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ORIGINAL ARTICLE

Metathesis and addition polymerization of novel
Me3Si- and Me3Ge-substituted tricyclononenes

Maxim Bermeshev!, Boris Bulgakov!, Dmitry Demchuk?, Marina Filatova!, Lyudmila Starannikova'! and

Eugene Finkelshtein!

Addition and ring-opening metathesis polymerizations of new monomers (Me3Si- and Me3Ge-substituted tricyclononene and
tricyclononadienes) were studied. Addition polymerization was carried out on Pd- and Ni-catalyst systems activated by B(C¢F5)3
and/or methylalumoxane. New addition polymers were obtained with good yields up to 70% and with molecular weights (M,,)
up to 5.6 x 10°. Metathesis polymerization was performed using the first-generation Grubbs catalyst. The yields of the first
obtained metathesis polymers were higher than 80%, and the M, values were up to 8.8 x 105. It was revealed that the
cyclobutene double bond in the studied tricyclononadienes is inactive in both metathesis and addition polymerizations.

The relative activities of the substituted tricyclononene-7 and the corresponding tricyclononadiene-3,7 in the metathesis
copolymerization were defined using 1H NMR spectroscopy. It was found that the novel addition polymer poly[(3-
trimethylgermyl)tricyclononene-7] possesses high gas-transport parameters (for example, P(0,) = 660 Barrers, P(CO,) =3850
Barrers) and solubility-controlled permeation of gaseous hydrocarbons (a (n-C4H1¢/CHy) = 17.3).
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INTRODUCTION

Norbornene is known as a very interesting monomer capable of being
polymerized via a variety of methods. The polymerization of
norbornene derivatives opens the possibility for the synthesis of a
wide range of materials possessing useful properties, such as high
optical transparency, excellent permittivity, strong thermal stability
and unusual transport properties.”> The introduction of different
side-groups into a monomer unit can reveal new properties of
polynorbornenes. However, the presence of substituents in
norbornene monomers negatively affects their activities in
metathesis® and, especially in addition polymerization. The
reactivities of endo- and exo-substituted norbornenes in
polymerization are usually very different. It was shown that exo-
substituted norbornenes are more active in polymerization than
endo- ones.* However, the synthesis methods for norbornene
derivatives tend to produce mixtures of isomers with a
predominant endo-isomer presence.” One of the possible ways to
synthesize exclusively exo-norbornenes is through the reaction of a
[206 + 20 + 2w]-cycloaddition  of quadricyclane with  olefins
(Scheme 1). This reaction results in only exo-tricyclononenes, where
the cyclobutane ring is only in the exo-position and the substituents
are distanced by one extra C-C bond from the double bond compared
with the corresponding norbornenes.®’

Tricyclononenes contain a norbornene fragment and can therefore
be polymerized according to the typical schemes for norbornenes
(Scheme 2).38

The advantages of using exo-tricyclononenes instead of their
norbornene analogues in polymerization have been established.>!?
For example, it has been shown that tricyclononenes with two Me3Si-
groups are highly active in addition polymerization due to the
absence of an endo-isomer and due to the greater distance between
bulky substituents and the double bond,!® whereas norbornenes
bearing two bulky Me;Si-groups do not undergo addition
polymerization. The obtained addition polytricyclononenes with
one or two Me;Si-groups per monomer unit belong to the class of
highly permeable polymers and can be considered promising polymer
materials for gas separation.®1

Although the synthesis of a wide range of tricyclononenes is
described in literature,~'% their polymerization has been poorly
studied. A few examples of the metathesis and addition homo- and
copolymerizations of substituted tricyclononenes have been
discussed,®1® but the addition polymerization of substituted
tricyclononadienes has not been published at all. Additionally, the
polymerization of Si-substituted tricyclononenes was described for
only four monomers (5-8, Figure 1), and there were no data about the
polymerization of Ge-containing tricyclononenes/tricyclononadienes.

