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Cationic Copolymers of Isobutylene. 7. Reactivity Ratio 
Determination by Sequence Distributions Obtained through NMR 
Analysis 
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Assoreni, San Donato Milanese, 20097, Italy. Received March 24, 1983 

ABSTRACT The monomer sequence fractions obtained from the ‘H and 13C NMR spectra of the cationic 
copolymers of isobutylene (I) with isoprene (IP), tran.s-1,3-pentadiene (tP), and 2,3-dimethylbutadiene (DB) 
were used for calculating their reactivity ratios. A nonlinear regression analysis utilizing a simplex algorithm 
and an objective function value permitted the computation of the confidence limits with a defined degree 
of significance. A comparative test of the first- and second-order Markovian models for the best fit of the 
experimental data was performed. The reactivity ratios of I-IP copolymer were found to be independent 
of the degree of conversion, feed composition, and type of catalyst. The values obtained were rI = 1.56 f 
0.19, r p  = 0.95 f 0.17; rI = 0.59 0.09, rp  = 1.03 0.19; and rI = 3.20 f 1.10, rDB = 0.98 * 0.53 (95% confidence 
limits). 

Introduction 
In previous papers we studied cationic copolymers of 

isobutylene (I) with the conjugated diene monomers bu- 
tadiene (B),l isoprene (IP),2 t r a m 3  and cis-l,3-pentadiene 
(tP and CP): and 2,3-dimethylbutadiene (DBh6 This 
study, which was particularly focused on the structural 
characterization of the copolymers and their monomer 
sequence distributions, was carried out mainly by I3C 
NMR spectroscopy. The structural units present in the 
copolymers were identified and quantitatively determined 
by assignment of the signals attributable to the monomer 
sequences, sometimes up to the level of heptads and oc- 
tads.6 Using this structural information, it is possible to 
determine the reactivity ratios of the monomers by means 
of a method already applied in the study of epi-sulfide 
copolymers’, which is based on a computation program 
proposed originally by Harwood.B$ Recently, this approach 
has found other applications,lOJ1 but the starting point may 
be considered to be the same, i.e., the association of the 
relationships of copolymerization statistics with the pow- 
erful ability of NMR spectroscopy in polymer character- 
ization for testing mechanistic proposals.12 

We show in the present paper the results obtained by 
applying this method in determining the reactivity ratios 
of I when it is copolymerized with IP, tP, and DB. The 
collected values are compared with the data reported in 
the literature and, in some cases, the influence of the  ex- 
perimental conditions (e.g., degree of conversion, feed 
composition, and type of catalyst) is investigated. Also, 
the correlation of the experimental data with a first-order 
or a second-order Markovian model by a simplex algorithm 
is checked. 

‘Present address: Institute of Industrial Chemistry, Polytechnic 
of Turin, C.so Duca Abruzzi, 24, Turin, 10129, Italy. 

The systems I-B and I-CP are not discussed because of 
their greater complexity and the presence in their spectra 
of more than one structural diene unit in relatively high 
c~ncentration.’~~ The present method has recently been 
applied to the study of the copolymerization of I with the 
different isomers of 2,4-hexadiene13 and 1,1,4,4-tetra- 
methyl-l,3-butadiene.14 

Experimental Section 
Materials. I-IP copolymers were prepared by using, as de- 

scribed previously,2 a mixture of n-pentane/CHzClz (1:l by 
volume) as solvent at  -70 OC and EtAIClz as catalyst. Table I 
shows data for the feed composition, conversion, copolymer 
composition, and sequence fractions (up to the level of pentads) 
of ten samples used for studying the reactivity ratios of I and IP. 
Other samples were obtained under the same conditions but with 
a solution of AlC13 in C2H5Cl as catalyst. Samples of I-tP and 
I-DB copolymers employed in these investigations were prepared 
as described p r e v i o u ~ l y . ~ ~ ~  

Analyses. ‘H and 13C NMR spectra were obtained and ana- 
lyzed as reported elsewhere.’!2 The calculation of the reactivity 
ratios and their confidence interval waa carried out by means of 
an IBM computer with a program (HAMOCO) written in Fortran 
language. 

