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ABSTRACT: A novel method for the preparation of functional polyolefin copolymers by the Ziegler-
Natta process using organoborane monomers is presented. B-5-Hexenyl-9-BBN (BBN = borabi-
cyclo[3.3.1]nonane) and 1-octene were copolymerized and further oxidized to poly(octene-co-hexenol). The
reactivity of the borane monomer was found to be only slightly lower than that of 1-octene, thus enabling
the synthesis of copolymers with a wide range of composition. The comparison of the GPC profiles from
the UV and RI detectors established the homogeneity of the copolymers. The same results were also con-
cluded from the DSC studies. A single T,, which increased with the hydroxyl content, was observed. Although
the molecular weights of the copolymers were found to be high, their GPC profiles suggested a lowering of
molecular weights with increasing borane monomer in the feed. To establish the effect of a trialkylborane
on the polymerization, 1-octene was polymerized with/without an equimolar amount of Et;B, and no sig-

nificant effect on the molecular weight was observed.

Introduction

The incorporation of functional groups into hydrocar-
bon polymers represents a useful method for modifying
the chemical and physical properties of polymers, such
as, permeability, compatibility, dyeability, adhesion, solid-
state morphology, and solution rheology. Applications
for such new materials are very broad, including plas-
tics, elastomers, lubes, and barrier resins.

It is normally difficult to prepare homopolymers and
copolymers that contain oxygen and nitrogen function-
alities, by Ziegler~Natta processes. The Lewis acid com-
ponents (Ti and Al) of the Ziegler-Natta catalyst tend
to form a complex with the nonbonded electron pairs on
nitrogen and oxygen in preference to complexation with
the 7 electrons of the double bonds of the monomer. The
net result is the deactivation of the active polymeriza-
tion sites or the poisoning of the catalyst.

There are some reports of copolymerization of func-
tional monomers with other a-olefins. For example,
Clark' has described a method of rendering polar vinyl
monomers sufficiently unreactive to allow them to copo-
lymerize with «a-olefins without destroying the Z-N cat-
alyst. This method consists of pretreating polar mono-
mers with an organoaluminum compound. Ester mono-
mers are especially effective because they are less reactive
with Z-N catalysts than some other oxygenated function-
alities, like -COOH. Thus, copolymers of an ester, like
the methyl undecylinic ester,? and a-olefins like ethyl-
ene, propylene, and 1l-octene are reported. Neverthe-
less, the levels of the ester functional group incorpora-
tion for these copolymers remain low, i.e., <5 mol %.
The incorporation of high levels of ester functionality
requires even more sterically hindered ester monomers,
such as 2,6-diphenylphenyl 10-undecanoate.® However,
the reaction conditions for such a process are very incon-
venient (e.g., 656 °C and 10 days). Moreover, the ester
copolymer is not a versatile intermediate. It is difficult
to convert the ester functional polymers to other func-
tional polymers (e.g., -OH, -NH,) by simple mild chem-
ical reactions.
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Organoboranes are valuable intermediates in organic
synthesis.! However, organoborane polymers are rare,
being generally limited only to polydiene, such as poly-
butadiene and polyisoprene,® backbones. Furthermore,
organoborane polymers have previously been prepared
only by postpolymerization modification processes, rather
than direct polymerization. Generally, postpolymeriza-
tion has been limited to only the few existing diene
homopolymers and copolymers.

In our previous paper,® we described a novel method
for directly preparing functional olefin homopolymers.
This method involves both borane monomers and poly-
mers that are stable to the Ziegler—Natta catalyst and
serve as valuable intermediates for conversion to a host
of other functional polymers, such as polyalcohol.

The present report relates to copolymers of borane
monomers and a-olefin monomers, having the following
formula:

(CH,CH), (CH,CH),._,
R (CH,

B
Rz/ \Ra

R, is an alkyl group, R, and Ry are alkyl or cycloalkyl
groups, where n > 2 and x varies from 0 to 1. They are
prepared by direct Ziegler—Natta polymerization as shown
in Scheme 1. The borane copolymers are useful interme-
diates and are readily convertible into other functional
copolymers. We describe here copolymers, of 1-octene
and 1-hexenyl-9-BBN, i.e., where R, = C;H;; and n = 4.
The composition of the copolymers was varied to obtain
polymers with varying hydrophobicity.