1A, V. Topchiev Institute of Petrochemical Synthesis RAS, Moscow, Russia and 2N. D. Zelinsky Institute of Organic Chemistry RAS, Moscow, Russia
Correspondence: Dr MV Bermeshev or Professor E Finkelshtein, Laboratory of organosilicon and carbocyclic compounds, A. V. Topchiev Institute of Petrochemical Synthesis

RAS, 29, Leninsky prospect, Moscow 119991, Russia.
E-mail: bmv@ips.ac.ru or fin@ips.ac.ru

Received 9 June 2012; revised 3 October 2012; accepted 5 October 2012; published online 12 December 2012


http://dx.doi.org/10.1038/pj.2012.211
mailto:bmv@ips.ac.ru
mailto:fin@ips.ac.ru
http://www.nature.com/pj

In this work, we explored for the first time the addition and
metathesis polymerizations of the new Me;Si- and Me;Ge-substituted
tricyclononene and tricyclononadienes (Figure 1) and studied the
properties of the resulting polymers. Additionally, the influence of the
second double bond in a monomer was investigated in regard to its
behavior during polymerization. The resultant polymers could be of
interest for investigating the relations between polymer structures and
properties (for example, gas permeability).

EXPERIMENTAL PROCEDURE

Materials

All manipulations involving air- and moisture-sensitive compounds
were carried out under dried and purified argon using standard
Schlenk and vacuum-line techniques. Toluene and C¢Dg were dried
over sodium metal and then distilled under argon. All monomers
were stored under argon. Pd(OAc), was received from Fluka (Buchs,
Switzerland) and B(CgFs); was purchased from Sigma-Aldrich
(Schnelldorf, Germany) as individual powders and were then used
as toluene solutions (0.007 and 0.1Mm, respectively). Nf,Ni was
received from a Synthetic Rubber plant in Yefremov (Russia) and
was used as a 0.04M toluene solution. Methylalumoxane (MAO)
(Sigma-Aldrich) was used as a commercial 1.4 M solution in toluene.
The Grubbs first-generation catalyst was received from Sigma-Aldrich
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and was used as a 0.004 M solution in toluene. 2,2’-Methylenebis(6-
tert-butyl-4-methylphenol) was received from Sigma-Aldrich and was
used without any purification. 3-Trimethylsilyltricyclononene-7 (5),'°
3,4-bis(trimethylsilyl)tricyclononene-7  (Gringolts et al’) and
monomers 1-4 (Bulgakov et al.'®) were obtained as described earlier.

Methods of polymer characterization

NMR spectra were recorded on a Bruker MSL-300 spectrometer
(Bruker AXS GmbH, Karlsruhe, Germany) operating at 300 MHz for
'H and on a Varian Unity Inova AS500 spectrometer (Varian, Palo
Alto, CA, USA) operating at 125 MHz for *C. Each polymer sample
was dissolved in CDCl; up to a concentration of 10%. For high-
resolution solid-state 1*C measurements, conventional CP/MAS 13C
NMR was performed at 125MHz and at 25 °C using a Varian Unity
Inova AS500 spectrometer equipped with a solid-state high-resolution
apparatus. The rotors that contained the polymer samples were spun
at ~15kHz and the 90° pulse, the contact and repetition times were
3.5us, 2ms and 2s. 13C chemical shifts were calibrated using the
carbonyl carbon resonance of glycine at 176.03 p.p.m. as an external
reference and converted to the values for tetramethylsilane. Gel-permea-
tion chromatography analysis of the polymers was performed on a
Waters system with a differential refractometer (Waters, Milford, MA,
USA) (Chromatopack Microgel-5, toluene as the eluent, flow rate of
1 mlmin ~!). The molecular weight and polydispersity were calculated
using the standard procedure relative to monodispersed polystyrene
standards. Differential scanning calorimetry was performed on a
Mettler TA4000 system (Mettler, Schwerzenbach, Switzerland) with a
heating rate of 20 °C per minute. Thermal gravimetric measurements
(TGA) were carried out using a Perkin-Elmer TGA-7 instrument
(Perkin-Elmer, Waltham, MA, USA). A wide-angle X-ray scattering
(WAXS) study was carried out using an instrument with a two-
coordinate AXS detector (Bruker) and the Cu KR line (wavelength of
0.154nm). The residual metal content in the polymers was deter-
mined by Inductively Coupled Plasma Atomic Emission.

Film casting

Films of the studied polymers were cast from 1.5-2 weight % solution in
toluene. The solution was poured into a steel cylinder with a stretched
cellophane base. The solvent was allowed to evaporate slowly, yielding
the desired polymer film. After the film’s formation, the cellophane was
wetted to detach the film from it. Before testing, the films were kept
under reduced pressure until they reached a constant weight (~ 1 week).
The thicknesses of the films were in the range of 80-100 pm.

