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C. TOSI, F. CIAiiPELLI, and N. CAiiIELI, Centro Ricerch.e d i  Milano, 
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synopsis 
Infrared methods for the analysis of the third monomer in ethylene-propylene-nor- 

bornenic diene terpolymers were developed. They are based either on the C=C stretch- 
ing vibration near 6 p or on the =CH- out-of-plane deformation vibration between 11 
and 12 p .  Calibration was made by NMR on selected samples with high unsaturation 
content. Particular emphasis was laid on terpolymers with ethylidene norbornene, for 
which the reliability of the analysis for the third monomer was checked by several tech- 
niques, and the transferability to the determination of propylene of the calibration curves 
set up for the analysis of composition in ethylene-propylene copolymers was studied. 

INTRODUCTION 

I n  recent years considerable success has been achieved in producing ter- 
polymers of ethylene (C,) and propylene (C3) with nonconjugated diolefins 
in which one of the two double bonds is present in a norbornenic ring.+’ 

It is known that the two double bonds employed for preparing an elasto- 
mer vulcanizable with sulfur and acceleIators should have very different 
reactivities: one should be most reactive with Ziegler-Natta catalysts, so 
as to be easily incorporated into the polymer; the other should be inert in 
polymerization but react with the vulcanizing agent. Both these requirc- 
ments are excellently met by derivatives of norbornene with alkene sub- 
stituents: the former, by the double bond in the bridged ring; the latter, 
by the double bond outside the ring. The resulting terpolymer is thus 
formed by flexible polymethylene chains having methyl groups (arising 
from C3 units) attached a t  frequent intervals and, much less frequently, 
pendant unsaturated groups with norbornane rings (arising from the third 
monomer). 

The production of terpolymers with the norbornadiene types of monomer 
makes necessary both the development of analytic methods for the evalua- 
tion of the third monomer content and a careful control of the transfer- 
ability of analytic methods worked out for the analysis of composition in 
Cz-C3 copolymers to the determination of the amount of the two main 
components. 

I n  this paper we report on the results obtained for Cz-C3 terpolymers con- 
taining norbornenic units derived from the seven monomers shown in Table 
I. 
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TABLE I 
Monomers From Which Norbornenic Units Were Derived 

Compound Name Abbreviation 

5methylensZnorbornene 

5-vinyl-Znorbornene 

5-ethylideneZnorbornene 

5-isopropenyl-2-norbornene 

5-(3-butenyl)-%norbornene 

5-( cis-2-butenyl)-Znorbornene 

&methyl allyl-2-norbornene 

MNB 

VNB 

ENB 

IPNB 

3-BNB 

&-%BNB 

MANB 

DETERMINATION OF THE UNSATURATION IN 
STANDARD TERPOLYMERS 

A number of chemical and physicochemical techniques (such as iodine 
monochloride method, gas-chromatographic analysis of the pyrolysis prod- 
ucts, IR, NMR) have been used for determining double bonds in c2-C~ 
t erpoly mers > -I1 

In  our case, after examination of results obtained by the various tech- 
niques, we have reached the conclusion that IR spectroscopy is the most 
suitable method for routine determination of the amount of unsaturation in 
C2-C3 terpolymers. For all termonomem taken into account, two bands 
can be utilized: either the band around 6 p characteristic of C 4  stretch- 
ing vibration, or the band, lying somewhere between 11 and 14 p depending 
on the kind of unsaturation, due to out-of-plane deformation of the hydro- 
gens on the double bond. 

Preliminary evaluation of the absorptivity of these bands requires the 
availability of some standard terpolymers, with known unsaturation con- 
tent; in fact, it is not conceivable to adopt the absorptivities deduced from 
the spectra of monomers, as in the polymers the band intensities could 
change (and in some instances they actually do, as will be shown later) 
because of release of the ring strain. As standard terpolymers we used a 



SPECTROSCOPY OF TERPOLYMERS 803 

number of samplea with high termonomer content, in which double bonds 
were determined by NMR spectroscopy. 

Theinstrument was a 100-MHz Varian spectrometer. Terpolymers were 
dissolved in tetrachloroethylene a t  about 10% concentration (w/v), and the 
examination was oarried out a t  70°C. The ratio R between the signal from 
all saturated protons (having chemical shifts of 1-2 6) and the signal from 
olefinio protons (having chemical shift of 4.5-5.5 3) was measured. Par- 
ticular care was taken in the evaluation of R,  for this quantity is very large 
(and hence badly measurable) even in high unsaturation terpolymers. 

