
1024 Puskas e t  al. Macromolecules 

Structure of Cationic Propene, 1-Butene, and cis-2-Butene 
Polymers. Mechanism of the Polymerization 
Imre Puskas* 
Research and Development Department, Amoco Chemicals Corporation, 
Naperville, Illinois 60540 

Emil M. Banas, A. Glen Nerheim, and G. Joseph Ray 
Research Department, Standard Oil Company (Indiana), Naperuille, Illinois 60540. 
Received November 10, 1978 

ABSTRACT: Propene, 1-butene, and cis-2-butene polymers prepared with cationic initiators in the 12-22 
“C temperature range were analyzed for their olefin and backbone structure. Only internal (disubstituted 
and trisubstituted) olefins were detected by IR and ‘H NMR spectroscopy; they were quantitatively determined. 
The total olefin content was measured by hydrogenation. In propene and 1-butene polymers, the presence 
of tetrasubstituted olefins was inferred from olefin balance. In these polymers, the unsaturation was less 
than theoretical and decreased with the progress of polymerization, presumably because intramolecular alkylation 
of a tertiary carbon atom by the polymer double bond is a side reaction. Many structural fragments were 
identified by IR, 13C NMR, and ‘H NMR spectroscopy, which, when pieced into a polymer skeleton, can be 
accounted for by isomerization polymerization involving intramolecular 1,2-hydride shifts in the propagation 
steps. “Side reactions” other than hydride shifts may also play some role in the formation of the very irregular 
polymer skeleton. In the case of propene polymerization, the kinetic results could also be explained by a 
rate-controlling initiation step instead of a slow, rate-controlling propagation as proposed in the literature. 
A t  a given polymerization temperature, the polypropene molecular weight was found to be independent of 
the monomer concentration and many other variables, including the initiator concentration. I t  is suggested 
that the various “side reactions” control the polymer molecular weight. 

The various aspects of cationic polymerization of prop- 
ene, 1-butene, and cis-2-butene monomers  have  been  
s tud ied  b y  m a n y  authors.’  A very complex chemis t ry  is 
associated with these polymerizations,’ the details of which 
are not well understood. Much of our knowledge is derived 
from the publications of earlier authors who had to conduct 
t he i r  s tud ies  wi thout  t h e  convenience of a modern  labo- 
r a to ry  well equipped  for t h e  ease of monomer  handling, 
polymerization control,  and monomer  and product  anal-  
ysis. W i t h  t h e  d rama t i c  technical and analytical  devel- 
opments of the last 2 decades, t he  contemporary researcher 
should  be i n  a be t t e r  posit ion t o  gain a be t te r  under -  
s t and ing  of t h e  chemis t ry  involved. 

Previously we showed how IR a n d  ‘H NMR spectros- 
copy can be used to identify and determine the olefin types 
in low-molecular-weight isobutylene polymers.* The results 
revealed valuable information about the olefin-forming 
termination step. T o  explain the formation of some olefin 
types ,  skeletal  rear rangements  and even tail-to-tail mo- 
nomer  coupling had to be  postulated.  W e  found that the 
t y p e  of init iator as well as the exper imenta l  conditions 
markedly  influence t h e  te rmina t ion  mechanism and t h e  
na ture  of the olefin formed. Isomerization of the polymer 
double  bond was  also observed. 

O u r  work has now been  ex tended  t o  i l lustrate how IR ,  
‘H NMR, and 13C NMR spectroscopy can  be appl ied  to 
t h e  s t ruc tura l  analyses of cationic propene, 1-butene,  and 
cis-2-butene polymers. Bo th  t h e  olefin and the backbone 
s t ruc ture  were analyzed. The olefin analyses, again, gave 
valuable information about  the olefin-forming termination 
steps. The backbone  analyses confirmed the basic con- 
clusions of previous IR ~ t u d i e s ~ , ~  that polypropenes a n d  
poly-1-butenes have  very irregular s t ruc tures  wi th  short 
branches b u t  differed in  the details. Finally, we have also 
conducted  kinetic and molecular weight studies. Our  re- 
su l t s  do n o t  agree wi th  t h e  previously proposed5 kinetic 
model of propene polymerization that postulates that the 
rate-controll ing s t ep  is t h e  propagation. 

Experimental Section 
Materials.  The monomers and the propane and butane 

solvents were C.P. grade chemicals (min. 99% pure) from the 

Linde Division of Union Carbide. The butane had 0.4% 2- 
methylpropane impurity. The aluminum chloride had typically 
99.3% AIC13 content; it was a fine powder (“Micropowder” grade) 
from Pearsall Chemical Co. The pentane or hexane used to 
transfer the aluminum chloride were a minimum of 99% pure 
from Phillips Petroleum Co. 

Polymerizations. The polymerizations were carried out in 
a 0.5-gallon stirred stainless steel autoclave equipped as follows: 
(1) for the introduction of a measured volume of liquified feed; 
(2) for the introduction of the aluminum chloride as an unstable 
“slurry” in pentane or hexane; (3) with an internal cooling coil 
to give f l  “C automatic control of the polymerization in case of 
moderate rates; and (4) with a bottom valve for taking liquid 
samples from the reactor prior to and during the polymerization 
for GC analyses (feed analysis and measurement of the monomer 
conversion) and for the determination of the molecular weight 
distribution. The samples taken during the polymerization were 
“quenched” with methanol to deactivate the initiator. 

