL + Ir), wherel_ andly are left- and right-handed circularly
polarized intensity, respectively. The CPF spectra, as illustrated
in Figure 2c forF(5S9)-16, were employed to calculatg, as
compiled in Figure 3b for selected samples.

Note that thege value increases with oligomer’s chain length,

-16 and a polymer analogue (depicted in Chart 1c with =
35 100 andvl, = 21 500 g/mol, equivalent t§(5S)-70) all tend
to crystallize both on heating and on cooling, thus preventing a
glassy cholesteric film from being prepared by melt processing.
To furnish insight into the nature of chiral structures
consisting of oligofluorenes, micron thick films are not ap- but that it vanishes in the polymer analogue. Because all of the
propriate for circular dichroism or circularly polarized fluores-  chiral oligofluorenes exce§(5S)-2, -3, and-4 exhibit choles-
cence because of the excessive absorbance. Instead of mef€ric mesomorphism at elevated temperatures (i.e., abpue
processing, spin coating from 1 wt % chloroform solutions was above the crystalline melting point,,), attempts were made
carried out for the preparation of approximately 90 nm thick, to prepare glassy cholesteric films via thermal annealing of spin-
neat films. Light absorption and fluorescence (with an excitation cast films followed by quenching. However, annealing above
Wave]ength of 370 nm) Spectra were gathered for the pristine Tg did not result in monodomain cholesteric film without
films of all oligomers. Typical results are shown in Figure 2 €ncountering thermally activated crystallization or destroying
for a pristine F(59)-16 film, which was characterized to be the film's integrity (at elevated temperatures).
amorphous by polarizing optical microscopy and electron
diffraction (see inset in Figure 2a). As shown in Table 2, the (37) Klarner, G.; Miller, R. D.Macromolecules998 31, 2007.

38) (a) Berova N.; Nakanlshl K. I€ircular Dichroism: Principles and
maximum wavelengths in absorptiof Z,X) and fluorescence Applications 2nd ed.; Berova, N., Nakanishi, K., Woody, R. W., Eds.;
fluQ increase with chain length as expected. For a given Wiley-VCH: New York, 2000; Chapter 12. (b) Green, M. M. Gircular
sample neat film and dilute solution (1M fluorene units in

Dichroism: Principles and Application2nd ed.; Berova, N., Nakanishi,
K., Woody, R. W., Eds.; Wiley-VCH: New York, 2000; Chapter 17.
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Scheme 2. Synthesis of F(5S5)7F(10S)22

|'I
Br 0.0 Br—ib MesSi

23

27

a(i) (1) n-BuLi, —78°C; (2) CISiMeg;, —78 °C to room temperature. (ii) (1)-BuLi, —78 °C; (2) (i-PrO)%B, —78 °C to room temperature; (3) . (iii)
Pd(PPB)s, N&CO;s (2.0 M aqueous), 90C. (iv) ICI, 0 °C.

Table 2. Thermal Transition Temperatures, Light Absorption, and Fluorescence (Excitation at 370 nm) Properties in Chloroform (1076 M in
Fluorene Units) and Spin-Cast Films

solution film
phase transition thickness, quantum
sample temperatures 23 nm A m nm 23 nm A nm yield (film)
F(59)-2 G15°ClI 330 363 383
18°CG
F(59)-3 G40°ClI 350 390 413 349 398 418
129°CG
F(59)-4 G80°ClI 361 403 427 91 360 409 432 0.75
170°CG
F(59)-5 G95°CCh1l76°CI? 366 408 432 87 366 415 439 0.260.08
1 170°CCh87°CG
F(59)-6 G 110°C Ch, 200°C K 370 410 433 369 415 440
221°CCh265°CIb
1261°CCh101°CG
F(59)-7 G 118°C Ch, 153°CK; 374 410 435 95 372 417 442 0.83
222°CK;231°CCh331°Cl
1326°CCh110°CG
F(59)-8 G 124°CCh, 144°CK 375 412 435 98 374 419 442 0.85
236°CCh
Ch120°CG
F(59)-9 K 254°C Ch¢ 377 412 436 88 376 420 442 0.670.03
Ch170°CK
F(59)-11 K 271°CCh 379 412 436 85 377 418 442 0.510.01
Ch208°CK
F(59)-12 K 273°CCh 379 411 435 88 378 418 443
Ch220°CK
F(5S)-16 K 294°C Ch 382 412 437 91 379 420 443
Ch259°CK
F(5S)-polymer K 349°C Ch 387 414 438 116 379 423 444 024
Ch279°CK