Knowledge of R for a given terpolymer allows us to immediately find the 
weight fraction w of the termonomer in the terpolymer. If M stands for the 
molecular weight of the termonomer and s and u are the numbers of sat- 
urated and unsaturated protons it contains, the weight fraction of its pro- 
tons is w(u + s ) /M,  and the weight fraction of all (saturated) protons of CZ 
and Cs is (1 - w)/7,  so that 

ws 1 - w  -+- M 7 R =  

whence 

M 
7(Ru - s) + M '  

w =  

It is worth remarking that this NMR examination does not provide the 
mole fraction of the termonomer, unless the amount of Cz or of CI is inde- 
pendently known. If we indicate by m the mole fraction of the termonomer 
and by p the mole fraction of Cat we find 

m(s - 4) + 2(p + 2) 
mu R =  

and this formula, containing two unknowns (m and p ) ,  requires, to be 
solved, two independent experiments on the same sample. 

IR METHODS FOR DETERMINING UNSATURATION 
Once the composition of a high unsaturation terpolymer has been estab- 

lished, it becomes possible to determine the molar absorptivity of the char- 
acteristic IR bands to be employed for all subsequent samples. For prac- 
tical purposes, this evaluation is best done by means of calibration curves, 
giving the weight percentage of the termonomer against the absorbance per 
unit thickness of the relevant IR bands. Using two or three samples with 
high, but somewhat different, unsaturation content for each type of ter- 
polymer, we found that for all termonomers taken into account, calibration 
curves are straight lines through the origin. 



804 *rosI, CIAMPELLI, AND CAMELI 

IR spectra were recorded on a Perkin Elmer-221 spectrophotometer, on 
sheets about 0.2 mm thick prepared in a laboratory press at  150°C. The 
conditions for the analyses were: suppression, 6.0; gah, 2.5; slit program, 
9.27; speed, 0.5 p /dn .  

No problems arose for drawing baselines, except for the ENB band at  
5.93 p .  Our choice is shown in Figure 1. We did not believe it necessary to 
use a compensating wedge of C2-Ca copolymer in the reference beam of the 
instrument, as proposed by Levine and Haines," not only because of 
the energy loss that such a wedge would involve, but also because of the 
di5culties found in compensating in a region where many absorptions are 
often present. It must be remembered that carbonyl bands of most com- 
mon antioxidants are observed between 5.7 and 6 p .  Particular care there- 
fore should be devoted to ENB analysis, and in many instances terpolymers 
need puriscation before their spectrum is recorded. 

As an internal standard of thickness, the band at 2.32 p was chosen. 
This band arises from a combination of C-H stretching and C-H bending 
fundamental vibrations, lying at  ca. 3.4 and 6.9 p .  The respective baseline 
(see Fig. 1) is traced horizontally at 2.1-2.2 p ,  as was done also by Takeuchi 
et a1.12 For C2-C8 copolymers, it was a~sumed'~ that the absorbance of the 
2.32-p band is proportional to the entire number of C-H bonds present, and 
hence to copolymer thickness. This assumption has been checked for the 
present terpolymers by plotting absorbance a t  2.32 p versus thickness of the 
terpolymer sheets, measured with a Stickney gauge, and is fully fulfilled. 

The absorptivities of the IR bands characteristic of the tennonomers, 
deduced from NMR calibration, are reported in Table 11. Results listed in 
this table need some comments. 

2 3 4 6 6 7 a 
W A V E L E N G T H ,  p 

Fig. 1. IR spectrum between 2 and 8 p of a CpCa-ENB terpolymer containing 18.7 
wt& ENB, showing baselines for ENB band at 5.93 p and for reference band at 2.32 p .  
Sample thickness 0.22 mm. 
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a. The two columns named K contain the coefficients (easily calculated 
from the molar absorptivities) by which the ratios of absorbance/thickness 
(cm) found in individual spectra of terpolymers should be multiplied to 
obtain the weight per cent of the termonomer. 

b. In  the cited work by Levine and Haines’O on the IR analysis for ENB 
in C&3 terpolymers, the wavelength of the v(C=C) band is systematically 
indicated as 5.88 p .  We believe it is only a trivial typographical error. 
The molar absorptivity deduced from the calibration curve reported in 
Figure 1 of ref. 10 (0.70 X lo4 mole-l cmz) is somewhat smaller than that 
found by us, but the discrepancy might be due, at  least in part, to the 
different choice of the baseliie. 

c. The 6(=CH-) band cannot be used for the analysis of ENB in C,C3 
terpolymers, for its wavelength (ca. 12.4 p )  is almost coincident with the 
wavelength of the rocking vibration of isolated -CH2- units contained in 
Cs sequences. It should be remembered that a correction for the contribu- 
tion of these units is practically impossible, because their amount depends, 
for a given terpolymer composition, on the “blockiness” of the polymer, 
i.e., on the catalyst employed in polymerization. For this reason, the 
statement by Altenau et al.” that the former wavelength is the most use- 
ful for identification of ENB in c2-C~ terpolymers seem to us rather sur- 
prising. 

d .  The numbers in italics in the column of absorptivity of the v(C=C) 
band refer to molar absorptivity found in the respective monomers. With 
the exception of MANB, these values are less than in the polymers, the 
minimum ratio being observed in ENB. 

