Russian Chemical Bulletin, International Edition, Vol. 53, No. 9, pp. 2045— 2050, September, 2004 2045

Rhodium(1)-catalyzed polymerization of fluorenylacetylenes*
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The synthesis and characterization of poly(monofluorenylacetylenes) obtained by poly-
merization of 2-ethynyl-9,9-bis[(S)-3,7-dimethyl-octyl|fluorene and 2-ethynyl-9,9-bis[(5)-2-
methylbutyl|fluorene are described. The effect of the structure of the alkyl chain at the C(9)
position of fluorene on the properties of the materials was studied by differential scanning
calorimetry, thermogravimetric analysis, X-ray diffraction analysis, UV/Vis spectroscopy, pho-
toluminescence, and circular dichroism. Polymerization of chiral 2-ethynylterfluorene
functionalized with (5)-2-methylbutylalkyl chains was studied. The resulting polymer exhibits
high thermal stability; its emission spectrum occurs in the violet-blue region and shows no
significant red shift on passing from a solution to the solid state.
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Polyacetylenes are considered to be prototypes of
n-conjugated organic materials.! A number of properties
of these macromolecules have now been investigated.2—4
Poly(acetylenes) are generally obtained by transition
metal-catalyzed polyaddition of terminal and internal
acetylenes. The choice of the catalytic system depends on
the monomer structure. It is well known that rho-
dium(1)-based catalysts are active only toward terminal
acetylenes, while MoY and WV! systems can also promote
polymerization of internal acetylenes. The discovery of
efficient and stereospecific Rh! catalysts for arylacetylene
polymerization® has stimulated studies aimed at elucidat-
ing the relationship between the properties of poly(aryl-
acetylenes) and the backbone structure.® It has been re-
ported’ that an appropriate choice of a Rh! catalyst pro-
duces highly stereoregular cis-transoid backbone configu-
ration, which underlies not only an important secondary
helical structure but also a quaternary columnar aggrega-
tion.” Moreover, it is known3 that polyacetylenes obtained
by Rh!-catalyzed polymerization of chiral functionalized
acetylenes may acquire a helical conformation with one
predominant helix sense.

* Based on the report presented at the International Conference
"Modern Trends in Organoelement and Polymer Chemistry" dedi-
cated to the 50th anniversary of the A. N. Nesmeyanov Institute
of Organoelement Compounds of the Russian Academy of Sci-
ences (Moscow, May 30—June 4, 2004).

The emission properties of polyacetylenes may be due
to the polyene backbone, the pendant groups, or both.?
While several pendant groups with potential emission
properties like carbazole,!® pyrenes,!! and substituted
silanols!? have been synthesized, incorporation of mono-
disperse n-conjugated oligomers as pendant moieties in a
suitable rigid polymeric backbone (such as polyacetylene
with bulky pendant groups) has been overlooked. This
approach may, in principle, combine a high-molecular-
weight material (necessary for solution processability) with
well-defined optical properties of oligomers. The only
relevant example is polyacetylene with the oligo(phe-
nylenevinylene) pendant groups.13

The aim of our research is to synthesize oligofluorene-
functionalized polyacetylenes in order to study the influ-
ence of the secondary structure of the backbone on the
spatial disposition of the fluorene luminophores. There-
fore, we have prepared and polymerized two fluorenyl-
acetylene monomers substituted by the chiral (5)-2-me-
thylbutyl and (5)-3,7-dimethyloctyl chains in the C(9)
position. The polymers were investigated by IR and
UV/Vis spectroscopy, differential scanning calorimetry,
thermogravimetric and X-ray diffraction analyses, circu-
lar dichroism, and photoluminescence. The presence of
chiral moieties allowed us to investigate the secondary
helical arrangement of the polyene backbone by circular
dichroism (CD) measurements. As an extension of the
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model systems to materials potentially applicable to thin
film devices, the polymer obtained by Rh!-catalyzed po-
lymerization of terfluorenylacetylene functionalized by
chiral Cs-alkyl groups was studied for comparison.

Results and Discussion

The monomers, 2-ethynyl-(9,9-bis[(5)-3,7-dimethyl-
octyl]fluorene (C10FA) and 2-ethynyl-9,9-bis[(S)-2-
methylbutyl]fluorene (C5FA), containing monofluorene
units, are shown in Fig. 1. The different alkyl chains at the
C(9) position of fluorene were chosen in order to investi-
gate the influence of steric hindrance on the conforma-
tional properties of the macromolecules obtained by
Rh!-catalyzed polymerization. The presence of chiral cen-
ters in the alkyl chains was meant for investigation of the
secondary helical arrangement of the functionalized poly-
ene backbone.14

The terfluorene-based monomer (TerFA) was synthe-
sized as the first step toward the potential extension of the
scope of the reaction to more extended fluorene oligo-
mers as emitting materials.