Gas-permeation measurements
The permeability coefficients of the polymers were determined using
the gas chromatographic method. A steady stream of penetrant gases
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Figure 1 The monomers studied in this work (1-4) and previously (5-8).%:10.15-17
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under atmospheric pressure flew across the upstream part of the film,
whereas the downstream part was flown over by a gas-carrier, that is,
helium or nitrogen (the latter for the measurement of the permeation
rate of H, and He). The permeability coefficients were determined by
measuring the penetrant concentration in the gas-carrier and the total
flow of this mixture. The partial pressure of the penetrants was 1 atm
in the upstream part of the cell and close to zero in the downstream
part. The temperature in the cell was 20-22 °C.

Metathesis polymerization

In the typical procedure (the example given is for the ratio of
monomer 1/catalyst=3000/1), the monomer (0.41g, 2.16 mmol),
toluene (1.5ml) and 0.004 M toluene solution of the first-generation
Grubbs catalyst (0.18 ml, 7.2 x 10 #mmol) were charged into a
round-bottomed glass ampoule (10ml) equipped with a magnetic
stirrer under an inert atmosphere. The polymerization was stopped by
the addition of 0.05ml of ethylvinyl ether after 2h. The polymers
were precipitated in a 0.1% ethanol solution of an antioxidant (2,2'-
methylenebis(6-tert-butyl-4-methylphenol)), decanted, washed with
several portions of the same solution and dried under reduced
pressure. The polymer was twice reprecipitated in ethanol from a
toluene solution and dried under reduced pressure at 50 °C until it
reached a constant weight. The yield was 92%, M, = 8.8 x 10° and
M,/M, = 1.7.

Activity measurement in metathesis copolymerization

Equal amounts of monomers 1 (40.1 mg, 0.21 mmol) and 5 (40.1 mg,
0.21 mmol) and 0.50 ml of C¢Dg were placed into a Young NMR tube.
The mixture was degassed three times before the solution of the
Grubbs first-generation catalyst in C¢Dg (4.0 mm, 0.2 ml) was quickly
added to the frozen reaction mixture. The mixture was melted, mixed
and immediately put into the NMR-spectrometer. The monomers’
activities were established by comparing the integrations of the
resonances corresponding to the protons of the monomers’ double
bonds.

Poly[3-(trimethylsilyl)tricyclononadiene-3,7]

'H NMR § (300 MHz, CDCLy): 6.56-6.42 (m, 1H, C(4)H), 5.42-5.14
(m, 2H, C(7)H, C(8)H), 3.18-2.93 (m, 2H), 2.80-2.64 (m, 0.7H),
2.44-2.17 (m, 2.3H), 1.68-1.47 (m, 1H) 0.04 (broaded singlet (br. s),
9H, Si(CH3)3). '*C NMR 6 (125 MHz, CDCl3): 157.56 (C(3)), 150.16
(C(4)), 133.58 (C(7), C(8)), 56.98, 55.58 (C(1), C(6)), 43.65-40.00
(C(2), C(5)), 37.99, (C(9)), —1.74, (Si(CH3)3). Analysis calculated for
(Cy,H Si): C 75.71%, H 9.53%. Found: C 76.01%, H 9.82%.

Poly[3-(trimethylgermyl)tricyclononadiene-3,7]

'H NMR 6 (300 MHz, CDCI3): 6.48-6.31 (m, 1H, C(4)H), 5.40-5.18
(m, 2H, C(7)H, C(8)H), 3.22-2.98 (m, 2H), 2.78-2.63 (m, 0.7H),
2.47-2.15 (m, 2.3H) 0.17 (br. s, 9H, Ge(CHj3)3). Analysis calculated
for (Cj,H,gGe): C 61.36%, H 7.72%. Found: C 61.80%, H 7.61%.