aThe first line reports a heating scan at Z/min of a sample preheated to 370 followed by cooling at-20 °C/min to —30 °C, which is reported in
the second line. SymbolsG, glassy;Ch, cholesteric;l, isotropic; K, crystalline.? The second heating scan at 20/min showed glass transition to a
cholesteric fluid at 110C followed by crystallization at 200C, melting into a cholesteric fluid at 22T, and clearing at 26%C; the cooling scan at20
°C/min showed an isotropic-to-cholesteric transition at 261followed by glass transition at 10C. ¢ The first line reports the second heating scan at 20
°C/min, showing crystalline melting at 25€ into a cholesteric fluid which persists till thermal decomposition at 375he second line reports a cooling
scan at—20 °C/min showing a cholesteric-to-crystalline transition at 220

To suppress the oligomers’ propensity to crystallize, some (Figure 5b), which in turn provides an SEM image (Figure 5c)
of the S methylbutyl groups were replaced witl$ 3-dimethy- of the film cross section yielding = 180 nm.
loctyl groups, such aB(5S)7F(10S)2 depicted in Chart 1b and This helical pitch length is longer than that &{(5S)-8,
synthesized according to reaction Scheme 2. The DSC seconconsistent with the fact that poly(fluorene) with pendagt73
heating scans compiled in Figure 4 indicate that the cholestericdimethyloctyl groups shows opposite signs in chiroptical
fluid of F(5S)7F(10S)2 resists crystallization on heating and properties to those with pendarggnethylbutyl groups? Unlike
cooling, in contrast té&(5S)-n with n > 9 that tend to crystallize  the pristine, spin-cast films oF(5S)-n and their polymer
on heating and cooling. analogueF(5S)7F(10S)2, resulted in a weakly anisotropic, spin-

The absence of crystallization characteristi&-(8S) 7F(10S)- cast film under polarizing optical microscopy, suggesting a
2 facilitates the identification of cholesteric mesomorphism with  complex morphology that renders spectroscopic ellipsometry
oily streaks (Figure 5a) and processing into monodomain films inapplicable. Thermal annealing of the pristine film at I
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Figure 3. Chiroptical properties of pristine films ¢¥#(5S5)-n,n=5, 7, 9,
200 , , | 12, and 16 (9Gt 4 nm in thickness), and that of a polymer analogue (116
300 350 200 450 500 nm in thickness) with a number-average chain length of 70: (a) circular
) , nm ) o dichroism spectra; and (b) dissymmetry factgg, with unpolarized
excitation at 370 nm.
—_— K Ch
:: F(5S)-polymer
E]: ch
K i
2
E Ch
E K
400 450 500 550 k F(5S)-9
A, nm =
Figure 2. Optical properties of a pristine, spin-cast 91 nm thick film of = K Ch
F(59)-16: (a) UV—vis absorption spectrum with electron diffraction pattern
(as inset) showing film's amorphous character; (b) circular dichroism 7
spectrum; and (c) circularly polarized fluorescence spectrum (with unpo- G —» Ch
larized excitation at 370 nm). F(5S)7F(10S)2
. . L . G — LI
for 1/, h produced an optically anisotropic film, for which the Ch
ellipsometric data were collected. In light of Figure 5 collected ) ) L L
100 200 300 400

for a 4 um thick sandwiched film, the annealed spin-cast film

was modeled as a cholesteric stack. To treat the ellipsometric
data of a cholesteric film, the dispersion of both the ordinary Figure 4. The DSC heating scans at 2G/min of samples of(5S)7F-
(109)2, F(59)-9, and its polymer analogu&;(5S)-polymer, preheated to
370 °C followed by cooling at-=20 °C/min to —30 °C, as also included.
Symbols: G, glassy;Ch, cholesteric], isotropic;K, crystalline.

