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An alternating copolymer consisting of achiral and chiral units emits
remarkably efficient CPL on photo-excitation. Main-chain twist bias
is enhanced by thermal annealing by the factor of 10% in the ground
state. Anisotropy factor of the polymer in excited states is greater
by approximately an order of magnitude compared with that in the
ground sate.

Fluorescent and phosphorescent organic polymers are an important
class of materials from both basic photophysical and application-
oriented views. Emission properties shed light on chiral structures in
excited states and also can be applied for organic light-emitting
diodes (OLEDs). As applied materials, emitting polymers have
advantages that emission properties can be modified through
molecular designs because they are inherently light-weight and
flexible and that they can be readily fabricated by solution
processes.! Among various polymers in this class, those emitting
circularly polarized light (CPL) are of particular interest because of
their potential for photonic devices such as 3D displays and energy-
efficient backlights for LC displays.>* CPL-emitting polymers
extensively studied so far include derivatives of poly(p-
phenylenevinylene),® polyfluorene,® poly(p-phenyleneethynylene),’
polysilane,® polythiophene,” a hyperbranched fluorenevinylene
polymer,'®  poly(dibenzofulvene),"!  and  cyclophane-based
polymers.”>  In most of these examples, anisotropy factor in CD
spectra (gcp = 2(g-&r)/(e.te&r), where g and & are molar
absorption coefficients of left-handed and right-handed CPLs,
respectively) and that in CPL emission (gcpr = 2(J1-lR)/(IL+1R),
where 1 and I are emission intensities of left-handed and right-
handed CPLs, respectively) are similar. This means that chiral
structure in the ground state is similar to that in photo excited states.
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Most of all experimental results reported so far lead to an idea that a
material with a high gcp is necessary to achieve a high gcpr. On the
other hand, we recently found that, in the green-emitting
hyperbranched fluorenevinylene polymer bearing bulky neomenthyl
group as chiral source, the absolute magnitude of gcpr, |gcpLls
reached the order of 107, although the corresponding absolute

Monomer Synthesis

9-Neomenthyl-9-n-pentylfluorene 2,7-Dibromo-9-neomenthyl

-9-n-pentylfluorene

Polymerization

2,7-Dibromo-9-neomenthyl-9-n-pentylfluorene (1)
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Scheme 1 Monomer synthesis and polymerization. Reagents and
conditions: (A) 2 eq. of p-toluenesulfonyl chloride, in pyridine/CHCI; (1/2,
viv), r.t., overnight, 87%; (B) 1 eq. of 9-fluorenyllithium, in THF, —78 °C to
reflux, overnight, 22%; (C) 1) 1.5 eq. of n-butyllithium/n-hexane, in THF,
0 °C 2 h; 2) 1.5 eq. of n-pentyliodide, in THF, r.t., overnight, 92%; (D) 2.5
eq. of Bry, 1.2 mol% of I, in CH.Cly, r.t., 1.5 h, 85%; (E) 1) 1 eq. of
magnesium, in THF, 60 °C, 1 h; 2) 2 mol% of Ni(dppp)Cl,, in THF, 60 °C,
24 h; (F) 10 mol% of Pd(PPhs)s, 7 eq. of K,COs, in 1,4-dioxane/water (5/2,
viv), 110 °C, 2.5 h.
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Table 1 Synthesis of optically active polyfluorene derivatives bearing neomenthyl group in the side chain®.

[)/[2 or 3]

MeOH-insoluble part

b
Run  Symbol  Monomer (mol%) sz\; Yield  [NPF}/[DOF] Mo (Mu/M,)? Mo, (M M,)° oo’ o
in feed (%) in polymer® (vs. PSt) (VISC-RALS) (deg) “
1 Homo. 1 100/0 98 77 100/ 0 11,800 (4.15) 10,400 (1.56) -05 0.864
2 Ran.-9/ 1,2 90/10 >99 72 91/ 9 19,500 (3.45) 10,000 (1.57) -0.6 0.868
3 Ran-11 1,2 50/50 97 84 53/47 13,400 (4.17) 8,800 (1.70) +0.6 0.890
4  Ran-1/9 1,2 10/90 92 84 14/86 18,400 (5.11) 16,400 (1.82) +0.3 0.865
5 Alt. 1,3 50/50 >99 72 50/50 25,300 (5.27) 22,300 (2.35) +0.9 0.890

@Conditions: solvent = THF, temp. = 60 °C, time = 24 h, [monomer]o= 0.60 M, [Ni]o = 2.0 mol% (runs 1-4); solvent = 1,4-dioxane/H,0 (5/2, v/v), temp. = 110 °C,
time 2.5 h, [monomer], = 0.25 M,. [Pd]o, = 10 mol% (run 5). ®Deternimed by 'H NMR spectra of reaction mixture. ‘Determined by 'H NMR spectra of the isolated
polymers (Fig. S1). “Determined by SEC (vs. PSt, in THF, r.t.). *Determined by SEC-VISC-RALS (in THF, 30 °C). ‘Specific rotation of the polymers measured
in THF at r.t. (conc.= 4 g/dL, cell length = 1 cm). ®Mark-Houwink-Sakurada constant.

magnitude of gcp, |gcpl, is on the order of only 10*.' For this
system, chiral structure of the emitting species seems to be largely
different from that in the ground state detected by CD spectra.
Although details of CPL emission mechanism in this system are yet
to be explored, the polymer in ref 10 is obviously characterized by
the two chemical structural factors, i.e., the bulky, cyclic neomenthyl
side-chain group and the hyperbranched main chain.