Results and Discussion 
1. Calculation of the  Reactivity Ratios from the  

Sequence Fractions. The method used in the present 
paper was described in part previously.’ The original 
version8v9 of the computation program used by us as the 
basis for our method of calculating the reactivity ratios 
permits one to obtain (i) the copolymer composition, (ii) 
the dyad, triad, tetrad, and pentad fractions, and (iii) the 
sequence number and weight distributions, when the feed 
composition, conversion, and reactivity ratios are known. 
The computational procedure can take into account the 
general form of the first-order Markovian model (terminal 
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reaction scheme) or the second-order Markovian model 
(penultimate reaction scheme) and the composition of the 
copolymers obtained at low or high degree of conversion. 
In fact, the composition and the sequence distributions of 
instantaneous copolymers are calculated by means of 
well-known standard relationships.16 Conversely, when the 
copolymer is obtained at high conversion, an iterative 
procedure within the computer program takes into account 
the effect of the subsequent increments of conversion on 
the copolymer composition. 

A more recent version of the computation program 
summarized here has been extended to the case of ter- 
polymers,16 and the importance of the nonlinear analysis 
for obtaining the best evaluation of the reactivity ratios 
is becoming widely ackn~wledged."-~ We have employed 
Harwoods program during our work as a subroutine for 
an optimizing process that used the feed and conversion 
data and the values of the reactivity ratios that minimize 
the root-mean-square difference between the experimental 
and calculated values of the sequence fractions obtained 
by NMR spectra. The analysis being nonlinear, an effi- 
cient minimizing algorithm, displaying reasonably fast 
convergence, was found in the simplex method.21 This 
algorithm, used for canying out the nonlinear analysis, was 
found to be valid, as convergence toward the same pair of 
values occurred even in the case of largely different initial 
values. The only constraint introduced in our computation 
was the use of positive values of r1 and r2 and also of rl' 
and r i  in the case of the second-order Markovian model. 

The statistical treatment of the experimental data was 
mainly aimed at providing the best fit of the experimental 
data according to the first-order or the second-order 
Markovian model pertaining to the monomer pair con- 
sidered. However, the use of a higher order model has to 
be justified by objective statistical tests, as, for instance, 
the variance ratio test of the square objective function 
S(8)24 (see Appendix), which provides an adequate as- 
sessment of the accuracy of the copolymerization model 
adopted. 

Having determined the value of the objective function 
and the confidence limits as described in the Appendix, 
before concluding our evaluation we must (i) choose the 
copolymerization model by computing the pair and the two 
pairs of parameters pertaining to the first-order and sec- 
ond-order Markovian model, respectively, and (ii) evaluate 
the possible significance of the difference existing between 
the values of the reactivity ratios obtained from two dif- 
ferent series of samples prepared under different experi- 
mental conditions. When overlapping of the co-nfidence 
limits occurs, the difference of the values of S(0) is con- 
sidered to be meaningles~ .~~ The first-order Markovian 
model is considered more suitable than the second-order 
model for fitting the experimental results when the de- 
crease of the values of $@) does not significantly lower the 
value of the variance (eq A2), which is influenced by the 
magnitude p of the parametric vector.24 We observed in 
the present work that the use of four parameters implies 
a broadening of the confidence limits and hence a poorer 
performance of the model, as the gain in the sum of the 
squared differences does not compensate for the enlarge- 
ment of the confidence limits. 

2. I-IP Copolymer. In a previous paper2 the NMR 
spectra and the attribution of signals to different monomer 
sequences of I-IP copolymer were discussed. The inter- 
pretation of the spectra allowed us to calculate the frac- 
tions of triads centered both on I and IP and the tetrad 
distribution. Table I shows also the fractions of pentads 
centered on I and obtained from 10 copolymer samples 
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Table I1 
Copolymerization of I-IP in the Presence of 

Ala, as Catalyst' 

AlCl,, feed, conv, comp,b 
mmol/L mol fract of I % mol fract of I 
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the amount of IP is low; (ii) dependence on the method 
used for their computation; (iii) dependence on the ana- 
lytical method used for determining the copolymer com- 
position. 

With respect to the first hypothesis, it must be pointed 
out that the literature data are concerned only with co- 
polymer samples containing a low level of IP, while the 
method adopted by us requires a higher amount of the less 
abundant comonomer in order to quantify reliably the 
signals of the copolymer spectra. However, in order to 
check point i, we have taken into account the two samples 
of Table I with lower diene content (IP = 10% and 15%, 
respectively). The values obtained, rI = 1.64 f 0.18 and 
rIp = 1.11 f 0.18, are very close to those obtained by 
considering samples with high IP content. Therefore, the 
reactivity ratios values do not depend on the copolymer 
composition within the range examined. 

The second hypothesis can be ruled out by using the 
data of Table I concerning the low-conversion samples in 
the Fineman and Ross linear computation. The results 
are rI = 1.69 and rIp = 1.13, i.e., very close to the values 
obtained with a nonlinear computation. 

