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Abstract

This report describes the preparation of six hydroxy-terminated polybutadiene (HTPBD)
samples and their hydrogenated (polyethylene) derivatives (HTPE). The polybutadiene
samples, with nominal average molecular weights M, of 1000, 1500, 2000, 3000, 5000,
and 10000, have been prepared using the so-called “isodisperse telechelic
polymerization” method under non-isothermal conditions. The HTPBD samples produced
were characterized by gel permeation chromatography, FT-IR and '"H-NMR and showed a
narrow polydispersity approaching the theoretical limit. From the HTPBD samples
isodisperse HTPE samples were prepared by hydrogenation under heterogeneous
conditions, using a freshly prepared 30% palladium/charcoal catalyst.

Between July 1995 and May 1997, 100-g batches of the twelve samples thus prepared
were sent to the US army research laboratory for further experiments.

Keywords: isodisperse telechelic polymerization, hydroxy-terminated polybutadienes,
hydroxy-terminated polyethylenes, non-isothermal polymerization, hydrogenation
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Introduction

In the past decade there has been a great interest in hydroxy telechelic polymers with
designed low molecular weights and narrow polydispersity. There may be several
applications for this type of polymers: )

¢ Incorporation into a polymeric matrix to alter its physical properties such as viscosity.
¢ Chemical modification of the reactive sites: the hydroxy end groups can be converted

into acrylic, acid or acid chloride groups.

¢ Crosslinking with multifunctional reagents to obtain macromolecular networks.
Free-radical polymerization is probably the most cost-effective for preparing such
polymers with functional groups in the o,» positions [2, 3]. In that case the functionality
is determined by the nature of the initiating radicals. However, controlling polydispersity
has often been a problem in free-radical polymerizations. This is mainly related to
changing conditions during the polymerization reaction: decreasing concentrations of
initiator and monomer, and increasing viscosity. At the Research Group of
Macromolecular Chemistry of the Hungarian Academy of Sciences, a method was
developed to counteract these effects and produce polymers with minimal polydispersity
P,/P, [4]. In theory, in the case of recombination, the polydispersity P.D. equals 1.5 and
the functionality F of the polymer equals 2. ‘

The US Army Research Laboratory is interested in obtaining elastomers with optimal
physico-chemical properties. Isodisperse telechelic polymers such as HTPBD or HTPE
could constitute such materials according to the theory of elasticity. This report describes
the synthesis and chromatographic/spectroscopic characterization of six HTPBD samples
with nominal average molecular weights M, of 1000, 1500, 2000, 3000, 5000, and 10000.
The optimization of the reaction conditions and the development of the corresponding
temperature programs has been described in detail in our previous report “Isodisperse
Telechelic Polymers and their Polyurethane Derivatives” (contract # N68171-95-C-9068)
[1]. Six HTPE samples were then prepared from their HIPBD precursors through
hydrogenation using a palladium/charcoal catalyst. The twelve samples were sent to the
US Army Research Laboratory in 100-g amounts for further characterization.



Experimental
Chemicals
4.4’-az0 bis-4-cyano-n-pentanol (ACP) synthesized in our own laboratory from S5-
hydroxy-2-pentanone (Fluka); molecular weight: 252; melting point: 81-83 °C or 94-96°C
(two isomers). Hydrogen peroxide, 50% solution by weight, from Peroxid Chemie
GmbH, Germany. 1,3-butadiene, purity > 99% from Matheson.
Polymerization
The polymerization reactions were carried out in an acid-proof autoclave from Parr (net
volume 900 ml; maximum pressure 190 bar). The reactor can be stirred mechanically,
electrical heating and cooling with circulating water can be applied from the outside.
After addition of all solvents and dissolution of the initiator the reactor is flushed with
pure nitrogen and evacuated several times. Then the monomer (preheated to 30°C) is
added in liquid form from a buffer vessel and the polymerization reaction is started
according to a specific temperature program.
Purification
After the polymerization reaction the pressure is released and the unreacted monomer is
condensed and recovered. The recombination product from initiator and hydrogen
peroxide is removed by washing with distilled water in a separation funnel. The
remaining peroxide is reduced to below 1 ppm level by passing through a zeolite column
activated with cobalt ion. The solvents are removed in a film evaporator by nitrogen
heated to 140°C [1].
Hydrogenation
3 g of freshly prepared 30% Pd/C catalyst and 30 ml of n-hexane was placed in a Parr
hydrogenation apparatus. After repeated flushing/evacuation with nitrogen and then with
hydrogen the catalyst was hydrogenated for 20 minutes at 60°C and 4 bar. Then 10 g of
the HTPBD sample was added in 370 ml of n-hexane and was hydrogenated at 60°C and
4 bar during 1 hour. After filtration over a glass filter the catalyst was washed and the
solvent was evaporated under vacuum. Eleven batches were prepared and combined to
yield the amount required. Heating to 100°C under reduced pressure served to remove the
last traces of solvent. See also ref. [5].
Instrumental Analysis
Proton NMR spectra were recorded using a Varian 400 instrument. Fourier transform
infrared spectra (FT-IR) were recorded using a Bomem MB-100 spectrophotometer. The
molecular weight distribution was determined by means of gel permeation
chromatography (GPC) using a setup from Waters: pump model 510, injector model U6K
and a set of four columns packed with crosslinked polystyrene gel (“ultrastyragel”) of
particle size less than 10 microns and pore sizes of 10 um, 1 pm, 100 nm and 50 nm.
The functionality of the polymers was calculated from the hydroxy-endgroup
concentration and the molecular weight of the polymers, as described in our previous
report [1]. The apolar solvent used (cyclohexane) precludes any interference from the
ACP initiator recombination product, as it is insoluble in this solvent.