As will be shown in the next paragraph, particular emphasis was laid on 
terpolymers with ENB, so that more elements are available to explain their 
behavior than for terpolymers with the other six monomers. 

To begin with, ENB monomer is a mixture of two steric isomers: 

These two isomers can be separated by preparative gas chromatography 
(column packed with 25% B,B’-oxydipropionitrile on Chromosorb P, tem- 
perature ca. 50°C) and are equally reactive in terpolymerization, but the 
molar absorptivities of the v ( C 4 )  band in their IR spectra are very 
different: ca. O.28X1O4 and 0.66X104 mole-’ cm2, respe~tive1y.l~ How- 
ever, this isomerism cannot be responsible for the difference of absorptivity 
between ENB monomer and combined ENB in Cz--C3 terpolymers, as the 
value observed in the terpolymers is bigger than that for both isomers of the 
monomer. 

One could also think of the possibility that ENB be incorporated into the 
polymer in a nortricyclene structure (I) as opposed to the more usual poly- 
merization through the norbornene double bond (11) : 
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I I1 

This hypothesis has been excluded after examination of a number of ter- 
polymers with 14C-labeled ENB (see later) ; however, it could not be used to 
explain the different absorptivities of ENB, as in such case the absorptivity 
in the polymer should be less than in the monomer. 

The reason for this difference should then be sought in the release of the 
strain of the norbornenic ring which takes place in polymerization. This 
statement was confirmed by IR examination of the compound obtained by 
selective hydrogenation of ENB a t  the active double bond, viz., 5-ethyl- 
idenenorbornane (HENB) . Hydrogen uptake analysis indicated that 
HENB had more than 99% of the theoretical unsaturation. The condi- 
tions in the immediate vicinity of the double bond are very similar for this 
monomer and combined ENB in the polymer, and the molar absorptivity 
of the v(C=C) band should be very close to the same value. For the 
HENB band at  5.94 p ,  we found 6 = 0.80X lo4 mole-' cm2, and the agree- 
ment with the value for combined ENB is good, particularly if one con- 
siders that NMR analysis of HENB based on integration of the peak due to 
olefinic proton indicated the presence of a few per cent of structures either 
completely saturated or containing wholly substituted double bonds. 

DETAILED STUDY OF TERPOLYMERS WITH ENB 
Among the monomers considered in the preceding paragraphs, ENB is the 

most reactive in terpolymerization6 and has by far the greatest practical 
interest. It therefore seemed advisable to carefully check both the reli- 
ability of ENB determination and the influence exerted by ENB on the CI 
analysis, when this latter is carried out by means of calibrations set up for 
C2-Ca copolymers. 

To make the former check, three different ways were followed: (a) 
preparation of C2-ENB copolymers with '4C-labeled Cz; (b) preparation of 
C2-C3-ENB terpolymers with l'c-labeled ENB; (c) material balance 
determination by vapor-phase chromatography. 

In case (a), the ENB content was determined from the radiochemical 
analysis for C2, which is very accurate, and the result compared with that 
obtained on the basis of the 5.93-p band with the absorptivity used for ter- 
polymer analysis. Two copolymers were prepared and very good agree- 
ment was found: 

Sample Hundred minus Cz (radiochemical) IR 

1 53.5 55.8 
2 39.5 39.2 
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In case (b), W-labeled ENB was prepared by reaction of cyclopentadiene 
with I4C-labeled butadiene and subsequent isomerization. Also in this case, 
good agreement was found: 

ENB, wt-% 

Sample Radiochemical IR 

2.6 
3.6 
6 .5  

10.6 

3.1 
3.5 
6 .9  

10.0 

This agreement had a very important consequence, in that it permitted us 
to rule out the presence of appIeciable amounts of ENB incorporated in the 
nortricyclene structure (I). 