Polymerization. 2-Ethynyl-(9,9-bis[(S)-3,7-dimethyl-
octyl]fluorene (C10FA) and 2-ethynyl-9,9-bis[(S5)-2-
methylbutyl]fluorene (C5FA) were polymerized in the

presence of [(nbd)RhCl], in Et;N or THF—Et;N to yield
polymers C10PFA1,2 and C5PFA1,2.15

The catalytic system was chosen as to ensure a high
cis-stereoregularity of the polymer backbone.5 After the
reaction, the products were precipitated with methanol
and repeatedly washed with ethanol to eliminate traces of
oligomers and cyclotrimers. In neat Et;N, polymer-
ization of Cjy-functionalized C10FA afforded the
soluble C10PFA1 polymer with an M,, of 47000 Da, while
Cs-functionalized monomer (C5FA) was converted into
an insoluble material (C5PFAL1). In order to obtain soluble
polyacetylenes, we carried out polymerization in the
Et;N—THF mixed solvent; this gave polymers C10PFA2
and C5PFA2. Polymerization of TerFA carried out under
conditions that provided soluble polymers in the case of
C10FA and C5FA resulted unfortunately in the formation
of an insoluble material. Polymerization of TerFA was,
therefore, carried out in toluene, at a lower mono-
mer/catalyst ratio, and at higher dilution. This gave a
polymer soluble in chloroform and toluene, although the
polydispersity of this material was higher (4.0). The reac-
tion conditions and the main properties of the products
are summarized in Table 1.

The polymerization products were studied by IR spec-
troscopy. The spectra invariably showed disappearance of

Scheme 1
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Reagents: i. [Rh(nbd)Cl], (nbd is norbornadiene), Et;N (for C10PFA1 and C5PFA1), THF—Et;N (for C10PFA2 and C5PFA2);

ii. [Rh(nbd)Cl],, toluene—Et;N.
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Table 1. Polymerization of C10FA and C5FA

Monomer Polymer Solvent Yield (%) M, My/M, Color

C10FA“ C10PFA1 Et;N 56 47000 2.2 Brown
C10FA“ C10PFA2 THF—Et;N 61 70000 1.9 Orange
CSFA“ C5PFAl Et;N 50 — — Brown
C5FA? C5PFA2 THF—Et;N 56 100000 1.9 Brown
TerFA® TerPFA Toluene—Et;N 79 6000 4.0 Brown

4 [Monomer]/[Cat] = 100; time = 24 h.
b [Monomer]/[Cat] = 10; time = 24 h.

the typical stretching bands of terminal acetylenes. The
'H NMR spectra of CI0PFA2 and C5PFA2 in CD,Cl, or
CDCl; did not help in assessing the polymer stereoregu-
larity, as they exhibited only broad humps in the region of
aromatic protons.

Thermal and structural properties. According to TGA
measurements (Table 2), all of the polymers are stable up
to 290 °C. This thermal stability is the result of an effi-
cient wrapping of bulky pendant groups around the con-
jugated double bonds. The cis-to-trans isomerization of
the polyene backbonel® is revealed by the presence of
an exothermic peak observed for samples C10PFAl,
C10PFA2, C5PFA1, and C5PFA2 close to the onset of
decomposition. Notably, in the case of C10PFAl and
C10PFA2, an endothermic peak was observed at 170 °C,
while no such peaks could be detected for C5PFA1 and
C5PFA2. This difference in the thermal behaviors could
be related to the dimension of the alkyl chains in the two
polymers, in particular, the bulky C;, pendants linked to
the polyene backbones in C10PFA1 and C10PFA2 are
subject to easier segmental movements, and this may ac-
count for the temperature transition observed. No clear
DSC transitions were found for TerPFA, presumably due
to the rigid structure of the polymer. The X-ray diffrac-
tion data provided an insight into the molecular packing
of the polymers. Both C10PFA1 and C10PFA2 show broad
Bragg reflections at a high 26 values (corresponding to a
layer spacing of 4.60 A) and a relatively sharp reflection at
low 20 values (corresponding to a layer spacing of 19.9 A).
The samples C5PFA1 and C5PFA2 show a slightly more