Experimental Section

The organoboranes and Ziegler-Natta catalysts were always
handled in an inert atmosphere of nitrogen or argon with care-
ful exclusion of both oxygen and water. All glassware, syringes,
and needles were oven-dried at 150 °C for 2 h before use. The
hot glassware was assembled and cooled under a flow of nitro-
gen or evacuated in the antichamber before being moved into
the drybox.
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Scheme I
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9-BBN (Aldrich), Al(Et),Cl (Aldrich), and TiCl;~AA (Stauffer,
pretreated with aluminum alkyl) were used as received. Ana-
lytical-grade toluene and THF were stirred with sodium naph-
thalide to remove any traces of water and oxygen and then dis-
tilled under nitrogen. 1-Octene and 1,5-hexadiene (Wiley) were
purified by distillation from sodium metal. IR and NMR spec-
tra were obtained with a Perkin-Elmer 298 infrared spectropho-
tometer and a Bruker AM 360 spectrometer, respectively. The
GPC chromatograms were obtained using a Waters 600E deliv-
ery system that was connected to a Waters 410 refractometer
and a 490E programmable multiwave length detector. A series
of three Ultrastyragel columns with pore sizes of 10%, 10¢, and
10% A was used to effect separation. The analysis of the data
was performed using a Digital professional 380 computer. The
DSC thermograms were obtained using a Perkin-Elmer DSC-7
thermal analysis system. Temperature calibration was done using
cyclohexane as a standard.

Preparation B-5-Hexenyl-9-BBN. 1,5-Hexadiene (33 g, 0.4
mol) was taken in a 250-mL round-bottom flask along with 50
mL of THF in an argon-filled drybox (Vacuum Atmospheres).
9-BBN (12.2 g; 0.1 mol) dissolved in 150 mL of THF was taken
in a dropping funnel and added dropwise to a stirring solution
of the diene. After the reaction was allowed to proceed for 12-
16 h, the solvent was removed under vacuum, and the residual
oil was subjected to fractional distillation under vacuum. The
product was collected as the center cut at 60-75 °C under 6
pmHg. The product yield was 15.2 g, which corresponds to a
percent yield of 74.5% based upon 9-BBN. The *H NMR spec-
trum was in good agreement with the expected structure of the
product.

Copolymerization. Typically, the required quantity of
TiCl;-AA ([monomer]:[Ti] = 100) was weighed into the reac-
tion flask, and toluene (to make a 15% monomer solution) was
added to it and stirred. Et,AlCI ({Al]:[Ti] = 10) was then weighed
into the reaction flask. The required quantity of the two mono-
mers was weighed and premixed in a vial, and the mixture was
added to the catalyst solution. The polymerizations were allowed
to proceed for about 1-2 h to attain a percent conversion of
around 40-60%. The polymerization was terminated by addi-
tion of 2-propanol that caused the disappearance of the deep
burgundy color of the active catalyst. The polymer was precip-
itated out as a white rubbery material by further addition of
2-propanol and thoroughly washed with additional 2-propanol.
All the above manipulations were carried out in the drybox.
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Oxidation of the Polyborane to Polyalcohol. The wet poly-
mer sample was redissolved in THF to make a 2-3% solution.
A measured quantity of 6 N NaOH solution (1.3 mol/mol of
alkylborane) was degassed and added to it. The solution was
cooled in an ice-water bath, and H,0, (30% aqueous solution,
3.9 mol/mol of alkylborane) was added dropwise to it with stir-
ring. The solution was allowed to warm to room temperature
and then maintained at 40 °C for 12-16 h. The polymer was
precipitated in water, washed thoroughly with acetone, and dried
under vacuum in the presence of P,0,.

The poly(octene-co-hexenol) samples are numbered POH-
13, POH-11, and POH-31, the numbers indicating the molar
feed ratios of the two monomers, 1-octene and hexenyl-9-BBN,
respectively. The IR spectra of the polymers were recorded using
a thin film cast on a KBr plate. The 'H NMR spectra were
obtained using a 2-3% solution of the polymer in CDCl,/
CD,0D (5:1 v/v).

