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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-tert-butyl-4-methyl-phenol during the isolation 
of polynorbornene leads to materials with different thermal properties. Trans-
polynorbornene isolated without 2,6-di-tert-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 ReCl5 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 
MHCl(CO)(PiPr3)2  (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 
1H 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 MHCl(CO)(PiPr3)2 (M = Ru, Os) as catalysts. The 
effect of the addition of 2,6-di-tert-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 cm3·min-1at a heating rate 
of 10 K·min-1 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, 
OsHCl(CO)(PiPr3)2, 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 OsHCl(CO)(PiPr3)2 

Solvent Melting range 
(°C) 

ΔHf 
(Jg-1) 

Tm 
(°C) 

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 (Tg) of the polymer, as there is no simultaneous 
weight loss. In this context, we note that 20% trans-polynorbornene has a Tg 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, OsHCl(CO)(PiPr3)2, 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-tert-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 MHCl(CO)(PiPr3)2 (M = Ru, Os) catalyze the 
tandem ROMP-hydrogenation of  norbornene. The hydrogenation step is carried out at 
3 atm of H2 [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-tert-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, RuHCl(CO)(PiPr3)2 and isolated: (from top to bottom) without 2,6-di-
tert-butyl-4-methyl-phenol; after 15 minutes of stirring with 2,6-di-tert-butyl-4-methyl-phenol; 
after three hours of stirring with 2,6-di-tert-butyl-4-methyl-phenol. 
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Figure 3. TGA and DSC curves for hydrogenated polynorbornene obtained by ROMP of 
norbornene with OsHCl(CO)(PiPr3)2 and hydrogenated: (from top to bottom) with p-toluene 
sulfonyl hydrazide; with OsHCl(CO)(PiPr3)2 as catalyst under three atmospheres hydrogen 
pressure; with OsHCl(CO)(PiPr3)2 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 
Polymerization/ Hydrogenation 

Tm 
(°C) 

ΔHf 

(Jg-1) 

Os/2-propanol/ PH2=1at a   116 13.7  
Os/2-propanol/ PH2=3at 87/110b 24.6  
Os/toluene/ PH2=3at, 2days a 110 22.0 
Os/toluene/ PH2=3at, 9days 152 50.3 
Os/2-propanol/ p-tolsfhyd 127 37.5 
Ru/2-propanol/ PH2=3at 138 22.0 
Ru/toluene/ PH2=3at 133 38.0 
Ru/2-propanol/ p-tolsfhyd 139 39.6 
OsCl3/PhC≡CH/p-tolsfhyd 115 26.3 
Ref [6, 9] 140.8 58.7 

p-tolsfhydr=p-toluene sulfonyl hydrazide. a Second run. b Two peaks. 

The reversibility of both melting temperature and fusion enthalpy of the hydrogenated 
polynorbornene obtained by polymerization with the system formed by 
OsCl3/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 H2 (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 trans-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 trans-polynorbornene, which is 
amorphous. The addition of a radical inhibitor, 2,6-di-tert-butyl-4-methyl-phenol, 
after polymerization and before isolation has a significative influence on the thermal 
properties of trans-polynorbornene. Without 2,6-di-tert-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. 

Acknowledgements. We acknowledge financial support from the Spanish “Ministerio de 
Educación y Ciencia” (Project BQU2002-00606). We thank Sonia Conde and Angélica López-
Sustacha for technical assistance.  

References 

1. Ivin KJ, Mol JC (1997) Olefin Metathesis and Metathesis Polymerization. Academic Press, 
San Diego 

2.  Grubbs RH, Tumas W (1989) Science 243:907 
3.  Schrock RR (1993) Ring-Opening Metathesis Polymerization. In: Brunelle DJ (ed) Ring-

opening polymerization: mechanism, catalysis, structure, utility. Munich, New York,  
pp 130-156 

4.  Ohm RF (1980) Chemtech 10:183 
5.  Marbach A (1989) Rubber world  June:30 
6.  Galiatsatos V (1999) Poly(norbornene). In: Polymer Data Handbook. Oxford University 

Press, pp. 698-700 
7.  Dräxler A (1988) Polyalkenylenes. In: Bhowmick AK, Stephens HL (ed) Handbook of 

Elastomers: Marcel Dekker, Inc pp. 661-693 
8.  Michelotti FW, Keaveney WP (1965) J Polymer Science: Part A 3:895 
9.  Cataldo F (1994) Polymer International 34:49 
10.  Al-Samak B, Ebrahimi VA, Carvill AG, Hamilton JG, Rooney JJ (1996) Polymer 

International 41:85 
11.  Feast WJ, Harrison DB (1991) Polymer 32:558 
12.  Al Samak B, Amir-Ebrahimi V, Corry DG, Hamilton JG, Rigby S, Rooney JJ, Thompson JM 

(2000) J Mol Catal A: Chem 160:13 
13.  Cobo N, Esteruelas MA, González F, Herrero J, López AM, Lucio P, Oliván M  (2004)  

J Catal 223:319 
14.  Brumaghim JL, Girolami GS (1999) Organometallics 18:1923 
15.  Denisov ET, Khudyakov IV (1987) Chem Rev 87:1313 
16.  Abboud W, Revillon A, Guyot A (1989) New Polymeric Mater 1:155 
17.  Lee L-BW, Register RA (2005) Macromolecules 38:1216 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


