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ABSTRACT: The cationic polymerization of 1,3-pentadiene isomers initiated by AICI; was investigated
in nonpolar solvent. It was shown that the polymerization was very sensitive to the initial monomer
composition (proportion between the cis and trans isomers). The cis isomer favors the cross-linking
reactions and double bond isomerization, whereas the trans isomer induces more cyclization. However,
the behavior of the mixture of the two isomers cannot be simply deduced from a linear combination of
the behavior of each isomer independently considered. Some polymerizations were realized in different
alkanes (pentane, hexane, heptane, and decane). Despite similar polarity, it was observed that the higher
the solvent molecular weight, the lower the total polymerization yield. These results were assigned to a
different solubility of the Lewis acid and of polymer chains in the different solvents investigated. Finally,
two origins of the cross-linked polymer were identified: the heterogeneity of the polymerization medium
and intermolecular reactions of the active species with the polymer.

Introduction

The cationic polymerization of 1,3-pentadiene initi-
ated by aluminum trichloride in nonpolar solvent is
known to produce both insoluble polymer (which corre-
sponds to cross-linked chains) and soluble polymer
(linear or grafted macromolecules).!=3 The polymer
structure is complicated by the different microstructures
of the monomer units (1,4-, 1,2-, and 3,4-polymeriza-
tions), by the involved stereochemistry (cis and trans
enchainments) and by the occurrence of various side
reactions like cyclization, double bond isomerization,
termination, etc.1=2 The aim of this work is to achieve
a better understanding of the different mechanisms
involved in the polymerization of this monomer, which
is generally composed of a mixture of cis and trans
isomers, the cost of pure isomers being expensive. This
polymerization is very sensitive to experimental condi-
tions (polarity of the solvent, nature of the initiator,
monomer concentration, temperature, ...).245 In this
paper, the influence of each compound on the polymer-
ization (AICl3, nonpolar solvents, 1,3-pentadiene iso-
mers) was first examined. In a second part, the origin
of the cross-linked chains was investigated.

Experimental Section

Materials. Aluminum chloride (Aldrich) was stored under
N, atmosphere in a glovebox. Pentane (SdS), n-hexane (SdS),
and heptane (SdS) were refluxed over CaH, and then distilled
under nitrogen just before use. Because of its higher molecular
weight, decane (Aldrich) was cryodistilled over CaH, under
secondary vacuum. 1,3-Pentadiene (Aldrich) was either an
analytical grade (90%), composed of 34 mol % of cis-pentadiene
and 66 mol % of trans-pentadiene or a single isomer (cis-1,3-
pentadiene, 98%, or trans-1,3-pentadiene, 96%). 1,3-Pentadi-
ene and 2,3-dimethyl-2-butene (Aldrich, 99%) were also dried
over calcium hydride.
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Polymerization. Polymerizations were carried out under
high vacuum at room temperature. AICl; was handled in a
glovebox and introduced into the reactor. It was dried 1 h
under secondary vacuum before use. The dried solvent and if
necessary the olefin were then added by cryodistillation. The
mixture warmed to room temperature and the monomer was
added. After 2 h of reaction, polymerizations were deactivated
by the addition of pure n-butylamine. The crude polymeriza-
tion medium was filtered to separate the insoluble polymer
from the soluble fraction. The cross-linked polymer was dried
under vacuum. The soluble fraction was washed with water.
After evaporation of the solvent, the soluble polymer was dried
under vacuum.

Analytical Techniques. Nuclear Magnetic Resonance
(NMR). *H and 3C spectra were recorded on a Bruker Avance
300 MHz. 3C measurements were performed using an inverse
gate procedure (no NOE), allowing a quantitative determina-
tion of the carbon unsaturation loss. The NMR pulse conditions
were chosen to ensure that all the analyzed '3C nuclei
(including quaternary carbons) were detected.

Size Exclusion Chromatography (SEC). Number- and

weight-average molecular weights (M,, and M, respectively)
were determined by SEC in tetrahydrofuran on a chromato-
graph equipped with two columns (PL Gel, mixed C), an IR
cell, and a UV at 254 nm detector. Polystyrene standards were
used to generate the calibration curve.

Fourier Transform Infrared Spectroscopy (FTIR). IR
spectra of polymer solutions in CS, were recorded on an FTIR
Perkin-Elmer 1760 spectrometer by using liquid cells. The
microstructure of the polymers were then characterized using
the molar extension coefficients of the linear units determined
by Beebe.1!