Poly(3,4-bis(trimethylsilyl)tricyclononadiene-3,7]

'H NMR 6 (300 MHz, CDCI3): 5.38-5.11 (m, 2H, C(7)H, C(8)H),
3.14-2.90 (m, 2H), 2.81-2.61 (m, 0.5H), 2.45-2.07 (m, 2.5H), 1.54
(1H), 0.06 (br. s, 18H, Si(CHs)s). *C NMR § (125MHz, CDCI3):
169.90-169.17 (C(3), C(4)), 133.65-132.84 (C(7), C(8)), 58.26-57.50,
44.29-41.63 ((C(1), C(6)), C(2), C(5)), 38.76 (C(9)), —0.65,
(Si(CH3)3). Analysis calculated for (CysHyeSix): C 68.62%, H
9.98%. Found: C 68.12%, H 10.11%.
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Addition polymerization

In the typical procedure (the given example is for the ratio of
monomer 3/Pd(OAc),/B(C4Fs)3/MAO = 3000/1/150/400), the 0.007 m
toluene solution of Pd(OAc), (0.14ml, 9.7 x 10 ~#*mmol) and mono-
mer (0.69g, 2.91 mmol) were charged into a round-bottomed glass
ampoule (10ml) equipped with a magnetic stirrer under an inert
atmosphere. The polymerization was initiated by the addition
of the 0.1Mm toluene solution of B(CgFs); (1.5ml, 0.15mmol)
and MAO (1.4 solution, 0.28 ml, 0.39 mmol). The reaction mixture
was continuously stirred for 12h at ambient temperature. The
polymers were precipitated in acidic ethanol (ethanol:HCl=10:1),
separated, washed with several portions of ethanol and dried
under reduced pressure. The polymer was twice reprecipitated in
ethanol from a toluene solution and dried under reduced pressure
at 80°C until it reached a constant weight. For the other
catalytic systems, the typical procedure was similar with the relevant
catalyst replacement. The yield was 68%, M,,=5.6 x 10° and M,/
M, =2.6.

Poly[3-(trimethylgermyl)tricyclononene-7]

IH NMR § (300 MHz, CDCI3): 3.25-0.60 (m, 11H, C(1)H, C(2)H,
C(3)H, C(4)H, C(5)H, C(6)H,, C(7)H, C(8)H, C(9)H,), 0.10 (br. s,
9H, Ge(CHj);). 13C NMR § (125 MHz, CDCI3): 60.00—40.00, 33.00—
20.00 (C(1), C(2), C(3), C(4), C(5), C(6), C(9)), —1.60, —4.21
(Ge(CH3s)3). Analysis calculated for (Cj,HoGe): C 60.84%, H 8.51%.
Found: C 60.69%, H 8.75%.

Poly[3-(trimethylsilyl)tricyclononadiene-3,7]
"H NMR 6 (300 MHz, CDCI3): 6.50-6.20 (m, 1H, C(4)H), 2.99-0.69
(m, 9H, C(1)H, C(2)H, C(3)H, C(4)H, C(5)H, C(6)H,, C(7)H,
C(8)H, C(9)H,), 0.10 (br. s., 9H, Si(CHj3)3).

Poly[3,4-bis(trimethylsilyl)tricyclononadiene-3,7]

IH NMR & (300 MHz, CDCI3): 2.98-0.62 (m, 8H, C(1)H, C(2)H,
C(3)H, C(9)H, C(5)H, C(6)H,, C(7)H, C(8)H, C(9)H,), 0.07 (br. s.,
18H, Si(CHj3)3).

Poly][(3,4-bis(trimethylsilyl))tricyclononadiene-3,7]
Obtained using (Pd(OAc),/B(CgF5)s/MAO).

13C NMR (CP/MAS, 8): 168.2 (s, C(3), C(4)), 57.68-29.46 (m,
C(1), C(2), C(5), C(6), C(7), C(8), C(9)), —0.33 (s, Si(CH3)3).

RESULTS AND DISCUSSION

Metathesis polymerization

Ring-opening metathesis polymerizations (ROMP) of the monomers
mentioned above (14, Figure 1) was performed using the Grubbs
first-generation catalyst. All monomers appeared to be active during
ROMP and the corresponding polymers were obtained for the first

< ;%

Si(CHy)s

PCy,

ch. |
Ru=—

Cl~ |
PCya\@

Si(CHg),

Scheme 3 ROMP polymerization of 3-(trimethylsilyl)tricyclononadiene-7.
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Table 1 ROMP polymers based on Me3Si- and Me3Ge-substituted tricyclononadienes prepared on Grubbs first-generation catalyst (2 h, 25 °C,

toluene)

Polymer [MV[Cat] Yield, % M- 1073 MM, Tg °C Ref. no.
S~
3000/1 98 634 1.5 104 15
Si(CHy);
poly-5m
N
3000/1 92 880 1.7 99 This work
Si(CHy),
poly-1m
A~
3000/1 94 400 1.4 100 This work
Ge(CH,),
poly-4m
+
1500/1 98 800 1.8 123 16
(CHy)Si "Si(CHy),
poly-6m
s N,
3000/1 80 760 1.5 125 This work
(CHg)5Si Si(CHg),
poly-2m

time. High yields (80-94%) and high molecular weights (M,,), up to
8.8 x 10°, were achieved (Scheme 3, Table 1).