The polymerization feed was made up from the monomer and 
propane or butane solvent. The monomer concentration in the 
feeds varied between 30 and 50 mol % for propene and between 
9 and 29 mol YO for cis-2-butene, and the concentration was 25 
mol % in the case of butene-1. The feed liquified under nitrogen 
pressure in a resevoir was passed through a drier filled with 
granular anhydrous calcium sulfate. Then 1.3 L of it was charged 
into the reactor. Its moisture content was determined by an 
on-line analyzer (Model 1000 aluminum oxide hygrometer from 
Panametrics); it was always below 1 ppm. In the case of propene 
polymerization, 2-chloropropane was often introduced into the 
feed in a 0.2 to 0.4 molar ratio to the aluminum chloride used. 
The temperature of the feed was adjusted to the desired polym- 
erization temperature of 5, 12, 20, or 22 “C. The pressure was 
always autogenic. The feed was agitated, and a slurry of the 
aluminum chloride in pentane or hexane was introduced. The 
aluminum chloride levels were selected to give 350-to-500 ole- 
fin-to-aluminum chloride molar ratios for propene, 150 for 1- 
butene, and 70 to 120 for cis-2-butene. The rates of the polym- 
erization were followed by withdrawing samples through the 
bottom valves for GC analyses. Final monomer conversions de- 
pended on the conditions. Nearly quantitative (>98%) conver- 
sions could be achieved with propene and 1-butene, within the 
indicated ranges of the reaction variables. However, in the case 
of cis-2-butene, the monomer conversions were only in the 68 to 
92% range. When the polymerization stopped, or sometimes later, 
small amounts of methanol were introduced to deactivate the 
aluminum chloride and arrest secondary reactions. 
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polymers, the aborbance was taken as the difference between those 
of the original and the hydrogenated polymer; for 1-butene 
polymers, the peak height from the base line gave the absorbance 
directly); uS7 = the molar absorptivity of the 967-cm-' band, taken 
as a previously reportedlo value of 100 L/(mol cm); b = the cell 
thickness, cm; and g = the density of the polymer, g/cm3. 

The 'H NMR spectra were obtained on Bruker HX-90 or JEOL 
MH-100 instruments as described previously.2 Identifications 
were based on correlations between chemical shifts and olefin 
types." Vinylidene content was measured by our techniques.* 
However, these techniques2 could not be directly applied for the 
determination of the trisubstituted olefin content in propene and 
1-butene polymers because 1,2-disubstituted olefins interfered. 
To circumvent this problem, the following method of calculation 
was adopted: 

1600 
Frequency, cm-1 

Figure 1. Partial 1R spectrum of polypropene (neat, 0.1 mm and 
in part 0.5 mm). 

Both the intermediate quenched samples and the final products 
were worked up the same way. The solutions were "degassed" 
and then heated to 100 "C at  about 15 kPa. The residue was 
dissolved in hexane, filtered through Celite, and vacuum distilled 
for complete removal of the solvent. 

Analytical Equipment and Procedures. The GC analyses 
were carried out on a Hewlett-Packard Model 5750 research 
chromatograph, using standard techniques.6 It was assumed that 
the liquid-phase samples withdrawn from the reactor represented 
the total reactor composition (Le., the gas-phase compo_sitions were 
ignored). The number average molecular weight (M,) was de- 
termined with a Mechrolab Model 301 vapor-pressure osmometer.' 
The molecular weight distribution (MWD) was measured by 
gel-permeation chromatography (GPC) on a Waters Associates 
Model 200 instrument with a differential refractometer as a de- 
tector. Three 4 ft X 3/8  in. columns packed with Styragel of 900, 
400, and 45 A diameter, respectively, were applied. Tetra- 
hydrofuran was the eluent with 1.0 ml /min  flow rate. Correction 
was applied for the change of the refractive index with the mo- 
lecular weight. However, the change of the refractive index with 
the polymer structure has been ignored. Polystyrene and poly- 
(propylene glycol) standards (from Waters Associates) were used 
in the calibration, and the Q factors were used for the conversion 
of the data. Since we were primarily interested in the differences 
rather than the absolute values of the molecular weight, this 
method of calibration was satisfactory. The unsaturation was 
measured by microhydrogenation,@ and the results were expressed 
as percent of theoretical unsaturation (i.e., one double bond per 
polymer molecule). 

The IR spectra were recorded on neat liquid polymers in 
calibrated cells on a Perkin-Elmer 237B grating spectrometer. 
Identifications were based on well-established characteristic ab- 
s o r p t i o n ~ . ~ J ~  Quantitative determination of the trisubstituted 
olefin content from the intensity of the 1662-cm-' absorption band 
was possible as before2 because of the fortuitous absence of in- 
terfering cis-disubstituted olefins. The 1642-cm-' band served 
to measure the vinylidene contenL2 The molar absorptivity values 
previously derived for isobutylene polymers2 were used in the 
calculations rather than determining them individually for the 
propene, 1-butene, and cis-2-butene polymers. Because mea- 
surements of the 1662- and 1642-cm-' polypropene and poly-l- 
butene absorbances were uncertain due to uncertainties in the 
base line, hydrogenated polymers were used to determine the exact 
positions of the base lines, as illustrated in Figures 1 and 6. In 
the propene and 1-butene polymers, trans-l,2-disubstituted olefins 
were also determined quantitatively from their characteristic 
absorption around 967 cm-', according to the formula: 

where TRANS = trans-l,2-disubstituted olefin content, in percent 
of the theoretical unsaturation; A967 = measured absorbance of 
the 967-cm-' band (since this band is a composite in propene 

AmtdM,,WtdurlOO 
67WtPo'Adur 

TRI  = - 2(TRANS) 

where TRI = the trisubstituted olefin content as the percent of 
theoretical unsaturation; Ama = the area of the 'H NMR peaks 
in the 6 4.9 to 5.6 region, arising from both trisubstituted and 
1,2-disubstituted olefins (arbitrary units); Ad" = the area of the 
aromatic protons (6 6.74) of the durene standard; Wtd"' = the 
weight of the durene standard (grams) in carbon tetrachloride 
solution; WtP"' = the weight of the polymer sample (grams) in 
carbon tetrachloride solution; and TRANS = the trans-1,2-di- 
substituted olefin content determined by IR spectroscopy (see 
above). 