Differential Scanning Calorimeter (DSC). The polymer
glass transition temperatures were determined on a dif-
ferential scanning calorimeter (DSC), Perkin Elmer 4, cali-
brated with cyclohexane. Two heating programs were used:
the first program operating in the range —120 to +250 °C, with
the second program operating from —120 to +150 °C when no
first-order transition occurred between 100 and 250 °C. The
heating rate was 20 °C/min.
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Table 1. Influence of the AICI; Aging and Lot on the
Polymerization Yields

AICI3 tot. .
aging AICl3 yield IF M, b

n

runa (day) lot no. (%) (%) (g/mol) 1p°
1 0 2 83 49 8400 12.1
2 0 3 70 50 8900 11.0
3 0 6 78 45 10 400 10.3
4 7 5 69 86 1600 7.7
5 11 2 68 65 6400 10.0
6 13 8 78 38 10 000 11.2
7 14 5 75 53 5400 14.5
8 29 1 70 74 4500 8.9
9 43 1 76 71 5000 10.4
10 50 6 71 42 10 900 9.3
11 58 4 57 75 3300 8.2
12 114 1 73 73 3200 17.6
av 72 60 7000 10.9
o +7 +16 +3100 +2.8

a[AICI3] = 2.3 x 1072 mol/L, [1,3-pentadiene] = 1.6 mol/L,
pentane, T =20 °C, t = 2 h, deactivation by BuNH. ? Determined
by SEC (polystyrene standard). ¢ Standard deviation.

Nuclear Microprobe Analysis (NMA). The nuclear mi-
croprobe of the Pierre Sue Laboratory (CEA, Saclay, France)
was used by coupling particle induced X-ray emission (PIXE)
and the *2C(p,p)*?C reaction with incident protons of 1.725 MeV
energy. The capabilities of NMA and particularly the use of
these two spectroscopic modes for characterization of organic
matter has been demonstrated in papers.*?'2 For our study,
PIXE permits one to determine Al and Cl at contents as low
as 1 ug/g of sample. The 2C(p,p)*?C nuclear reaction at the
resonance energy of 1.725 MeV gives the C concentrations with
an excellent sensitivity (because of this nuclear reaction high
cross section at backward detection angles: 900 mb/sr at
175°).24 The sensitivity of the organic matter to beam irradia-
tion and temperature as well as the volatility of halogen
elements (chlorine in this study) are well-known phenomena.®
So, a beam size of 10 um x 10 um and a current density of 0.5
pA/um? with a total integrated charge of 0.1 uC collected by
the sample surface permits one to avoid elemental losses.
Nuclear microprobe analyses consisted of point mode measure-
ments (beam fixed on the analyzed zone) and of elemental
maps of polymers surfaces of 500 um x 500 um dimensions to
follow the correlations or anticorrelations between the ele-
ments C, Al, and CI. The elemental maps and their correspond-
ing spectra were treated by using the RISMIN software.'®

Results and Discussion

Influence of the AICI; Lot and its Aging. Before
investigating polymerization mechanisms, it seemed to
be interesting to study the influence of the AICI; lot and
its aging on the polymerization in term of yield and
chain structure. Indeed, the Lewis acid may be progres-
sively hydrolyzed despite the storage and handling cares
under nitrogen atmosphere. The lot may be also an
important factor because the granulometry can change
from one sample to another used in this study. Conse-
quently, a standard polymerization was realized 12
times with different Lewis acid lots and with different
time lags between the opening and the use of the
catalyst bottle. The polymerizations were carried out in
pentane at room temperature using the same mixture
of cis and trans isomers as monomer. The total yield,
the insoluble fraction (proportion of cross-linked poly-
mer, denoted as IF) as well as the molar mass and the
polydispersity index of the soluble polypentadienes
synthesized are reported in Table 1. These results
showed that the AICI; opening delay had little influence
on the total yield. Indeed, even after 114 days (about 3
months), the global yield remained relatively constant.
It was about 72% with a standard deviation of 7. This
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observation is in tune with previous works which
showed that the direct initiation was responsible for this
polymerization and that cocatalysis was of little influ-
ence if any.! As for as the insoluble fraction (IF), it
substantially varied from one polymerization to another.
The IF variation did not seem to be correlated with
catalyst lot and with Lewis acid opening delay. The
heterogeneous polymerization medium could explain
these results. Indeed, AIClI; is poorly soluble in nonpolar
solvent, and it was observed that the insoluble fraction
aspect changed in the different polymerizations, show-
ing that the 1,3-pentadiene cationic polymerization is
very sensitive to medium homogeneity. For example,
AICl3 is more soluble in polar solvent than in nonpolar
solvent so that the 1,3-pentadiene polymerization in
methylene chloride generated nearly no cross-linked
polymer (IF = 6%).

