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ABSTRACT: Addition polymerization of two tricyclononene monomers bearing one and two Si(CH3)3
groups was performed in the presence of Pd-containing catalysts. The polymers were obtained with high
yields and were completely saturated. Good mechanical and film forming properties are observed for the
polymers prepared in the presence of Pd(OAc)2/B(C6F5)3 catalyst. Their glass transition temperature was not
observed until the onset of thermal decomposition (>370 �C) and the molecular weights are high (Mw up to
7� 105). Study of gas permeation parameters of the obtained poly[3-(trimethylsilyl)tricyclononene-7] and
poly[3,4- bis(trimethylsilyl)tricyclononene-7] showed that both glassy polymers revealed substantially high
gas permeability. Other transport characteristics (increase in permeability in the series C1-C4 alkanes and
negative activation energies of permeation) indicate that these polymers reveal so-called solubility controlled
permeation, which is typical for some extra-high permeability polymers. Positron annihilation lifetime
spectroscopy indicated that both polymers are characterized by very large sizes of free volume elements.

Introduction

Addition polymerization (AP) of norbornene and its deriva-
tives has been first accomplished nearly 20 years ago.1 However,
relatively little has been reported on themembrane parameters of
these polymers,2-4 though their rigid chains asmanifested in high
glass transition temperatures can imply interesting properties.

Some time agowehave reported the results of successful prepara-
tion and investigation of gas permeation parameters, thermodyna-
mic properties and free volume of the addition polynorbornene
containing one Si(CH3)3 side group per monomer unit.5,6 The
transport parameters of addition poly(trimethylsilylnorbornene)
(PTMSN) indicate that it can be included in the group of highly
permeable polymers like poly(trimethylsilylpropyne) (PTMSP)
and amorphous TeflonAF2400.7 The results obtained also showed
that well-known effects of introduction of bulky Si(CH3)3 group
as a substituent are stronger for addition polymers with rigid
chains compared to metathesis polynorbornenes having more
flexible main chains.5 All this justifies further efforts on prepara-
tion of other glassy polymers of this class with Si-containing side
groups.

Introduction of proper pendant groups in monomer unit of
addition polynorbornene is the way to get polynorbornenes with
desired properties. However, the appearance of substituents in
norbornene molecules resulted in a decrease of the catalytic
activity as monomers.8,9 In the case of ring-opening metathesis
polymerization (ROMP) this effect is softened to some extent by
substantial thermodynamic driving force in the process appeared
as a result of opening highly strained bicyclic norbornene skeleton.
AP is not so thermodynamically favorable process. It iswell-known
that in the case of AP the introduction of substituents, especially
bulky or functional groups, leads to a dramatic decrease in activity
of norbornene derivatives in the presence of all tested catalysts.10-13

Probably, this is one of the reasons for limited number of publi-
cations devoted to AP of silyl-substituted norbornenes.

It should be noted that AP of 5-trimethylsilylnorbornene-2
(NBSiMe3) proceeded substantially slower than that of unsub-
stitutednorbornene.14UnlikeROMP,activity inAPtoagreat extent
depends on the presence of endo-conformation in the monomer.
Probably the presence of a bulky group in endo position prevents
the coordination of monomer double bond with catalyst. As a
result, activity of endo norbornene derivatives was substantially
lower in comparison with that of exo-isomers,5,11,14 whereas in
some cases endo-isomers were completely inactive.13 According
to the publication10 some steric hindrances arise even in more
suitable exo-isomers. Norbornenes and norbornadienes with two
Si(CH3)3-substituents turned out to be practically inactive in
the presence ofNi- and Pd-catalysts.14,15 On the other hand, their
copolymerization with norbornene, 5-n-hexylnorbornene and
NBSiMe3 could be readily realizedwith catalyst systemnickel(II)
naphtenate;MAO.

In the case of the studied bis-Si(CH3)3-norbornenes (Scheme 1),
one of the substituents is always in the disadvantageous endo-
conformation. Probably, this is a reason for their inactivity inAP.
But when the mixture of different conformers is used, a part of
endo-form could participate in copolymerization with exo-form.
This fact does not allow to realize homopolymerization of these
monomers but at the same time does not exclude the proceeding
of their copolymerization with norbornene itself or with its substi-
tuted exo-derivatives.A similar inactivity of norbornenemonomers
having geminal electron-withdrawing ester and trifluoromethyl
substituents inAP in the presence of commonNi- andPd-catalyst
systems were found by Grubbs et al.16

In contrast to bis-Si(CH3)3-norbornene, the derivatives of disub-
stituted tricyclo[4.2.1.02,5]non-7-enes (tricyclononenes) turned out
to be active monomers in AP.15,17 In tricyclononene molecules
oneor twoSi(CH3)3-groups aremovedbyanadditionalC-C-bond
away from the double bond and therefore from reaction catalytic
center. Synthesis of bis-Si(CH3)3-substituted tricyclononene was
carried out from quadricyclane and trans-1,2-bis(trichlorosilyl)-
ethylene. This route of synthesis provided formationof norbornene-
type monomers with 100% exo-configuration of cyclobutane
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fragment that reduced steric hindrances in AP. That is why this
monomer was active in AP catalyzed with common Ni-catalyst
systems.15

Unfortunately, homopolymersof exo,endo-3,4-bis(trimethylsilyl)-
tricyclononene (3,4-TCNSi2) prepared in the presence of naphte-
nate Ni(II)/ methylaluminoxane (MAO) catalyst had relatively
low molecular masses (Mw up to 4� 104).