Quantitative determinations of the olefin types by 'H NMR 
and by IR were in reasonable agreement, confirming that the use 
of assumed molar absorptivity values in the IR analyses did not 
result in a great systematic error. 

Carbon-13 spectra were obtained on a Varian CFT-20 spec- 
trometer a t  20.0 MHz. Samples were run as SO% (w/v) solutions 
in CDC13 with tetramethylsilane (Me,Si) used as an internal 
standard. Data were obtained using a spectral width of 4000 Hz, 
8192 data points, a pulse width of S gs (45O), and no delay between 
pulses. 

Results and Discussion 
Propene Polymers. (a) Olefin Analyses and the 

Mechanism of the Termination. Figure  1 shows the 
partial  IR spectrum of a polypropene. T h i s  is very similar 
to those reported for several cationic p01ypropenes~~~J~ but 
differs f rom the spec t rum of a propene oligomer made i n  
the gas phase wi th  boron t r i f l ~ 0 r i d e . l ~  The absorp t ions  
at  1662 and 825 cm-l a re  assigned to trisubsti tuted,  those 
at  1642 and 890 cm-' t o  vinylidene, and that at  967 cm-l 
to t rans-d isubs t i tu ted  o l e f i n ~ . ~ J ~  The absence of absorp- 
t ion  i n  the 985-995- and 905-915-cm-' regions ind ica tes  
that t h e  polymer does  n o t  conta in  monosubs t i tu ted  ole- 
f i n ~ . ~ J O  The absence of significant amounts of cis-disub- 
s t i t u t ed  olefins was inferred indirectly: the t rans-d isub-  
s t i tu ted  olefin content de termined  by  IR analysis can  to- 
tally account for the IH NMR absorption intensity of the 
6 5.3 shoulder band in Figure 2, which otherwise could arise 
f rom both trans- and cis-disubsti tuted absorption." The 
ass ignments  of t h e  olefinic absorp t ions  have been con- 
f i rmed by  hydrogenation. T h e  olefin bands d isappeared  
wi th  t h e  exception of the 967-cm-l band. The latter de- 
creased i n  in ten ts i ty  on hydrogenation; i t  is apparent ly  a 
composite band arising f rom the absorp t ion  of the trans- 
disubsti tuted olefin and an unidentified nonolefinic group. 

T a b l e  I summar izes  the results of t h e  olefin de te rmi-  
nations.  It can  be seen that in  polypropenes the unsatu- 
ration measured by  hydrogenation is below the theoretical 
value. The various types  of olefins de te rmined  b y  spec- 
troscopy do not add up to the  unsaturation value measured 
by  hydrogenation. It is inferred f rom the difference that 
t e t r a subs t i t u t ed  olefins are p resen t  in  the polymers  be- 
cause the IR and NMR techniques  do not detect and 
measure  t h e  t e t r a subs t i t u t ed  olefins. 
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Table I 
Olefin Determinations by  Hydrogenation and Spectroscopy in Polymers of Propene, 1-Butene, and cis-2-Butenea 

~ ~~ 

olefin types (in % of the theoretical unsaturation) - 
polymer Mn d vinylideneb transdisubb trisubb tetrasubC 

poly propene 7 70-9 8 0 88-96 4-8 4-8 38-48 32-42 
poly -1-butene 700-930 86 -94 4 -8 4-9 36 -48 29-42 
oligo-cis-2-butene 240-260 not measured 5-9 not found 74-88  

a The table shows the  observed ranges in the  samples made under the  conditions defined in the Experimental Section, 

Determined by IR and NMR spectroscopy. 
The individual polymers prepared under various experimental conditions differ distinctly in their olefin distribution. 

the  sum of the  spectroscopically determined olefin types. 
The difference between the  unsaturation measured by hydrogenation and 

Unsaturation by hydrogenation (% of theoretical). 

5.5 5.0 4.3 

6 I PPm 

Figure 2. 'H NMR 100 MHz spectrum of polypropene (in carbon 
tetrachloride). 

0.5 mm 0.1 mm - 

1600 1200 800 

Frequency, cm-1 

Figure 3. Changes in the IR spectrum of polypropene during 
and after polymerization. 

The less than theoretical polypropene unsaturation can 
be explained on the basis of some additional results. The 
data of Table I1 suggest that the loss of unsaturation 
continues after the monomer conversion is complete. The 
IR spectra of intermediate and final polymer samples re- 
veal some changes which are probably related to the loss 
of unsaturation. In Figure 3, curves A and B represent 
polymer samples at 48 and 93% monomer conversion level, 
and curve C represents the final polymer isolated after the 
mixture warmed up from the polymerization temperature 
(12 "C) to 20 "C in the presence of the initiator. Although 
several minor changes are apparent from the spectra, the 
decrease in the 1642- and 890-cm-l vinylidene absorptions 
is the most noticeable. Vinylidene contents of A, B, and 
C are 10.1, 7.2, and 4.970, respectively. We propose that 
the vinylidene double bond easily alkylates a tertiary 