As can be seen in Table 1, the values of the polymer
number-average molar mass are very scattered since the
standard deviation is close to 3000 g/mol. This fact is
to be related to the variation of the insoluble fraction
and will be explained below in the paragraph dealing
with the origin of the cross-linked polymer.

The polymer microstructure was characterized by
several analyses. The complementarity of infrared (IR)
and 3C NMR spectroscopies allowed us to describe
accurately the linear pentadiene units. IR provides the
molar percentages of 1,4-cis, 1,2-cis, and 3,4 units and
the global percentage (1,4+1,2)-trans, while using quan-
titative 13C NMR it was possible, by the existence of a
signal at 18 ppm characteristic of the 1,2-trans units
methylic carbons and a signal at 13,3 ppm characteristic
of the 1,2-cis units methylic carbons, to quantify each
unit. Therefore, the subtraction of the 1,2-trans content
determined by NMR to the global percentage (1,4+1,2)-
trans obtained by IR gives the 1,4-trans content. Figures
1 and 2 give examples of IR and 3C spectra.

The polymer structural analysis showed that the
linear microstructure of the polymers was not sensitive
to AICI3 lot and to the time lag between the opening
and the use of the catalyst bottle (Table 2). The polymers
were mainly composed of 1,4- and 1,2-trans units, the
others (1,2-cis, 1,4-cis, and 3,4 units) not exceeding
3—4%. It can be noted that the sum of the different
pentadiene units did not give 100%. The missing frac-
tion was assigned to cyclic units.

The 'H and 13C NMR analysis of the polymers allowed
to study the unsaturation ratio contained in the polymer
chains. It is well-known that an unsaturation loss was
always observed in the cationic polymerization of
dienes.*® This loss is due to the existence of side
reactions like isomerization, cyclization and grafting. In
previous investigations,? we showed that cyclization and
branching reaction are both responsible for a loss of
olefinic protons and carbons at the same time, while
double bond isomerization alone only leads to a loss of
olefinic protons, according to Zaytzev's rule. Since the
soluble polymer must contain less than two cross-linking
points per macromolecule (beyond this average value
the polymer becomes cross-linked), the branching reac-
tion was assumed to be negligible. In conclusion, the
ratio of the carbon relative unsaturation loss on the
proton one (oc/on) provides an estimation of the relative
importance of the cyclization vs isomerization. Some
authors® studied the cyclization reactions by IR and
defined a cyclization degree (7) as the loss of linear units
(t=100% — sum of the percentages of the linear units).
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Figure 1. IR spectrum of a polypentadiene in solution in CS,.
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Figure 2. 3C NMR spectrum of a soluble polypentadiene in CDCls.

Table 2. Influence of the AICI; Aging and Lot on the Linear Unit Microstructure and on the Cyclization and
Isomerization Reactions?

1,2-trans® 1,2-cisd 1,4-trans® 1,4-cis anf ocf oc/on 79 T4 onset (°C)
av 16 3 32 4 0.40 0.31 0.77 0.42 —6.5
ob +4 +1 +4 +2 +0.02 +0.03 +0.04 +0.06 +5

a[AICI3] = 2.3 x 1072 mol/L, [1,3-pentadiene] = 1.6 mol/L, pentane, T = 20 °C, t = 2 h, deactivation by BuNH>. P Standard deviation.
¢ Determined by 13C NMR; 1,2-trans % = (1 — 7)(l1.2—trans/Ime) With 7 = sum of linear units. 11 ,-tans = Integration of CH3 belonging to
1,2-trans units at 18 ppm, lwve = Integration of CH3 belonging to 1,4-(cis+trans), 1,2-(cis+trans), and 3,4 between 10 and 25 ppm.
d Determined by IR. ¢ Determined by 13C NMR and IR. f Relative unsaturation losses determined by *H or 13C NMR. ¢ Cyclization degree

determined by IR.

This last characteristic was also determined in this work
and compared to ac. At last, the polymers were inves-
tigated by differential scanning calorimetry (DSC). The
glass transition temperatures may give information on
the stiffness of the cyclic structures. As shown in Table
2, ac, oy, 7, and Ty remained nearly constant within
experimental accuracy whatever the catalyst lot and the
opening delay. The ratio ac/ay of the polymers being
about 0.77 meant that cyclization reactions dominated
compared to isomerization reactions, but the low Ty

average value obtained indicated that the polymers
were not stiff material. The comparison between ac and
7 of the different polymers showed that v was always
higher than oc.