Preparation of HTPBD Samples

Polybutadiene samples were synthesized with nominal average molecular weights M, of
1000, 1500, 2000, 3000, 5000, and 10000. The polymerization conditions applied are
listed in Table 1. The details of the non-isothermal temperature programs have been
described earlier [1].

Table 1: Polymerization conditions and reagents used.

Samples Monomer Solvent (ml) Initiator (mol/l) Polym. time | Temp.
mol/l sec. butanol | dioxane ACP H,0, (min) °C

HTPBD-1000 6.0 200 200 0.145 - 175 73-96
HTPBD-1500 6.0 200 200 0.145 - 500 65-96
HTPBD-2000 6.0 400 - 2.14E-02 0.63 180 80-96
HTPBD-3000 6.0 400 - 2.14E-02 0.53 360 75-96
HTPBD-5000 6.0 400 - 5.73E-03 0.18 480 70-96
HTPBD-10000 6.0 200 200 8.00E-04 | 6.15E-03 720 70-96

The functionality of the HTPBD samples was determined and was found to be close to
the theoretical value of 2 for all samples (see Table 2). The conversion rates of the
polymerization reactions varied between 20 and 40% for most samples, but was only 10%
for the HTPBD-10000 sample (see Table 2). The experimentally determined average
molecular weights and polydispersity data (as measured by GPC) are also listed in Table
2 and visualized in Figure 1.

Table 2: Functionality, conversion rates and polydispersity of HTPBD samples

Samples Functionality | Conversion GPC results
% M, M,/M,
HTPBD-1000 1.62 30.0 1245 1.34
HTPBD-1500 2.10 33.0 1552 1.34
HTPBD-2000 1.90 20.0 1870 1.62
HTPBD-3000 2.44 40.0 3250 1.98
HTPBD-5000 1.98 25.0 5230 1.72
HTPBD-10000 1.97 10.0 10800 1.95

As shown in Table 2, the molecular weight distribution of the samples HTPBD-1000 and
HTPBD-1500 is very low, even below the theoretical value of 1.5. These low
polydispersities can be expected to have a very positive effect on the elastic properties of
the resulting polyurethane materials according to the elasticity theory.
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The microstructure of the HTPBD samples was investigated using FT-IR and 'H-NMR
spectroscopy; the spectra can be found in Annex 1. The FT-IR spectra show only a few
differences between the samples. Obviously the broad OH-stretch absorption at 3200-
3600 cm-1 (hydroxy endgroups) is relatively strong for the short oligomers and
practically invisible for the HTPBD-5000 and HTPBD-10000 samples. For the same
reason the cyanide stretch vibration (initiator fragments) is most strongly observed in the
spectra of the shortest oligomers.

During the course of the polymerization three different configurations can be formed:
1,4-trans, 1,2- and 1,4-cis linkages. The distribution of these linkages was determined
based on the ratios of a number of out-of-plane IR vibrational absorptions, as described in
our previous report [1]. The ratio between the number of 1,2-linkages and 1,4-linkages
was also determined by proton NMR spectroscopy; the two configurations can be
distinguished based on the unsaturated proton intensities at 4.9-5.0 and 5.2-5.4 ppm,
respectively [1]. In general, the results of the two techniques agree quite well, although in
general the percentage of 1,2-linkages appears to be a little higher according tot the NMR
results in comparison to the FT-IR results (see Table 3). In general, the ratio of 1,2-
linkages vs. 1,4-linkages is about 1 to 5 in all samples, irrespective of the average chain
length.

