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ABSTRACT: A study of gas transport properties of novel polynorbornenes with increas-
ing length of an aliphatic pendant group R (CH3{, CH3(CH2)3{, CH3(CH2)5{,
CH3(CH2)9{) has been performed. These polymers were synthesized using novel or-
ganometallic complex catalysts via an addition polymerization route. This reaction
route maintained the bridged norbornene ring structure in the final polymer backbone.
Gas permeability and glass transition temperature were found to be higher than those
for polynorbornenes prepared by ring-opening metathesis and reported in the literature.
It was shown that for noncondensable gases such as H2 and He the selectivity over N2

decreased when the length of the pendant group increased, but remained relatively
stable for the more condensable gases (O2 and CO2). The permeability coefficient is
correlated well to the inverse of the fractional free volume of the polymers. The more
condensable gases showed a deviation from this correlation for the longest pendant
group, probably due to an increase of the solubility effect. This polymer series demon-
strated a simultaneous increase in permeability and selectivity, uncommon for poly-
mers. � 1998 John Wiley & Sons, Inc. J Polym Sci B: Polym Phys 36: 797–803, 1998
Keywords: polynorbornene; gas separation; membrane; free volume

INTRODUCTION ject of a number of investigations; some of which
are summarized below. In contrast, the polynorb-
ornenes evaluated here have been synthesized viaPolynorbornenes have been synthesized for their
a novel addition polymerization, which maintainsexcellent properties for dielectric applications,
the norbornene ring structure. For simplicity, weand also for their significant cost advantage in
will refer to these as addition polynorbornenescomparison with materials currently used as
(APNBs). The molecular architecture of theinterlevel dielectrics in microelectronics.1 Their
APNBs, shown in Figure 2, is fundamentally dif-transport properties are important not only for
ferent than the ROMP polymers shown in Figurethis application, but also for other potential uses 1. The impact of this difference on the physicalin packaging2 and gas separation.3 The most fa- and transport properties is the subject of this

miliar polynorbornene4–9 (Fig. 1) is prepared by study.
ring-opening metathesis polymerization (ROMP) Yampol’skii et al.6 studied the transport prop-
and has a varying content of cis and trans units, erties of ROMP polynorbornenes with different
depending on the polymerization catalyst used. stereoregular structures controlled by the synthe-
The ROMP polynorbornenes have been the sub- sis. They showed that the polynorbornene with

predominantly cis units in the backbone chain
shows higher gas permeabilities than those withCorrespondence to: P. H. Pfromm
predominantly trans units. They also determined
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elongation-to-break of the unsubstituted APNB
was insufficient to allow for formation of the film
samples needed for permeation evaluation.

Polymer samples were cast from chloroform
(Aldrich, 99.9% purity, used as received). Perme-
ation samples were prepared by adhering alumi-Figure 1. Repeat unit of ROMP polynorbornene poly-
num foil masks to the polymer with an epoxy ad-merized by ring-opening metathesis.
hesive (Duro Master Mend).13 All gases (mini-
mum purity 99.9%) were obtained from Air
Products and used as received.annihilation method. Steinhäusler and Koros7

have also investigated the influence of stereo-
chemistry and tacticity of ROMP polynorbornenes Preparation
on gas separation properties, and reported find-

The films were cast from the chloroform solutionings similar to Yampol’skii.
containing approximately 3.6 wt % of polymer.Bondar et al.8 studied permeation and sorption
The solution was filtered through a 0.45-mmin polynorbornenes with varying substituents.
Teflon filter and cast directly into a stainless steelThey reported that the introduction of a Si(CH3)3
ring on a leveled mirror. A second glass plate wasgroup to the backbone increased the glass transi-
placed across the top of the casting ring to slowtion temperature and the permeability of gases
the evaporation of the solvent. The evaporationthrough the polymer. They concluded that if the
was performed in a glove bag in a solvent-enrichedsize of the silicon-containing side group is too
environment. After 24 h, the films were removedlarge, the permeability and the glass transition
from the plates by immersion in water. The filmsdecrease (see Table IV). Yampol’skii et al.9 ob-
were further dried under vacuum at 100�C to aserved increased gas permeability, gas sorption,
constant weight. In the initial 7 h of vacuum dry-and elevated glass transition temperatures in
ing, a weight loss of 2% was measured. Continuedpolynorbornenes with fluorine-containing side
drying to a total of 24 h resulted in no furthergroups.
change in weight. The vacuum system wasIn the research reported here, we have investi-
equipped with a trap to prevent oil vapor backgated a class of polynorbornenes, which retain the
diffusion.norbornene ring in the repeat unit, as shown in

Figure 2. This structure is substantially more
rigid than the polynorbornenes prepared by ring- Thickness and Area Measurement
opening metathesis polymerization as previously