In conclusion, this preliminary work showed that
AICI; lot and its aging had a little influence if any on
polymerization. The variations of the insoluble fraction
and number-average molecular weights were assigned
to the homogeneity of the polymerization medium and
to cross-linking reactions.
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Table 3. Influence of Different Alkane Solvent on the
Pentadiene Polymerization®

tot. yield IF M_nC

solvent &b (%) (%) (g/mol)  1¢  ond  acd
pentane 1.844 78 45 10400 10.3 0.39 0.32
hexane 1.890 65 54 8200 7.1 039 0.32
heptane 61 64 0.40
decane 1.991 43 56 8200 57 0.38

a[AICI3] = 2.3 x 1072 mol/L, [1,3-pentadiene] = 1.6 mol/L, T =
20 °C, t = 2 h, deactivation by BuNH,. P Dielectric constant at 20
°C. ¢ Determined by SEC (polystyrene standard). ¢ Relative un-
saturation losses determined by H or 13C NMR.

Influence of Solvent. As mentioned above, the
cationic polymerization of 1,3-pentadiene is very sensi-
tive to the solvent and in particular to its polarity. In
this work, different alkanes (pentane, hexane, heptane,
and decane), of similar polarity, were examined as
polymerization solvents. The results listed in Table 3
showed that the higher the molar mass of the solvent,
the lower the total yield. Indeed, a significant and
progressive decrease of the conversion was observed.
The total yield decreased from 78% to 43% when
changing from pentane to decane. It is unlikely that
these variations result from the difference of polarity,
since there is only an increase of 0.147 of the dielectric
constant value passing from pentane to decane. The
suggested assumption to explain these observations lies
in the difference of macromolecular chains and Lewis
acid solubility in these different solvents even though
there was no noticeable visual difference. A better
solubilization of AICI; in the polymerization medium
could increase its efficiency and thus the yield. The
insoluble fraction varied also according to the solvent
used. However, the variation of this characteristic is so
important for a given solvent (see Table 1), so that it is
not reasonable to comment on this point in relation with
the change of solvent.

The nature of the alkane seemed to have no influence
on the existence and the relative proportion of cycliza-
tion and isomerization reactions, which suggested no
significant modification of the active center structure
in these four solvents (no variation of oy and oc).

In the literature, Fodor,” Puskas,® and Paulo® reported
different behaviors in hexane (Hx) and methylcyclohex-
ane (MeCHXx) for the cationic polymerization of isobu-
tylene. Indeed, the polymerization rate was found lower
in methylcyclohexane. After further investigations, the
authors showed that these variations did not result from
differences in polarity (emechx = 2.0240 and epx =
1.8865) but instead resulted from the presence of
carbonyl impurities contained in higher quantity in
methylcyclohexane. Therefore, in our case, we verified
by IR spectroscopy that no such impurity was present
in the different nonpolar solvents used.

Influence of Monomer Composition. Study of
the Polymerization Yields. The polymerization of the
pure 1,3-pentadiene isomers (cis and trans) has been
studied in different papers.>6 Several catalyst systems
were investigated and the higher reactivity of the trans
isomer was shown. In previous works, we also showed
that monomer concentration is an important factor in
the PD polymerization, since the cross-linking reaction
is strongly favored by a concentrated medium. Thus, a
monomer concentration lower than 0.5 mol/L must be
used in order to limit the formation of insoluble polymer.
However, at this concentration, the polymerization rate
was rather low. In this paper, the influence of the

Macromolecules, Vol. 36, No. 4, 2003

Table 4. Influence of Monomer Composition

monomer
composition (%) yields (%) M.d

rund  cis trans tot. cis trans IF (g/rrqol) 14 fee

1b 0 100 97 0 97 56 5600 13.7 0.32

2¢ 34 66 72 56 80 60 7000 10.9 0.33

30 100 0 18 18 0 86 1000 21.8 —

aJAICIz] = 2.3 x 1072 mol/L, [1,3-pentadiene] = 1.6 mol/L,
pentane, T = 20 °C, t = 2 h. P Deactivation by BuNH,. ¢ Deacti-
vation by nonylamine. @ Determined by SEC (polystyrene stan-
dard). ® Chlorine functionality.

monomer composition on the different mechanisms and
in particular on the side reactions involved in the PD
polymerization is examined. The polymerizations of each
pure isomer and of the isomers mixture in the propor-
tion 66% trans and 34% cis were achieved in pentane
at a concentration of 1.6 mol/L (Table 4).