Table 3: Microstructure of HTPBD samples based on FT-IR and NMR results (%).

Samples FT-IR proton NMR
1,2 link 1,4 link cis |1,4 link trans| 1,2 link 1,4 link
HTPBD-1000 11 54 35 - 15 85
HTPBD-1500 11 58 31 15 85
HTPBD-2000 13 54 33 17 83
HTPBD-3000 13 53 34 18 82
HTPBD-5000 13 54 33 17 83
HTPBD-10000 13 59 28 14 86




Preparation of HTPE Samples

Before the hydrogenation, new batches of HTPBD were prepared, using approximately
the same conditions as those employed for the first set of HTPBD samples. The resulting
products were analyzed by GPC, FT-IR and proton NMR, and the OH-functionality was
also determined. Again the resulting polydispersities were quite narrow (1.5 < 2) and
again the polydispersity was smallest in the case of samples HTPBD-1000 and HTPBD-
1500 (see Table 4). Using the same method as described above, FT-IR and proton NMR
spectroscopy was employed to determine the distribution of 1,2-linked vs. 1,4-frans
linked vs. 1,4-cis linked configurations of these precursor HTPBD polymers and the
results were very similar to those obtained with the first batch (compare Table 3 and
Table 5). Most of these structural investigations were carried out on the precursor
HTPBD polymer rather than on the HTPE endproduct, as the solid nature of the
polyethylene samples and their insolubility in most solvents would preclude such
measurements of the endproduct, unless extremely powerful solvents such as
trichlorobenzene and very high temperatures were used. Under the mild hydrogenation
conditions applied in our laboratory the structural characteristics of the HTPBD chains
(length, configuration of linkages) will remain unchanged and will therefore also describe
the HTPE polymer samples. Of course the molecular weight of the oligomers will
increase by 3.7 % due to the addition of two hydrogens per butadiene group.

Table 4: Functionality and polydispersity of precursor HTPBD samples
used for the preparation of hydroxy-terminated polyethylene.

Samples Functionality GPC results
M, M./M,
HTPBD-1000 1.98 1211 1.54
HTPBD-1500 2.03 1666 1.53
HTPBD-2000 2.01 2136 1.79
HTPBD-3000 2.05 3059 1.78
HTPBD-5000 1.97 5403 1.81
HTPBD-10000 1.99 10270 1.79

Table 5: Microstructure of precursor HTPBD samples based on FT-IR and NMR (%)

Samples FT-IR proton NMR
1,2 link 1,4 link cis |1,4 link trans| 1,2 link 1,4 link
HTPBD-1000 11 54 35 17 83
HTPBD-1500 12 55 33 17 83
HTPBD-2000 11 55 34 17 83
HTPBD-3000 12 55 33 18 82
HTPBD-5000 12 54 34 17.5 82.5
HTPBD-10000 12 58 30 17.5 82.5
9
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Hydrogenation of unsaturated polymers can, in principle, be accomplished in several
ways. Several hydrogenation procedures were tested on small batches of polybutadiene
polymer HTPBD-3000. Proton NMR was employed to determine the completeness of the
reduction. Homogeneous catalysis with chloro-tris(triphenyl-phosphine)rhodium(I) was
tested, and although the resulting product showed an almost complete reduction, the
practical difficulties of removing catalyst traces from the product constituted a major
drawback. Reductions under heterogeneous conditions with hydrazine hydrate as
reducing agent and Raney-nickel or 10% Pd/C or PtO2 as catalyst also failed. The best
results were obtained using hydrogenated Pd/C in n-hexane. See the Experimental section
and ref. [5] for further details on the hydrogenation experiments.

H
~ CHy CHy ~~ —2—>
CH=CH
(1,4-cis structure)
~~ CH2 - CH2 - CH2 = CH2 ~~
~CH,
Ho
CH=CH —
CHy ~~
(1,4-trans structure)
~ CH2 - CH ~~ ~~ CH2 e CH ~~
C“:H L BN C|3H2
CHy Chy

(1,2-addition, pendant vinyl group)

Fig. 2: Hydrogenation of 1,4-cis, 1,4-trans and 1,2 linked butadiene groups.