It is notable that in the case of tricyclononadienes, as we found in
this work, only the norbornene double bond was active during
ROMP, while the substituted double bond of the strained cyclobutene
ring remained unchanged, as confirmed by 'H NMR (Figure 2).
Soluble ROMP polymers containing additional double bonds not in
the main chains were thus obtained.

The synthesized ROMP polytricyclononenes and polytricyclonona-
dienes, containing the same number of Me;Si-groups per monomer
unit, had similar glass transition temperatures (Tg), Table 1. The
introduction of the second double bond in the tricycle fragment had
little effect on the polymer chain flexibility. Additionally, the T of the
synthesized poly(tricyclononadienes) were a little bit lower than those
of the analogous poly(norbornadienes) described earlier!” (Tg=99

and 108 °C for mono-substituted). A similar difference between the
T, was observed for Me;Si-substituted polytricyclononenes and
polynorbornenes (T,=129°C and 167°C for vicinal bis-substituted
monomers).?

It was also interesting to compare the relative activities of
substituted tricyclononadienes with those of the similar tricyclono-
nenes in ROMP copolymerization. For 3-trimethylsilyltricyclononene-7
(5) and 3-trimethylsilyltricyclononadiene-3,7 (1), the measurements
of the relative activities in ROMP was performed using 'H NMR
spectroscopy. The study showed that tricyclononene 5 was more
active in copolymerization than tricyclononadiene 1 in the presence of
the first-generation Grubbs catalyst (Figure 3). Bis-substituted tricy-
clononadiene (2) and the corresponding 3,4-bis(trimethylsilyl)tricy-
clononene (6) appeared to have similar reactivities during ROMP
copolymerization. Such differences could be explained by the
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Figure 2 H NMR spectrum of ROMP poly[(3-trimethylgermyl)tricyclononadiene]. A full color version of this figure is available at Polymer Journal online.
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Figure 3 The relative activities of monomers 1 and 5 in ROMP

copolymerization on using the first-generation Grubbs catalyst according to 'H
NMR (20°C, [M1],=[M5],=2.66x 10-1m, [Rul=1.0x10"*m, CgDg).
A full color version of this figure is available at Polymer Journal online.

decreasing influence of the cyclobutene double bond on activity in
ROMP due to shielding by the two MesSi-groups. For the other
monomers considered here, such experiments were impossible to
perform because of overlapping signals between the protons in the
monomers and the copolymer.

Addition polymerization
In our previous work,»!? we have developed some efficient Pd-
containing catalyst systems for the addition polymerization of Si-
substituted tricyclononenes. To carry out the addition polymerization
of 1-4, we have used four catalyst systems: Nf,Ni/B(CgFs)3/MAO,
PA(OAC),/B(C4Fs)3, PA(OAC)2/B(CeF5)3/MAO and Pd(OAc),/MAO.
As shown before, the Ni-based catalyst systems did not appear to
be as good for the polymerization of substituted tricyclononenes as
they were for 5-(trimethylsilyl)norbornene.!® The most efficient
catalyst for the addition polymerization of Mes;Si-substituted
tricyclononenes was Pd(OAc),/B(CgFs)3.10 Previously, this catalyst
enabled us to obtain high molecular weight polymers with good
yields from mono- and bis(trimethylsilyl)tricyclononenes'® (Table 2).

Polymer Journal
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Scheme 4 The addition polymerization of 3-trimethylgermyltricyclononene (3).

However, the catalyst system Pd/B(C¢Fs); appeared to not be
sufficiently active in the addition polymerizations of tricyclononene
3 and tricyclononadienes 1, 2 and 4, which were studied for the first
time in this work. Therefore, we combined this catalyst system with
MAQ, a third component. This improvement allowed us to obtain
new high molecular weight addition polymers based on monomers
1-4 (Scheme 4). The summary of the polymerization data is
presented in Table 2.