In the isomers mixture polymerization, the residual
isomer molecules were cryodistilled from the polymer-
ization medium after deactivation of the active centers
by addition of nonylamine after 2 h of reaction and were
analyzed by quantitative 13C NMR. This heavy amine
was added instead of the usual n-butylamine because
the latter has a too low boiling point temperature (63
°C) and would be extracted with the residual monomers.
The boiling point of nonylamine being 201 °C, it remains
with the polymer in the reactor. This analysis, which
was possible because of an incomplete polymerization
yield (72%), provided the polymerization yields in trans
and cis isomer.

The comparison of the pure isomer polymerizations
clearly showed the highest reactivity of the trans-1,3-
pentadiene, as mentioned in the literature, the yield of
the trans isomer polymerization after 2 h of reaction
being 97% whereas it was equal to 18% for the cis
isomer under the same conditions. Comparing the three
experiments, it was observed a linear increase of the
total yield with the initial content of trans-1,3-penta-
diene in the medium polymerization. These results
cannot be explained by some variations of termination
reactions, the extent of which would vary according to
the monomer composition used, since the chlorine
content of the polymer remained constant (not deter-
mined in run 3, Table 4, because of the too low yield).
The assumed termination is the reaction with the
counterion AICI,~ since it was shown that the initiation
step occurred via a direct mechanism.!

In the polymerization of the mixture of the two
isomers, if one calculates a yield from the initial
monomer composition linearly combining the yields
obtained in the polymerization of each isomer, the yield
would be equal to (0.34 x 0.18 + 0.66 x 0.97), i.e., 70%.
As the experimental percentage was 72%, it could be
concluded that the two isomers behaved similarly, being
alone or in the presence of the other isomer. However,
this conclusion is too straightforward and the two
isomers have to be considered separately. Indeed, the
evolutions of each isomer consumption vs their initial
proportion in the monomer mixture revealed a different
behavior of the two isomers when they are polymerized
together. The consumption of the trans isomer increased
with its initial fraction, whereas the consumption of cis
monomer reached a maximum (56%) in the case of the
mixture polymerization and was only 18% when polym-
erized alone. The insertion of cis monomer in the
growing macromolecular chain was therefore favored by
the presence of the other isomer in the polymerization
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Table 5. Linear Units Microstructure

pentadiene % % % % %
run? cis/trans 1,4-trans? 1,2-trans® 1,4-cis? 1,2-cis? 3,49
1 0/100 47 13 0 0 0
2 34/66 31 16 4 3 3
3 100/0 41 4 6 8 5

a[AICI3] = 2.3 x 10~2 mol/L, [1,3-pentadiene] = 1.6 mol/L, T =
20 °C,t=2h. P IR—RMN 13C. ¢ RMN 13C. 9 IR.

medium. If its behavior was independent of the trans
isomer, a consumption equal to 0.34 x 0.18 = 6% would
be expected in run 2, whereas the experimental one was
56%. In the same way, the trans monomer consumption
expected in the mixture polymerization could be calcu-
lated and would be equal to 0.97 x 0.66 = 64%. The
experimental yield being in this case 80%, the trans
monomer polymerization was thus also favored, al-
though this increase was smaller than in the case of
the cis monomer.

In the literature® it is reported that in the trans
isomer polymerization the active center reacts with the
monomer rather than with a polymer chain, contrary
to the cis monomer. Indeed, some experimental condi-
tions allow the synthesis of entirely soluble polymer
from trans monomer, whereas these same conditions
can result in the formation of cross-linked chains in the
case of the cis isomer. This difference was observed
either at the beginning of the polymerization or when
the yield became high. In our case, the comparison of
the insoluble fraction obtained from each pure isomer
showed that cis 1,3-pentadiene induced more cross-
linking (IF = 86% for the cis compound and IF = 56%
for the trans one). Moreover the results show a rela-
tively good linear correlation between the insoluble
fraction and the initial cis fraction in the polymerization
medium (Table 4).

Study of the Soluble Polymer Microstructure.
The linear microstructure of the polypentadienes was
studied by IR and quantitative 13C NMR as described
above. The results listed in Table 5 show that the isomer
configuration influenced the linear microstructure of the
polymers. In the case of the polymerization performed
with the trans isomer, the polymer was exclusively
composed of linear units (1,4+1,2)-trans, whereas the
polymers synthesized with the cis monomer or from the
isomer mixture contained (1,4+1,2)-trans, (1,4+1,2)-cis,
and 3,4 units, indicating that the cis isomer was
responsible for the production of the 3,4, 1,4-cis, and
1,2-cis linear units. This point was already described
in the literature,5¢ but this study showed an ap-
proximately linear correlation between the 3,4 and
(1,4+1,2)-cis units and the quantity of cis isomer
introduced in the polymerization medium (Figure 3).