To clarify the effect of neomenthyl group compared to linear
systems, here we studied chiroptical properties of optically active
copolymers consisting of 9-neomenthyl-9-n-pentylfluoren-2,7-diyl
and  9,9-di-n-octylfluoren-2,7-diyl units in addition to a
homopolymer of the chiral units. Although, as polyfluorene
derivatives emitting CPL, a series of polymers having linear, chiral
side chain were studied well,® those having bulky, cyclic chirality
source group have never been reported.

Chemical transformations and polymerizations conducted in this
work are indicated in Scheme 1. /-Menthol as a source of
neomenthyl group is an inexpensive chiral organic compound
obtained from peppermint or other mint oils or synthesized on
industrial basis from achiral myrcene via (R)-citronellal derived from
an asymmetric isomerization of an allylic amine with Rh-BINAP
catalyst."® The chiral moiety of menthol can be readily embedded
into fluorene via a reaction between menthyl tosylate and 9-
fluorenyllithium where the absolute configuration at the 1-position
of menthol moiety is inversed through an Sy2 substitution.'* The
reaction thus results in 9-neomenthylfluorene, followed by synthesis
of 2,7-dibromo-9-menthyl-9-n-pentylfluorene (1) as a new chiral
Monomer 1 was homopolymerized by the Kumada-
Tamao coupling' or copolymerized with 2,7-dibromo-9,9-di-n-
octylfluorene (2) in a random fashion by the Kumada-Tamao
coupling or copolymerized with 2,7-di(1,3,2-dioxaborolan-2-yl)-9,9-
di-n-octylfluorene (3) in the alternating fashion by the Suzuki-
Miyaura coupling."® The polymers possess 9-neomenthyl-9-n-
pentylfluorene (NPF) unit as a chiral constituent and 9,9-n-
dioctylfluorene (DOF) unit as an achiral constituent.

The conditions and results of polymerization are summarized in
Table 1. All polymerization led to the desired polymers at high
conversions. M,’s of the products were of the order of 10*. In the
random copolymerizations, the ratios of chiral NPF unit to achiral
DOF unit were similar to nominal feed ratios of the corresponding
monomers, suggesting that the two monomers have similar
reactivities in copolymerization and that the polymers have a random
distribution of the two units. In addition, Mark-Houwink-Sakurada
constants of the polymers were in the range of 0.86-0.89, indicating

monomer.
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the chiral polymers this  work stiff
conformations."”

The polymers showed only negligible specific rotations, regardless
of chiral unit content and monomeric sequence. To obtain
information on chiral structure of chromophores in the polymers in
the ground state, CD and UV spectra of the polymers were measured
in a tetrahydrofuran (THF) solution and in the solid state (cast film
without any annealing process) as well as 9-neomenthyl-9-n-
pentylfluorene (NPF) as a model of monomeric unit in a THF
solution (Fig. 1A-F). The chiral homopolymer exhibited intense
Cotton effects in the range of 350-400 nm in addition to shorter

wavelength regions in THF (Fig. 1A). While, in THF, the random
(A) Homo. and NPF in a THF solution (B) Homo. in film
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Fig. 1 UV and CD spectra of 9-neomenthyl-9-n-pentylfluorene (NPF) the
homopolymer (Homo.) in a THF solution (A), Homo. in film (B), the random
copolymers (Ran.-9/1, -1/1, and -1/9) in a THF solution (C) and in film (D),
and the alternating copolymer (Alt.) in a THF solution (E) and in film (F).
For solutions; concentration was 1.0 x 107> M per residue and cell length
was 1 cm. The film CD spectra were obtained by averaging four spectra
taken at different orientaions of the sample with regard to the incident light
beam in order to minimize the effects of linear dichroism (see Fig. S2 for LD
and UV spectra of the polymer films).

This journal is © The Royal Society of Chemistry 2012



(A) Fluorescence in a THF solution
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Fig. 2 Fluorescence (PL) spectra along with absorption spectra in a THF
solution (A) and in film (B): the homopolymer (i), the alternating copolymer
(i), NPF (iii) and the random copolymers having 91 % (iv), 53 % (v) and
9 % NPF unit (vi); For solutions; concentration was 1.0 x 10° M per
residue and cell length was 1 cm. A in (A), 373 nm for all the polymers
and 270 nm for NPF; in (B), 366 nm for all the polymers.

copolymers having 14 % and 53 % of chiral NPF units (Ran.-1/9
and Ran.-1/1 samples, respectively, in Table 1) did not show any
clear CD band in this range, the one having 91 % of NPF units
(Ran.-9/1 sample in Table 1) did (Fig. 1C). Moreover, the
alternating copolymer did not show clear CD in this range, in THF,
either (Fig. 1E).

The absorption band in the 350400 nm range is based on
conjugation between monomeric units. This is supported by the fact
that NPF does not absorb in this range. The polymer has
conformational chirality based on twisting ability around single
bonds connecting fluorene units, leading to detectable chiroptical
properties.'® CD spectral intensity in this range may reflect a bias in
the population of right- and left-handed twists between monomeric
units. The |gcp| values for the homopolymer and the Ran.-9/1
sample are of the order of 107>, which is typical of chiral m—m*
systems.

The spectra in Fig. 1A, C, and E may mean that 53 % of the chiral
units is not enough to induce detectable conformational chirality in
the polymer chain in solution. At a level of the chiral units higher
than 53 %, the chance of two NPF units being connected in series is
high. Hence, to induce a CD-detectable twist bias, steric repulsion
exerted by neighboring bulky neomenthyl groups may be necessary.