In this work, we report AP of mono- and bis-Si(CH3)3 substi-
tuted tricyclononenes in the presence of Pd-containing catalysts,
gas permeation and other physicochemical properties of two obta-
ined novel highly molecular mass rigid chain polymers, having
the structures of the type noted in Scheme 2. In contrast to rather
low molecular mass polymers formed on Ni-catalyst,15,17 they
showed good film forming properties, giving a chance to study
their gas permeation parameters.

Experimental Section

Materials. All manipulations involving air- and moisture-
sensitive compounds were carried out under dried and purified
argon using standard Schlenk and vacuum-line techniques. All
monomers were stored under argon. As catalysts, commercial
Pd(OAc)2, Pd(AcAc)2 and cocatalysts MAO (1.4 M solution in
toluene), B(C6F5)3 were received fromAldrich and used without
preliminary purification as toluene solutions. Quadricyclane
(Aldrich) was distilled over sodium metal under argon. Vinyl-
trichlorosilane (Merck) was distilled under argon. 1,2-trans-bis-
(trichlorosilyl)ethylene and 3,4-bis(trimethylsilyl)tricyclononene-7
(TCNSi2) were obtained according to the published procedures
(refs 18 and 17, respectively). Methyl iodide was distilled over
CaH2. Solvents were purified and distilled before their use by
standard methods.

Monomer Preparation. The method of monomer synthesis is
disclosed below. All the procedures were carried out under dry
argon.

Synthesis of 3-(Trichlorosilyl)tricyclononene-7.An oven-dried
100 mL ampule equipped with a magnetic stirring bar was char-
ged with quadricyclane (10.7 g, 116 mmol) and vinyltrichloro-
silane (47.0 g, 291 mmol). The mixture was degassed. The sealed
ampule was heated for 150 h at 95�. The reaction mixture was
concentrated under reduced pressure (0.5 mmHg, 25-40 �C) to
afford the 3-(trichlorosilyl)tricyclononene-7 as a colorless oil.
Yield: 19.5 g, 66% (based on quadricyclane used).

1H NMR (CDCl3, ppm): 5.62 m (2H, C(7)H, C(8)H), 2.74 s
(0.36H, C(1)H, C(6)H), 2.41-2.25 m (2H), 1.95 m (1.66H), 1.80
m (1.66H), 1.52 m (0.68H), 1.32 m (1.66H), 1.08 m (1H) (C(1)H,
C(6)H, C(2)H, C(3)H, C(4)H2, C(5)H, C(9)H2).

13C NMR (CDCl3, ppm): 135.43, 134.99, 134.70, 134.19 (C(7),
C(8)), 44.76, 44.44, 44.37, 43.15 (C(1), C(6)), 40.93, 39.78 (C(9)),
39.30, 37.09, 36.25, 34.93 (C(2), C(5)), 27.53, 26.78 (C(3)), 22.82,
21.42 (C(4)).

Synthesis of 3-(Trimethylsilyl)tricyclononene-7 (TCNSi). To a
MeMgI solution prepared from Mg (12.35 g, 0.51 mol) and
methyl iodide (71.1 g, 0.50 mol) in diethyl ether (200 mL)
3-(trichlorosilyl)tricyclononene-7 (20.5 g, 80.9 mmol) in diethyl
ether (20 mL) was added dropwise so as the mixture gentle
refluxed. Then the reaction mixture was refluxed additionally

for 8 h, cooled to room temperature, and allowed to stay over-
night. The solvent was removed under atmospheric pressure and
the residue was extracted with absolute hexane (5 � 80 mL).
Combined extracts were concentrated, product distilled under
reduced pressure (bp 75�/4 mmHg). Yield: 12 g (77%).

1H NMR (CDCl3, ppm): 5.90 m (2H, C(7)H, C(8)H), 2.71 s
(0.3H, C(1)H, C(6)H), 2.58 m (1H, C(1)H, C(6)H), 2.54 s (0.7H,
C(1)H,C(6)H), 2.19m (0.35H), 2.01m (0.72H), 1.90-1.78m (3H),
1.72 m (0.7H), 1.40 m (0.7H), 1.5-1.12 m (1.5H), 0.84 m (0.7H)
(C(2)H, C(3)H, C(4)H2, C(5)H, C(9)H2),-0.02 m (9H, Me3Si).

13C NMR (CDCl3, ppm): 135.93, 134.92, 134.62, 134.54 (C(7),
C(8)), 45.65, 44.79, 44.55, 44.14 (C(1), C(6)), 40.85, 39.95 (C(9)),
39.07, 37.72, 36.81, 35.36 (C(2), C(5)), 22.38, 21.64 (C(4)), 20.53,
20.20 (C(3)), 0.86, -3.73 (Me3Si).