According to Higashimura,1° the difference of reactiv-
ity between the two isomers is to be owed to the highest
electronic density of the carbon C; in the trans struc-
ture. Table 6 gives the chemical shifts of the two isomers
obtained in 13C NMR in CDCIs. In agreement with
Higashimura, the carbon C; had a weaker chemical shift
in the trans monomer. The presence of 3,4 units con-
tained in the polymers synthesized from the cis isomer
can be also explained by comparing the chemical shifts
of the C4 carbon in the two isomers. The C4 chemical
shift of the cis isomer was lower than that of the trans
isomer, which suggested a higher reactivity of cis
monomer C4 and therefore a better ability to generate
the 3,4-addition for this monomer. However, considering
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Figure 3. Influence of the cis isomer on the 3,4 and (1,4+1,2)
cis units contents in the polymers.

Table 6. Chemical Shifts (in ppm) of the 1,3-pentadiene
Isomers in 13C NMR2

C1=C2*C3=C4*05
isomer C1 C2 C3 C4 C5

cis 116.36 132.17 130.50 126.47 13.14
trans 114.21 137.43 132.80 129.51 17.71

aIn CDCls.

Table 7. Influence of the Initial Monomer Composition
on Cyclization and Double Bond Isomerization

pentadiene
run? cis/trans onP och ° oc/ay
1 0/100 0.36 0.24 0.40 0.67
2 34/66 0.40 0.31 0.44 0.78
3 100/0 0.35 0.19 0.35 0.54

aJAICI3] = 2.3 x 1072 mol/L, [1,3-pentadiene] = 1.6 mol/L, T =
20 °C, t = 2 h, pentane. ? Relative unsaturation losses determined
by 'H or 13C NMR. ¢ Cyclization degree determined by IR.

both cis and trans isomers, the chemical shift of the
carbon C; is lower than that of the carbon C4, the dif-
ference being above 10 ppm. Whatever the considered
isomer, the 1,2- and 1,4-additions remain strongly fav-
ored with regard to 3,4-addition in the polymerization
of 1,3-pentadiene, according to the above explanation.

This study suggests a final comment. Considering the
different contents in linear units of the polymers
(reported in Table 5), it can be said that the cis/trans
isomerization occurs at the level of the active centers
and not in the polymer after propagation. If the isomer-
ization occurred in the polymer chain (involving se-
quences of proton addition and elimination), the pro-
portion of cis and trans units would be constant whatever
the monomer composition used. The isomerization of the
active center is kinetically and not thermodynamically
controlled. In conclusion, there are in the polymerization
medium two kinds of active centers, the one resulting
from cis isomer able to be isomerized in trans configu-
ration and the trans one undergoing no isomerization
reaction. Then the two active centers would react with
the two monomers, the observed effect of synergism
between the two monomers being assigned to the
copolymerization of the two isomers.

— Study of Cyclization and Double Bond Isomer-
ization Reactions. The cyclization and isomerization
reactions were investigated by studying the relative
unsaturation losses of the soluble polymers determined
by H and 13C NMR (Table 7). The comparison of the
oc of the polymers synthesized from each single isomer
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shows that the unsaturated carbons loss is higher in
the case of the trans monomer. Thus, the latter would
induce more cyclization. As for ay, it was similar in the
two experiments, which means that the isomerization
ratio is lower in the polymerization of trans monomer.
The ratio ac/oy indicating the importance of the cy-
clization reactions relative to isomerization, it could be
noted that the proportion of cyclic units was higher in
the mixture polymerization. Therefore, these side reac-
tions would be influenced by the initial monomer
composition and an effect of synergism was again
observed. However, whatever the composition used, the
cyclization reactions remained the more important ones
(ocloy > 0.5).

In conclusion, this survey shows that the polypenta-
dienes microstructure is sensitive to the cis/trans iso-
mers proportion and two qualitative tendencies could
be clearly underlined. The cis isomer would favor the
cross-linking reactions and double bond isomerization,
whereas the trans isomer would induce more cyclization.
However, the mixture of the two isomers did not follow
a linearly correlated behavior which was assigned to an
effect of isomers copolymerization.