Table I1 
Changes in Polypropene Unsaturation during and after 

Polymerizat iona 
unsaturation by 

propylene conversion, hydrogenation, 
% mol, % 

70 
9 3  

>99b 

97 
96  
90  

a Propene (50%) in propane polymerized at 12  "C. The 
propene to AlCl, molar ratio was 350; the 2-chloro- 
propene t o  AlCl, ratio is 0.37. The polymerization 
mixture was stirred for an  additional 30 min after t he  
polymerization had stopped. 

carbon atom intramolecularly under the catalytic influence 
of the aluminum chloride. The resulting molecule is sat- 
urated and contains a five- or six-membered ring, as shown 
by structures I and 11. 
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I1 
Scheme I illustrates the possible mechanistic routes in 

the termination step which can explain the formation of 
the observed olefin types. Path 1 shows the classical 
termination by proton expulsion. Our results refute this 
path. Because no monosubstituted olefins were observed 
and because a 100% selectivity for 1,2-disubstituted olefin 
by path 1 is unreasonable, even the small amounts of 
1,2-disubstituted olefins that we detected cannot be ex- 
plained by path 1. These results mean that a hydride shift 
or some other reaction must have occurred prior to the 
proton expulsion. Path 2 involves a 1,2-hydride shift prior 
to the proton expulsion. Because this is the only path 
giving 1,2-disubstituted olefin, it is almost certainly op- 
erative. Path 3 involves two subsequent 1,2-hydride shifts 
(or a 1,3-hydride jump) prior to the proton expulsion, 
resulting in trisubstituted and tetrasubstituted olefins. 
Since these are the major olefin types in polypropenes (see 
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Scheme I 
Olefin-Forming Terminations during Propene Polymerization 

CH3 Y H 3 1  

CH-CH,-CH-CH,-CH’ ‘“3 2 subsequen; [“ CH-CH,-C’-CH,-CH, I - 1 , 2 R -  shifts 
H t  lo”, trisubstituted or  

tetrasubstituted olefin 

t t 1” loss 
trisubstituted or  
vinylidene olefin 

path 5 I 1 tail-to-tail propene addition - vinylidene o r  trisubstituted olefin 
] 1,Z-H-shift p - 

CH-CH,-CH-CH-CH: CH-CH,-CH-C-CH, 

a Since hydride shifts are known to  take place during propagation, here an intermediate is shown with its penultimate C3 
unit rearranged by hydride shift. 

Table I), we believe that path 3 is the most frequent in the 
termination. To explain the formation of the vinylidene 
olefins, paths 4 and/or 5 are suggested. In path 4, the 
penultimate propene addition is not followed by a hydride 
rearrangement. After the last propene addition, two 
subsequent 1,2-hydride shifts occur prior to the proton 
expulsion. In path 5 ,  a tail-to-tail coupling takes place 
followed by a 1,2-hydride shift and then by a proton ex- 
pulsion. Additional paths could also explain the observed 
olefin types. For example, the growing polymer cation 
could couple to a vinyl, vinylidene, or trisubstituted double 
bond of a polymer molecule to give vinyldene, trisubsti- 
tuted, or tetrasubstituted olefins, respectively, after proton 
expulsion. 

The proposed tail-to-tail coupling step (path 5 in Scheme 
I) involves the generation of a transient primary carbenium 
ion. This path may be objectionable because formation 
of a more stable secondary carbenium ion by the regular 
tail-to-head coupling would be favored energetically. 
However, the existence of a lower-energy variety of primary 
carbenium ions such as the protonated cyclopropane is well 
established in liquid-phase carbenium-ion rearrange- 
m e n t ~ ‘ ~ , ’ ~  and might also be acceptable in this case. Re- 
cently, even the existence of the CzH5+ cation was dem- 
onstrated.16 There are some indications that occasional 
tail-to-tail coupling may occur even during isobutylene 
p01yrnerization’~J~ when the energetics is much less fa- 
vorable for irregular coupling. Based on these arguments, 
the assumption of some tail-to-tail coupling during propene 
polymerization is reasonable but, as yet, there is no firm 
evidence to support this proposal. 

(b) Kinetics of the  Polymerization and the Molec- 
u l a r  Weight Distribution. From a kinetic study of 
propene polymerization at  low temperature with the ho- 
mogeneous AlBr,-HBr initiator system, Fontana and 
Kidder5 have concluded that the propagation is the rate- 
controlling slow step. Although minor modifications have 
been proposed to the original kinetic ~ c h e m e , ~ J ~  the basic 
ideas of rate-controlling slow polymer growth have been 
widely accepted through review articles. The best evidence 
for this scheme was a reported steady growth of the 

Scheme I1 
premature 

transfer 

[RCH,CH3 + +C( CH,), ] 