After drying, the film thicknesses were measured.discussed.4–9 Thus, we anticipate that our materi-
A known area of the film was weighed, and usingals will have enhanced glass transition tempera-
the measured density (see below), the film thick-tures and potentially improved separation selec-
ness was calculated. The accuracy of this thick-tivities. We have investigated the effect of the size
ness measurement was determined by repeatedof aliphatic pendant groups on transport proper-
measurements and was estimated to be within 2%ties.
of the reported value. The thickness of our films

EXPERIMENTAL

Materials

The repeat unit for the polynorbornene materials
evaluated here is shown in Figure 2, where R rep-
resents different pendant groups. The polynorbor-
nenes were supplied by the B. F. Goodrich corpo-
ration. They were produced via addition poly-
merization using an organometallic complex as Figure 2. Repeat unit of addition polynorbornene
catalyst.10–12 APNBs with four different pendant (APNB) polymerized by using an organometallic com-
groups have been evaluated here. The pendant plex as the catalyst (prepared by B. F. Goodrich, R see

Table I) .groups are methyl, butyl, hexyl, and decyl. The
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ranged from 6–12 mm. Thickness measurements (about 150�C). For comparison, the glass transi-
tion temperatures of the ROMP polynorborneneswith a mechanical gauge (resolution 1 mm) were

in good agreement with the method described are presented in Table IV. The ROMP polymers
have consistently lower Tgs. Thus, we can con-above.

The permeation area was determined by suc- clude that the APNB polynorbornene backbone is
less flexible than the ROMP polymers.cessive magnified photocopies of the masked per-

meation area taken after the end of the experi-
ments. The image of the permeation area was

Fractional Free Volume Determinationthen determined gravimetrically. The average
area determined by the above procedure ranged The relation between the free volume and the co-
from 1 to 13 cm2 with an error of about 1%. efficient of viscosity, h, was introduced by Doolit-

tle in 195116 as:

Permeation Measurement
h Å A exp[B / (vo /vf ) ] (1)

The permeability was studied by single-gas per-
meation using a constant-volume/variable-pres-

where A and B are constants. The fractional freesure apparatus. The permeation cell was main-
volume (FFV) is defined as vf /vo :tained at 35�C { 0.1�C. The feed pressure was 10

{ 0.05 atm; on the permeate side of the film, the
FFV Å (v 0 vo ) /vo Å vf /vo (2)gas pressure was less than 10 Torr and considered

negligible. The leak rate into the vacuum system
where v is the total specific volume of the polymer;introduced an error for the permeability measure-
vo is the so-called ‘‘occupied volume,’’ which cannotment of less than 0.01% for the slowest gas. These
assist in penetrant transport; and vf is the specifictechniques have been described in greater detail,
free volume of the polymer. Using the Stokes–for example, by Koros.14

Einstein relation with ao as the diameter of a
sphere having the volume of the molecule, the

Density Measurement diffusion coefficient, D , can be written as:

The density measurements were performed at 23
D Å (kT /pao ) /h (3){ 0.1�C with a density gradient column, using iso-

propanol/water–calcium nitrate solutions. Sam-
ples were cut from the same samples used in the where T is the temperature, and k is Boltzmann’s
permeability measurement. Solvent uptake during constant.
the density measurement was less than 0.2 wt %. Cohen and Turnbull17 derived the relation be-

tween the diffusion coefficient and the fractional
free volume as:

RESULTS AND DISCUSSION
D Å Do exp[0gv*/vf ] (4)

Physical Properties
where v* is the critical volume just large enoughA polymer’s glass transition temperature, Tg , is
to permit displacement of molecules. The perme-related, among other parameters, to the rigidity
ability coefficient can be written as the product ofof the macromolecule. The thermal properties of
the diffusion coefficient and the sorption coeffi-these polynorbornenes were measured using dy-
cient, in the absence of significant swelling:namic mechanical thermal analysis at the B. F.

Goodrich Corporation.15 The results are summa-
P Å DS (5)rized in the second column of Table I. The increas-

ing length of the flexible pendant group results in
a decrease in the glass transition temperature The pendant groups of our polynorbornenes can

be written as CH3(CH2)x{. As one evaluates theand modulus of these polymers. The polynorbor-
nene with the methyl side group has the highest polymer series reported here, only the length of

the aliphatic side chain changes (represented byglass transition temperature of this group (above
380�C). The polynorbornene with the decyl side x ) . If it is assumed that the solubility coefficient

does not change significantly, the permeation co-group has the lowest glass transition temperature
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Table I. Physical Properties of APNB Polynorbornenes: Van der Waal’s Volume and Free Volume Estimated
from Group Contribution Methods

Polynorbornene Tg
a Young’s Modulusa rb vw vf

Pendant Group (R) (�C) (GPa) (g/cm3) (cm3/g) (cm3/g) FFV

1. CH3{ Exceeds 380 1.4 0.986 0.6302 0.1949 0.1922
2. CH3(CH2)3{ Exceeds 350 0.9 0.970 0.6579 0.1756 0.1704
3. CH3(CH2)5{ 280 0.6 0.965 0.6691 0.1664 0.1606
4. CH3(CH2)9{ 150 0.2 0.946 0.6835 0.1685 0.1594

a See reference 15.
b at 23�C.