Origin of the Insoluble Fraction. The formation
of the cross-linked polymer is a main characteristic of
the cationic diene polymerization. It obviously shows the
absence of control of the polymerization, and it is a
drawback because of the loss of polymer (only the
soluble polymer is useful). The determination of the
origin of the insoluble fraction would be a first step
toward its elimination in the future.

To our best knowledge, there is no elemental or
structural characterization of the insoluble polymer in
the literature, whatever the diene investigated. Thus,
elemental maps of Al, CI, and C corresponding to the
same area of a cross-linked polymer (polymer synthe-
sized in pentane according to the usual procedure) were
carried out by using NMA (Figure 4, parts a—c). The
different colors contrasts represent the elemental con-
centrations variations of the map and the intensities
corresponding to the signals (Al, ClI, or C) can be seen
on the right side of the map. These three elemental
maps first reveal a heterogeneity of the insoluble
fraction. Second, aluminum and chlorine distributions
are well correlated but strictly anticorrelated to carbon.
These NMA results about the heterogeneous constitu-
tion of the insoluble polymer give information about its
origin. A straightforward explanation of these observa-
tions is that the cross-linked chains would be formed
at the surface of the insoluble Lewis acid entrapped in
the bulk of the polymer. The concentrations of Al, Cl,
and C were quantified in the areas with high and low

M2] : chlore M111104

aluminium M111i04
X

1,1E+1

o b |

8,0E+0

I 6,0E+0

k- I 4,0E+0

; 2,0E+0
= 1130 pmp,
; T 0,0E+D

Macromolecules, Vol. 36, No. 4, 2003

Table 8. Content of Aluminum, Chlorine, and Carbon
Atoms in the Mapping of Insoluble Polymer

polymer aluminum? chlorine? carbon®
contents in ppm in ppm in %
insoluble Al <53291 25730 < Cl < 113858 48.4 <C <77.7
soluble nd° 181 88.4

a8 Determined by atomic interaction: particle induced X-ray
emission (PIXE). ® Determined by nuclear reaction analysis (NRA).
¢ No determined.

contents, which gives a quantitative appreciation of the
elemental heterogeneities (Table 8).

Similar NMA elemental maps of Al, Cl, and C made
by using the same experimental approach (scanned
polymer surface: 500 um x 500 um) for the soluble
chains of the same polymer were also realized. As seen
in Figure 5, parts a—c, the soluble fraction of the
polymer was homogeneous and the Cl content was not
correlated to the Al one, as in the case of the insoluble
fraction. The Al content was in too small quantity to be
quantified (inferior to the detection limit of PIXE). Here,
the presence of Cl in the polymer (181 ppm) would result
from reaction of the active species with the counterion.

These NMA elemental maps demonstrate that the
cross-linked polymer comes from the partial insolubility
of the catalyst in the polymerization medium. This
observation is in tune with results already published
by Peng et al.}” showing that a ratio of [toluene]/[AICI3]
of 10 is sufficient to dramatically decrease the cross-
linked polymer content. The reason for that is the well-
known solubility of complexes of aromatic compounds
with AICIl;. Of course, the transfer reaction also men-
tioned by these authors can contribute to the elimina-
tion of cross-linking. This is the reason an insoluble
fraction is always observed in the apolar solvents which
are not susceptible to aromatic electrophilic substitu-
tion. Indeed, a second origin of the cross-linked chains
had to be considered, examining all the polymers
previously described above using the different alkanes.
A linear decrease of the number-average molar masses
of the soluble chains with the insoluble fraction was
observed (Figure 6). So, the higher the IF, the lower

M,. It means that the cross-linked chains were partly
due to intermolecular reactions and the higher the
molar mass the higher the chance to be incorporated in
the gel. It was also noted a weak decrease of the
polydispersity index with IF, due to the progressive
disappearance of the chains with the highest molar
mass. This correlation was observed whatever the
nonpolar solvent used and must be considered as a

general rule between IF and M_n of the soluble chains

c
Figure 4. (a) Al, (b) Cl, and (c) C NMA elemental maps of a surface (500 um x 500 um) of a cross-linked polypentadiene.
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Figure 5. (a) Al, (b) ClI, and (c) C NMA elemental maps of a surface (500 um x 500 um) of a soluble polypentadiene.
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Figure 6. Correlation between the molar mass of the soluble
chains and IF

in the 1,3-pentadiene cationic polymerization. Although
this polymerization has been studied for a long time,
this point was never mentioned. The fair integration of
all the polymers within the general rule was confirmed
by achieving other polymerizations in hexane.