The third hypothesis appears likely, because the older 
data of the literature were obtained by determining the 
diene content of the copolymer by iodometric titrati01-1:~ 
which appears less reliable than NMR spectroscopy owing 
to the occurrence of substitution side reactions.26 For 
instance, the iodometric method did not allow Kennedy 
to obtain a quantitative balance between the amount of 
IP introduced in the feed and that found in the copolymer 
plus the amount of unreacted IP at  the end of the co- 
polymerizati~n.~' If we take into consideration possible 
cyclization reactions,% the content of IP in the copolymer 
detectable by NMR will be reduced. Therefore, the me- 
thod we used does not overestimate IP. 

In conclusion, we believe that our data are more reliable 
than those found in the older literature and concerning 
I-IP samples having a low content of diene. In fact, when 
the content of IP increases and is determined indirectly 
by VPC,34 the resulting values of rI and rIP (obtained 
perhaps by a linear regression analysis) are closer to ours 
than the older values (see Table 111). However, it must 
be pointed out that the samples investigated by us were 
obtained at higher temperature (-70 "C) and in a solvent 
different from those used by other authors (see Table 111), 
even though the influence of these differences is expected 
to be weak.29 

3. I-tP Copolymer. The computation procedure de- 
scribed in sec. l was used also for determining the re- 
activity ratios of the I t P  system. The sequence fraction 
values pertaining to two copolymer samples and reported 
in a previous paper3 were utilized. The data available 
extended to the level of hexads, but for our computer 
program only the fractions up to the level of pentads have 
been used. The results obtained are (95% confidence 
limits) rI = 0.59 f 0.09 and rtP = 1.03 f 0.19. The large 

1.3  0 .83  9 0.89 
1.6 0.65 5 0 .73  
2.0 0.50 5 0.59 

' Experimental conditions: solvent = n-pentane + 
CH,Cl, (1 /1  (v/v)); [I] + [IP] = 3.3 mol/L; T = -70 "C; 
time = 1 5  min; AlCl, as a solution in EtCl (0 .2  M). 

Determined by 'H NMR. 

prepared by varying the feed composition and the degree 
of conversion. 

When all the data collected in Table I are used, the 
computation method described in the previous section 
yields (first-order Markovian model) rI = 1.56 f 0.19 and 
rp = 0.95 f 0.17, while the value of the objective function 
is F N  = 0.137 (confidence limits with a level of probability 
= 95%). According to the second-order Markovian model, 
the values of the corresponding parameters are rI = 1.63 
f 0.28, TIP = 0.85 f 0.40, r i  = 1.30 f 0.47, rPf = 0.97 f 
0.27, F N  = 0.113, and AFN = 0.024 over two degrees of 
freedom. The corresponding variance ratio has a value of 
0.012/(0.113/14) = 1.5, which is not significant. It is ev- 
ident that the use of the second model gives rise to very 
little reduction of the value of FN whereas the confidence 
limits are increased. Therefore, the penultimate reaction 
scheme has been rejected. The experimental data are 
correctly described by the two-parameter model, which 
yields values of rI and TIP within the confidence limits 
obtained for rI and r{ and for rIp and rIpf .  

The data in Table I were then divided into two groups, 
including samples obtained at  high and low conversion 
(>lo% and <lo%), respectively, in order to check the 
validity of the fundamental assumption of the adopted 
method. The four samples obtained at  high conversion 
yielded rI = 1.49 f 0.22 and rIp = 0.98 f 0.20, while for 
the other samples obtained at  low conversion we have 
calculated rI = 1.56 f 0.17 and rp = 0.94 f 0.15, which 
confirms the agreement of the results obtained in the two 
cases. 

A cationic catalyst different from that reported in Table 
I was used for synthesizing other samples of I-IP (Table 
11) in order to check the influence of the type of catalyst 
on the reactivity ratios. The results obtained, i.e., rI = 1.44 
f 0.26 and rp = 1.03 f 0.27, are very close to the previous 
ones. 

The data reported in the literature for the I-IP system 
are summarized in Table 111. They exhibit some dis- 
crepancy when compared with ours, in particular, for the 
older values of rp, which are consistently lower than ours. 
Three hypotheses may be proposed to explain the differ- 
ence observed: (i) dependence of the values of the re- 
activity ratios on the feed composition, in particular, when 

Table I11 
Values of the Reactivity Ratios Reported in the Literature for the I-IP System 

exptl conditions 
r1 PIP solvent catalyst T ,  "C ref 

2.5 * 0.5a 0.4 t 0.1  MeCl AlC1, -103 30 
2.17' 0.50 MeCl EtAlC1, -100 29 
2.26' 0.38 EtCl AlC1, -95 31 
2.27' 0.44 EtCl Et AlCl , -90 31 
1.75 1.02 MeCl/(C, + C,)" EtAlC1, -80 34 

a Copolymer composition determined by iodometric t i t r a t i ~ n . ~ ~  Copolymer composition determined by VPC analysis 
of unreacted monomer. C, + C, = hexane-heptane mixture; 50% MeCl. 
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different methods used for the copolymer analysis and 
perhaps to the different experimental conditions adopted 
for the copolymer synthesis. 