Figure 2 shows the structures resulting from hydrogenation of 1,4-linked and 1,2 linked
polybutadienes. Given the mild hydrogenation conditions no structural changes or chain
fission will occur. The hydrogenation of the above mentioned HTPBD samples led to the
following products: HTPE-1000, HTPE-1500, HTPE-2000, HTPE-3000, HTPE-5000,
HTPE-10000. These were analyzed by means of proton NMR before dispatching them to
the US Army Research Laboratory (see Annex 2).




Conclusions

In a previous stage of this project the optimal conditions for non-isothermal radical
polymerization were theoretically derived and the corresponding temperature programs
were developed. This report describes the succesful application of this approach to the
synthesis of bifunctional polybutadiene polymers with a uniform chain length. Indeed for
all samples a narrow polydispersity M,/M, <2 was observed with gel permeation
chromatography. The average molecular weights were usually well within 10-20 % of the
target values.

From a second series of HTPBD samples showing similarly low polydispersity the
corresponding saturated polyethylene derivatives were prepared by hydrogenation under
heterogeneous catalytic conditions (Pd/C). One of the major advantages of this method is
the easy separation and recovery of the catalyst.

This work has shown the potential of temperature-programmed radical polymerization for
the production of polymers with uniform chain lengths. Application of these principles to
the production of isodisperse copolymers has also been successful [6]. Such materials
could ultimately be of great value for the production of cross-linked rubbers with
excellent elastic properties.

Table 6: HTPBD and HTPE samples shipped to the US Army Research Laboratory

Samples Shipping date Mn
HTPBD-1000 Jan 25, 1996 1245
HTPBD-1500 Jan 25, 1996 1552
HTPBD-2000 Oct 13, 1995 1870
HTPBD-3000 July 6, 1995 3250
HTPBD-5000 Oct 13, 1995 5230
HTPBD-10000 Jan 25, 1996 10800

HTPE-1000 May 28, 1997 1256
HTPE-1500 May 28, 1997 1728
HTPE-2000 Feb 11, 1997 2215
HTPE-3000 March 7, 1997 3172
HTPE-5000 April 9, 1997 5603
HTPE-10000 April 9, 1997 10650
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ANNEX 1
CHARACTERIZATION OF HTPBD SAMPLES

¢ Molecular weight distribution of HTPBD-1000

¢ Molecular weight distribution of HTPBD-1500

o Molecular weight distribution of HTPBD-2000

Molecular weight distribution of HTPBD-3000

Molecular weight distribution of HTPBD-5000

Molecular weight distribution of HTPBD-10000

FT-IR spectra of HTPBD-2000, HTPBD-3000, and HTPBD-5000
FT-IR spectra of HTPBD-10000, HTPBD-1 500, and HTPBD-1000
Proton-NMR spectrum of HTPBD-1000

Proton-NMR spectrum of HTPBD-1 500

¢ Proton-NMR spectrum of HTPBD-2000

Proton-NMR spectrum of HTPBD-3000

¢ Proton-NMR spectrum of HTPBD-5000

¢ Proton-NMR spectrum of HTPBD-10000
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Molecular weight distribution of HTPBD-1500
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ANNEX 2
CHARACTERIZATION OF HTPE SAMPLES

Molecular weight distribution of precursor HTPBD-1000
Molecular weight distribution of precursor HTPBD-1500
Molecular weight distribution of precursor HTPBD-2000

* & o o

Molecular weight distribution of precursor HTPBD-3000

¢ Molecular weight distribution of precursor HTPBD-5000

¢ Molecular weight distribution of precursor HTPBD-10000

¢ FT-IR spectrum of precursor HTPBD-1000

¢ FT-IR spectrum of precursor HTPBD-1500

¢ FT-IR spectrum of precursor HTPBD-2000

¢ FT-IR spectrum of precursor HTPBD-3000

¢ FT-IR spectrum of precursor HTPBD-5000

¢ FT-IR spectrum of precursor HTPBD-10000

¢ Proton-NMR spectra of precursor HTPBD-1000 and hydrogenated product
¢ Proton-NMR spectra of precursor HTPBD-1500 and hydrogenated product
¢ Proton-NMR spectra of precursor HTPBD-2000 and hydrogenated product
¢ Proton-NMR spectra of precursor HTPBD-3000 and hydrogenated product
¢ Proton-NMR spectra of precursor HTPBD-5000 and hydrogenated product
¢ Proton-NMR spectra of precursor HTPBD-10000 and hydrogenated product
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