polymer molecular weight (viscosity) during the initial 
phases of the polyrnerizati~n.~ However, a careful review 
of their work raises some doubts about the validity of the 
proposed scheme. For a fundamental analysis, the kinetic 
data must be complete and very accurate because sim- 
plifications or small deviations may easily result in a 
different interpretation and consequently in an incorrect 
picture. For example, in the cited r e f e r e n ~ e , ~  the kinetic 
consideration was limited to propagation only, ignoring 
initiation and termination. Furthermore, the precipitation 
of the initially homogeneous initiator system was noted,5 
but it was not mentioned whether the experimental data 
were corrected to account for this. Finally, it was stated 
that the butane solvent available from a pilot plant frac- 
tionator had 99% purity, but the impurities were not 
specified. Because it is very difficult to separate the butane 
and 2-methylpropane components of refinery C4 mixtures, 
and because reliable analytical tools could hardly have 
been available a t  the time of their work (1944-1945) to 
detect the presence of small amounts of 2-methylpropane, 
it is reasonable to suspect that 2-methylpropane was 
present in the butane. The adventitious 2-methylpropane 
possibly left in Fontana’s polymerization feed may have 
been responsible for the apparent molecular weight growth. 
I t  has since been well e s t a b l i ~ h e d ~ ~ ~ ~  that 2-methylpropane 
acts as a powerful chain transfer agent during propene 
polymerization and causes an observable molecular weight 
decrease even at  0.5% concentration level.M However, this 
was not yet recognized at  the time of Fontana’s first 
p~bl ica t ion .~  Scheme I1 shows how the 2-methylpropane 
impurity could reduce the molecular weight of the polymer 
by hydride transfer, until it is “consumed” by incorpora- 
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tion into the polymer. Subsequent polymerization to a 
higher molecular weight product would result in an ap- 
parent molecular weight growth. For these reasons, it 
might be worthwhile to repeat Fontana’s work. 

We have studied the polymerization with commercial 
powdered aluminum chloride at  12 “C. We believe that 
our initiation must have been homogeneous. It is known21 
that aluminum chloride has a low but finite solubility even 
in saturated hydrocarbons such as liquified butane. Its 
solubility in olefins would be expected to be much higher. 
However, as the monomer conversion progresses, the 
solubility would be expected to decrease, probably resulting 
in the precipitation of some of the dissolved initiator. 
Indeed, Fontanas was able to observe the precipitation of 
their “soluble” Al13r3-HBr system probably due to similar 
causes by using glass equipment. We have also studied 
the kinetics of propene polymerization. The results are 
suitable for industrial modeling but not for fundamental 
studies since we could not measure the real concentration 
of the dissolved initiator. We have found that polymeri- 
zation occurred without a coinitiator. In this case, initially 
there appeared to be a little monomer conversion, probably 
due to the presence of adventitious protogenic impurities, 
but then the polymerization stopped. However, after an 
induction period of several minutes, the polymerization 
started and continued to 97% conversion of the monomer. 
The induction period was reduced or practically elimi- 
nated, and the polymerization rate was drastically in- 
creased with addition of the 2-chloropropane coinitiator. 
We have obtained rate curves similar to those reported by 
Fontana5 with the exception that we did not observe initial 
rate maxima. In agreement with Fontana’s results, we have 
also found that the rate can be approximately described 
as independent of the monomer concentration within a 
wide monomer concentration range. Perhaps the rate 
might be independent of the monomer concentration in 
the real kinetic sense, but this contention is obscured ex- 
perimentally by the changes in the dissolved initiator 
concentration. The observed polymerization kinetics could 
be explained either by a slow initiation-which is inde- 
pendent of the monomer concentration-followed by a fast 
chain propagation or by the mechanism of Fontana and 
Kidder.5 Finally, we have found that the polymer mo- 
lecular weight distribution is independent of the conversion 
and the concentration of the monomer. This is illustrated 
in Figure 4 by showing that polymer samples from a batch 
polymerization experiment a t  26 and 85% propene con- 
version levels have identical molecular weight distributions. 
The molecular weight distribution was also determined on 
numerous propene polymers made under a great variety 
of experimental conditions: in propane and butane sol- 
vents, with different feed compositions and initiator levels 
within the limits specified in the experimental section, at 
intermediate and final conversion levels of the batch PO- 
lymerizations. Surprisingly, a t  a given polymerization 
temperature (12 “C) all the polymer samples were found 
to have essentially identical molecular weight distribution 
within the experimental error of the determination, similar 
to those shown in Figure 4. In contrast to Fontana’s 
r e p ~ r t , ~  under our conditions we did not find evidence for 
a molecular weight growth with the progress of the po- 
lymerization. 

In agreement with our results, some other reports also 
seem to indicate that at a given temperature propene ap- 
pears to polymerize to the same molecular weight under 
quite a wide variety of experimental conditions. Thus, the 
polypropene molecular weight was reportedz2 to be inde- 
pendent of the monomer concentration in the -15 to -80 

20 t I I 
Symbols 

o 26% conversion 
8 8  
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e 

e 

4 

’ *  

0 

6 1  I I I , , , ,  
0 - I ...I I 1  I I  

200 300 1000 2000 10000 
Molecular weight 

Figure 4. Polypropene molecular weight distributions at different 
stages of batch polymerization. 

“C temperature range, with the boron trifluoridemethanol 
initiator system. Fontana et have also made a general 
statement that “the molecular weights of polymers pro- 
duced with unpromoted aluminum bromide are not very 
sensitive to changes, within reasonable limits, in the re- 
action conditions other than temperature”. To explain this 
unique behavior, we propose that the polypropene mo- 
lecular weight distribution is determined by the occurrence 
of “side reactions” such as the hydride transfers or irreg- 
ular coupling during the propagation which can easily lead 
to termination (see Scheme I). This does not mean that, 
in Scheme I, the intermediates of the various paths cannot 
propagate further but rather that they have a relatively 
high tendency to terminate. Therefore, they will terminate 
the chain before the monomer concentration could become 
a limiting factor. 