(no) and the extraordinanynf) refractive indices of the quasine-

matic layer within a cholesteric stack was measured for a

monodomain, glassy nematic film prepared vki(5)7F(8)2as
depicted in Figure 6a; note the structural similarity betwEen

elsewhere, it suffices to mention here tgb)7F(8)2 has its
molecular structure validated with elemental analysis #td

(39) Culligan, S. W.; Geng, Y. H.; Katsis, D.; Chen, S. H., manuscript in
preparation. The molecular structureFgb)7F(8)2is elucidated as follows.
1H NMR (400 MHz, CDC}): 6 (ppm) 7.83-7.87 (m, 14H), 7.82 (d) =
8.28 Hz, 2H), 7.77 (dJ = 7.41 Hz, 2H), 7.647.73 (m, 32H), 7.297.48
(m, 6H), 1.88-2.38 (m, 36H), 0.581.18 (m, 144H), 0.260.46 (m, 42H).
Anal. Calcd for GiHo7¢ C, 90.37; H, 9.63. Found: C, 90.37; H, 9.49.

8342 J. AM. CHEM. SOC. = VOL. 124, NO. 28, 2002

Temperature, °C

110°C with nematic mesomorphism persisting beyond 350

(5)7F(8)2 and F(5S)7F(105)2. Because the synthesis and The absorption coefficients parallelj and perpendiculangy)
properties of a series of related materials will be published to the nematic director, shown in Figure 6c as fitted parameters
to the ellipsometric data, yielded an orientational order parameter

S=0.83+ 0.01 in a 92 nm thick spin-cast film annealed at
NMR spectroscop} and that it undergoes glass transition at 115 °C for Y/, h, a manifestation of the ease of aligning
conjugated oligomers. The resultéBtvalue agrees witls =
0.82 independently evaluated by BVis linear dichroism.

The absorption and CD spectra of the pristine and annealed
films of F(5S)7F(10S)2 are presented in Figure 7. Similar to a
uniaxially ordered film of poly[9,9-bistoctyl)fluorene]# hy-
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a) F(5)7F(8)2

5 -1
_L,l() cm

o oro

200 lm——>]
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Figure 6. Ellipsometric characterization of a 92 nm thick nematic film of
F(5)7F(8)2annealed at 118C for ¥/, h: (a) its molecular structure; (b)
extraordinary ifeg) and ordinary i) refractive indices; and (c) absorption
coefficients parallel ;) and perpendicularo(y) to the nematic director.

used to predict the annealed film’s CD spectrum with refractive
indices, absorption coefficients, helical sense, pitch length, and
film thickness as the input datdThe good agreement between
theory and experiment shown in Figure 7b (dotted vs dashed
curve) validates the treatment of the annealed film as a
cholesteric stack. A comparison of the pristine film's CD
spectrum (see the solid curve in Figure 7b) with those of the
pristine films ofF(5S)-n displayed in Figure 3a seems to indicate
Figure 5. Micrographs of fiims of F(5S)7F(105)2: (a) oily streaks a comppsne.morphology of a Cho'.ESterIC stack and chiral
characteristic of cholesteric mesomorphism observed under polarizing optical assemblies with a left-handed orientation between chromophores
microscopy of a micron thick film contained between untreated glass slide as referred to earlier.

and a cover slip; (b) a 4m thick film contained between surface-treated  The jmplications of cholesteric structure are revealed in Figure

fused silica substrates, annealed at 20(for /» h followed by cooling at . .
—6 °C/min to room temperature, resulting in a monodomain glassy S WIith photoexcitation at 370 nm, tig value undergoes a

cholesteric film observed under polarizing optical microscopy; (c) the SEM crossover from—0.15 to +0.75 accompanied by a slight
image of the cross section of the well-aligned film as described in (b).  decrease in fluorescence quantum yield from 0.82 to 0.67 caused

. . annealing. It is also noted that the pristine films$g5S)-n
pochrom|sm was observed (§ee Figure 7a) as a.result of therm )i/th n=9 gnd both the pristine ande[he thermaﬁ:far?nealed
a““e"?"”g- _Thermal _ann_eallng a_Iso resulted in an order-of- film of F(5S)7F(105)2 showed superior stability of blue
magmtude_ Increase In circular dichroism (ffom 0.9 to 1)2'8_ emission when left under ambient condition over a period of
accompanied by a disappearance of the signature of exciton months
Co\lj\f’iltlr? ?hg[ ;Slse?g?oﬁxchll?\lfgg mtgl;zgnpréﬁg\ﬁnﬂim.:i ure 6b To address the questions of why amorphous films of

