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Summary

The thermal properties of trans-polynorbornene, cis-polynorbornene and hydrogenated
polynorbornene were examined and its reversibility tested. Trans-polynorbornene
samples, formed in various solvents, exhibit a softening range, from ambient
temperature until 375°C. However, syndiotactic cis-polynorbornene samples show
a narrower melting range (between 150 and 375°C). The fusion enthalpies of cis-
polynorbornene samples are around 300-400 J/g. The temperature of decomposition is
ca. 456°C (minimum peak DSC) for trans-polynorbornene and ca. 466°C, 10°C higher,
for cis-polynorbornene. The solvent used for the polymerization of norbornene has
a negligible influence in the melting temperature range or in the decomposition
temperature. The treatment with 2,6-di-ferz-butyl-4-methyl-phenol during the isolation
of polynorbornene leads to materials with different thermal properties. Trans-
polynorbornene isolated without 2,6-di-fert-butyl-4-methyl-phenol exhibited an
exothermic peak accompanied by an slight increase in weight (1-2%), while samples
treated with 2,6-di-tert-butyl-4-methyl-phenol do not show these features.

Introduction

The polymerization of cycloolefins via ring-opening metathesis polymerization
(ROMP) is a way to synthesize tailor-made unsaturated polymers [1,2,3]. Among the
cycloolefins susceptible to be polymerized by ROMP, norbornene is probably the
monomer most studied. In fact, polynorbornene was the first polyalkenamer to be
commercialized under the trade name of Norsorex [4,5]. The name polynorbornene
comprises polymers with different microstructures. Moreover, the great variability in
molecular weights and their distributions make polynorbornene a generic name that
range over a whole of polymers that, obviously, should have different properties.
Trans-polynorbornene is described as an amorphous polymer with a glass transition
temperature at 37°C [4,6]. Norbornene polymers crystallize only when the cis
component is predominant [7]. However, data about their melting temperature ranges
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are scarce, while data about enthalpies of fusion are not reported, in contrast to
hydrogenated polynorbornene, where they are available [6-9].

ROMP of norbornene by using osmium based catalysts [8,10,11] leads to polymers
with a higher cis content than those obtained with ruthenium complexes. Recently,
Rooney et al. [12] have described the ROMP of norbornene to give high cis-
polynorbornene (fraction of cis double bonds 90%) by using ReCls in chlorobenzene
and OsCl3/PhC=CH in chlorobenzene/ethanol. They have described effects on the
cis/trans double bond ratio by using different solvents.

We have reported the ROMP of norbornene promoted by the complexes
MHCI(CO)(P'Pr3); (M = Ru, Os) in different polar and apolar solvents [13]. While
the ruthenium complex catalyzes ROMP of norbornene to give trans-polynorbornene,
the osmium complex leads to syndiotactic cis-polynorbornene, 95%, as determined by
'H NMR spectroscopy. Interestingly, these complexes also catalyze the tandem
ROMP-hydrogenation of norbornene giving hydrogenated polynorbornene. These
results have allowed us to perform the thermal analysis of cis-syndiotactic
polynorbornene, trans-polynorbornene, and that of hydrogenated polynorbornene.
Here we report the thermal properties of cis-, trans-polynorbornene and hydrogenated
polynorbornene obtained using MHCI(CO)(P'Pr3), (M = Ru, Os) as catalysts. The
effect of the addition of 2,6-di-fert-butyl-4-methyl-phenol during the isolation the
polymer on the thermal properties has also been studied.

Experimental

ROMP of 2-norbornene and tandem catalysis ROMP-hydrogenation

The reactions were carried out as described elsewhere [13].

Polynorbornene isolation without 2,6-di-tert-butyl-4-methyl-phenol

After stirring for 22 h at 40°C, two different isolation methods were used: (a) when
alcohols were used as solvent, the solvent was removed and the white polymer formed
washed repeatedly with the alcohol, and dried under vacuum; (b) when toluene or
chlorobenzene were used as solvents the solution was poured into stirred methanol
(20 mL). The precipitated polymer was recovered by centrifugation, washed several
times with methanol, and dried under vacuum.

Polynorbornene isolation with 2,6-di-tert-butyl-4-methyl-phenol

After stirring for 22 h at 40°C, 100 mg of 2,6-di-tert-butyl-4-methyl-phenol was
added. The mixture was magnetically stirred at the reaction temperature, 40°C, for
(i) 15 minutes or (ii) three hours. Then the polymer was isolated as described in the
preceding paragraph.

Thermogravimetry and Differential Scanning Calorimetry (TGDSC)

TGDSC was carried out in nitrogen (or helium) flow of 20 cm’-min'at a heating rate
of 10 K-min™' from 25°C to 800°C. The reversibility experiments have been performed
heating the sample to 200°C, cooling it to 25°C, and then heating again from 25 to
800°C. This is what we call second run. For hydrogentated polynorbornene, third and
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four runs have also been registered. The samples, 10 mg, were placed in a crucible,
part of a Setaram TGDSC 111 instrument.