Permeationefficient, P , and the ideal selectivity, a*A /B , can be
described as follows: Table II presents the permeability coefficients for

different gases at 35�C and 10 atm. The perme-
ability coefficient decreased with increasing sizeP Å Po exp[0gv*/vf ] (6)
of the pendant group except for the last value,

a*A /B Å PA /PB (7) which showed an increase in the permeability co-
efficient. Figure 3 presents the H2 permeability
coefficient vs. the inverse fractional free volume

where PA and PB are the permeation coefficients for these polymers (numbered 1–4 in the figure)
for two different gases A and B . Po and g are and selected data from the literature. The poly-
constants. norbornenes evaluated here exhibit good correla-

Table I presents the volumetric data of poly- tion between the experimental permeabilities and
norbornenes. The free volume was calculated us- the inverse of fractional free volume. Similar rela-
ing the Bondi18 method. The specific volume, vsp , tionships also existed for the other gases exam-
is defined as 1/r, where r, the density, was experi- ined. The good correlation observed for these poly-
mentally measured. The van der Waal’s volume, mers could be explained by the fact that our pen-
vw , was estimated by using van Krevelen’s19 data. dant groups present the same structure, and
Thus, the free volume is given by therefore, the solubility of gases in these materi-

als is approximately constant across the entire
family.vf Å vsp 0 1.3vw (8)

The overall correlation between hydrogen per-
meability and the inverse of fractional free vol-

and the fractional free volume can be calculated ume for our APNBs evaluated and the ROMP
as polymers from the literature shows some scatter.

The inability of this correlation to account for dif-
ferences in the polymer backbone has been pre-

FFV Å vf /vsp (9) viously observed.20,21 Indeed, this behavior pro-
vides further evidence that differences in poly-
merization routes, which result in dissimilarThe greatest challenge for this calculation is
polymer backbones, are important in determiningthe van der Waal’s volume of the norbornene ring
the properties of the polymers.structure. We approximated this volume by build-

ing up the ring in a step-wise fashion from known
components. Although this may introduce error in Selectivity
the exact fractional free volume values calculated,
errors in this calculation should not seriously in- Table III presents the ideal selectivity for differ-

ent gases over nitrogen and methane. The selec-fluence the comparison between the different pen-
dant groups, because the same ring is present in tivity decreased with increasing pendant group

length for all gases. The percentage change wasall polymers investigated here. The calculated
fractional free volumes are presented in Table I. the largest for the noncondensable gases such as
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Table II. Single Gas Permeability Coefficients at 35�C and 10 atm for APNB Polynorbornenes

Barrera

Polynorbornene
Pendant Group (R) N2 H2 O2 CO2 CH4 He

1. CH3{ 24.1 502.1 89.2 396.3 30.3 309.4
2. CH3(CH2)3{ 11.2 110.7 33.3 141.9 28.4 66.7
3. CH3(CH2)5{ 6.9 57.2 19.8 83.8 18.7 36.8
4. CH3(CH2)9{ 8.7 62.4 25.3 111.1 28.1 38.9

a 1 Barrer Å 10010 cm3 (STP) cm/cm2 s cmHg.

He and H2, and less pronounced for more condens- organosilicon substituents are consistently lower
than those for our APNBs in Table I, no clearable gases such as CO2 and O2. The CH4/N2 selec-

tivity was the only gas pair that showed an in- trend in the permeability coefficients is apparent.
Direct comparison of ROMP and APNB poly-crease in selectivity with increasing side group

length. norbornenes is complicated by the slight varia-
tions in the side groups of the materials studied.
For the APNB series evaluated, both permeability

Comparison to Other Polynorbornenes and selectivity decrease as the length of the ali-
phatic side group is increased. Although extrapo-Table IV presents permeability coefficient data

measured by other researchers. The first three lation of this trend to predict the performance of
other materials should be viewed with caution,lines of the table give Yampol’skii’s9 data for fluo-

rinated polynorbornenes. Both the permeability we hypothesize that the properties of the unsub-
stituted APNB would be similar to those of theof our polynorbornene with the CH3 pendant

group and its Tg are higher than for the polymers APNB with the methyl side group. Indeed, the
glass transition temperature of the unsubstitutedpresent in this table. For the rest of our polymers,

some permeability coefficients are lower, but the material15 is above 400�C, as would be expected
from extrapolation of data for the substituted ma-high Tg is maintained. The second part of this

table presents Bondar’s data.8 Although glass terials.
Comparing the properties of the unsubstitutedtransition temperatures of polynorbornenes with