The solution spectral properties are based on single chain chirality,
not on chain aggregation in THF because CD spectral intensities and
patterns were independent of solution concentration. This feature
was confirmed by UV and CD spectra of the alternating copolymer
taken at different concentrations (Fig. S3).

In contrast to the CD spectra in THF solutions, all film samples on
a quartz plate fabricated by drop casting (film thickness: 0.33-1.31
pum) exhibited intense CD bands corresponding to the absorption
bands (Fig. 1B, D, and F), indicating that main-chain twist bias is
realized even for the polymers having 53 % or a less amount of
chiral NPF units in the solid state. This means that intra-chain steric
repulsion is stronger in the solid state or that inter-chain
interaction/repulsion has an important role in twisting the main chain.

This journal is © The Royal Society of Chemistry 2012
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Fig. 3 Changes in CD-UV (left) and fluorescence (right) spectra of the
alternating copolymer film on thermal annealing at 160 °C. Xe in (B) was
366 nm.

The |gcp| values in film were of the order of 10~*~107° and were over
all higher than in a THF solution.

In addition, it is notable that, in solution, A, in absorbance of the
alternating copolymer was 384 nm which was clearly longer than
Amax values of the other polymers (373-378 nm); the alternating
copolymer may have a slightly smaller dihedral angle of the main-
chain twist compared with the other polymers.

The polymer in a THF solution and in film emitted in visible
region upon excitation. Fig. 2 compares the photoemission and UV-
visible absorption spectra of the polymers and NPF as a monomeric
unit model. In solution, all polymers emitted blue light showing A,
at around 415 nm while NPF emitted at around 310 nm. The larger
red-shift in polymer emission compared with NPF indicates that
polymer emission arises from exciton extended over conjugated
chromophore units. Internal fluorescence quantum yields (®g,,) of
the polymers estimated using an integral sphere were in the range of
0.53-0.76, and that of NPF was 0.44 (See Table S2 for details).
Quantum yields of the polymers are comparable to that of poly(9,9-
di-n-octylfluoren-2,7-diyl)  (Pgy, 0.63),"” indicating  that
introduction of chiral side group does not alter basic emission
mechanisms.

In the solid state, the alternating polymer behaved differently
among the five polymers: A, of emission of the alternating
copolymer had 422 nm, while those of the other polymers located at
around 439 nm. This is interesting because A, of absorption was
greatest for the alternating copolymer (Table S2). Differences in
conformation between the alternating copolymer and the other
polymers in the ground state and in excited states may be responsible
for the remarkable differences in A, values.

Prior to CPL measurements, the polymer films were thermally
annealed to increase anisotropy of the films. In the case of
polyfluorenes with linear, chirality source groups, polymer films had
to be thermally annealed to achieve high gcpy values in CPL
emission.® Indeed, the polymers investigated in this work showed
endothermic thermal transitions due to glass transition from
differential scan calorimetry (DSC) analyses (Fig. S4). Thermal
annealing was conducted at around the endothermic transition
temperature to achieve ordered alignment of the polymer chains.

While CD spectra did not show a clear response to annealing the
films of the homopolymer and the random copolymers (Fig. S5), CD
intensity of the alternating copolymer film remarkably increased on
heating at 160 °C and reached a constant value in 48 h (Fig. 3A).
The gcp value was as high as 0.026 at 393 nm. At the same time,
hypochromism was observed in UV-vis spectra, and the intensity of
the emission band in the range of 500-650 nm remarkably increased.

The emission band at around 550 nm could indicate either
formation of inter-chain excimer or generation of 9-fluorenone

J. Name., 2012, 00, 1-3 | 3
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Fig. 4 CPL and fluorescence (PL) spectra of un-annealed film samples of
the homopolymer and the random copolymers (left) and the thermally
annealed and the un-annealed films of the alternating copolymer (right). Aex:
in PL spectra, 366 nm for all the film samples; in CPL spectra, 350 nm for all
the polymers.

Table 2 The ground-state and excited-state anisotropies.

Un-annealed Thermally annealed
Polymer " " " 7
gep x 10 gepL x 10 gep x 10 gerL x 10
Homo -1.1 -5.9 -1.0 -3.3
' (383 nm) (423 nm) (380 nm) (419 nm)
-1.1 -5.0 -1.0 2.8
Ran-9M  (381nm) (427 nm) (381 nm) (424 nm)
-0.5 -3.5 -0.7 -3.8
Ran-AM 383hm) (443 nm) (389 nm) (441 nm)
-0.4 -2.5 -0.7 -3.9
Ran-A®  381m) (453 nm) (358nm) (452 nm)
Alt -0.2 <0.5 +260 +1600, +250
i (367 nm) (423 nm) (393 nm) (423, 520 nm)
NPF -35 6.0 ~ _
(nTHF)  (270nm) (330 nm)

Thermal annealing conditions: temp. = 150 °C (Homo.), 140 °C (Ran.-9/1),
80 °C (Ran.-1/1), 60 °C (Ran.-1/9), and 160 °C (Alt.), time = 2 h (Homo.
and Ran.-9/1, -1/1, -1/9), 48 h (Alt.), atmosphere = air, in the dark.

moiety (keto defect).”® This aspect was assesed by redisolving the
annealed polymer in THF and measuring UV and fluorescent
spectra; however, the solution spectra did not indicate any clear
evidence of keto defect (Fig. $7).2 These results strongly suggest
that the emission signal at around 550 nm is based mainly on intra-
chain excimer formation that occurs only in the solid state. However,
a very small increase in the intensity around 1700 cm ™' was detected
in IR spectra of the annealed polymer (Fig. S6). Contributions from
keto defect to the emission of Alt. in the solid state can not be
completely ruled out through a comparison with the related
literatures.