Table 2. TGA and DSC data for poly(fluorenylacetylenes)

Polymer T/ °C @ Tyeo/°C 2
endo exo

C10PFA1 170 286 300

C10PFA2 170 288 290

C5PFA1 — 297 300

C5PFA2 — 299 300

TerPFA — — 340

% endo is an enothermal peak, exo is an exothermal peak.
b Decomposition (for 5% weight loss).

structured pattern. Evidently, polymerization in Et;N re-
sults in a higher aggregation of the polymer chain. How-
ever, the broadness of the peaks points to a very low
degree of crystallinity of the polymers synthesized. The
reflections at low 20 values can be attributed to the dis-
tances between the polyene backbones.!” The shorter alkyl
groups in CSPFA1 and C5PFA2 lead to a bilayer arrange-
ment with shorter interchain distances (17.7 A and 16.4 A)
compared to those in C10PFA1 and C10PFA2 (19.9 A).
The peaks at 4.60 A and 4.46 A are determined by the
interplane distances between the fluorene systems arranged
parallel to each other. The terfluorene-based polymer
(TerFPA) is entirely amorphous because of the great bulk
of the pendant group, which prevents a regular three-
dimensional organization.

UV/Vis and photoluminescence properties. The UV/Vis
absorption spectra of C1I0PFA2 and C5PFA2 in solution
(CHCI,) and the spectrum of TerPFA in solution and in
thin film (obtained by spin coating from a solution in
CHClI, with a concentration of 1 mg mL~!) are shown in
Fig. 1. The absorption spectra of polymers C10PFA2 and
C5PFA2 in solutions are very similar (see Fig. 1, a), due
to the similarity of their primary structure (A, = 320,
290 nm). These bands are due to the n—n* transitions of
the fluorene units. The peaks at 458 and 445 nm, respec-
tively, in the spectra of CI0PFA2 and C5PFA2 are ascrib-
able to the n—n* transitions of the polyene backbones.
These bands are red-shifted with respect to those of analo-
gous polyenes (for instance, the corresponding absorp-
tion band in the spectrum of poly(phenylacetylene) oc-
curs at about 400 nm), thus pointing out a longer conju-

Table 3. X-Ray diffraction reflections of poly(fluorenylace-
tylenes)

Sample Reflections/A

strong and medium weak and broadened
C10PFA1 19.9 (s) 4.60
C10PFA2 19.9 (s) 4.60
C5PFA1 17.7 (br.m) 4.46, 6.08, 7.82
C5PFA2 16.4 (br.m) —

Note. TerPFA is amorphous.
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Fig. 1. (a) UV/Vis and photoluminescence spectra of
C10PFA2 (1) and C5PFA2 (2) in CHCI;. () UV/Vis and pho-
toluminescent spectra of TerFA in CHCIl; (/) and TerPFA in
CHCI; (2) and as a thin film (3).

gation chain in the polyene backbone. The planarization
is presumably a consequence of the twisting of the fluo-
rene groups orthogonally with respect to the backbone
plane caused by the steric repulsion between the bulky
pendant groups, which has already been observed in simi-
lar systems.!® The red shift (13 nm) of the backbone ab-
sorption band of C10PFA2 with respect to that of CSPFA2
is attributable to a more planar conformation of the former.

The photoluminescence (PL) spectra of C10PFA2 and
C5PFA2 recorded with A,, = 290 nm show a maximum
at 337 nm. No signal was detected by recording the PL
spectra at A,, = 450 nm, which confirms the weak emit-
ting ability of polyacetylenes.4

Figure 1, b shows the absorption spectra of TerPFA in
solution and in the solid state. A solution of the TerFA
monomer exhibits a maximum at 353 nm, corresponding
to the n—n* transition of the terfluorene unit. A solution
of TerPFA in CHCI; shows an absorption band slightly
red-shifted with respect to that of the monomer (356 nm)
and a tail at longer wavelengths attributable to the n—n*

transition of the polyene backbone. The appearance of
this band as a tail can be a consequence of the much
higher extinction coefficient of terfluorene compared to
that of the polyacetylene backbone leading to a minor
contribution of the n—n* absorption of the polyene back-
bone to the overall absorption spectrum of TerPFA.
A spin-coated film of the polymer shows an absorption
curve represented by a broad band centered at 358 nm.