The intermolecular reactions, responsible for the
insoluble polymer production, generated first branched
chains by reaction of the active center of one chain with
a double bond of a second chain. The cross-linking
occurred after that more than two sites were involved
in a macromolecule. The double bond involved in these
mechanisms might come from a linear unit (disubsti-
tuted double bond) or from a tri- or tetrasubstituted

Cationic Polymerization of Dienes 997
Table 9. Influence of DMB on the 1,3-Pentadiene
total -

[DMB]/ vyield IF M,b Cl
run? [AICI5] (%) (%) (g/mol) 1° ax® ac® contentd
1 0 75 53 5400 145 0.43 0.32 <0.2
2 0 78 45 10400 10.3 0.39 0.10
3 1 83 46 5200 16.5 0.44 0.35 0.16
4 7 87 52 3400 12.2 0.49 0.41 0.08

a[AICls] = 2.3 x 102 mol/L, [1,3-pentadiene] = 1.6 mol/L, T =
20 °C, t = 2 h, deactivation by BuNH,. ® Determined by SEC
(polystyrene standard). ¢ Relative unsaturation losses determined
by H or 13C NMR. @ Percentages by weight.

double bond. The trisubstituted one could result from a
double bond isomerization or a branching reaction
followed by a deprotonation. The former could be
induced by a cyclization reaction due to a H' transfer
followed by an isomerization and deprotonation.2 To
show that the active center reacted easily with a di-,
tri-, or tetrasubstituted double bond, copolymerizations
with a hindered olefin were realized. The olefin inves-
tigated in this study was a tetrasubstituted one: 2,3-
dimethyl-2-butene (DMB). We already reported that a
trisubstituted olefin such as 2-methyl-2-butene was
incorporated in the polymer when PD was polymerized
in its presence and behaved as a transfer agent.?
Different polymerizations were performed with increas-
ing DMB concentration (Table 9). The 'H and 1°C NMR
analysis of the polymer synthesized with the highest
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Figure 7. 'H NMR of a copolymer PD/DMB.
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Figure 8. 3C NMR of a copolymer PD/DMB.

[DMB] (run 4) clearly showed the incorporation of the
olefin in the polymer. Run 3 realized with a too low
DMB concentration did not allowed to conclude. In the
IH NMR spectrum of the former polymer (Figure 7), a
new signal at 0.87 ppm was easily observed, which was
attributed to the saturated CHs of the olefin units. In
the same way, two new signals appeared in the 13C
spectrum of the polymer at 26.73 and 35.94 ppm, which
were respectively assigned to the methyl groups and the
quaternary carbons of the polymerized olefin (Figure 8).
Indeed, these chemical shifts are close to the ones of
2,2,3,3-tetramethylbutane. In agreement with the as-
sumption of the incorporation of the olefin in the
polymer, ay and oc increased. In conclusion, these
results show that the active centers in the PD cationic
polymerization can react with a hindered double bond.

Although no signal belonging to the initial olefin was
clearly noted at 1.64 ppm for the CH3 in 'H NMR and
at 123.5 ppm for the unsaturated carbons in 13C NMR,
it was difficult to conclude on the complete incorporation
of DMB in the polymer. Indeed, the polymer was dried
under vacuum and since the olefin boiling point is only
73 °C under atmospheric pressure, the latter could be
eliminated during the drying step of the polymer. The
yields reported in Table 9 were calculated assuming a
total incorporation of the olefin. They were a little
higher (about 10%) than for the polymerization per-
formed only with 1,3-pentadiene (runs 1 and 2). Like
2-methyl-2-butene, DMB seemed to behave as a transfer

agent, since M,, decreased with increasing DMB con-
centration.

Conclusions

This study allowed us to show that the PD cationic
polymerization was not influenced by the lot and the
aging of AICI; but was very sensitive to the monomer
composition and to the used nonpolar solvent. For
example, the highest yield was obtained in the alkane
with the lowest molecular weight, and it was noted that
the cis isomer would favor the cross-linking reactions
and double bond isomerization, whereas the trans
isomer would induce more cyclization.

80
(ppm)

70 60 50 40 30 20 10 0

An important point of this work is the investigation
of the cross-linked polymer showing its double origin:
the heterogeneity of the polymerization medium (due
to a partial solubilization of the Lewis acid) and
intermolecular reactions occurring on the chains with

the highest M_n This work confirms that the polymer
must be prevented to react with the active species in
order to get a controlled system.
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