It is not yet clear at this point why only the alternating copolymer
sharply responds to thermal annealing in film. Higher flexibility of
Alt. chain might be responsible (see, Supplementary Information,
pl4). Evidently, the alternating monomeric sequence is very
effective in making the main-chain twist bias larger on thermally
aligning the chains. Importance of alternating sequences has been
poined out also for another other type of polymer.®™® Polarized
optical microscopic observation on the alternating copolymer on
heating suggested that the polymer tends to form ordered structure
such as liquid crystals (Fig. S8).

Finally, CPL spectra of all polymers were measured (Fig. 4). For
all polymers, polarization in emission was confirmed by the CPL
spectra though |gcpr| values are rather small for the homopolymer
and the random copolymers. In a sharp contrast, the alternating
copolymer in the annealed film indicated much more intense CPL
signals in a broad range from 400 nm through 650 nm compared
with the other polymers. The anisotropy is larger by a degree of

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

magnitude than that of films of another alternating copolyfluorene
reported by Meskers.*

Thickness of Alt. film was found to be around 0.33—-1.31 um.
Hence, the intense CPL of the Alt. film may be contributed, to a
certain extent, by the effect of film thickness proposed by
Meskers.®® It should be noted for this spectrum that CPL anisotropy
is larger in the shorter-wavelength regions than in the range of 500—
650 nm based on intermolecular excimer. This suggests that the
large gcpy value is mainly due to conformational anisotropy of
single chain.

Table 2 summarizes gcp and gepp values. It is noteworthy that the
annealed alternating copolymer film exceptionally provides the
greatest |gcpr | value of —0.16 at 420 nm, corresponding to 8 % of the
ideal circular polarization where |gcpr| is 2. This |gcpr| value is
much greater than the corresponding |gcp| value of the same film by
almost one order of magnitude. This chirality amplification in
excited states may arise from a conformational transition of the
main chain leading to a higher twist bias. Probably, free energy
potential of the chain in the photoexcited states significantly differs
from that in the ground state. This aspect needs to be further
clarified by a theoretical point of view. Chirality amplification in
excited states seems to take place also for most of the polymers
studied here. This is in a sharp contrast to previously reported linear,
chiral polymer emitter systems.”'

In addition, the |gcp| and |gcpr| values of the alternating copolymer
film are enhanced, respectively, by three and four orders of
magnitude by thermal annealing. This means that thermal
annealling effectively induces a conformational transition leading to
amplification of chirality in the ground state.

Conclusions

In conclusion, we synthesized novel, optically active polyfluorene
derivatives bearing neomenthyl group in the side chain as chirality
source. Among the polymers, the alternating copolymer indicated a
remarkable enhancement of chirality in the ground state on
annealing, and it showed an exceptionally highly efficient CPL
emission. Also, for most of the polymers studied in this work, gcpr
(excited-state chirality) was greater than gcp (ground-state chirality).
This is the first clear demonstration of amplification of polymer
chirality in the photoexcited states for linear polymer systems.

In a recent study, a chiral fluorene-thiophene copolymer indicated
a |gep| of 0.3 while |gepr| was 0.2.%  Also, bimolecular systems
consisting of achiral polymer and chiral dopant a |gcp| of 0.2 for
lgepr| = 0.5%'* and a |gcp| of 0.1 for a |gepr| of 0.08.*'  Chirality
amplification by almost one order of magnitude of g value in excited
states reported here is still rare.

Also, importance of LC order and film thickness effects on chiral
emission of polymers have been found and studied by Meskers.®*"
These features may have signficant influences on the properties of
the polymers synthesized in this study and will be assesed in our
future work 54"
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General Methods:

Materials. Tetrahydrofuran (THF) (Wako Pure Chemical) was dried on sodium benzophenone
ketyl and distilled immediately before use. The other chemicals listed as follows were used without
purification: /-menthol, pyridine, chloroform, r-butyllithium (1.57 M in n-hexane solution)
l-iodopentane, bromine, iodine, dichloromethane, dimethyl sulfoxide, magnesium (turnings),
1,2-dibromoethane, and potassium carbonate (Kanto Chemical); 1,4-dioxane (Nacalai Tesque);
triphenylphosphine, and p-toluenesulfonyl chloride (Wako Pure Chemical Industries, Ltd.);
fluorene, hydrazine monohydrate, and dichloro[1,3-bis(diphenylphosphino)propane]nickel(II))
(Tokyo Chemical Industry); palladium(Il) chloride, 2,7-dibromo-9,9-dioctylfluorene, and 9,9-
dioctylfluoren-2,7-diboronic acid bis(1,3-propanediol) ester) (Sigma-Aldrich).