Case (c) involved analysis, by vapor phase chromatography, of the gross 
polymerization mixture before and after polymerization, as described by 
Levine and Haines.'o Since by this method ENB in the terpolymer is 
evaluated as the difference between that initially added to the reactor and 
that recovered from the polymerization solvent, high ENB conversion (at 
least 30%) is necessary. Obviously, the method is valid only if the as- 
sumption is made that all of the missing ENB is in the polymer. The 
results of four polymerization runs, listed below, also in this case were quite 
satisfactory: 

Run ENB conversion VPC IR 

1 48% 
2 73% 
3 36% 
4 72% 

17.4 18.7 
7.2 6.6 
5.3 6.0 
4 .3  4 .3  

The second analytic check concerning C2-C3-ENB terpolymers aimed at 
detecting the influence exerted by ENB upon the Ca determination. 
The method used for the Ca determination, first proposed by Bucci and 
Sim~nazz i ,~~  is based on the near-infrared bands at 1.69 and 1.76 p that are 
first overtones of the v(C-H) fundamental vibrations. We prefer this 
method to other methods based on bending  vibration^'^*^^-^* as it has a 
better reproducibility and is less sensitive to the conditions of polymeriza- 
tion.'S This method is calibrated for binary C2-C3 copolymers, so its 
utilization for the analysis of terpolymers needs the influence of the third 
monomer to  be carefully taken into account. 

In principle, a spectroscopic calibration curve relevant to a two-com- 
ponent system still may be used when a third component is present if, and 
only if, this component does not contribute to the bands employed for 
determining the other two nor exert any indirect influence (such as enhance- 
ment or suppression) upon these bands. This is not the case for the system 
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CZ-CrENB ; ENB has indeed non-negligible absorptions in all spectral 
regions utilized for the Ca determination. An accurate evaluation of these 
absorptions is practically impossible, as it would demand availability of a 
homopolymer of ENB with the same repeating units that are present in 
terpolymers, and such a homopolymer cannot be obtained under the cata- 
lytic conditions used in terpolymerization. 

An empirical correction therefore should be sought. The simplest 
empirical correction consists in analyzing a set of terpolymers with I4C- 
labeled CZ and subtracting from (or adding to) the measured Ca content an 
amount proportional to ENB concentration, the proportionality coefficient 
k being evaluated in such a way as to minimize the sum of the squares of the 
differences (total found - loo), where “total found” stands for the sum Cz 
(determined by radiochemical counting) + ENB (determined by IR 
spectroscopy*) + C3 (determined by NIR (near-infrared) spectroscopy, 
suitably corrected for ENB influence). 

Here a remark appears in order. When the C3 content in a terpolymer is 
measured by a method calibrated for CrC3 copolymers, the percentage read 
on the working curve clearly refers only to the (Cz + Ca) portion of the 
terpolymer, and the actual percentage referred to the whole terpolymer will 
be obtained by multiplying it by (100 - ENB%)/100. These considera- 
tions, however, apply only as long as the third monomer does not contribute 
to one or both of the bands employed to evaluate Ca. ENB, however, ab- 
sorbs both at  1.69 and 1.76 p. 

In a recent study on the NIR spectroscopy of hydrocarbon functional 
groups,m we have noticed that the former band arises only from methyl 
groups, whereas the latter results from superposition of methyl and meth- 
ylene vibrations, the absorptivities of both groups being of the same order of 
magnitude. As a consequence, the absorbance of the 1.76-11 band in C2-C3 
copolymers should be roughly proportional to the sample thickness, and the 
situation should not markedly change in C2-Ca-ENB terpolymers, owing to 
the presence of both methyl and methylene groups in ENB. Therefore, the 
Ca percentage read on the copolymer cdibration curve was referred, in the 
“total found,” to the whole terpolymer. The abovementioned minimiza- 
tion procedure could then be applied in the following way. 

For the check with the ith terpolymer, the total found is given by C2, 
(radiochemical) + Cat (actual) + ENBf. If we assume the actual C3 
content to be given by the difference between that found and the ENB con- 
tent times the coefficient k, C3(actual) = C3(found) - kENB, the expres- 
sion to minimize is 

N 

i = l  
{ [Czf(rad.) + C3,(found) - kENBt + ENBf] - 

where N is the number of calibration points, so that k will be the solution 
of the equation dZ/W = 0, i.e., 

* The IIE determination of ENB is influenced very little by C8 content. 
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L 
i = l  [Czr(rad.) + Ctf(found) + ENBI - 100]ENBd 

C (ENBJ 
k =  

Having found k = 0.5, the Ca percentage in terpolymers will thus be ob- 
tained by subtracting one half of the ENB amount from the percentage 
deduced from the copolymer calibration curve. 
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