MS: 100% (73, Me3Si), 5% (192, Mþ).
PolymerizationProcedure. In the typical procedure (the example

is given for ratio 3,4-TCNSi2/Pd(OAc)2/B(C6F5)3=3000/1/150),
the 0.06M toluene solution of Pd(OAc)2 (0.1mL, 0.000556mmol)
and monomer (0.48 mL, 1.67 mmol) were introduced into round-
bottom glass ampule (5-10 mL) equipped with a magnetic stirrer
preliminary purged in vacuum and filled with argon. Polymeriza-
tionwas initiated by adding of 0.09M toluene solutionofB(C6F5)3
(0.94 mL, 0.084 mmol). The reaction mixture was continuously
stirred for 24hat ambient temperature. Thepolymerswere precipi-
tated by acidified ethanol (ethanol:HCl=10:1), separated, washed
by several portions of ethanol and dried in vacuum. It was twice
reprecipitatedbyethanol fromtoluene solutionanddried invacuum
at 80-90 �C up to a constant weight.

Addition Poly(3-trimethylsilyltricyclononene-7). 1H NMR
(CDCl3, ppm): 3.00-0.50 broad m (11H, C(1)H, C(2)H, C(3)H,
C(4)H2, C(5)H, C(7)H, C(8)H, C(9)H2, C(6)H), -0.04 b m
(9H, Si(CH3)3).

13C NMR (CDCl3, ppm): 52.34-39.66 bm, 29.35 m (C(1),
C(6), C(7), C(8), C(9), C(2), C(5)), 22.69 m (C(3), C(4)), -0.86,
-3.63 m (Si(CH3)3).

IR (KBr): 650-870 (Si-C), 1250 (Si-CH3), 2900-3000
(CH) cm-1.

Methods ofPolymerCharacterization.NMRspectrawere recor-
ded on a BrukerMSL-300 spectrometer operating at 300MHz for
1HandonaVarianUnity Inova500operating at 125MHz for 13C.
Each polymer sample was dissolved in CDCl3 up to a concentra-
tionof 10%. IRspectrawereobtainedwithaSpecordM-82 spectro-
meter on KBr plates. Gel-permeation chromatography (GPC)
analysis of the polymers was performed on a Waters system with
a differential refractometer (ChromatopackMicrogel-5, toluene as
the eluent, flowrate1mL/min).Molecularmass andpolydispersity
were calculated by standard procedure relative to monodispersed
poly(styrene) standards. Differential scanning calorimetry (DSC)
was performed onMettler TA 4000 system at a heating rate 20 �C/
min. Chromato-mass-spectrometric analysis was carried out using
a Kratos MS-25 RF-instrument. Thermal gravimetric measure-
ments were carried out using a Perkin-Elmer TGA-7 instrument.
Wide angle X-ray scattering (WAXS) study was carried out on an
instrument with two-coordinate AXS detector (Bruker) with the
Cu KR line (wavelength of 0.154 nm).

Film Casting. The films of the polymers studied were cast
from the 1.5-2 mass % solution in toluene. The solvent was
allowed to evaporate from caps with the bottom formed by
stretched cellophane film. After formation of the films, cello-
phane was wetted, thus the films were detached from it. Before
testing, the films were kept in vacuum until the constant weight
is attained (for about 1 week). The thickness of the films was in
the range 100-200 μm.

Gas Permeation Measurement. Permeability coefficients of
novel APNs were determined using gas chromatographic method.
The steady stream of penetrant gases under atmospheric pres-
sure flew around upstream part of the film, while downstream
part of it was flown around by gas-carrier;helium or nitrogen
(the latter in measurement of permeation rate of H2 and He).
The permeability coefficients were determined bymeasuring the

Scheme 1. Behavior of Disubstituted Silicon Containing Norbornenes
in Conditions of AP
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penetrant concentration in the gas-carrier and the total flow of
this mixture. Partial pressure of the penetrants was 1 atm in
upstream part of the cell and close to zero in the downstream
part. Temperature in the cell was 20-22 �C.

Positron Annihilation Lifetime Spectroscopy. The positron
annihilation lifetime decay curves were measured at room tem-
perature using anEG@GOrtec “fast-fast” lifetime spectrometer.
A nickel-foil-supported [22Na] sodium chloride radioactive
positron source was used. Two stacks of film samples, each with
a total thickness of about 1mm, were placed on either side of the
source. Measurements were performed in inert (nitrogen) atmos-
phere. The time resolution was 230 ps (full width at the half-
maximum (fwhm) of the prompt coincidence curve). The contri-
bution from annihilation in the source material, a background,
and instrumental resolutionwere taken into account in the PATFIT
program for treating the experimental lifetime data. The detai-
led procedures have been described elsewhere.19,20 The resulting
data were determined as an average value from the several spec-
tra collected for the same sample, having an integral number of
counts of at least 106 in each spectrum.