Measurements. 'HNMR spectra were recorded on a JEOL JNM-ESC400 spectrometer (400 MHz
for 'H). SEC was carried out using a chromatographic system consisting of a Hitachi L-7100
chromatographic pump, a Hitachi L-7420 UV detector (254 nm), and a Hitachi L-7490 RI detector
equipped with TOSOH TSK gel G3000H HR and G6000H HR columns (30 x 0.72 (i.d.) cm)
connected in series (eluent THF, flow rate 1.0 mL/min). SEC was also performed using Wyatt
Technology Dawn EOS-N MALLS detector and Viscotek Model TDA300 on-line RI and
viscometric detectors. Right-angle scattering information was obtained from the MALLS detector
and integrated into the TDA detector system to calculate molar masses and Mark-Houwink-Sakurada
constants.  Absorption spectra were measured at room temperature with a JASCO V-570
spectrophotometer. CD and LD spectra were taken on a JASCO J-820 spectrometer. Fluorescent
spectra were taken on a JASCO FP-8500 fluorescence spectrophotometer. Absolute fluorescence
quantum yield was determined with a JASCO FP-8500 fluorescence spectrophotometer attached

with an ILF-835 100-mm ¢ integral sphere unit. FT-IR spectra were measured using a Thermo



Fischer Scientific Nexus 870 spectrometer. Optical rotation was measured with a JASCO P-1030
digital polarimeter. DSC analyses were performed on Rigaku Thermo plus TG8120 and DSC8230
apparatuses using Thermo plus 2 software for data analyses. Polarized optical microscopic
observations were conducted using a Nikon Eclipse E600 POL microscope. CPL-fluorescent
spectra were taken on a JASCO CPL-200 (NAIST, Japan). X-ray diffraction (XRD) profiles were

obtained using a Rigaku Miniflex diffractometer.

Film fabrication. Polymer films were fabricated by drop-casting a CHCI; solution (8 mg/mL, 20
pL) onto a quartz plate (size: 1 cm x 2 c¢m, thickness: 1 mm). The film thickness was in a range

from ca. 0.33 to 1.31 pm, which was taken on a Keyence laser scanning microscope VK 9700.

Monomer synthesis:

Menthyltosylate. This compound was synthesized according to the literature [G. Erker, M.
Aulbach, M. Knickmeier, D. Wingbermiihle, C. Kriiger, M. Nolte, S. Werner, J. Am. Chem. Soc.
1993, 115, 4590—4601] with modifications.

p-Toluenesulfonyl chloride (26.6 g, 0.14 mol) dissolved in 60 mL of CHCI; was slowly added to a
solution of /-menthol (20.0 g, 0.13 mol) in 41 mL of pyridine cooled at 0 °C. The reaction mixture
was stirred at room temperature for 3 h. Removal of solvents gave a crude product. The crude
material was dissolved in MeOH, and water was slowly added to the solution. This process yielded
colorless crystals (m.p. 89 °C). Yield: 34.2 g (87%)).

9-Neomenthylfluorene. This compound was synthesized according to the literature [A. Gutnov,
H.-J. Drexler, A. Spannenberg, G. Ochme, and B. Heller, Organometallics, 2004, 23, 1002—-1009]
with modifications.

To a solution of fluorene (26.1 g, 0.16 mol) in 120 mL of THF cooled at 0 °C was slowly added 100
mL (0.16 mol) of n-BuLi (1.57 M in n-hexane solution). The reaction mixture was stirred for 30
min at 0 °C. After the reaction system was cooled to —78 °C, menthyltosylate (24.0 g, 0.08 mol)
dissolved in 120 mL of THF was added in several portions. The reaction mixture was stirred at
room temperature for 30 min and for additional 15 h under reflux, and then was poured into a large
excess of iced water. The crude product was extracted with CHCI3, and the organic layer was dried
on MgSO,4. The crude material was first purified by silica-gel column chromatography with a
mixture of toluene and n-hexane (1/10, v/v) as eluent and was then recrystallized from methanol to
afford colorless crystals (m.p. 63—65 °C). Yield: 5.3 g (22%).

9-Neomenthyl-9-n-pentylfluorene. This compound was synthesized by the method of the
literature [J.-M. Yu, T. Sakamoto, K. Watanabe, S. Furumi, N. Tamaoki, Y. Chen, and T. Nakano,
Chem. Commun., 2011, 47, 3799-3801].

To a solution of 9-neomenthylfluorene (4.0 g, 13.2 mol) in 70 mL of THF cooled at 0 °C was slowly



added 10.0 mL (15.7 mol) of n-BuLi (1.57 M in n-hexane solution). After the reaction system was
stirred at 0 °C for 1 h, 1-iodopentane (3.9 g, 19.7 mol) dissolved in 10 mL of THF was slowly added.
The resulting mixture was warmed to room temperature, was stirred for 24 h, and was poured into a
large excess of iced water. The crude product was extracted with CHCI3, and the organic layer was
dried on MgSO,. The crude material was purified by silica-gel column chromatography with a
mixture of toluene and n-hexane (1/5, v/v) as eluent to afford a colorless oily product. Yield: 4.6 g

(92%); [a]p” =51 (c. 1.00, CHCly).

2,7-Dibromo-9-neomenthyl-9-n-pentylfluorene (DBNPF). This compound was synthesized
according to the literature [R. Kannan, B. A. Reinhardt, and L.-S. Tan, U.S. Patent, 6,300,5, Oct 9,
2001] with modifications.

To a solution of NPF (10.3 g, 27.4 mmol) and iodine (83.5 mg, 0.3 mmol) in 52 mL of CH,Cl, was
added dropwise bromine (3.0 mL, 58.6 mmol). After the reaction system was stirred at room
temperature for 1.5 h, it was poured into an excess of aq. NaHSO;. The crude product was
extracted with CH,Cl,, The organic layer was washed with brine and was dried on MgSO,. The
crude product was purified by recrystallization with n-hexane to afford colorless crystals (m.p. 145

°C). Yield: 12.4 g (85%); [a]p " +9.0 (c. 1.00, CHCl5).