Esterification. Typically, 100 mg of the polyalcohol was
dissolved in 15 mL of a mixture of THF and DMF. The amount
of DMF required to form a clear solution varied with the com-
position of the copolymers. Pyridine and benzoyl chloride were
added in a 10-fold molar excess, and the reaction was allowed
to proceed for 12-16 h. The polymers were precipitated in meth-
anol, washed thoroughly, and dried under vacuum. Yields
obtained varied from 105 to 125 mg.

Results and Discussion

Monomer Synthesis. The easiest way to prepare
borane monomers is by selective monohydroboration of
the appropriate dienes.” However, some previous attempts
have suffered from byproducts due to both a dihydro-
boration reaction and nonselective hydroboration at the
other double bond. For example, the hydroboration of
symmetrical dienes with dialkylboranes, such as 1,5-
hexadiene, with 9-borabicyclo[3.3.1]nonane (9-BBN) pro-
ceeds in an essentially statistical manner, giving 25% resid-
ual diene, 50% of the monohydroboration products, and
25% of dihydroboration products. To decrease the dihy-
droboration reaction, we have used a large excess of diene
at low (ambient) temperature. After sufficinet time to
complete the reaction, the excess diene and solvent was
recovered by reducing the pressure, followed by distilla-
tion of the pure borane monomers at a higher tempera-
ture. In this manner, a series of borane monomers, such
as B-4-pentenyl-9-BBN, B-5-hexenyl-9-BBN, and B-7-
octenyl-9-BBN, has been synthesized. On the basis of
preliminary observations, 1-octene and B-5-hexenyl-9-
BBN appeared to have comparable reactivity. There-
fore, a detailed investigation of this copolymerization was
undertaken.

Copolymerization. The copolymerization of borane
monomers with other hydrocarbon monomers and the
further conversion of the borane moiety into a hydro-
philic functionality is a viable approach to fine tune the
hydrophilicity of hydrocarbon polymers. Large differ-
ences in reactivities of the monomers often result in vari-
ation of composition during polymerization. To study
the difference in reactivities between the two mono-
mers, the copolymerization of 1-octene and B-5-hexenyl-
9-BBN was studied as a function of conversion. The com-
position of the copolymers was determined by *H NMR
and will be discussed in the following section. Figure 1
is a plot of percent incorporation of 1-hexanol as a func-
tion of conversion. The plot shows a small increase in
the 1-hexanol content (from the B-5-hexenyl-93-BBN mono-
mer) in the copolymer with increasing conversion, sug-
gesting a slightly higher reactivity of 1-octene as com-
pared to B-5-hexenyl-9-BBN. The order of addition of
the cocatalyst, Et,AlCl, and monomer causes a small dif-
ference in the composition of the resulting copolymers.
The activation of the catalyst prior to addition of the
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Figure 1. Plot of composition of the copolymers versus per-
cent conversion. Et,AlCl addition (O) prior and (@) after addi-
tion of the monomer.
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Figure 2. Plot of copolymer composition versus feed compo-
sition.

monomers results in a slightly higher incorporation of 5-
B-hexenyl-9-BBN. In general, the drift in composition
with percent conversion was found to be small and hence,
the copolymerizations with varying monomer feed ratios
were allowed to proceed to about 40-60% conversion. The
homogeneity of the copolymer composition under these
conditions was considered reasonable, as will be proved
later. The feed vs composition plot (Figure 2) indicates
that the percent incorporation of the borane monomer
is consistently lower. This suggests a slightly lower reac-
tivity of the borane monomer as compared to 1-octene.
No attempts were made to determine their reactivity ratios,
as the percent conversion of ~50% is considered too high
for such calculations.