. P © 9t ' .. oligofluorenes exhibit pronounced chiroptical properties and why
the ellipsometric data gathered for an annealed, spin-cast film an amorphous film oF(58)7F(108)2 can be thermally pro-
of F(55)7F(105)2 were guccessfully modeled,_yielding athic_k- cessed into a monodomain cholesteric stack but not those of
ness of 87 nm and a right-handed chol_esterlc sitructure with aF(SS)-n molecular simulation was performed using the AMBER
pitch length of 333 nm. The GooKarali theory" was then software package. Molecular mechanics computation revealed

(40) Teetsov, J.; Fox, M. AJ. Mater. Chem1999 9, 2117.
(41) Good, R. H., Jr.; Karali, AJ. Opt. Soc. Am. A994 11, 2145. (42) Conger, B. M. Ph.D. Thesis, University of Rochester, 1998.
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Figure 7. The effects of thermal annealing at 96 for 1/, h on optical
properties of an 87 nm thick spin-cast film B{5S)7F(105)2: (a) UV—

a) F(55)-9

e

Figure 9. Molecular dynamics simulation of four molecules of monodis-
perse oligofluorenes using the AMBER software packageF(&$)-9; and
(b) F(5S)7F(105)2.

molecules ofF(5S)7F(10S)2 are not braided (see Figure 9b),
but each retains a left-handed helix, yielding the negative
profile shown in Figure 8a. Apparently, the difference in the
molecular packing behavior between the two oligofluorenes

vis absorption spectra; and (b) circular dichroism spectra including a grises from the relatively bulkyS7-dimethyloctyl group.

prediction based on the Goodarali theory.

T T
a) F(58)7(108)2, pristine film, 87 nm, ¢PL=0.82
’
. \\IR /! K 0.10 —T
. - 0.00
= e N
<
=) BT B0 75
-9
1
400 450 500 550
3
«
=)
[-%

400 450 500 550
A, nm

Figure 8. Circularly polarized fluorescence spectra of the s&itsS)7F-
(109)2 film reported in Figure 7: (a) pristine film; and (b) thermally
annealed film. The dissymmetry factors are included as insets.

left-handed helices adopted by single molecules(65)-9 and
F(59)7F(105)2. In both material systems, four energy-mini-

Molecular organization induced by thermal annealing of the
loosely pitched, left-handed helices comprising unconstrained
molecules irF(5S)7F(105)2 results in a right-handed cholesteric
stack, which is responsible for the positigeprofile shown in
Figure 8b. The observed handedness reversal accompanying the
transition from helical coils to a cholesteric stack is dictated by
the energetics of molecular packifigln the case of-(5S)-9,
molecules are constrained in braided assemblies and do not have
sufficient thermal energy to reorganize during annealing, thus
failing to form a cholesteric stack.

Il. Conclusions

The first series of monodisperse chiral oligofluorenes was
synthesized following the divergent/convergent approach to
investigate the role played by chain length in morphology and
optical properties. Thermotropic properties were characterized
by hot-stage polarizing optical microscopy and differential
scanning calorimetry. Moreover, scanning electron microscopy
was employed for the determination of helical pitch length in
well-aligned cholesteric films. Spin-cast films were characterized
in terms of circular dichroism, circularly polarized fluorescence,
electron diffraction, and variable angle spectroscopic ellipsom-
etry. Fundamental insight into chiroptical properties was also
furnished through molecular dynamics simulation of multimo-
lecular systems. Key observations are recapitulated as follows:

(1) Whereas dimer through tetramer are amorphous, all higher
oligomers form cholesteric mesomorphism with varying degrees
of morphological stability against crystallization. Pentamer
resists crystallization on both heating and cooling, hexamer
through octamer undergo crystallization on heating but not
cooling, and nonamer through hexadecamer and polymer all

mized molecules were included in the subsequent moleculartend to crystallize on both heating and cooling. In all cases,

dynamics computation. It is evident that molecule$-(8S)-9

form braided chiral assemblies (see Figure 9a), while each
molecule assumes a left-handed helical conformation, leading

to the negativege profile shown in Figure 3b. However,
8344 J. AM. CHEM. SOC. = VOL. 124, NO. 28, 2002

phase transition temperatures increase with chain length.