The data presented in Table 2 demonstrated that not only
substituted tricyclononenes can be involved in addition polymeriza-
tion but also that the considered tricyclononadienes can be involved
as well. This polymerization is also interesting because the corre-
sponding norbornadienes did not polymerize but only dimerized
under the conditions of the addition polymerization.’

Substituted tricyclononenes turned out to be more active addition
polymerization than the corresponding tricyclononadienes (Table 2).
All of the obtained polymers had high molecular weights and had no
T, until the decomposition temperature.

For 3,4-bis(trimethylsilyl)tricyclononadiene-3,7, in the presence of
catalyst systems containing B(CgFs)s, insoluble polymers were
formed. The solid-state '*C NMR spectra of the prepared polymers
confirmed the addition type structures (Figure 4); the signals of the
norbornene double bond disappeared (140-130 p.p.m.). According to
the WAXS data, the prepared polymers were amorphous (Figure 5,
Table 3), and the WAXS patterns exhibited four peaks, in contrast
with poly-6a, which only exhibited two peaks.!® The insolubility (in
toluene, hexane, THEF, chloroform, o-xylene) of poly-2a can be
explained by the high density in the polymer molecular packaging
caused by a high level of intermolecular order.
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Table 2 Addition polymerization of 1-3 in the presence of different catalyst systems (12 h, 25 °C, toluene)

Polymer Catalytic system [MIVICVIBI/IAIP Yield, % M- 103 MM, Ref. no.
n
NfoNi/B(CsF5)3/MAO 3000/1/5/1000 66 344 3.0 15
Pd(OAc)2/B(CeF5)3 4000/1/200 72 574 2.5 10
Si(CHy),
poly-5a
n
NfoNi/B(CgF5)3/MAO 2000/1/50/500 60 167 1.9 This work
Pd(OAc)2/B(CeF5)3 3000/1/150 25 128 2.1
Pd(OAc)2/B(CsF5)3/MAO 3000/1/150/400 68 560 2.6
Ge(CH,)4
poly-3a
n
Pd(OAc)2/B(CeFs)3 3000/1/150 11 45 1.8 This work
Pd(OAc)2/B(CsF5)3/MAO 3000/1/150/800 44 133 1.8
Si(CHg),
poly-1a
n
Nf2Ni/B(CeF5)3/MAO 1500/1/10/500 43 133 1.8 9
Pd(0AC)2/B(CeFs)3 3000/1/150 73 550 1.7 10
E Pd(OAc)2/B(CeF5)3 6000/1/200 37 730 1.5 10
(CHg)Si Si(CHz)s
poly-6a
n
NfoNi/B(CsF5)3/MAO 2000/1/55/500 15 _b _ This work
Pd(OAc)2/B(CeFs)3 1500/1/75 34 _b _
) ) Pd(OAc)2/B(CeF5)3/MAO 3000/1/150/400 47 _b _
(CHg),Si Si(CHg)s Pd(OAC)2/MAO 1500/1/800 15 72 2.3
poly-2a

MAO, methylalumoxane.

2molar ratios of reagents in addition polymerization (M—monomer, C—a metal salt, B—B(CgF5)3, Al—MAO);

binsoluble in common organic solvents.

Polymerization of 2 using Pd(OAc),/MAO resulted in a soluble
addition polymer of low molecular weight with low yields. Individual
B(CgFs)s did not cause the polymerization of 2 or any transforma-
tions at all.

Literature concerning the synthesis and properties of polynorbornenes
containing Ge-substituents is extremely limited,”’ and there are no data on
the synthesis of a Ge-containing addition polynorbornene. In this work,
the detailed study of the properties of addition poly-3a was undertaken.

The addition poly-3a was amorphous (Figure 5b and Table 3). It
gave a WAXS pattern with one peak, which is specific to conventional
glassy polymers, for example, polysulfones.?! It is interesting to note
that two peaks were observed for poly-5a(the Si-analogue of poly-3a),
and the maximum of the poly-5a peaks was located at a smaller angle,
indicating a larger intersegmental d-spacing (Table 3). Poly-3a

demonstrated high thermal stability (Figure 6). The TGA studies
showed that the decomposition of the polymer started at 270 °C in air
and at ~ 325 °C under inert atmosphere (Ar) (Figure 6a). The greater
amount of residue after heating in air (7.6%) in comparison with the
same process under argon (1.2%) can be explained by the formation of
nonvolatile germanium compounds in the presence of oxygen. Poly-3a
films had a very high transparency; this parameter was ~90% in the
300- to 800-nm wavelength range and is comparable to the transpar-
ency of the industrial material TOPAS made by Celanese (Summit, NJ,
USA) AG 92-94%.%2