Polymerization

Tetrakis(triphenylphosphine)palladium(0) (Pd(PPhs),).  This compound was synthesized
according to the literature [D. R. Coulson, Inorg. Synth., 1972, 13, 121-124; ibid, 1990, 28, 107-
109].

In a two-necked flask, PdCl, (1.5 g, 8.5 mmol) and triphenylphosphine (11.1 g, 42.3 mmol) were
dissolved in 105 mL of dimethyl sulfoxide (DMSO). After the reaction mixture was stirred at 150
°C for 15 min, hydrazine monohydrate (1.7 mL, 33.9 mmol) was added dropwise to the system.
The reaction system was then cooled to room temperature. The product was separated from the
reaction mixture as yellow powder by filtration and was washed with EtOH and Et,0O in this order.

Yield: 9.1 g (93%).

Random Copolymerization of DBNPF with 2,7-Dibromo-9,9-dioctylfluorene (DBDOF) and
Homopolymerization of DBNPF. In a Schlenk tube, magnesium (turnings , 70 mg, 2.9 mmol)
was activated with 1,2-dibromoethane (188 mg, 1.0 mmol) in 1 mL of THF. For a random
copolymerization, prescribed amounts of DBNPF and DBDOF dissolved in 3 mL of THF was added
in several potions to activated magnesium, and the mixture was stirred at 60 °C for 1 h (see Table S1
for the amounts of the monomers). Ni(dppp)Cl, (20.4 mg, 0.04 mmol) was added to the system,
the mixture was stirred at 60 °C for 24 h, and the reaction was quenched by adding 7 mL of 0.1 M agq.



HCl. The crude product was extracted with CHCl; and the organic layer was dried on MgSO,.
Removal of CHCI; afforded the crude polymer as yellow, crude powder. The crude material was
dissolved in 20 mL of CHCIs, and the solution was poured into 600 mL of MeOH. The precipitates
were collected with a centrifuge. Homopolymerization was conducted in the same manner as

random copolymerization. Amounts of monomers used for reactions are shown in Table S1.

Table S1. Amounts of monomers used for random copolymerization and homopolymerization.

Entry Polymerization DBNPF DBDOF Molar Obtained
Type Amount Molar Amount Molar Ratio Polymer
1 Homopolymerization 1.00 g 1.90 mmol - - 1/0 Homo.
Random

2 . 090 g 1.71 mmol 0.10g 0.19 mmol 9/1 Ran.-9/1
copolymerization

3 Random 050g  0.95mmol  0.52g  0.95mmol 1/1 Ran.-1/1
copolymerization

4 Random 010g 0.19mmol 093g  1.71 mmol 1/9 Ran.-1/9
copolymerization

Homo.: 77% yield; [a]p> —0.5 (c. 4.00, THF); M, 11,800 (estimated by SEC on the basis of
polystyrene standards); M,/M, 4.15 (estimated by SEC on the basis of polystyrene standards); M,
10,400 (determined by SEC-VISC-RALS); M,/M,, 1.56 (determined by SEC-VISC-RALS); 7, 127
°C; Ty 314 °C; '"H NMR (400 MHz, CDCl, 293 K) & 7.83=7.31 (m), 2.77 (brd), 2.66 (brd), 2.24
(brd), 2.06 (brd), 1.75 (brd), 1.54 (brd), 1.36 (brd),1.18 (brd),1.15 (brd), 1.13 (brd), 0.87 (brd), 0.83
(brd), 0.73 (brd), 0.72 (brd), 0.68 (brd), 0.59 (brd), 0.52 (brd), 0.50 (brd), 0.28 (brd), 0.24 (brd), 0.21
(brd), 0.16 (brd) ppm; IR (KBr) v 2954, 2927, 2861, 1608, 1457, 1377, 1260, 1095, 1022, 888, 811,
743 cm™.

Ran.-9/1: 72% yield; [a]p” —0.6 (c. 4.00, THF); M, 19,500 (estimated by SEC on the basis of
polystyrene standards); M,/M, 3.45 (estimated by SEC on the basis of polystyrene standards); M,
10,000 (determined by SEC-VISC-RALS); M, /M, 1.57 (determined by SEC-VISC-RALS); 7, 120
°C; T, 298 °C; 'H NMR (400 MHz, CDCl;, 293 K) & 7.83-7.31 (m), 2.77 (brd), 2.66 (brd), 2.24
(brd), 2.06 (brd),1.76 (brd), 1.54 (brd), 1.24 (brd), 1.18 (brd), 1.13 (brd), 0.81 (brd), 0.73 (brd), 0.69
(brd), 0.68 (brd), 0.59 (brd), 0.52 (brd), 0.50 (brd), 0.28 (brd), 0.24 (brd),0.16 (brd) ppm; IR (KBr) v
2954, 2929, 2864, 1609, 1459, 1379, 1260, 1095, 1018, 889, 814, 742 cm™ .

Ran.-1/1: 84% yield; [a]p”> +0.6 (c. 4.00, THF); M, 13,400 (estimated by SEC on the basis of
polystyrene standards); M,/M, 4.17 (estimated by SEC on the basis of polystyrene standards); M,
8,800 (determined by SEC-VISC-RALS); M,,/M, 1.70 (determined by SEC-VISC-RALS); T, 67 °C;



T4 297 °C; '"H NMR (400 MHz, CDCls, 293 K) & 7.82-7.32 (m), 2.75 (brd), 2.65 (brd), 2.25 (brd),
2.10 (brd), 1.76 (brd), 1.55 (brd), 1.24 (brd), 1.13 (brd), 0.87 (brd) 0.81 (brd), 0.79 (brd), 0.72 (brd),
0.71 (brd), 0.59 (brd), 0.52 (brd), 0.28 (brd), 0.21 (brd) 0.15 (brd) ppm; IR (KBr) v 2937, 2927,
2855, 1609, 1459, 1404, 1377, 1259, 1096, 1024, 887, 814, 743 cm™".