Results and Discussion

Thermal properties of cis-polynorbornene

Figure 1 shows TGA and DSC curves for cis-polynorbornene samples prepared in
different solvents. They can be divided in three regions for the purpose of the study.
The first one, from ambient temperature until approximately 150°C shows a
percentage of weight loss, generally lower than 5%, that is associated to removal of
the sorbed solvent. In the second region, between 150° and 350°C, there is no loss
weight, while in the third region, near 460°C (462°C minimum DTG, 466°C minimum
DSC) decomposition of the sample takes place. The differences between the cis-
polynorbornenes prepared in different solvents using as catalyst the osmium complex,
OsHCI(CO)(P'Pr3),, are limited to the first part of the curve, and the temperature at
which the weight loss occurs is directly related with the boiling point of the solvent
used for the synthesis of the polymer.

Table 1. TGDSC data for (75-95%) cis-polynorbornene samples formed in various solvents in
presence of OsHCI(CO)(P'Pr3),

Solvent Melting range AHf Tm

(°O) dgh (°O)
Toluene 175-385 437 280
chlorobenzene 197-390 368 325
ethanol 225-375 - 327
ethylenglicol 126-390 345 175
1-propanol 160-390 417 282
2-propanol 150-386 316 275
1-butanol 180-397 376 280
tert-butanol 160-350 - 320
acetone 171-398 289 290

DSC curves are divided in three regions analogously as TGA curves. All DSC curves
show an endothermic peak associated with solvent loss. At lower temperature,
between 30 and 40°C, this endothermic peak shows a shoulder. This feature may be
due to the glass transition temperature (T,) of the polymer, as there is no simultaneous
weight loss. In this context, we note that 20% trans-polynorbornene has a T, at 37°C
[6]. Between 150 and 350°C there is a somewhat broad heat adsorption without mass
loss indicating melting of the sample (Figure 1). All these cis-polynorbornene samples
exhibit analogous curves. Melting ranges for this broad endothermic heat flow as well
as fusion enthalpies associated with it have been measured and are collected in Table 1.
The approximate melting peak temperatures are also showed. Melting enthalpies
range between 290 and 437 J/g for all samples. As far as we know fusion enthalpies of
polynorbornene have not been reported.
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Figure 1. TGA and DSC curves for cis-, syndiotactic polynorbornene obtained in presence of
the osmium complex, OsHCI(CO)(P'Pr3),, and in various solvents: ethanol, 1-propanol and
acetone (from top to bottom).
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At 466°C (minimum of the heat flow), and associated to ca. 97% weight loss, a strong
heat adsorption takes place, indicating the decomposition of the sample. The
decomposition temperature for all the cis-polynorbornene samples tested is around
this temperature. In some samples we observe a small shoulder at 441°C, which is
probably due to the small fraction of trans-polynorbornene present in the sample.

Thermal properties of trans-polynorbornene

We have reported TGA and DSC curves for trans-polynorbornene [13]. In the DSC
curve there is a change of the baseline at ca. 30°C, which is probably due to the glass
transition temperature. At about 90°C an exothermic peak associated with a slight
weight increase 1-2% is observed (Figure 2, top). Brumaghim and Girolami [14] have
also observed a similar weight increase. After these features a continuous heat
adsorption until 350°C without mass loss is observed, as expected for an amorphous
polymer. This is due to a continuous softening of the sample from ambient
temperature until near decomposition. Decomposition of the sample takes place at
456°C (minimum of the heat flow, and 452°C minimum DTG), ca. 10°C lower than
cis-polynorbornene. There are little differences between samples prepared in different
solvents, as it occurs for cis-polynorbornene.

We have described [13] that both features, exothermic peak and weight increase, (i)
are not reversible after the temperature is raised; (ii) the same behavior is observed
under helium and (iii) the weight gain depends on the crucible exposed surface. It
appears that the expanded structure of polynorbornene can incorporate not only liquid
aromatic compounds [4] but also gases.

In order to support this hypothesis, two different methods have been used to isolate the
polymer: in the absence, and in the presence of 2,6-di-tert-butyl-4-methyl-phenol. 2,6-
di-tert-butyl-4-methyl-phenol is known to be an inhibitor of radical polymerization,
responsible of the cross-linking of the polymer after isolation [15]. Once the
polymerization process is finished and before isolation of the formed polymer, the
inhibitor was added. If the resultant suspension was stirred for 15 minutes no weight
increase was observed but an exothermic peak is showed, although of lesser heat than
that of the sample isolated without 2,6-di-fert-butyl-4-methyl-phenol (Figure 2,
center). After stirring for three hours, no exothermic peak or weight increase is
observed in the resulting polymer (Figure 2, bottom). All samples treated with 2,6-di-
tert-butyl-4-methyl-phenol do not show exothermic peak nor weight gain. Thus,
addition of 2,6-di-tert-butyl-4-methyl-phenol after polymerization and before isolation
modifies polymer properties.