(43) Sato, T.; Sato, Y.; Umemura, Y.; Teramoto, A.; Nagamura, Y.; Wagner,
J.; Weng, D.; Okamoto, Y.; Hatada, K.; Green, M. Macromolecules
1993 26, 4551.
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(2) Pristine, spin-cast films are amorphous with no spectral (m, 10H), 7.82 (dJ = 8.47 Hz, 2H), 7.77 (d) = 7.28 Hz, 2H), 7.64
shift in UV—vis absorption but a 59 nm red shift in 7.70 (m, 24H), 7.367.44 (m, 6H), 2.16:2.32 (m, 14H), 1.882.03
fluorescence as compared to the dilute solution data. The (M, 14H), 0.61-1.07 (m, 84H), 0.380.41 (m, 30H), 0.38:0.34 (m,
observed significant degrees of circular dichroism and circularly 12H)- Anal. Calcd for GeHise: C, 90.65; H, 9.35. Found: C, 90.79;
polarized fluorescence in approximately 90 nm thick films H, 9.74. )
suggest the presence of chiral assemblies in the solid state Nona[9,9-bis(&methylbutyhfiuorene] (F(5S)-9). The procedure

H ishina d f circularl larized fi for the synthesis o (5S)-7 was followed to preparg(55)-9 from 10
owever, a vanisning degree of circularly polarized tfluorescence and 16 as a white powder in a 39% yieldH NMR (400 MHz,

was qbserved with a pristine polymer film. None of the oligo- CDCL): & (ppm) 7.83-7.88 (M, 14H), 7.81 (dJ = 8.50 Hz, 2H),
[9,9-bis(Zmethylbutyl)fluorene]s can be processed into ordered 7 77 (4,3 = 7.29 Hz, 2H), 7.647.70 (m, 32H), 7.297.44 (m, 6H),
films via thermal annealing abov&; without encountering 2.17-2.32 (m, 18H), 1.922.02 (m, 18H), 0.63-1.04 (m, 108H), 0.38

crystallization. In the absence of “aggregates” as quenching sites,0.41 (m, 42H), 0.36:0.34 (m, 12H). Anal. Calcd for &Hzss C, 90.66;
the pristine oligomer films are more efficient light-emitters than H, 9.34. Found: C, 90.44; H, 9.70.

the polymer analogu&pp; = 0.51-0.85 in comparison to 0.24. Undeca[9,9-bis(&-methylbutyl)fluorene] (F(5S)-11). The proce-

(3) A nonamer with two sets of theSamethylbutyl group dure for the synthesis d#(5S)-7 was followed to prepar&(5S)-11

replaced by the §7-dimethyloctyl group shows cholesteric from 10and20as a white powder in a 40% yieltH NMR (400 MHz,
mesomorphism without crystallization on heating and cooling. SPCh): ¢ (Ppm) 7.83-7.88 (m, 18H), 7.81 (d) = 8.46 Hz, 2H),

Moreover, thermal annealing of a spin-cast film yields an 777 (d, = 7.32 Hz, 2H), 7.647.70 (m, 40H), 7.3%7.44 (m, 6H),
' 9 P y 2.17-2.32 (m, 22H), 1.932.02 (m, 22H), 0.631.06 (M, 132H), 0.38

ordere_d film. Ellipsometric analysis anq modeling of the c_ircular 0.42 (m, 54H), 0.36:0.35 (m, 12H). Anal. Calcd for @Hsis C, 90.68;
dichroism data based on the Geedarali theory suggest aright- | 935 Found: C. 90.63: H. 9.74.

handed cholesteric structure for the annealed film. The emerging  gcta(9,9-his[Z-methylbutyl)fluorene] (F(55)-8). A mixture of bis-