The fluorescence spectra of TerPFA (A, = 350 nm) in
solution show a vibronic fine structure typical of terluorene
units (the absolute maximum occurs at 425 nm). In the
solid state, the emission band falling in the violet-blue
region (A, = 430 nm) exhibits no vibronic fine structure.

Chiroptical properties. The chiral centers in the side
chains at the C(9) position in the monomers can be used
for probing the helical arrangement of the functionalized
polyene backbones. In fact, if an excess in one of the
screw senses of the helix is induced, a Cotton effect would
be observed in the circular dichroism (CD) spectra of the
macromolecules.!® The CD spectra of C10PFA2 and
C5PFA2 (Fig. 2, a) in CHCI, recorded at room tempera-
ture showed a pronounced Cotton effect in the region of
the polyene backbone absorption.

In the case of C5PFA2, the Cotton effect is more
pronounced; the difference in the CD response intensity
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Fig. 2. (a) Circular dichroism spectra of C10PFA2 (/) and

C10PFA2 (2) in CHCIl;. (b) Circular dichroism spectra of
C10PFA2 (7) and C5PFA2 (2) in MeOH—CHCl; = 90 : 10.
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between the two polymers may be due either to the close
positions of the polyene backbone and the chiral center or
to the steric hindrance created by the pendant groups. The
considerably lower Cotton effect observed for C1I0PFA2
can be ascribed to the influence of the (S5)-3,7-di-
methyloctyl chains which, as confirmed by the UV/Vis
spectra, may be responsible for stabilization of the planar
polyene conformation.?? The opposite signs of the pre-
dominant chiroptical properties of the two polymers can
be regarded as a consequence of the opposite screw sense
of the two helices induced by the different alkyl chains.
The weak Cotton effect observed for CI0PFA2 was com-
pletely lost when the spectrum was recorded in a metha-
nol—chloroform (90 : 10) mixture, because of the poor
solvating properties of methanol favoring planarization of
the backbone. Interestingly, the Cotton effect is retained
for C5PFA2 in a methanol—chloroform solution (see
Fig. 2, b). No chiroptical properties either in solution or
in the solid state were observed for TerPFA notwithstand-
ing the presence of the (5)-2-methylbutyl groups (which
ensure the good CD response observed for CSPFA2). The
size of the terfluorene moiety, which destabilizes any he-
lical secondary structure, may account for the lack of
induction of any preferential screw sense in the polyene
backbone.

Thus, we described Rh!-catalyzed polymerization of
fluorenylacetylenes. Terminal acetylenes were func-
tionalized by 2-ethynyl-(9,9-bis[(S)-3,7-dimethyl-
octyl]fluorene and 2-ethynyl-9,9-bis[(S)-2-methylbu-
tyl]fluorene groups and polymerized under various condi-
tions. High thermal stability of the polymers was proven
by DSC-TGA measurements. X-Ray diffraction data point
to a bilayer arrangement of the polymer chain. A helical
conformation of the polyene backbone for the two poly-
mers was evidenced by circular dichroism investigations.

A synthetic route was devised for inserting a terminal
acetylene into a chiral Cs-functionalized terfluorene moi-
ety. Analysis of the polymer confirmed the thermal stabil-
ity observed for the model systems. The UV/Vis features
of the monomer and the polymer correspond to those
typical of a molecularly dissolved terfluorene systems. The
emitting properties of a spin-coated film of the terfluorene-
based polymer follow those found in solution. Moreover,
the emission spectra occur in the violet-blue region and
do not show any substantial red shift on passing from
solution to the solid state.

Experimental

All operations were carried out in inert atmosphere (nitro-
gen) using common Schlenk techniques and freshly distilled
solvents. UV/Vis spectra were recorded on a Kontron Uvikon 942
spectrophotometer; fluorescence spectra were obtained on a
Varian Cary Eclipse spectrofluorimeter. FT-IR spectra were re-
corded on a Bruker Vector 22 spectrometer. CD spectra were