Membrane properties of the polymers
Saturated addition polynorbornenes are more attractive than their
unsaturated metathesis analogues as materials for gas separation

723
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membranes. Moreover, the permeability of the former extremely
exceeds that of the latter.® The gas-permeation properties of the novel
saturated addition poly-3a demonstrated relatively high permeability 700 4
coefficients, though they are somewhat lower than the P; values for its
MesSi analogue (Table 4). Conversely, the separation factors are
higher (Table 5). 50048
This novel polymer also displays so-called solubility-controlled
permeation; its P(n-C4H;() value is higher than its P(CH,) value.
Accordingly, the ideal separation factor o(n-C4Hio/CHy) is
much higher than the value observed for its Si-containing
analogue. In fact, the observed value of 17.3 is among the highest 2004
reported for such permselectivity of polyacetylenes?® and addition
polynorbornenes.? 1007

800
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I, ar.un.
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CONCLUSIONS 20. degree

The W}‘l’rlk,lreiported the addllnon pi’lymer,lzanon and IROMP of NeW  ove 5 WAXS  analysis  of  addition  poly[3,4-bisitrimethylsily)
tr}met YISyl and trlmethygermy -substituted  tricyc ononenes a?d tricyclononadiene-3,71 (@) and  addition  poly[3-trimethylgermyltri-
tricyclononadienes. The studied monomers demonstrated high activ-  cyclononene-71 (b) obtained using the Pd(OAc),/B(CeFs)/MAO catalyst
ity in polymerizations. The corresponding polymers were obtained  system.

a 39.12

A= ce
1 6
N
17
:4\
i i Chloroform-d
167.81 (CHy),Si Si(CHy)s oroform
C(3), C(4) 7700
I 1
CH3
C(7), C(8) asr)
47.074
134.66 - 3872
180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O
p.p-m.
° 3
3
[
n
o
3 2
NG _
(CHg),Si Si(CHg), g 8
T |

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
p.p.m.

Figure 4 13C NMR spectrum (APT) of 2 (a) and solid-state 13C NMR spectrum of its addition polymer obtained using the Pd(OAc),/B(CgF5)/MAO catalyst
system (b). A full color version of this figure is available at Polymer Journal online.
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Figure 6 The properties of addition polyl[(3-trimethylgermyl)tricyclononene-7]: (a) TGA curves and (b) the dependence of the polymer film transparency on
wavelength. A full color version of this figure is available at Polymer Journal online.

Table 3 X-ray scattering data of addition type polytricyclononenes and polytricyclononadienes of different structure

Polymer (20);, deg d-spacing, A (20),, deg d-spacing, A (20)3, deg d-spacing, A (20),, deg d-spacing, A Ref. no.
Poly-5a 6.0 14.8 15.0 5.9 - - - - 10
Poly-3a - - 14.9 5.9 - - - - This work
Poly-6a 5.6 15.8 13.0 6.8 - - - - 10
Poly-2a 6.2 14.2 12.0 7.4 15.6 5.7 19.8 4.5 This work

Table 4 Permeability coefficients of the addition polytricyclononenes, Barrer, 20 °C

Polymer He Ho 02 No COQ CH4 CZHE CgHg n-C4H10 Ref. no.
n
929 2058 987 395 5299 1006 1363 1473 13030 10
Si(CHy)5
870 1800 660 240 3850 620 940 1050 10700 This work

20

Ge(CHg),

Table 5 Separation factors of the addition polytricyclononenes, 20 °C

Polymer COL/N, C0,/0, CO»/CH, Ho/No n-C4H10/CHy n-C4H10/CsH, Ref. no.

13.4 5.3 5.2 5.2 13.0 8.9 10

20

Si(CHg)5

16.0 5.8 6.2 7.5 17.3 10.2 This work

20

Ge(CHg),
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with good yields and high molecular weights. The gas-permeation
properties of the new addition poly[3-(trimethylgermyl)tricyclono-
nene-7] were studied. It was found that this polymer possesses high
permeability and permselectivity coefficients and belongs to the group
of polymers with the highest permeability.
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