cholesteric structure is responsible for an order-of-magnitude (1 5-cyclooctadiene)nickel(0) (Ni(COD), 0.100 g, 0.364 mmol)/-2,2
increase in circular dichroism (from 0.9 to 128and a bipyridine (0.057 g, 0.364 mmol), and cyclodiene (0.040 g, 0.364 mmol)
handedness reversal in circularly polarized fluorescemdedm in anhydrous DMF (2.0 mL) and toluene (2.0 mL) was stirred at 80
—0.15 to +0.75). The thermally annealed film's circularly °C for 30 min. Compound9 (0.400 g, 0.308 mmol) in toluene (6.0
polarized fluorescence spectra are consistent with a right-handednl) was added in one portion. The reaction mixture was stirred at 80
cholesteric structure, while the nature of chiral assemblies in ‘C for 2 days. After the mixture was cooled to room temperature,
the pristine fim, as those of oligol9,&-bisnethylbuty)- - CCAECEL LD o e cloar. The organic
fluorenes, remains to F’e e>'<per|m.entally characterized. layer was Sep);rated and washedgwith Erine for drying over MggSO
(4) Moleculqr dynamics simulation revea_IS the structures (_)f Upon evaporating off the solvent, the residue was recrystallized with
chiral assemblies that have escaped experimental characterizapexane containing a small amount of chloroform. The solid was
tion thus far. Molecules in the pristine, spin-cast film of the collected by filtration to yieldF(5S)-8 (0.310 g, 83%) as a white
nonamer carrying @methylbutyl pendants form braided chiral  powder.H NMR (400 MHz, CDC}): 6 (ppm) 7.83-7.88 (m, 12H),
assemblies, while each molecule assumes a left-handed helix7.81 (d,J = 8.49 Hz, 2H), 7.77 (dJ = 7.30 Hz, 2H), 7.63-7.70 (m,
Insertion of the bulky 8,7-dimethyloctyl group avoids the  28H), 7.29-7.44 (m, 6H), 2.17-2.32 (m, 16H), 1.942.03 (m, 16H),
formation of braided chiral assemblies, thereby allowing 0-62-1.04 (m, 96H), 0.370.41 (m, 36H), 0.290.34 (m, 12H). Anal.
molecules to organize into a cholesteric stack upon thermal Calcd for Gedzee C, 90.66; H, 9.34. Found: C, 90.78; H, 9.75.
annealing without encountering crystallization. These compu- D°deca[9,9-bis(&methylbutyl)fluorene] (F(55)-12). The proce-
tational results are instrumental in the elucidation of the observeddU"® for the synthesis d¥(5S)-8 was followed to preparé(5S)-12

circular dichroism and circularly polarized fluorescence from from 21 as a white powder in a 43% yieldd NMR (400 MHz,
yp CDCL): & (ppm) 7.83-7.88 (m, 20H), 7.82 (dJ = 8.40 Hz, 2H),

neat films. 7.77 (d,d = 7.36 Hz, 2H), 7.63-7.71 (m, 44H), 7.367.44 (m, 6H),
2.17-2.33 (m, 24H), 1.942.03 (m, 24H), 0.631.06 (m, 144H), 0.36
0.42 (m, 60H), 0.360.35 (m, 12H). Anal. Calcd for £dHsss C, 90.68;
Materials Synthesis.All chemicals, reagents, and solvents were used H, 9.32. Found: C, 90.54; H, 9.33.
as received from commercial sources without further purification except ~ Hexadeca[9,9-bis(&-methylbutyl)fluorene] (F(5S)-16). The pro-
tetrahydrofuran (THF) and toluene that had been distilled over sodium/ cedure for the synthesis &f(5S)-8, except with 3 equiv of catalyst,
benzophenone and sodium, respectively. Intermediatgsand23 as was followed to preparg(55)-16 from 22 as a white powder in a 61%
well as poly[9,9-bis(3-methylbutyl)fluorene] were synthesized fol-  yield.*H NMR (400 MHz, CDC}): 6 (ppm) 7.83-7.88 (broad, 28H),
lowing a literature proceduré.Described below are the synthesis and 7.81 (d,J = 8.51 Hz, 2H), 7.77 (dJ = 7.31 Hz, 2H), 7.63-7.71 (m,
purification procedures for the higher oligofluorenes, while those for 60H), 7.29-7.44 (m, 6H), 2.172.32 (m, 32H), 1.962.03 (m, 32H),
the intermediates an&(5S)-n with n = 2—6 are included in the 0.92-1.06 (m, 64H), 0.80 (broad, 32H), 0.68.72 (m, 96H), 0.37

IV. Experimental Section

Supporting Information. 0.42 (m, 84H), 0.290.34 (m, 12H). Anal. Calcd for £gHs6 C, 90.69;
Hepta[9,9-bis(ZS-methylbutyl)fluorene] (F(59)-7). Into a mixture H, 9.31. Found: C, 90.54; H, 9.33.
of 10(0.200 g, 0.171 mmol}4 (0.236 g, 0.360 mmol), and Pd(PPh 2,7-Bis[9,9-bis(3B,7-dimethyloctyl)-9,9',9",9",9",9"'-hexakis(%-

(5 mg, 4.30x 10 2 mmol) in a 50 mL Schlenk tube were added toluene methylbutyl)-7,2';7',2";7",2"'-tetrafluoren-2-yl]-(9,9-bis(2S-methyl-