recorded with a Jasco J-810 spectropolarimeter. Mass spectra
were run on an HP 5973 instrument. GPC analyses were carried
out on an HP 1050 instrument equipped with a Pl-gel 5 mm
mixed-D column (300 mmx7.5 mm). GPC analysis was carried
out with THF solutions, which were eluted at 25 °C at a flow
rate of 1 mL min~! and analyzed using a multiple wave detector
(A = 320 and 350 nm). The molecular weights and molecular
weight distributions are given relative to polystyrene standards.
Thermogravimetric analyses were carried out with a TA Instru-
ments 2590 thermobalance; differential scanning calorimetry
was done on a TA Instruments 2920 calorimeter. Both thermal
analyses were carried out under nitrogen with a heating rate of
10 deg min~—!. X-Ray diffraction measurements were carried out
with imaging plates located at a distance of 10 cm from
the substances, a current of 20 mA, and a voltage of 40 kV
(CuKuo radiation, Ni-filter). The monomers C10FA, C5FA, and
TerFA were prepared as described previously.2!
Poly{9,9-bis[(S)-3,7-dimethyloctyl]fluoren-2-ylacetylene}
(C10PFA1l). A 50-mL round-bottom flask was charged with
[Rh(nbd)Cl], (3.46 mg, 0.75-10=2 mmol) and Et;N (1.7 mL),
and the solution was stirred for 15 min. Subsequently, a solution
of C10FA (0.353 g, 0.75 mmol) in Et;N (3.0 mL) was added.
The color of the solution turned instantly from light-yellow to
dark-brown. The reaction mixture was stirred for 24 h. The
polymer was precipitated by dropwise addition of the reaction
mixture to a beaker containing 200 mL of methanol kept under
stirring followed by filtering of the resulting suspension. The
orange solid was washed with ethanol and dried under vacuum
(56%). IR (KBr), v/cm~1: 3056, 2962, 2868, 1458, 1259, 1091,
1018, 834, 798, 740.
Poly{9,9-bis[(S)-3,7-dimethyloctyl]fluoren-2-ylacetylene}
(C10PFA2). A 50-mL round-bottom flask was charged with
[Rh(nbd)Cl], (2.44 mg, 0.53-10=2 mmol) and Et;N (1.5 mL),
and the solution was stirred for 15 min. Subsequently, a solution
of C10FA (0.250 g, 0.53 mmol) in THF (2.0 mL) was added.
The color of the solution turned instantly from light-yellow to
dark-brown. The reaction mixture was stirred for 24 h. The
polymer was precipitated by dropwise addition of the reaction
mixture to a beaker containing 200 mL of methanol kept un-
der stirring followed by filtering of the resulting suspension.
The orange solid was washed with ethanol and dried under
vacuum (61%). IR (KBr), v/em~!: 3056, 2976, 2868, 1458, 1259,
1091, 1018, 798, 740.
Poly{bis[(S)-2-methylbutyl]fluoren-2-ylacetylene}
(C5PFA1l). The reaction was carried out under the same con-
ditions as that for C10PFA1 (C5FA, 0.290 g, 0.87 mmol;
[Rh(nbd)Cl],, 4.00 mg, 0.87+10~2 mmol; Et;N, 5.5 mL). This
gave a brown solid (50%). IR (KBr), v/cm~!: 3056, 2962, 2868,
1458, 1369, 1254, 1091, 1002, 834, 740.
Poly{9,9-bis[(S)-2-methylbutyl]fluoren-2-ylacetylene}
(C5PFA2). The reaction was carried out under the same con-
ditions as that for C10PFA2 (C5FA, 0.200 g, 0.61 mmol;
[Rh(nbd)Cl],, 2.81 mg, 0.61+10-2 mmol; Et;N, 1.5 mL; THF,
2.3 mL). This gave a brown solid (56%). IR (KBr), v/cm~L:
3056, 2962, 2868, 1458, 1369, 1091, 1002, 834, 740.
Poly{9,9,97,97,9”,9”-hexakis[(S)-2-methylbutyl]-
7,27;77,2”-terfluoren-2-ylacetylene} (TerPFA). A 50-mL
round-bottom flask was charged with [Rh(nbd)Cl], (5.50 mg,
0.012 mmol) and Et;N (2.0 ml) and the solution was stirred for
15 minutes. Subsequently, a solution of TerFA (0.110 g,
0.12 mmol) in toluene (40 mL) was added. The color turned
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from light-yellow to dark-brown. The reaction mixture was
stirred for 24 h and then was added dropwise to a beaker con-
taining 200 mL of methanol kept under stirring. The suspension
was filtered and the solid residue was washed with ethanol to
afford the product as a brown powder (79%). IR (KBr), v/cm™:
3058, 2957, 2870, 1460, 1376, 1261, 1097, 1020, 814, 740.

This research was financed by Italian MIUR (FIRB
project MICROPOLYS). The authors gratefully acknowl-
edge Dr. Antonino Rizzuti and Prof. Pio Iannelli for help-
ful discussions.
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