Structure and Composition of Copolymers. (a) IR
and NMR Studies. Due to the very high susceptibility
of alkylboranes to air oxidation, the borane polymers were
not structurally characterized. The borane polymers were
instead quantitatively oxidized under mild conditions,
using alkaline H,0,, to yield polyalcohols. The copoly-
mers were insoluble in most common organic solvents.
However, they were completely soluble in mixed sol-
vents, such as THF-methanol and chloroform—metha-
nol. The relative amounts of alcohol required increased
with the amount of 1-hexenol in the copolymers, with
polyhexenol being completely soluble in pure methanol
and polyoctene being completely soluble in THF. The
polyalcohols were characterized by IR and NMR spec-
troscopy. The IR spectra (Figure 3) of the copolymers
indicate a steady increase in the hexenol content with
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Figure 3. IR spectra of the homopolymers and copolymers:
{(a) poly(1-octene), (b) POH-31, (¢) POH-11, (d) POH-13, (e)
poly(1-hexenol).
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Figure 4. 'H NMR spectra of the copolymer POH-13 (a) before
and (b) after esterification.

increasing borane monomer in the feed, as indicated by
the increase in the intensity of the -OH stretching absorp-
tion.

A typical 'H NMR spectrum of the copolymer is shown
in Figure 4a. The composition of the copolymers was
calculated using the intensities of the methylene pro-
tons a to the hydroxyl group (6 = 3.6) and the terminal
methyl protons (6§ = 0.9) of 1-octene. These values are
listed in Table I. A mixed-solvent system of CDCls-
CD,0D was used to obtain the NMR spectra, as the poly-
mers were insoluble in a single solvent.

(b) GPC Studies. As mentioned earlier, the extreme
difference in solubility of poly(1-hexenol) and poly-
octene resulted in the copolymers being insoluble in com-
mon solvents that are suitable for GPC. Hence, the copol-
ymers were esterified with benzoyl chloride. The IR spec-
tra of the esterified copolymers indicated an almost
complete disappearance of the —-OH stretching absorp-
tion. However, their 'H NMR spectra indicated that the



Macromolecules, Vol. 23, No. 2, 1990

Copolymers Prepared by the Ziegler-Natta Process 381

Table I*
mol % 1-octene GPC data®
sample in feed in copolymer® M, x 1073 peak M x 1073 M, /M, Ty °C (onset)
poly(1-octene) 100 100 329 1670 5.1 -67 (-75)
POH-31 75 85 242 1580 6.1 -51 (-66)
POH-11 50 60 126 1030 7.8 -26 (-50)
POH-13 25 35 66 280 6.0 2 (-16)
poly(1-hexenol) 0 0 55 120 2.6 15 N

@ Determined by 'H NMR. ° GPC was done on partially benzylated polyalcohols. © T, taken as the inflection point and the number in

parentheses in T, taken on the onset.
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Figure 5. Typical GPC profiles of esterified copolymer POH-
11 (a) using RI detector and (b) using UV detector.
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Figure 6. GPC profiles of various esterified copolymers: (a)

poly(1-hexenol), (b) POH-13, (¢c) POH-11, (d) POH-31.

esterification was only partially complete. A typical spec-
trum of a partially esterified copolymer is shown in Fig-
ure 4b. Calculations based upon the integrated inten-
sity of the methylene hydrogens « to ~OH and « to -OCO
¢ (which appears at = 3.5 and 6 = 4.3, respectively)
indicated an average percent esterification of only about
50-55%. The partially esterified polymers were, how-
ever, completely soluble in THF and, therefore, were used
for molecular weight determination by GPC. The use of
phenyl ester permits the use of both UV and refractive
index detectors. The UV detector was set at an obser-
vation wavelength of 254 nm. Since the chromophore,
i.e., the phenyl ester group, is present only in one of the
monomers, the comparison of the two chromatogram pro-
files (Figure 5) serves as an indication of the homogene-
ity of the copolymer samples, considering of course a stat-
istical distribution of the ester functionality in the poly-
mer chains (bearing in mind that only about 50%
esterification has taken place). The small shift in one of
the curves, with respect to the other, arises because the
eluted fractions pass through the UV detector 0.25 min
before passing through the RI detector due to the instru-
ment configuration. The almost exact overlap of the UV
and RI profiles is a strong indication of the homogene-
ity of the copolymer samples.