Previously, both intramolecular and intermolecular hy- 
dride shifts were postulated3 to take place during propene 
polymerization. Based on the results of our molecular 
weight distribution studies, we argue against the inter- 
molecular hydride transfer. Such a transfer would ter- 
minate a chain prematurely and would initiate another 
chain. However, in an overcrowded polymer structure, 
initiation inside the polymer chain could hardly result in 
further growth; we would rather expect a termination by 
proton expulsion. Thus, we would expect an overall effect 
of molecular weight decrease. Increasing monomer con- 
version (i.e., increasing polymer concentration) should 
result in increasing frequency of intermolecular hydride 
shift and, consequently, in a lowering of the molecular 
weight. Since our results do not agree with this model, we 
think that intermolecular hydride shifts do not play a 
significant role. 

( c )  Analysis of the Polymer Skeleton and the 
Mechanism of the Propagation. Fontana was the first 
to recognizez4 that cationic polypropenes have a “tree- 
branched” skeleton as a result of hydride transfer reactions 
during propagation. Subsequently, Ketley and Harvey3 
and Immergut et aL4 have reported on the basis of IR 
studies that cationic polypropenes do not have the regular 
[-CH2CH(CH3)-1, skeleton but contain ethyl and propyl 
branches. To account for their formation, both inter- and 
intramolecular hydride shifts were p ~ s t u l a t e d . ~  To find 
out more details about the polymer skeleton, we applied 
a combination of 13C NMR and IR studies. 

Figure 5 shows the 13C NMR spectrum of the paraffin 
region of our polypropene. If Figure 5 is compared to the 
spectra of polypropenes made with Ziegler-Natta cata- 
lysts,% dramatic differences can be seen. The Ziegler-Natta 
polymers exhibit relatively simple spectra because the 
propene units are joined in a regular [-CH,CH(CHJ-], 
fashion. In stereoregular polymers, the three kinds of 
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Table I11 
Calculated 13C NMR Chemical Shifts of High-Field Methyl and Methylene Carbons in Various Structural Environmentsa 

structure no. structure 
calcd chemical shift, ppm from Me,Si 

for *C for **C 

CH,*CH, 
I 

I 
I11 -ccc- 8 -9 

CH3 
CH,*CH, 

I 
IV -ccc- 11-12 

I 
H 
CH,* *CH,*CH, 

I I 
CH, * * CH,* CH, 

V -ccc- or -CCC- 
I I 

CH, CH,CH, 
CH,CH, *CH, 

I 

15 17.5-19.5 

VI -ccc- 14-15 
I 

H 
CH, H,*C *CH, CH, I I I  I 

I I 1  I 

I I I 

VI1 -C-CH,-C--C-CH,-CH,-C- 14-16b 

H H H  H 
CH, H,*T CH,**CH, CH, 

VI11 -C-CH,-C-C CH,-C- 
I I I  I 

H H H  H 

14-16b 11-12 

a See ref 26. As Table I V  of ref 26 illustrates, calculated and experimental results do not agree well in sterically 
crowded groups. We corrected the calculated values to best fit the experimental results. For recent measurements, see 
A. Zambelli, P. Locatelli, and E. Rigamonti, Macromolecules, 1 2 ,  156 (1979). 

40 30 20 10 
Chemical shift from TMS, ppm 

Figure 5. Partial 13C NMR spectrum of polypropene (in deu- 
teriochloroform). 

carbons give three sharp absorption bands. Variations in 
the stereochemistry, as occur in atactic fractions, result in 
a slightly more complex spectrum. In contrast, Figure 5 
is extremely complex, indicating that the cationic polymers 
have a very irregular skeleton. However, in spite of its 
complexity, the spectrum can give valuable information. 

It is possible to calculate26 the chemical shifts of indi- 
vidual paraffinic carbons, and the calculated values are in 
good agreement with those obtained experimentally. Table 
I11 summarizes the calculated chemical shifts of the 
high-field (less than 18 ppm from Me&) carbons in var- 
ious structural environments which are expected to occur 
in polypropenes. Figure 5 can be analyzed by using these 
calculations. Absorptions at  7-9 ppm must arise from 

ethyl groups attached to the quaternary carbon as in I11 
and those a t  11-13 ppm from ethyls attached to the ter- 
tiary carbon as in IV. The intense absorptions at 14-16 
ppm can originate either from V, VI, VII, or VIII. How- 
ever, if V were responsible, absorptions of about equal 
intensity would be expected also at 17.5-19.5 ppm. Since 
there is no strong absorption in this region, V does not 
appear to be a major contributor to the 14-16-ppm ab- 
sorption bands. This leaves VI, VII, and VI11 for further 
consideration. 

P r e v i ~ u s l y , ~  the 739-cm-' IR band (see Figure 1) was 
assigned to  propyl and the 769-cm-' band to  ethyl 
branchings. Thus, interpretation based on both I3C NMR 
and IR spectra may suggest that the 14-16-ppm 13C NMR 
absorption arises mostly from structure VI. We do not 
doubt that an unsaturated variety of VI is present in small 
quantities, because as Scheme I shows, terminations by 
paths 3 or 4 can easily yield propyl groups. However, only 
a propagation mechanism could account for substantial 
amounts of VI, but we do not see how. Propyl groups 
resulting from a propagation step should have structure 
V rather than VI (see Scheme I, path 3, with the as- 
sumption that the intermediate propagates rather than 
terminates). An alternative interpretation of the results 
might be that the 739-cm-' IR band is a composite band, 
only a fraction of its intensity is arising from propyl groups, 
and structures VI1 and VI11 are responsible for much of 
the 13C NMR absorptions in the 14-16-ppm range. 