Results and Discussion

Polymerization. In our short communication,15 we have
described synthesis of an addition polymer of polynorbor-
nene type bearing two Si(CH3)3 substituents in the repeat
unit, namely the polymer of 3,4-bis(trimethylsilyl)tricyclo-
[4.2.1.2,5]non-7-ene (3,4-TCNSi2) prepared in the presence
of (Nph)2Ni/MAO catalyst (Scheme 2). Attempts under-
taken in the present work to prepare the polytricyclononenes
of highMw by the use of different catalysts (Ni(OAc)2/MAO,
Ni(OAc)2/B(C6F5)3, Ni(COD)2/B(C6F5)3), and different reac-
tion conditions (mole ratio M/Ni/B/MAO=600-3000/1/5-
10/100-500, 70-700 h) did not give polymers capable to
form durable films suitable for membrane measurements.

A substantial increase in catalytic activity was demons-
trated when the Pd-containing system Pd(OAc)2/B(C6F5)3
was used (Table 1). By variation of themonomer/Pd/B ratio,
it was possible to select the conditions for preparation of the
addition polymer of 3,4-TCNSi2 having Mw= (5-7)� 105

with the yields of 60-100% (Table 1). In these conditions the
AP polymerization of 3-TCNSi was accomplished and high
molecular mass polymer was obtained.

The effects of various cocatalysts on the activity of Pd-
containing systems were also studied, and the results are also
presented in Table 1. It was shown that B(C6F5)3 is the most
active cocatalyst. Replacement of B(C6F5)3 by other activators
did not lead to increases in catalytic activity. For example,
when BF3 3Et2O was used, the polymeric product was obta-
ined in trace quantity. Replacement of B(C6F5)3 for MAO
resulted in obtaining the polymer with good yield though
smaller than in the presence of B(C6F5)3. Unfortunately,
it was insoluble in toluene and chloroform. Combined use of
B(C6F5)3 and MAO did not give any advantages.

The polymer structure was confirmed with NMR and IR
spectroscopy methods. They showed that polymers had not
double bonds, at the same time Si(CH3)3 groups were com-
pletely retained in the polymers.

In general, the determination of microstructure of sub-
stituted polynorbornenes is very intricate problem since they
have unresolved NMR-spectra. Now it is known that AP of
norbornene can be performed in the presence of different
catalysts, and the polymers obtained are characterized by
different microstructure. On the basis of molecular simu-
lation4,21 it was concluded that the polynorbornenes produ-
ced using Pd-catalysts have a highly stereoregular 2,3-erythro
diisotactic structure. On the other hand, polymers prepared
in the presence of Ni catalysts are atactic and include a
combination of 2,3-erythro diisotactic and 2,3-erythro dis-
yndiotactic structures. Excellent agreement between experi-
mental data (wide-angle X-ray scattering, fractional free
volume (FFV) determination), the results of computer mode-
ling (ab initio quantum chemical calculations, molecular
dynamics and Monte Carlo simulations)4,21,22 and NMR
confirmation of stereochemical assignment23 seem to be an
argument that norbornene polymers obtained in the pre-
sence of Ni and Pd catalysts have units of 2,3-configurtaion
in the main chain. In the case of AP of 3-TCNSi and 3,4-
TCNSi2 in the presence of Pd-catalyst systems the polymer
structures look like as following:

All polytricyclononenes obtained with the Pd(OAc)2/
B(C6F5)3 catalytic systemwere soluble in toluene and chloro-
form. Their glass transition temperature was not fixed until
the onset of thermal decomposition (>370 �C).

Mechanical properties of poly(3,4-TCNSi2) and poly-
(3-TCNSi) were measured using an Instron 2111 instrument.
Both polymers prepared in this work have relatively high
strain strength and elongation at break. Elongation at break
was 6.7% for poly(3-TCNSi) and 14% for poly(3,4-TCNSi2).
Strain strength accomplishedwas 32MPa for (3-TCNSi) and
26 MPa for poly(3,4-TCNSi2). These parameters are cer-
tainly higher than those characteristic for addition poly-
(trimethylsilyl norbornene) (PTMSN), some samples of which
were brittle. This result explains good film forming proper-
ties of poly(3,4-TCNSi2) and poly(3-TCNSi).

Gas Permeability.As is seen in Table 2, both new polymers,
poly(3,4-TCNSi2) and poly(3-TCNSi), are highly permeable
materials. Permeability coefficients of poly(3-TCNSi) having
one Si(CH3)3 substituent are very similar to those early reported
for PTMSN.5 It means that appearance of cyclobutane ring in
the structure of poly(3-TCNSi) does not exert strong effects on

Scheme 2. Synthesis and AP of exo,endo-3,4-Bis(trimethylsilyl)tricyclononene
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permeability which is more sensitive to the presence of bulky
Si(CH3)3 group, because both polymers aremuchmore perme-
able than addition polynorbornene.5These effects are well
documented in the literature, but the influence of the bulky
substituent ismuch stronger forpolymerswith rigidbackbones,
i.e., in the case of addition norbornene polymers. Thus, an
introduction of Si(CH3)3 group into polystyrene

24,25 orROMP
polynorbornene26,27 increases the P values by one order, while
for additionpolymers of norbornene class the changeofPvalues
corresponds to two orders.