Thermal properties of hydrogenated polynorbornene

We have reported that the complexes MHCI(CO)(P'Pr3), (M = Ru, Os) catalyze the
tandem ROMP-hydrogenation of norbornene. The hydrogenation step is carried out at
3 atm of H, [13]. For comparative purposes, the hydrogenation of the polymer has
also been carried out by the diimide hydrogenation method. Thermal analysis of
hydrogenated polynorbornenes obtained using both methods show TGA curves as
those shown on Figure 3. There is no weight loss from ambient temperature until
430°C. At this temperature decomposition of the sample begins. DTG minimum at
480°C was used for the determination of the polymer decomposition temperature. The
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Figure 2. Effect of the addition of 2,6-di-ferz-butyl-4-methyl-phenol during isolation of the
polymer. TGA and DSC curves for trans-polynorbornene obtained 2-propanol in presence of
the ruthenium complex, RuHCI(CO)(P'Pr3), and isolated: (from top to bottom) without 2,6-di-
tert-butyl-4-methyl-phenol; after 15 minutes of stirring with 2,6-di-zers-butyl-4-methyl-phenol;
after three hours of stirring with 2,6-di-terz-butyl-4-methyl-phenol.
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Figure 3. TGA and DSC curves for hydrogenated polynorbornene obtained by ROMP of
norbornene with OsHCI(CO)(P'Pr3), and hydrogenated: (from top to bottom) with p-toluene
sulfonyl hydrazide; with OsHCI(CO)(P'Pr3), as catalyst under three atmospheres hydrogen
pressure; with OsHCI(CO)(P'Pr3), as catalyst under one atmosphere hydrogen pressure.
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DSC curve of hydrogenated polynorbornene obtained by the diimide hydrogenation
method contains two well-defined endothermic peaks (Figure 3, top). The first one at
110°C is due to the melting of the polymer. The measured fusion enthalpy is 22 J/g.
The second one, at 483°C (heat flow minimum), is associated to the decomposition of
the sample. Other samples of hydrogenated polynorbornene prepared under similar
conditions show similar curves with variations on the melting temperature (Tm) and
fusion enthalpy. Both, polymer melting temperatures and fusion enthalpies are
collected in Table 2.

Table 2. TGDSC data for hydrogenated polynorbornene

Preparation Tm AH;
Polymerization/ Hydrogenation (°C) agh
Os/2-propanol/ Py,=1at * 116 13.7
Os/2-propanol/ Py,=3at 87/110° 24.6
Os/toluene/ Py,=3at, 2days* 110 22.0
Os/toluene/ Pyp=3at, 9days 152 50.3
Os/2-propanol/ p-tolsthyd 127 37.5
Ru/2-propanol/ Py,=3at 138 22.0
Ru/toluene/ Py,=3at 133 38.0
Ru/2-propanol/ p-tolsthyd 139 39.6
OsCly/PhC=CH/p-tolsthyd 115 26.3
Ref [6, 9] 140.8 58.7

p-tolsthydr=p-toluene sulfonyl hydrazide. * Second run. ® Two peaks.

The reversibility of both melting temperature and fusion enthalpy of the hydrogenated
polynorbornene obtained by polymerization with the system formed by
OsCl;/PhC=CH and subsequent hydrogenation with p-toluene sulfonyl hydrazide has
also been tested. In the second run, the melting temperature decreased slightly from
115°C to 111°C, while the fusion enthalpy was almost constant, 26 J/g. Third and four
runs lead to similar values. Hydrogenation of polynorbornene by the p-toluene
sulfonyl hydrazide method gives a hydrogenated sample that shows melting
temperature and enthalpy of 140.8°C and 58.7 J/g [9]. The first polynorbornene fully
hydrogenated by catalysis leads to a sample with a melting temperature of 136°C [16].
We have also observed that the crystallinity of the hydrogenated polynorbornene
obtained by hydrogenation with molecular hydrogen decreases if the hydrogenation
step is carried out in 1 atm of H, (Figure 3, center and bottom). This can be related
with a higher degree of unsaturation in the polymer [17].

Conclusions

Cis-polynorbornene can be distinguished from frans-polynorbornene by thermal
analysis. Samples of cis-polynorbornene that differ on the solvent in which they have
been prepared show a narrower melting range than frans-polynorbornene, which is
amorphous. The addition of a radical inhibitor, 2,6-di-fert-butyl-4-methyl-phenol,
after polymerization and before isolation has a significative influence on the thermal
properties of trans-polynorbornene. Without 2,6-di-fert-butyl-4-methyl-phenol,
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trans-polynorbornene samples exhibit an exothermic peak near 90°C and a
simultaneous 2% weight increase. Both features disappear by treatment with 2,6-di-
tert-butyl-4-methyl-phenol.
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