It may be of interest to find out whether unrearranged 
-CH2CH(CH3)- units are present a t  all in cationic poly- 
propenes. Previous studies3 suggest that  they are prac- 
tically absent. However, these results may be questioned 
because they are based on a poorly defined IR absorption 
around 830 cm-' which was identified in atactic poly- 
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Scheme I11 
Propagation during Propene Polymerization" 

regular coupling 

CH, Et 
C3H6 [ 1 I "J regular C3H6 coupiing 

regular coupling 
____f R,CH,CH-CHCH,CH+ 

abbreviated as Ry 

The scheme is intended t o  illustrate the formation of the  major probable structural fragments. This does not imply that 
the  proposed reactions occur in the  same sequence. 

 propylene^.^' If the analyses were based on an absorption 
a t  1154 cm-l, which can be assigned" to isolated methyl 
groups of the type *CH2CH(CH3)CH2w, one should 
conclude that these groups are present in cationic poly- 
propenes, even though in small amounts. This latter in- 
terpretation merits greater confidence, because it is based 
on a well-established absorption, even though it falls into 
the less characteristic fingerprint region of the spectrum. 

Scheme I11 illustrates our understanding of the propa- 
gation and formation of the major structural units. For 
the sake of brevity, it does not incorporate the formation 
of the minor but still important unit 111. To illustrate the 
complexity of the reactions, we wish to point out the 
presence of a very small peak in the IR spectrum at  1365 
cm-' (see Figure 1). This can be assigned to C(CH3), 9r 
C(CH3I3 groups. Scheme I11 does not account for this 
structure either. 

1-Butene Polymers. Figure 6 shows the partial IR 
spectrum of a 1-butene polymer. The olefin absorption 
bands and, consequently, the olefin types are the same as 
those described for polypropenes. The absence of mono- 
substituted and cis-disubstituted olefins is also inferred 
analogously. 

Table I summarizes the results of the quantitative olefin 
analyses. The unsaturation is less than theoretical. 
Tetrasubstituted olefins are undoubtedly present because 
the spectroscopically measured unsaturation is less than 
that determined by hydrogenation. The formation of the 
identified olefin types and the loss of polymer unsaturation 
can be explained in the same way as was done for the case 
of polypropene. 

The quantitative IR analyses for the determination of 
the trisubstituted olefins (Table I) gave results which seem 
to be quite reasonable, even though we used assumed 
molar absorptivity values for the 1662-cm-l absorption. An 
alternative way to determine trisubstituted olefin content 
is to use the intensity of the 825-cm-' trisubstituted out- 
of-plane =CH deformation band. A range of 33 to 48 
L/(mol cm) was given in the literaturelo for the molar 
absorptivity of this absorption. Selecting a median value 
of 40 L/ (mol cm), we would calculate about 20 times lower 
unsaturation than that given in Table I. We know that 
the molar absorptivity value of the 1662 cm-' C=C 
stretching band is reasonable (see Experimental Section). 

0.1 

0 

C 

g 
2 

0.5 

1 .o 

1600 1200 800 
Frequency, cm-1 

Figure  6. Partial IR spectrum of poly-1-butene (neat, 0.1 mm 
and in part 0.5 mm). 

Consequently, the molar absorptivity of the 825 cm-' =CH 
band must be 20 times smaller in 1-butene polymers (2 
L/(mol cm)) than that assumed on the basis of literature 
reports.'O 

Ketley and Harvey3 have recognized that cationic 
poly-1-butenes have an irregular skeleton. The presence 
of ethyl, propyl, and butyl branches was p ~ s t u l a t e d . ~  A 
very recent28 paper based on 13C NMR analysis has indi- 
cated that the two major structural elements are VI and 
-C(Rl)(R2)-, where R1 = butyl and R2 = methyl or ethyl 
or propyl. The minor units arez8 111, IV, and V, and in 
polymers made at  higher polymerization temperature, the 
tert-butyl group is included. We have also studied the 
polymer skeleton from IR (Figure 6) and 13C NMR (Figure 
7) spectra. Surprisingly, in the 13C NMR spectra of po- 
lypropene and polybutene-l, in the 0-20-ppm region, the 
chemical shifts of all the significant peaks (but not the 
intensities!) were found identical. This raises some 
questions: Is it due to identical groups or is it only coin- 
cidental? For example, there can be no doubt about the 
presence of the -C(Rl)(R2)- group, where R1 = butyl and 
R2 = methyl, ethyl, or propyl, based on the 14.1-ppm 13C 
NMR signal, the 730-cm-l IR shoulder band, and mecha- 
nistic considerations. But it is also possible that the 
14.1-ppm signal assigned to the methyl carbon of the butyl 
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Chemical shift from TMS, pprn 

Figure 7. Partial 13C NMR spectrum of poly-1-butene (in deu- 
teriochloroform). 

groups,28 in part, originates from crowded methyl groups 
of the type -C(CH,)CH(R)-, where R = propyl. In an 
alternative interpretation to that given,28 the weak 15.1- 
ppm signal may also be assigned to crowded methyls in- 
stead of V. 