Ran.-1/9: 84% yield; [OL]D25 +0.3 (c. 4.00, THF); M, 18,400 (estimated by SEC on the basis of
polystyrene standards); M,,/M, 5.11 (estimated by SEC on the basis of polystyrene standards); M,
16,400 (determined by SEC-VISC-RALS); M,/M, 1.82 (determined by SEC-VISC-RALS); T, 32
°C; T, 301 °C; 'H NMR (400 MHz, CDCls, 293 K) & 7.84-7.28 (m), 2.75 (brd), 2.11 (brd), 2.03
(brd), 1.76 (brd), 1.55 (brd), 1.26 (brd), 1.24 (brd), 1.13 (brd), 0.81 (brd), 0.72 (brd), 0.59 (brd), 0.52
(brd), 0.27 (brd), 0.21 (brd), 0.15 (brd) ppm; IR (KBr) v 2926, 2853, 1610, 1459, 1405, 1375, 1259,
1096, 1024, 886, 814, 742 cm".

Alternating copolymerization of DBNPF with 9,9-dioctylfluoren-2,7-diboronic acid
bis(1,3-propanediol) ester. In a flask equipped with a reflux condenser, DBNPF (240 mg, 0.45
mmol) and 2,7-di(1,3,2-dioxaborolan-2-yl)-9,9-di-n-octylfluorene (250 mg, 0.45 mmol) were
dissolved in 4 mL of 1,4-dioxane. Pd(PPhs), (52 mg, 0.05 mmol), K,CO; (0.43 g, 3.08 mmol), and
1.5 mL of water were added to the flask. After the reaction mixture was stirred at 110 °C for 2.5 h,
7 mL of 0.1 M aq. HCI was added to the system. The crude product was extracted with CHCl;, and
the organic layer was dried on MgSO,. Removal of CHCI; afforded the crude material as yellow
solid. The crude material was dissolved in 20 mL of CHCI;, and the solution was poured into 600
mL of MeOH. The precipitates were collected with a centrifuge to give Alt.; 72% yield; [o]p>
+0.9 (c. 4.00, THF); M, 25,300 (estimated by SEC on the basis of polystyrene standards); M,/M,
5.27 (estimated by SEC on the basis of polystyrene standards); M, 22,300 (determined by
SEC-VISC-RALS); M /M, 2.35 (determined by SEC-VISC-RALS); T, 85 °C; T4 304 °C; 'H NMR
(400 MHz, CDCls, 293 K) 6 7.83-7.31 (m), 2.77 (brd) 2.25 (brd), 2.10 (brd), 1.78 (brd), 1.56 (brd),
1.13 (brd), 0.87 (brd), 0.80 (brd), 0.72 (brd), 0.59 (brd), 0.50 (brd), 0.26 (brd),0.20 (brd) ppm; IR
(KBr) v 2927, 2855, 1608, 1458, 1403, 1378, 1256, 1115, 889, 814, 750, 727, 696 cm™ .
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Figure S1. 'H NMR spectra of the polymers and NPF; Homo. (a), Ran.-9/1 (b), Ran.-1/1 (b),
Ran.-1/9 (d), Alt. (e), and NPF (f). [400 MHz, CDCl;, r.t.]

Note: The peaks at around 2.5-2.8 ppm indicate the methine proton of neomenthyl moiety. While
the peak in the spectrum (e, Alt.) appears as a unimodal peak, the peaks in the spectra of (a)-(c) of
Homo., Ran.-1/1, and Ran.-1/9 appear as bimodal peaks attributed to the polymer tacticity. These
results imply that the asymmetric field of the chiral repeating unit on Alt. would hardly reach the

neighboring chiral units.
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Figure S2. Linear dichroism (LD) and UV spectra of the polymers in film before and after thermal
annealing; Homo. (A), Ran.-9/1 (B), Ran.-1/1 (C), Ran.-1/9 (D), and Alt (E).
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Figure S3. UV spectra (A) and CD spectra with a representative UV spectrum (B) spectra of the
alternating copolymer measured at 1.0 x 10° M, 2.0 x 10° M, 3.0x 10° M, 4.0 x 107 M, 1.0 x 10*
M, 2.0x 10* M, 3.0 x 10*M, and 4.0 x 10™* M in THF.

Note: Chain aggregation in THF affecting polymer chirality is ruled out by these spectra. The
spectra taken in the concentration range of 1 x 10° M to 4 x 10 M (per residue) did not show any

significant differences.
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Figure S4. TG-DTA and DSC profiles of the polymers recorded under N, atmosphere; Homo. (A),
[sample weight for TD-TGA; 8.8 mg (A),
8.2 mg (B), 7.1 mg (C), 7.3 mg (D), and 3.2 mg (E): sample weight for DSC; 10.7 mg (A), 9.3 mg
(B), 10.2 mg (C), 11.7 mg (D), and 8.1 mg (E)].

Ran.-9/1 (B), Ran.-1/1 (C), Ran.-1/9 (D), and Alt. (E).
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Figure S5. Changes in UV and CD spectra of the homopolymer and the random copolymer in film
via thermal annealing; Homo. (A), Ran.-9/1 (B), Ran.-1/1 (C), and Ran.-1/9 (D).
= 150 °C (A), 140 °C (B), 80 °C (C), and 60 °C (D); time* = 0.5 h, 1 h, and 2 h (A-D)]

thermal annealing at the prescribed temperatures for 0.5 h, spectral changes were observed.