Poly(3,4-TCNSi2) is characterized by even largerP values.
This polymer is similar to poly(4-methyl-2-pentyne).28 Hence,
the results obtained for these new polymers as well as those
reported earlier for addition PTMSN5,6 indicate that rigid
chain Si-containing polynorbornenes form a new class of
highly permeable membrane materials in addition to poly-
acetylenes and amorphous Teflons AF.

Another interesting feature of poly(3,4-TCNSi2) and poly-
(3-TCNSi) is the trend observed for permeation of hydro-
carbons. In common glassy polymers increases in the size of
penetrants result in decreases in permeability as is illustrated
in Table 2 for glassy poly(vinyltrimethyl silane). Such beha-
vior is explained by stronger effects of diffusivity and not
solubility on the permeability coefficients. For all addition
Si-containing polynorbornenes (PTMSN and its structure
analogues) solubility controlled permeation is characteristic,
that is, the changes of P and the solubility coefficients
S are similar for penetrants series: P values increase
when the critical temperature of the penetrants increases.
Such behavior has been reported for several but not all
polyacetylenes29 (and not for amorphous Teflons AF7). It
can be caused by weak size sieving ability of polyacetylenes
having unusually large free volume and its specific spatial
distribution (open porosity) as was confirmed by computer
simulation.30 As will be shown in subsequent sections of this

paper, novel Si-containing polymers described in this work
also have large free volume.

As can be expected, high permeability of the described
polymers is coupled with low permselectivity, as compared
to conventional glassy polymers, for the pairs of permanent
gases (Table 3). Some trade-off can be notedwithin the group
of studied Si-containing addition norbornene polymers: less
permeable polymers have somewhat higher permselectivity.
Note that separation factors R(C4H10/CH4) reflect pressure
dependence of permeability in respect of butane: because of
this two values are given in Table 3 for PMP.

Aging. For some polyacetylenes, a rapid reduction in time
of the permeability was observed.33 The rate of this aging
is especially high for the most permeable polymer, poly-
(trimethylsilyl propyne): the permeability coefficients of
isobutene decreased by nearly 2 orders of magnitude during
storage for 100 days in vacuum.34 Different mechanisms of
this process have been proven35 (volume relaxation, absorp-
tion of impurities from ambient atmosphere and chemical
reactions involving double bonds). Since Si-containing poly-
mers described in this work are completely saturated, the
latter mechanism can be excluded. On the other hand, high
permeability, especially in the case of poly(3,4-TCNSi2),makes
it relevant to test possible changes of the permeability coeffi-
cients in time. The results of such experiments are presented
in Figure1.

Table 1. AP of Silicon-Substituted Tricyclononenes in the Presence of Pd(OAc)2
a
Catalyst with Different Co-Catalysts

monomer (M) catalyst mol ratio, M/Pd/B time, h polymer yield, % Mw Mw/Mn

M1
b Pd(OAc)2/B(C6F5)3 4000/1/200 24 72 574 000 2.5

6000/1/200 24 35 700 000 1.7
M2

b Pd(OAc)2 500/1/0 168 0
Pd(OAc)2/MAO 500/1/100 58 insoluble
Pd(OAc)2/ BF3 3Et2O 500/1/25 traces
Pd(OAc)2/B(C6F5)3 500/1/25 24 100 120 000 1.1

1500/1/75 24 100 420 000 2.8
3000/1/150 24 73 550 000 1.7
3200/1/150 24 60 673 000 1.7
6000/1/200 24 37 730 000 1.5
6000/1/500 24 36 650 000 1.9

a [Pd] = 0.005 ÷ 0.0002 M, 20 �C, toluene. bLeft (b): M1 = 3-TCNSi. Right (c): M2 = 3,4-TCNSi2.

Table 2. Permeability coefficients P, barrer, of Poly(3,4-TCNSi2) and Poly(3-TCNSi)

polymer He H2 O2 N2 CO2 CH4 C2H6 C3H8 C4H10 ref.

poly(3-TCNSi) 930 2060 990 390 5300 1010 1360 1470 13 030 this work
poly(3,4-TCNSi2) 1890 4090 2380 1240 11 280 3320 6040 7530 26 910 this work
PTMSNa 790 1680 780 300 4350 790 1430 1740 17 500 5
PMPb 2630 5800 2700 1330 10 700 2900 3700 3100-6900d 11700-23700d 28
PVTMSc 160 220 44 11 190 13 7.4 3.5 1.2 31, 32

aPoly(trimethylsilyl norbornene). bPoly(4-methyl-2-pentyne). cPoly(vinyltrimethyl silane). dThis range of P reflects the effects of feed pressure.