The GPC chromatograms (Figure 6) of the various copol-
ymers indicate an increase in the peak retention times
with increase in the mole percent borane monomer in

Percent
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Figure 7. Effect of Et,B and percent conversion on the GPC
profiles of poly(1-octene). Curves (a) and (c) represent profiles
using a catalyst combination, TiCl;/10 Et,AIC1/100 Et;B/100
1-octene, at 83% and 23% conversions, respectively, and (b)
represents a 56% conversion in the absence of Et,B.

the feed. If this reflects a lowering of molecular weights,
it appeared that chain transfer to the trialkylborane may
be a likely explanation.® In order to completely under-
stand the effect of trialkylborane on the molecular weight
of the polymer by the Z-N process, homopolymerization
of 1-octene was carried out in the presence an equimolar
amount of Et,B. The overall set of conditions used was
TiCls/10 Et,AlIC1/100 Et,B/100 octene. The GPC curves
from such an experiment are shown in Figure 7. Ini-
tially it appeared that the trialkylborane caused the
increased tailing (peak retention time being the same,
curve a). A further experiment under the same condi-
tions but at lower conversion (curve c¢), however, indi-
cated that the tailing was an inherent property of the Z—
N process, rather than the effect of borane. This exper-
iment conclusively proved the absence of any retarding
effect in the molecular weight due to the presence of alkyl-
borane monomer. The higher retention time, therefore,
is probably an effect of the presence of increasing amounts
of functional groups (~OH and -OCOCH,;) rather than
an actual decrease in molecular weight. The changes in
the hydrodynamic volume and/or some kind of interac-
tion of the functional groups with the column could cause
such a behavior. Further experiments, such as light scat-
tering could give a better understanding of this behav-
ior.

Thermal Properties. Thermal analysis of the poly-
mers was done using DSC. The samples were first heated
to 175 °C in the DSC pans and retained at that temper-
ature until there was no further heat uptake (~5~10 min).
They were then rapidly cooled (~100 deg/min) to —140
°C. The curves shown in Figure 8 are heating curves
obtained from these quenched samples at a heating rate
of 20 deg/min.

All the copolymers exhibited a single glass transition
temperature (T,), which lies between those of the two
homopolymers. The presence of only one glass transi-
tion is taken as evidence for the absence of macroscopic
phase separation and therefore implies that the copoly-
mer samples are fairly homogeneous. This is also often
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Figure 8. DSC curves of the homopolymers and copolymers
using a heating rate of 20 deg/min: (a) poly(1-octene), (b) POH-
31, {¢) POH-11, (d) POH-13, (e) poly(1-hexenol).
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Figure 9. Plot of composition of the copolymers versus their
glass transition temperatures. (O) T, taken as the inflection
point and (®) T, taken as the intersection of the base line and
the extrapolatlon of the inflection.

taken as an indication of randomness as opposed to block-
iness of the copolymers. The glass transition tempera-
tures may either be taken as the inflection point, i.e., the
center of the transition or as the onset of the transition.’
Both these values are given in Table I. The difference
between these two values, AT, is an indication of the
width of the transition. As one would expect, any ran-
dom copolymer is inherently less homogeneous than the
homopolymers and, therefore, the AT, is larger in the
former case.

A plot of composition of the copolymers versus T, is
shown in Figure 9. A monotonic drift in the T, of the
copolymers away from the linear relationship is oi)served
when the inflection point is taken as 7,. On the other
hand, the glass transition temperatures are randomly dis-

Macromolecules, Vol. 23, No. 2, 1990

tributed along the line when they are taken as the onset
temperatures. A linear relationship between the glass
transition temperature and the weight fraction of either
monomer has been taken as an indication of the homo-
geneity of the copolymer samples.’® The DSC profiles
of the copolymers and the variation of T, with composi-
tion give a qualitative indication of the homogenelty and
random nature of the copolymer samples.

Conclusion

The preparation of functional polymers by direct Zie-
gler-Natta polymerization has long been a goal of syn-
thetic polymer chemists. Progress has been impeded
because of the dearth of functional groups that are sta-
ble to Ziegler-Natta catalysts. A new method for the
synthesis of copolymers of a-olefins and functional mono-
mers has been developed based on borane monomers and
polymers. Copolymers of 1-octene and 1-hexenol were
synthesized using this approach, and the homogeneity
of the copolymer samples was established. The 1-hex-
enol content in the copolymers was varied to get copol-
ymers of varying hydrophilicity. The value of this method
rests with the “cleanliness” and versatility of its chemis-
try. Not only can the borane derivatives be quantita-
tively carried through the Ziegler—Natta process, but they
can also be quantitatively converted to a host of other
functionalities.
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