The method described above requires that each mono- 
mer enter the copolymer chain as a unique structural unit. 
This condition is not rigorously satisfied in the case of 
diene monomers, because sometimes (e.g., I-tP) small 
amounts of structures other than the dominant trans-1,4 
unit are present. Despite this structural complexity, the 
abundance of experimental data and the completeness of 
the set of sequence fractions obtainable from the 13C NMR 
spectra of some isobutylenediene copolymers have allowed 
us to use the method described in this paper successfully. 

Appendix 
We consider first, for the best estimate of the parametric 

vector 8, the estimate of the least-squares ,e obtained by 
minimizing a-square objective function S(0). When the 
value of the 0 vector that satisfies the condition of the 
minimum for the function S(8) is petermined, the ap- 
proximate confidence limits can S(0). represented by 

number of sequence fractions, although obtained from only 
two samples, permits narrow confidence limits. The use 
of the second-order Markovian model in the treatment of 
our data did not allow us to obtain an improvement in the 
values of rI and rtp 

4. I-DB Copolymers. The values of the sequence 
fractions of this copolymer were reported previ~usly.~ Two 
samples have been used for the calculation of the reactivity 
ratios, and the fractions taken into account were only up 
to the level of tetrads so that the confidence limits (95% ) 
are rather broad. The following values were obtained: rI 
= 3.20 f 1.10 and rDB = 0.98 f 0.53. The two-parameter 
model was also found in this case to be more valid than 
the higher order model. 

Conclusions 
The method employed in this paper belongs to the group 

of approaches used for calculating reactivity ratios which 
utilize the values of the monomer sequence fractions (see, 
for instance, ref 10, 11, 20, 32, and 33), usually obtained 
by 13C NMR spectroscopy. The use of copolymer mi- 
crostructural data allows a significant improvement, from 
both a qualitative and quantitative point of view, of the 
methods more widely used in the past for evaluating the 
reactivity ratios, since they were based only on composi- 
tional data. In fact, the study of the monomer distribution 
in a copolymer furnishes sequence fractions whose values 
enter the copolymerization relationships as data much 
more abundant and self-consistent than the simple overall 
comonomer composition. This is because the sequence 
fraction values, which are usually a set of independent data 
for each copolymer sample, imply the attenuation of 
possible errors involved in the evaluation of the compo- 
sition (expressed usually by one or a few data for each 
sample), so that the final result is particularly reliable. 
Furthermore, the method allows a choice between the 
first-order and the second-order Markovian model, de- 
pending on the best fit of the experimental data, provided 
that the conditions, pointed out previously by Bovey,12 for 
the level of information necessary for testing different 
copolymerization models hold. More particularly, the 
approach described here permits computation of the values 
of the reactivity ratios and their Confidence limits by means 
of a nonlinear regression analysis that utilizes the co- 
polymer composition and the monomer sequence distri- 
bution at  a defined, but not restricted, monomer conver- 
sion. Furthermore, all the data of the sequence fractions, 
available from the experimental techniques adopted, can 
be used, but a complete set of values is not necessary. 
Obviously, more complete sequence fractions permit 
narrower confidence limits and decrease the number of 
samples to be examined. 

For the three cationic copolymers examined in this work, 
the most valid model is that described by two parameters 
(first-order Markovian), and hence an influence of the 
penultimate units on the reactivity of the active centers 
can be ruled out. The reactivity ratios of the I-IP pair, 
studied in more detail, have been found to be independent 
of such experimental parameters as the conversion, feed 
composition, and type of catalyst. 

The values of the reactivity ratios calculated for the 
three copolymers synthesized under the same conditions 
in the presence of EtAIC12 as catalyst are (within 95% 
confidence limits) rI = 1.56 f 0.19, rIp = 0.95 f 0.17; rI = 
0.59 f 0.09, rtP = 1.03 f 0.19; and rI = 3.20 f 1.10, rDB = 
0.98 f 0.53. A comparison with literature data is possible 
only for the I-IP pair: the reactivity of IP appears higher 
than that reported by the majority of other authors. The 
disagreement appears mainly to be attributable to the 

S(6) - S(8) I p ~ ~ F , ( p , u )  (AI) 

where s2 is an independent estimate of the residual vari- 
ance with u degrees of freedom, p is the dimension of the 
parametric vector 6, and F,(p,v) is the lowest value having 
probability a (95%) of the F variable with p and u degrees 
of freedom. The estimate of the variance (s2) can be ob- 
tained as a first approximation by using 

n - p  u 

where n is the number of experimental points. By as- 
suming a moderate degree of nonlinearity for the 
a Taylor series developed up to the second order can be 
adequate for S(8) .  Correspondingly, the confidence limits 
can be approximated byz3 

c 

and assuming that eq A4 is verified in the point of opti- 
mum. 