Table 3. Separation Factors rij for Different Gas Pairs
at Room Temperature

polymer O2/N2 H2/N2 CO2/CH4 C4H10/CH4

poly(3-TCNSi) 2.5 5.3 5.2 12.9
poly(3,4-TCNSi2) 1.9 3.3 3.4 8.1
PTMSN 2.6 5.6 5.5 22.2
PMP 2.0 4.4 3.7 4.0-8.2
PVTMS 4.0 20 14.6 0.09
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The film of poly(3,4-TCNSi2) was kept in gas permeation
cell while temperature dependence of permeability was mea-
sured for different gases. Periodic tests ofP(O2) andP(N2) at
room temperature were made during time of 3 weeks. It is
seen that only 3-5% reduction of permeability occurred
during this period. This rate of aging ismuch smaller than the
one observed for PTMSP. This result is important for possi-
ble future application of this polymer asmembranematerial.

A natural question can be posed regarding the reasons of
slower rate of aging of the polymers studied as compared to
other high permeability glassy polymers. It should be noted
that this phenomenon drew a great attention because the
stability of the transport parameters in time is important for
practical application of membrane materials. Therefore, let
us consider briefly some results of other studies of aging in
other membrane materials. It is worth to emphasize that we
consider here gradual reduction of transport parameters of
films andmembranes stored at ambient temperature. Hence,
we shall not consider well-known phenomena of aging
(structural relaxation) of glassy polymers subjected to annea-
ling at temperatures close the glass transition temperatures
(see, e.g., the monograph in ref 36). Themost detailed results
were obtained for membrane materials with large free vol-
ume, first and foremost for PTMSP,37-41 copolymers of tri-
methylsilylpropyne (TMSP) with other comonomers,42 func-
tional derivatives of PTMSP,43 other polyacetylenes.41,43

These works indicated that the rate of aging strongly depend
on the thickness of tested film or membrane:38 in thin layers
of membranes (1-3 μm) the aging proceeds much slower
than in thick (85 μm) dense films. The rate of aging is also
sensitive to the conditions during the aging process (vacuum,
the presence of impurities, e.g. vapors of vacuum oil, per-
meation of penetrants) and also to the nature of penetrants,
whose rate of penetration is used as a measure of aging. All
this complicates formulation of quantitative criteria for pre-
diction of the aging rate. Nonetheless, the qualitative picture
seems to be quite clear. The higher is the permeability of the
original film or membrane, the larger are the observed rates
of aging. As an example that confirms such tendency, it is
possible to consider the data of Nagai et al.42 for PTMSP
samples prepared in the presence of different catalysts, the
blends of PTMSP as well as copolymers of TMSP (Table 4).

Poly(3,4TCNSi2) studied in the present work has gas per-
meability much smaller that PTMSP: P(O2)= 2380 barrer.
Accordingly, the observed smaller rate of aging observed for

it is in agreement with this trend characteristic for polymers
with larger free volume. For comparison it can be noted that
PTMSN having permeability coefficient P(O2)=780 barrer
also showed relatively small rate of aging.5,6

The same is true for PIM-1 (polymer of intrinsic micro-
porosity) havingP(O2)=590barrer.44 It can be assumed that
the greatest rate of relaxation of the unrelaxed volume should
be characteristic for polymers with more opened structure.
This is especially typical for PTMSP still having unchal-
lenged highest permeability coefficients among all polymeric
materials. Additional arguments for this viewpoint are pro-
vided by the parameters of the temperature dependence of
permeability of poly(3,4TCNSi2) (see next section).

Temperature Dependence of Permeability. It is known that
high permeability polymers that exhibit solubility controlled
permeation are characterized by unusual temperature depen-
dence of permeability. Hence, it was necessary to investigate
Arrhenius dependence of the polymers studied in the present
work. It was made for more permeable poly(3,4-TCNSi2).
Since heating in the process of measurements can induce some
changes in permeability, the film cast from toluene solution
after removal of residual solvent was subjected to heating at
60 �C for 24 h. before the measurement of the temperature
dependence of permeability. The measurements were per-
formed in the range 25-60 �C. The Arrhenius dependence is
shown in Figure2.

It can be seen that permeability coefficients of all gases
except helium and hydrogen decrease when temperature in-
creases; i.e., negative activation energies of permeation are
observed. This is unusual behavior though characteristic for
highly permeable polymers with solubility controlled per-
meation.28,45 On the other hand highly permeable amorphous
Teflon AF2400 having permeation trend normal for glassy,
size sieving polymers exhibits positive, though small acti-
vation energies of permeation.46 Computer simulation of
the structure of this polymer indicated that it includes closed
porosity, whereas PTMSP is characterized by open porosity.30

It can be assumed that the same type of porosity is char-
acteristic for poly(3,4-TCNSi2).

Activation energies of permeation in poly(3,4-TCNSi2)
are compared in Table 5 with those observed in PMP and
PTMSP. The negative activation energies EP measured in
this work are smaller by absolute value than those reported
for the two polyacetylenes, though there is no direct correla-
tionwith the permeability coefficients. Note that another but
less permeable Si-containing norbornene polymer, PTMSN,
shows negative activation energies of permeation only for
two penerants, carbon dioxide and ethane, that have larger
solubility coefficients than other tested penetrants.6 It can be
added that for conventional glassy polymers the EP values
are positive and much larger by absolute value: thus EP(H2)
and EP(CH4) are in the range 4-35 kJ/mol for polyimides.47

Since activation energy of permeation is the sum EP=EDþ
ΔHs, where ED is the activation energy of diffusion and ΔHs

is the enthalpy of sorption, low values of EP mirror small
energy barriers of diffusion, what is typical for many high

Figure 1. Changes of permeability coefficients in poly(3,4-TCNSi2) at
room temperature.