(5 mL) and 2.0 M NaCGQ;s solution (3.0 mL, 6.0 mmol). The reaction  butyl)fluorene (F(5S)7F(10S)2). The procedure for the synthesis of
mixture was stirred at 90C for 2 days. After the mixture was cooled  F(5S)-7 was followed to prepar&(5S)7F(105)2 from 27 and16 as a
to room temperature, methylene chloride (50 mL) was added. The white powder in a 30% yielddH NMR (400 MHz, CDC}): ¢ (ppm)
organic layer was separated and washed with brine for drying over 7.84-7.88 (m, 14H), 7.82 (d] = 8.47 Hz, 2H), 7.77 (dJ = 7.32 Hz,
MgSQs. Upon evaporating off the solvent, the residue was purified 2H), 7.64-7.72 (m, 32H), 7.297.44 (m, 6H), 1.972.33 (m, 36H),
with column chromatography on silica gel with petroleum ether: 1.42-1.47 (m, 4H), 0.63-1.3 (m, 156H), 0.380.42 (m, 30H), 0.36
methylene chloride (5:1) as the eluent to yi€i®S)-7 (0.176 g, 48%) 0.34 (m, 12H). Anal. Calcd for £H294 C, 90.20; H, 9.80. Found:
as a white powdefH NMR (400 MHz, CDC}): 6 (ppm) 7.84-7.88 C, 89.90; H, 9.61.
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Molecular Structures, Morphology, and Thermal Transition
Temperatures. 'H NMR spectra were acquired in CDLCWith an

Variable angle spectroscopic ellipsometry is a nondestructive
technique for the determination of the rea{d), and imaginary part,

Avance-400 spectrometer (400 MHz). Elemental analysis was carried k(4), of the complex refractive indexy (1) = n(4) + ik(4), as well as

out by Galbraith Laboratories, Inc. and Quantitative Technologies, Inc.
A size exclusion chromatograph, equipped with a-tN6 absorbance
detector, a 15and 90 light-scattering detector, a differential viscom-
eter, and a differential refractometer, as described previdbisiys
employed to determine the molecular weight distribution F¢5S)-
polymer, from which the number- and weight-average molecular
weights were calculated. The chemical purity of monodisperse oligof-

the film thickness. For pristine films oF(5S)-n and the polymer
analogue, reflection ellipsometry (V-VASE, J. A. Woollam Corp.) at
55, 60, 62, and 650ff the film normal and U\~vis spectrophotometry

of unpolarized light at normal incidence were performed. The complex
refractive index and film thickness from these films were extracted
following literature procedure¥:*® The procedures for extracting
complex extraordinary and ordinary refractive indicg'g(A) andn'o-

luorenes was further evaluated by size exclusion chromatography and(4), and the film thickness for nematic and cholesteric films have also

high performance liquid chromatography (HPLC 1100 series, Agilent
Technologies), as shown in the Supporting Information. Thermal

transition temperatures were determined by DSC (Perkin-Elmer DSC-

7) with a continuous Blpurge at 20 mL/min. Samples were preheated
to 370°C followed by cooling at-20 °C/min to —30 °C before taking

the reported second heating scans at@@nin. Morphology and the
nature of the phase transition were characterized with a polarizing
optical microscope (DMLM, Leica, FP90 central processor and FP82
hot stage, Mettler Toledo).

Preparation and Optical Characterization of Neat Films. Opti-
cally flat fused silica substrates (25.4 mm diametei3 mm thick,
transparent to 200 nm, Esco Products) were coated with a thin film of
Nylon 66 and uniaxially rubbed. Approximately 100 nm thick, pristine
films were prepared by spin casting from 1 wt % chloroform solutions
on the treated substrates followed by drying in vacuo overnight. Films
for electron diffraction (JEM 2000 EX, JEOL USA) were prepared
following the same procedures except using single crystalline NaCl
substrates (13 mm diameter 2 mm thick, International Crystal
Laboratories). These films were floated off in a trough filled with
deionized water for mounting onto copper grids. Monodomain cho-
lesteric films, 4um in thickness, were prepared by melting powdery

been reporteld2 on the basis of transmission ellipsometry and-UVv

vis spectrophotometry with linearly polarized light, both at normal
incidence. In general, refractive indices and film thicknesses extracted
from ellipsometry are accurate to withial % as shown by comparison

to independent techniqué¥$®our repeated measurements of refractive
indices with ellipsometry have also demonstrated reproducibility to
within +1% of the mean. The orientational order parameter of a
uniaxially aligned nematic film was also evaluated with ©V¥is linear
dichroism.