-[TI = o  
e=$ 

By using vector notation, eq A3 can be rewritten as 

(6 - 8 ) T ~ ( 6  - 8 )  5 ps2F,(p,v) (A51 

2 V  being the p X p matrix of the second derivatives 

i, j = 1, 2, ..., p (A6) 
8=9 

When the first derivative is not rigorously zero, eq A5 will 
include in the left-hand term also the expression 

Actually, in our case, the two values of the confidence 
limits were not rigorously coincident. The difference being 
small, we have computed the-average value (M), and the 
results are reported as ri = M f A .  

Registry No. Isobutylene, 115-11-7; isoprene, 78-79-5; 
truns-1,3-pentadiene, 2004-70-8; 2,3-dimethylbutadiene, 513-81-5. 
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Photochemistry of Ketone Polymers. 17. Photodegradation of an 
Amorphous Ethylene-Propylene Copolymer 
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ABSTRACT Samples of an amorphous ethylene-propylene (7822 mol %) copolymer were thermally oxidized 
to produce polymers with varying amounts of keto and hydroperoxy groups. Additional samples were prepared 
in which the hydroperoxy groups were removed by thermal decomposition under vacuum. Studies were then 
made of the quantum yields of chain scission (aB), carbonyl loss (@GO), and terminal vinyl formation ( ~ I I )  
in solution and in solid films. Samples containing both carbonyl and hydroperoxide showed much higher 
values of aB (0.2-1.3) than those containing only ketones (a8 = 0.036). Furthermore the results could not 
be explained by direct absorption of light by the hydroperoxide groups, since in all cases more than 87% of 
the light was absorbed by the ketone structures. The results are consistent with a relatively efficient transfer 
of excitation energy from the keto group to hydroperoxide, possibly by the exciplex mechanism recently proposed 
by Ng and Guillet. At 250 and 276 nm, where strong primary absorption by hydroperoxide occurs, a dark 
scission reaction was observed, which is attributed to the bimolecular reaction of two peroxy radicals on the 
polymer chain followed by p scission of the resulting macroalkoxy radical. The significance of these results 
to the mechanism of polyolefin photooxidation is discussed. 

Many studies of the oxidative degradation of polyolefmic 
materials by ultraviolet or visible light'+ or heat+l3 have 
been published during the past decade. It has been rec- 
ognized that the basic reactions in the photooxidation of 
polyolefins are similar to those occurring in thermal oxi- 
dation. The two chemical species believed to be important 
in causing the thermal degradation and photodegradation 
of polyolefins are hydroperoxide groups and ketone or 
aldehyde carbonyls. There has been some controversy in 
the literature as to whether the hydroperoxide groups or 
the ketone groups are more effective sensitizers in pho- 
tooxidation and in maintaining the oxidative chain reac- 
tions that lead to polymer degradation.14-" 

Hydroperoxides are produced in aliphatic or aromatic 
polymers from polymer radicals formed mechanically or 
chemically. In the presence of air, these radicals react to 
give peroxy radicals that are stabilized by hydrogen atom 
abstraction to give hydroperoxy groups. In cases where 
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the polymer contains relatively large concentrations of 
double bonds, such as in polyisoprene or polybutadiene, 
hydroperoxides can also occur by addition of singlet oxygen 
to form an allylic hydroperoxide?l5 although it is unlikely 
that this reaction is important in the oxidation of saturated 
aliphatic or aromatic polymers. 

Guillet has pointed out that after the initial stages of 
photooxidation, the accumulation of carbonyl groups will 
cause the light excitation to be overwhelmingly concen- 
trated on the carbonyl chromophores." Chain scission 
would then occur via the Norrish type I and I1 reactions 
characteristic of ketone compounds as well as those in- 
volved in the oxidation process per se. I t  is, therefore, 
important to understand the photodegradation of ketone 
polymers in the presence of hydroperoxide groups on the 
polymer backbone. It is well established that photo- 
oxidation of polyolefins takes place primarily in the 
amorphous phase. Copolymers of ethylene and propylene 
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