Table 4. Different Rates of Aging of PTMSP, Its Blend with
Poly(phenylpropyne) (PPP) and Copolymers of TMSP and

Phenylpropyne (PP) (the Data Taken from Figure 7 of Ref 42)

material
P(O2), barrer,

at t = 0
P(O2), barrer,
at t = 14 days

PTMSP (catalyst TaCl5 3Ph3Bi) 14 000 3500
copoly(TMSP-PP) (95:5) 12 000 6000
PTMSP (catalyst TaCl5) 8000 4000
blend PTMSP - PPP 6000 5500
copoly(TMSP-PP) (90:10) 4200 3800
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permeability polymers. Therefore, stronger effects ofΔHs on
activation energy of permeation are observed. It is known
that ΔHs correlate with the critical temperature of penet-
rants.46 A similar correlation holds for EP measured for
poly(3,4-TCNSi2) (Figure 3). PTMSP behaves in a similar
way. So prevailing role of the thermodynamic component
of permeability is displayed not only in the changes of the
P values for hydrocarbon series, but also in the parameters of
the temperature dependence of permeability of all gases.

Less negative activation energies of permeation of poly-
(3,4-TCNSi2) in comparison with those of PTMSP can be
considered as an evidence that its “pore structure” is not that
opened as that of PTMSP. Therefore, PTMSP should be
more prone to structural relaxation than poly(3,4-TCNSi2).

Negative and small by absolute value activation energies
of permeation EP determine unusual temperature dependence
of the separation factors Rij=Pi/Pj. Usually in polymers, a
trade-off is observed between permeability and permselec-
tivity: increases in P values are accompanied by decreases in
separation factors. This is not true for the studied poly(3,4-
TCNSi2) as can be seen from Table 6: separation factors are
weak and decreasing functions of temperature for all consi-
dered gas pairs except H2/CH4.

Positron Annihilation Lifetime Spectroscopy. Method of
positron annihilation lifetime spectroscopy (PALS) is con-
sidered as the most accepted and reliable technique for
investigation of free volume in polymers.19,20 It is based on
measurements of lifetimes of positrons emitted by 22Na iso-
tope and trapped in the material. In condense media posi-
trons form a bound state, hydrogen-like positronium (Ps)
atom (eþ-e-). When Ps gets into free volume elements (FVE)
within a polymer, o-Ps having parallel spins of eþ and e-

survive until annihilation for longer times the larger is the

size of FVE. This is seen in the PAL spectra, that is, lifetimes
τi, ns and their statistical weights or corresponding intensities
Ii,%. Thus, o-Ps components of PAL spectra that corres-
pond to longer lifetimes bring forth the information on nano-
structure of free volume in polymers. In conventional glassy
polymers these lifetimes are in the rangeof 1.5-3.0 ns. Inhighly
permeable polymers much longer lifetimes are observed.48

The relation between lifetimes and the size of FVE is given by
the semiempirical Tao-Eldrup equation,49,50 for a spherical
potential well:

τi ¼ λT0 þ 2 1 -
Ri

Ri þ ΔR
þ 1

2π
sin

2πRi

Ri þ ΔR

� �� �- 1

Figure 2. Arrhenius dependence of permeability coefficients, barrer, in poly(3,4-TCNSi2).

Table 5. Activation Energies of Permeation EP, kJ/mol

polymer He H2 O2 N2 CH4 CO2 C2H6 ref

poly-

(3,4-TCNSi2)

5.0 2.9 -1.6 -0.52 -1.7 -7.3 -6.8 this work

PMP -0.8 -4.0 -7.8 - -8.3 -13.6 -11.9 28

PTMSP -0.4 -2.7 -6.7 -5.1 -6.3 -9.7 - 36

Figure 3. Correlation of activation energy of permeation and the critical
temperature of penetrants Tc: (1) poly(3,4-TCNSi2); (2) PTMSP.

Table 6. Separation Factors rij = Pi/Pj in Poly(3,4-TCNSi2)

T, �C H2/CH4 O2/N2 CO2/N2 CO2/CH4 C2/C1

25 1.4 1.9 8.6 3.3 2.3
43 1.6 1.9 7.0 2.8 2.0
57 1.7 1.8 6.4 2.6 1.8
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where τi (ns) is o-Ps lifetime,Ri is the corresponding radius of
a spherical FVE, and Ro=Ri þ ΔR (where the adjustable
parameter ΔR is usually fixed at 1.66 Å51). In conventional
glassy polymers o-Ps component is presented in the spectra
by one lifetime τ3 or a single Gauss peak in the case of con-
tinuous treatment of the experimental lifetimes, however, in
highly permeable polymers much better statistical fit has
been obatined by two or even three long-lived components of
PAL spectra.48

In this work, PALSmethod was used for the investigation
of free volume in poly(3,4-TCNSi2) and poly(3-TCNSi). The
results are given in Table 7. As in the cases of other high free
volume polymers better statistical fit was obtained for bi-
component o-Po lifetimes, so two lifetimes and intensities are
shown in the table. The values of lifetimes τ4 and the radii
R4 found using Tao-Eldrup equation indicate that rather
large FVEs exist in both polymers. The τ4, and R4 values are
similar to those obtained for other highly permeable poly-
mers.48 For illustration, the data for another addition nor-
bornene polymer, PTMSN, having similar permeability as
poly(3-TCNSi) are also given in the table. This comparison
once more indicates the existence of strong correlation bet-
ween PALS parameters and the permeability of polymers.