ROMP polynorbornene (polymer 5 in Table IV)
with the methyl-substituted APNB (polymer 1 in
Tables I–III) , one can gain insight into the impor-
tance of the rigidity of the polymer backbone in
these polymers. The permeability of H2 through
these polymers is about 500 Barrer for the APNB
materials, but only 21 Barrer for the ROMP poly-
mer. Hydrogen/nitrogen selectivities are 20.8 and
14, and the Tgs are above 380 and 31�C, respec-
tively. Thus, the APNB has higher permeabilities,
higher selectivities, and a higher glass transition
temperature than the corresponding ROMP mate-
rial. One might expect, therefore, that an APNB
material with a fluorinated side group (such as
the ROMP polymer 6) might have even more at-
tractive properties.

Figure 3. Correlation between inverse fractional free Comparison to Gas Transport in Other Polymers
volume of APNB polynorbornenes and the permeability

The polymers studied here show increasing per-coefficient for H2. Comparison with literature data (Ta-
meabilities with increasing selectivities, as canble I and Table IV). (1 Barrer Å 10010 cm3 (STP) cm/

cm2 s cmHg). be seen in the H2/N2 tradeoff curve in Figure 4.
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Table III. Ideal Selectivity Coefficients for APNB Polynorbornenes (Calculated from
Single Gas Permeability Coefficients)

Polynorbornene
Pendant Group (R) H2/N2 O2/N2 He/N2 CO2/N2 CH4/N2 CO2/CH4 H2/CH4

1. CH3{ 20.8 3.7 12.8 16.4 1.2 13.0 16.5
2. CH3(CH2)3{ 9.9 3.0 5.9 12.6 2.5 4.9 3.9
3. CH3(CH2)5{ 8.3 2.9 5.3 12.2 2.7 4.4 3.0
4. CH3(CH2)9{ 7.2 2.9 4.5 12.8 3.2 3.9 2.2

Robeson’s upper bound22 is also shown for refer- the decrease of fractional free volume with in-
creasing side-chain length. This is strongly re-ence. The behavior of this polymer family is some-

what unusual, because for many polymers perme- lated to a permeability loss.
The transport data for this family of polymersability decreases with increasing selectivity. Ac-

cording to previous work by Hoehn,23 the behavior with a rather stiff backbone and a flexible side
chain show how the properties of polymers canof our polymers can be rationalized by considering

qualitatively the properties of the polymer chains be tailored by molecular-level changes. It is even
possible to reverse the tradeoff between selectiv-and the free volume in the polymer. In the absence

of significant sorption effects, the simultaneous ity and permeability that is often found.
selectivity increase with increased permeability
can be explained as follows:

The increasing selectivity with decreasing
length of the flexible side chain is due to increas- CONCLUSIONS
ing influence of the rigidity of the polymer back-
bone. Rotational mobility decreases with increas-
ing influence of the stiff backbone on the polymer Maintaining the norbornene ring structure in the

polymer backbone is important to obtain highproperties. This, according to the ideas presented
by Hoehn17 and Koros,24 will increase selectivity. glass transition temperatures and gas permeabili-

ties. This study of the transport properties of poly-The flexibility of our polymer molecules in-
creases with the side-chain length (CH3(CH2)x{). norbornenes with aliphatic pendant groups fur-

ther shows that an increase in pendant groupThis is evident from the decrease of Tg with in-
creasing side-chain length. At the same time, the chain length is responsible for the simultaneous

decrease in fractional free volume, glass transi-side group is linear and packs well. Improved
packing of the polymer chains is apparent from tion temperature, permeation coefficients, and

Table IV. Properties of ROMP Polynorbornenes

Barrera

r Tg

Polynorbornene (g/cm3) FFV (�C) N2 H2 O2 CO2 CH4 C2H6

No side chain
5. PNBb 0.98 0.156 31 1.5 21 2.8 15.4 2.5 1.4

Fluorine-containing side chains
6. PFMNBb 1.586 0.165 169 17 166 50 200 13 6.6
7. POFPNBb 1.626 0.187 77 17 130 55 200 18 14

Silicone-containing side chains
8. PTMSNBc 0.92 0.200 113 7.2 140 30 89 17 7
9. PDSNBc 0.93 0.142d 24 3.7 73 16 67 8.5 10

a 1 Barrer Å 10010 cm3 (STP) cm/cm2 s cmHg.
b Measurements performed at 22 { 3�C and 50–500 Torr (ref 9.).
c Measurement performed at 22 { 1�C, 10–200 mmHg, and the low-pressure side was about 1003 mmHg (ref 8.).
d Calculated by authors using Bondi method.
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