The crowded methyl group could originate from a 1,2- 
hydride transfer in one of the possible directions: 

1,2-H' shift 
[RCH,CH+CH,CH,] -----+ [RCH+( CH,),CH,] 

[ RC H CH CH + C H ] -'- --+ "crowded" methyl 

There is very little indication of tail-to-tail coupling in 
polybutene-1,2s and this may be associated with the in- 
dividual monomer structure. Another point of interest is 
the presence of isolated methyl groups in 1-butene poly- 
mers. The IR spectrum (Figure 6) shows a weak absorp- 
tion band a t  1154 cm-' which could be assignedlO to iso- 
lated methyl groups. With these interpretations, the 
structure of polybutene-1 can be represented as something 
like this: 

1 1,2-H- shift 1. propene addition 
2 .  1 2-H-  shift 

C C 
C C 

c c  C C C 
c c  c c c  c 

C l C l  -4-I c ;  -4-; C l C l  C I C  - c-c-c~c~c-c~c-c-ctc-c-c~c-c~c~c-c-c~c * 
I I CI I C I  I I I 

C 

Concerning the kinetics and chain growth of butene-1 
polymerization, a very small number of experiments sug- 
gest great similarity to those observed during propene 
polymerization. 

cis-2-Butene Oligomers. Cationic polymerization of 
cis-%butene gives only low molecular weight 01igomers.l~ 
Figure 8 shows a typical IR spectrum of our oligomers. 
The bands at  1662 and 825 cm-' are assigned to trisub- 
stituted and those a t  1642 and 890 cm-' to vinylidene 
01efins.~JO No other olefin type could be detected. Figure 
9 shows the 'H NMR spectrum. The 4.67 ppm band can 
be assigned to vinylidene protons" and the distorted 
quadruplet a t  5.12 ppm ( J  = 6.3 Hz) to trisubstituted 
olefins with the structure WC(CHJ=CHCH,.~ The results 
of the quantitative determinations of the olefin types are 
summarized in Table I. The trisubstituted and vinylidene 
olefins nearly account for the theoretical unsaturation. 
The balance may be due to analytical error, to the presence 
of tetrasubstituted olefins, or to less than theoretical un- 
saturation. 

Frequency, cm -1 

Figure 8. Partial IR spectrum of oligo-cis-2-butene (neat, 0.1 
mm) . 

I 
5.5 5.0 4.5 

Figure 9. 'H NMR 100 MHz spectrum of oligo-cis-2-butene (in 
carbon tetrachloride). 

I 

Chemical shift from TMS, ppm 

Figure 10. I3C NMR spectrum of oligo-cis-2-butene (in deu- 
teriochloroform). 

The 13C NMR spectrum (Figure 10) reveals by the ab- 
sorption at  8 ppm that ethyl groups attached to a tetra- 
substituted carbon (111 in Table 111) are present. The 
absorptions in the 11-15-ppm range can be assigned to 
crowded methyls on subsequent tertiary chain carbons and, 
in part, to methyl carbons of ethyl groups attached to a 
tertiary carbon (type IV). In the IR spectrum (Figure 8), 
the absorption at  1120 cm-' is assigned to neighboring 
tertiary carbons (-CHR1-CHR2-) and that at 780 cm-' 
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to ethyl branches. A structure (see structure X of a pen- 
tamer) conforming to these features can be derived if we 
assume that in every second propagation step a 1,2-hydride 
shift occurs. If hydride shifts occur in two subsequent 
propagation steps, the resulting carbenium ion is unable 
to propagate and terminates. Termination can give either 
a trisubstituted (as in X) or a vinylidene double bond but 

CH, CH, CH, CH, CH3 CH, 
1 1 1 1 1  i I  1 1 1 1  

H,C-CH,-CH+C~.CH+CH+C-C=CH-CH, 
! I :  I ; I  I 

CH,CH, CH,CH, 
X 

not a tetrasubstituted one. This line of thought is also in 
agreement with our ideas that the molecular weight dis- 
tribution is controlled by side reactions during the po- 
lymerization of these monomers. 

These interpretations of the various spectroscopic 
techniques for the structure of cis-2-butene oligomers 
appear to be in good agreement and give confidence in the 
results. Yet they overlook a very important aspect of the 
oligomerization. Meyer had demonstrated in 195013 that 
the cis-2-butene oligomers made with AlBr, or AlC13 are 
extensively fragmented products not conforming to the 
expected (C,H,), formula. Lachance and E a ~ t h a m ~ ~  
demonstrated well this fragmentation for the oligomers 
made with BF3CH30H. It was confirmed by field ioni- 
zation mass ~ p e c t r o m e t r y ~ ~  that very extensive fragmen- 
tation also occurred with our oligomers. Although the 
fragmentations are overlooked by our spectroscopic 
analyses, they do not seem to change the expected struc- 
tural units of the oligomers. However, the fragmentation 
may play an important role in the termination and may 
be a very important limiting factor to the growth of the 
molecular weight. 

Finally, it is worth considering briefly how propene, 
1-butene, and cis-2-butene polymerizations fit into the 
overall picture of cationic polymerization. They can be 
classified as “isomerization polymerizations with intro- 
molecular hydride shift” because, as the name implies, the 
propagating species isomerize by 1,2-hydride shifts. The 
known varieties of isomerization polymerization, including 
the hydride shift polymerization, have been reviewed in 
the In most of the previously reported cases, 
the hydride shift polymerization occurs when the formation 
of a tertiary cation is the driving force for the hydride shift. 
With propene and 1-butene, this is not always the case; 
they often propagate through a secondary cation which had 
been generated from another secondary cation by hydride 
shift. However, beyond hydride shift isomerization, other 
“side reactions” may also be important during the prop- 
agation, such as fragmentation in the case of cis-2-butene 
and possibly irregular tail-to-tail coupling in the case of 
propene. Other side reactions not part of the propagation 
step, such as the formation of saturated hydrocarbons, 
were also observed. This latter reaction together with the 
formation of conjugated olefins are the major reaction 
types during “conjunct”  polymerization^.^^ The polym- 
erizations of propene, 1-butene, and cis-2-butene under our 
conditions are definitely not conjunct polymerizations even 
though both saturated hydrocarbons and conjugated ole- 

Macromolecules 

fins35 are detectable in the product. 
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