An additional experiment was performed with poly(3,4-
TCNSi2): PALS measurement was carried out in air. The
observed lifetimes decreased (τ3=2.0, τ4=6.7 ns) in compa-
rison with the results obtained in the inert (N2) atmosphere.
This effect is explained by the quenching of o-Ps by oxygen
molecules and is typical for high free volume polymers.52

Wide Angle X-ray Scattering. Wide angle X-ray diffraction
(WAXD) indicated that both polymers studied, poly(3,4-
TCNSi2) and poly(3-TCNSi), are completely amorphous
(Figure 4). WAXD pattern is presented by two peaks that
are not as broad that is characteristic for conventional glassy
polymers, e.g. polysulfones.53 The maxima of the peaks are

located at smaller angles indicating in general larger interseg-
mental d-spacing.

It is of interest to compare these scattering angles and the
values of d-spacing (dB) found in assumption that Bragg’s
formula dB = λ/(2 sin θ) is valid for various addition-type
norbornene polymers. It is made in Table 8.

Larger values of d-spacing of the polymers studied in the
present work can be considered as an evidence of loose chain
packing similar but more pronounced to what has been obser-
ved for PTMSN. In nonsubstituted addition polynorbor-
nene investigated by Zhao et al.3 the chains are packed more
densely. This is consistent with higher gas permeability of Si-
containing addition polymers and is in agreement with the
results of PALS method.

Conclusions. In this work, a successful synthesis of two
novel rigid chain addition type Si-containing polytricyclo-
nonenes was accomplished. The polymers prepared in this
work, poly(3,4-TCNSi2) and poly(3-TCNSi), together with
PTMSN studied earlier form a new group of highly perme-
able materials (silylated addition polynorbornenes) beside
polyacetylenes and perfluorinated polymers extensively inves-
tigated so far.Thepropertiesobserved for additionSi-containing
polynorbornenes indicate that quite different chemical struc-
ture of repeat units can result in similar behavior, namely,
high gas permeability and large free volume. On the other
hand, common feature of all the polymers with high perme-
ability is very rigid main chains. It is the stiffness of the main
chains that makes stronger effects of bulky groups attached
to them.

The increases in permeability in the series of C1-C4

alkanes and negative activation energies of permeation are
themanifestation of solubility controlled permeation, that is,
stronger effects exerted by solubility and not diffusivity on
the permeability coefficients. The large size of free volume ele-
ments in more permeable polymer studied, poly(3,4-TCNSi2),
found via the PALS method is also typical for highly perme-
able glassy polymers, and it was corroborated by wide-angle
X-ray diffraction study.

All these results obtained for addition Si-containing poly-
norbornenes allow us to assume that they should be char-
acterized by opened porosity, so further studies namely,
mixed gas permeation investigation andmolecular dynamics
modeling, are desirable.

The observed properties of the two studied polymers allow
one to assume that they can be used as membrane mate-
rials for separation of light hydrocarbons, in particular for
removal of the components C3þ from natural and associated
petroleum gas.
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Table 7. PAL Spectra of Poly(3,4-TCNSi2) and Poly(3-TCNSi)
Measured in Atmosphere of N2

parameter
poly(3-TCNSi)
(this work)

poly(3,4-TCNSi2)
(this work) PTMSN5

τ3, ns 1.74 ( 0.09 2.65 ( 0.15 3.0
I3, % 10.08 ( 0.38 10.69 ( 0.33 10
τ4, ns 6.1 ( 0.05 10.13 ( 0.17 7
I4, % 22.46 ( 0.31 27.96 ( 0.48 30
R3/R4, Å 2.6/5.35 3.45/6.8 3.7/5.7

Figure 4. Wide angle X-ray diffractogram for poly(3-TCNSi) (1) and
poly(3,4-TCNSi2) (2).

Table 8. X-ray Scattering Data of Addition Type Polynorbornenes of
Different Structure

polymer (2θ)1, deg
d-spacing,

Å
(2θ)2,
degree

d-spacing,
Å ref

poly(3-TCNSi) 6.0 14.8 15 5.9 this work
poly(3,4-TCNSi2) 5.6 15.8 13 6.8 this work
PTMSN 6.5 13.6 15.5 5.7 5
PNB 10 8.8 18.5 4.7 3
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WAXD spectra of the polymers studied and Dr. V. Lachtin and
Dr. A. Kazmin for providing of 1,2-bis(trichlorosilyl)ethylene
and quadricyclane.
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