Wavelength / nm

However, on further heating for 1 h and 2 h, no changes were confirmed.
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Figure S6. 'H NMR (left) and IR (right) spectra of Alt. before (i) and after being annealed (ii).
[(thermal annealing) in a film state on a glass plate, 160 °C, 24 h, under air, in the dark; (NMR) in
CDCls, 400 MHz, r.t.; (IR) KBr pellet, r.t.]

Note: According to ref. 20b, keto defect (fluoren-9-one moiety) in a poly(fluoren-2,7-diyl) derivative
shows characteristic peaks at around 7.9 ppm in 'H NMR spectra that were assigned to the protons
on the 1- and 8-positions of the fluoren-9-one ring. The spectrum, (A)-(ii) showed no clear such
peaks ruling out the possibility of keto defect generation. This conclusion is supported by IR
spectra, (B)-(i) and (B)-(ii), showing no significant changes on annealing at around 1500-1900 cm
where an intense ketone C=0 stretching band could appear. Thus, the chemical structure of the

alternating copolymer in film was not changed by thermal annealing.
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Figure S7. UV and PL spectra of the alternating copolymer in a THF solution; (a) as prepared and

(b) after being annealed on a film.

Note: According to ref. 20c, an emission band at around 550 nm due to keto defect (fluoren-9-one
moiety) was observed in solution for a poly(9,9-di-n-octylfluoren-2,7-diyl) where, for a polymer
containing 33% of keto defect, the ratio of emission intensities of di-n-octylfluorene unit to
fluorenone unit was  1/9.5. In addition, according to ref. 20d, for
poly[9,9-bis(3,7,11-trimethyldodecyl)fluorene-2,7-diyl] containing only 1% of keto defect, the ratio
of emission intensities of bis(3,7,11-trimethyldodecyl)fluorene unit to fluorenone unit was 1/6.2.
These ratios were estimated by us using relevant figures in the references. Hence, the emission at
around 550 nm is a very sensitive probe of keto defect. However, when the annealed alternating
copolymer in film was re-dissolved in THF, it did not indicate the signal at around 550 nm in
fluorescence due to ketone units at all (Figure S3), strongly supporting that the spectroscopic
features observed for the alternating copolymer in this work is not based on keto defect. The
emission band of the alternating copolymer at around 550 nm is observed only in film. This means

that the band is due to inter-chain excimer formation that occurred only in the solid state.
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Figure S8. Polarized micrographs of the polymers in the solid state; at room temperature (top) and
at 150 °C (Homo.), 140 °C (Ran.-9/1), 80 °C (Ran.-1/1), 60 °C (Ran.-1/9), and 150 °C (Alt.)
(bottom).

Note: Homo. and Ran.-9/1, -1/1, -1/9 showed textures indicative of liquid crystalline (LC) phase at
r.t., but the textures almost disappeared on heating at the prescribed temperatures. On the other
hand, while Alt. did not show any clear texture and was opaque at room temperature, it exhibited a
clear texture at 150 °C. The polymer chains of Homo. and Ran.-m/n at room temperature seem to
be aligned as obtained, and the alignment was not stable at an elevated temperature. In contrast,

heating facilitates chain alignment of the alternating copolymer (Alt.).
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Table S2. Optical properties: absorption maximum (Aaps.max), anisotropy factor in the ground state
(gcp), emission maximum (Agmmax), and internal fluorescence quantum yield (®@g,,) of the polymers

in a THF solution and in film and NPF in a THF solution.

In a THF solution® In film®

Mabsmmax 8D X 10° Apoyima Dy absmax  8ep X 10% Apoyima Dy
Homo. 373 -0.7 415 0.74 368 -1.1 438 0.39
Ran.-9/1 374 -0.5 415 0.74 369 -1.1 439 0.42
Ran.-1/1 375 -0.2 416 0.75 370 -0.5 439 0.42
Ran.-1/9 378 - 417 0.76 376 -0.4 439 0.47
Alt. 384 - 416 0.53 378 -0.2 422 0.03
éllrf;lcalcdc) - - - 393 +260 520 0.04
NPF 270 -3.5 308 0.44 - - - -

*Conc. = 1.0x10™ M per residue, cell length = 1.0 ¢cm, temp. = room temperature. ®Drop-cast film on a
quartz plate (size 1 cm % 2 cm, thickness 1 mm). “Internal fluorescence quantum yield determined by
using an integral sphere. “Under the detection limit (CD < + 0.04 mdeg). °The film was annealed at
160 °C for 48 h in the dark.

Note: Although the precise reason, why Alt. exhibits lower fluorescence quantum yields in both solution
and film than the others, is not obvious at the present stage, the reason might come from structural
flexibility of Alt.. The proposed structural flexibility of Alt. could facilitate a thermal relaxation of the
excitation energy, resulting in the low fluorescence quantum yield of Alt..
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Figure S9. IR spectra of the homopolymer and the copolymers (KBr); Homo. (A), Ran.-9/1 (B),
Ran.-1/1 (C), Ran.-1/9 (D), and Alt. (E).
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Figure S10. CPL and fluorescence (PL) spectra of thermally annealed films of the homopolymer
and the random copolymers. A in PL spectra, 366 nm for all the film samples; in CPL spectra,
350 nm for all the polymers.
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