As the primary reference standard for fluorescence quantum yield
(®p), 9,10-diphenylanthracene (DPA) (99%; Acros Organics) was
repeatedly recrystallized from xylenes until pale yellow prism crystals
were obtained. Anthracene (99%, Aldrich Chemical Co.) was recrystal-
lized once from ethanol. Poly(methyl methacrylate) (PMMA, Poly-
sciences) with a weight average molecular weight of 75 000 was used
without further purification. About Sm thick PMMA films doped
with 9,10-diphenylanthracene and anthracene af M were spin-
cast on fused silica substrates followed by drying in vacuo overnight.
The low doping level was adopted to avoid concentration quenching
which cannot be avoided in the case of the neat films. The film lightly
doped with 9,10-diphenylanthracene was assigned a widely accepted

samples between two fused silica substrates followed by thermal value of 0.83! The anthracene-containing film was characterized with

annealing fof/, h before cooling to room temperature at a rate to avoid
crystallization. Upon removing one of the substrates, the films were
freeze-fractured in liquid nitrogen. Images of the cross section along
the film normal were acquired with a scanning electron microscope
(FESEM, LEO 982) for the determination of the cholesteric pftch.

A UV —vis—NIR spectrophotometer (Lambda-900, Perkin-Elmer)

the following formulas!

Ann2
q)PL,s: 1-10 A Bsns
Perr 1-107%pp2

@

was used to measure absorption spectra in dilute solutions and neatvhere subscripts s and r refer to sample and reference, respecfively,

films. Circular dichroism spectra in dilute solutions and neat films were

denotes absorbance at the excitation wavelerigtis, the integrated

collected with a spectropolarimeter (J-710, JASCO). When the sensitiv- intensity across the entire emission spectrum, ahds defined as

ity range of this instrument was exceeded, the-tJN6—NIR spectro-
photometer was outfitted with a combination of linear polarizers
(HNP’B, Polaroid) and zero-order quarter waveplates (AO1521/4-355
and AO1521/4-425, Tower Optical Corp.) to produce a left- or right-

handed circularly polarized beam. The difference in absorbance between

the left- and right-handed circularly polarized incidemigy = A_ —

Ar, was converted to ellipticityd, in millidegrees, using the following
formula: 6 = 32 982AA. Experimental artifact8 because of linear
dichroism and linear birefringence were eliminated by averaging two
measurements through rotation of the film by> @ound its normal.

Fluorescence spectra were gathered on a spectrofluorimeter (Quant

Master C-60SE, Photon Technology International). The dilute solution
spectra were taken with a 9@rientation between excitation and

detection. 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 the excitation at 370 nm onto the center( 46)

of the film; the light guide also served as a polarization randomizer. It

a

follows:

- f [(A)n?(2)dA
nNf=——
f ()

in which I(1) stands for emission intensity, and the integration was
performed over the entire spectrum. In all casen,the equation above

was the average refractive index/) = +/(n(2)+2n,7(1))/352 The

fluorescence quantum yield was measured using the spectrofluorimeter

@

described above with emission detected &t 6f-normal to prevent
excitation light from entering the detector. The result for the anthracene-
containing film,®p_ = 0.28+ 0.03, agrees with the reported value of
0.27 in benzene and etharélthus validating the experimental

Katsis, D.; Kim, D. U.; Chen, H. P.; Rothberg, L. J.; Chen, S. H.; Tsutsui,
T. Chem. Mater2001, 13, 643.

is noted that the reported spectra represent the average of two differen{47) Tammer, M.; Monkman, A. PAdv. Mater. 2002 14, 210.

(48) Ramsdale, C. M.; Greenham, N. &dv. Mater. 2002 14, 212.
)

fresh spots on each film. The optical setup for polarized fluorescence (49) (a) Schubert, M. Rheifttaler, B.: Cramer, C.: Schmiedel, H.; Woollam,

is as described previoust{.

(44) Bunning, T. J.; Vezie, D. L.; Lloyd, P. F.; Haaland, P. D.; Thomas, E. L.;
Adams, W. W.Lig. Cryst.1994 16, 769.
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