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OBJECTIVE AND INTRODUCTION

The objective of this program is to synthesize and deliver 10 kg
quantities each of nine amorphous and well-characterized poly(alkyl vinyl
ether) elastomers from the following commercially-available vinyl ether
monomers: methyl vinyl ether, ethyl vinyl ether, n-propyl vinyl ether,
n-butyl vinyl ether, isobutyl vinyl ether, n-hexyl vinyl ether, phenyl
vinyl ether, n-decyl vinyl ether, and n-hexadecyl vinyl ether, The
polymers were to be prepared in an amorphous a state as possible by the
utilization of relatively high reaction temperatures (35°-120°) and the
specific catalyst system, aluminum hexahydrosulfate heptahydrate. Such
polymers are desired for a fundamental study of the visco-elastic state.
The criterion for an amorphous polymer is room-temperature solubility in
methyl ethyl ketone (MEK). It is recognized with the long-chain alkyl
members of the series (n-decyl and over) tend to form with side-chain
crystallization, although the backbone may be amorphous. The desired
molecular weight range for each member is characterized by inherent
viscosity and by light-scattering molecular weight, as well as by
spectral methods.



DISCUSSION

CATALYST SYSTEM

The catalyst system specified for this program is the aluminum hydro-
sulfate/Nujol system, Alp(SO4)3°H2S04, coded AHS. This catalyst has been
prepared several times according to the procedure of Lal, et al.* A
ca. 5-micron dispersion of the catalyst in mineral oil was obtained by

~ball-milling the as-prepared product. The catalyst has displayed unlimited
shelf stability, and enhanced efficiency due to the smaller particle size,
No other catalysts were considered, since most are more efficient in
producing the undesirable crystalline polymer forms.

MONOMERS

Methyl vinyl ether was obtained (50-1b cylinder) from the Matheson
Company. Other available monomers, namely ethyl-, n-propyl, n-butyl-,
isobutyl-, n-decyl-, and cetyl-vinyl ethers, have been obtained in 50-1b
lots from General Aniline & Film Company. These monomers have been
obtained in varying states of purity, as assayed by vapor phase chroma-
tography. Samples of these monomers, which were initially received from
GAF, were analyzed for purity, using vapor phase chromatography (VPC).
They were found to be of low purity. For example, the n-butyl monomer was
found to have a purity of 88 with two impurities, and the n-decyl monomer
contained seven impurities that amounted to 707 of the sample. These
results were discussed with the GAF Commercial Development Department,
and we were assured that high purity monomers (>96%) could be delivered.
This proved to be the case, and all of the samples taken from the second
50-pound quantities of monomers were found to contain less than 37 im-~
purities. Purification, when necessary for higher molecular weight
polymer, has been accomplished by fractional distillation., It was necessary
to distill n~decyl vinyl ether before any polymerization at all could be
initiated,

Two vinyl ether monomers, n-hexyl vinyl ether and phenyl vinyl ether,
formerly available in developmental/experimental quantites from General
Aniline & Film Company have been discontinued. When asked by WRD to
supply these needed monomers on a custom-synthesis basis, GAF quoted
prices so prohibitively high as to render the consideration of these
monomers for large-scale polymerization impossible. Upon subsequent
recommendation of the project officer, these poly(hexyl vinyl ether) and
poly(phenyl vinyl ether) monomers were dropped from the program.

* J. Lal, J. E. McGrath and G. S, Trich, J. Polymer Sci,, A-5, 795 (1967)
and refs. loc. cit,




A small feasibility preparation of hexyl vinyl ether was performed
by the mercuric acetate-catalyzed exchange reaction between hexyl alcohol
and iso~-octyl vinyl ether. A yield of ca. 507% was obtained, The yield
and purity of the product were seriously effected by the tendency of hexyl
alcohol to co-distill with the hexyl vinyl ether. This reaction is
probably only acceptable for the preparation of small amounts (~ 500 g) of
hexyl vinyl ether, and was not, therefore, applicable to a large-scale,
single-batch preparation of this unavailable monomer.

Typical properties for the élkyl vinyl ethers used on this program
are listed in Table I.

POLYMERIZATIONS

Homopolymerization of the alkyl vinyl ethers was readily effected by
the addition of 1%, by volume, of the ionic catalyst, AHS,to the monomer
at the desired temperature with stirring under nitrogen. Small-scale
polymerizations were run initially to determine whether bulk polymeriza-
tion or solution homopolymerization produced the more desirable products.
It was found that only cetyl vinyl ether monomer could be efficiently
homopolymerized in bulk. The other monomers were polymerized in hexane
solutions, except methyl vinyl ether, which was most effectively run in
heptane.

The homopolymerization reaction may be represented by the following
equation:

0-R 0-R , R-0
I I |
R-0-CH=CH, ———>  -CH-CH,~~ CH-CH,—— CH,~CH

2 |
in

where R - for this program included: (1) methyl, (2) ethyl, (3) n-propyl,
(4) isobutyl, (5) n-butyl, (6) n-decyl and (7) cetyl (hexadecyl).

Each of the polymerizations is discussed in detail below. The
polymer properties are listed in Table II.



TABLE I

TYPICAL PROPERTIES OF THE ALKYL VINYL ETHER MONOMERS

: ! . ; ,
! Melting ‘s . ' . : !
[ s . ; Boiling Point © Refractive | Specific
. Vinyl Ether Po%gt . Temp °C at mm Hg Pressure Index | Gravity |
; 25 | 5.7
Methyl -122 5-6 760 1.3947 == 0.769% =
. Ethyl . -115.8 | 35-6 760 1.3767 %9 | 0.7589 %9
n-Propyl L - : 634 760 1.3902 %9 £ 0.7680 %9
| ' ;
| n-Butyl § -92 ? 93-94 760 1.3997 %5 ' 0,744 %2
j ! ; :
|
| Tsobutyl (o-112 | 25 77 | 1.3965 22 1 0,768 22
% | 83 760 3 ;
! 3 i 5
| Decyl AL | 60-98 5 ©1.4278 %2 | 0.812 %9
| i
| Cetyl 16 | 142 1 l.asas 20,822 2L
| : 173 5 ; |
3 § i i ;




TABLE II

POLY (VINYL ETHER) SYNTHESIS

Vinyl Notebook 1 POl??iiuene) Polymerization
Polymer Numb er inh Method
Methyl HA-225-21 0.20b 267 Solids

in hexane
Ethyl BJB-2157-27 0.86% 397 Solids
in hexane
n-Propyl  HA-225-23 0.78b 227 Solids
in hexane
n-Butyl  BJB-2157-21 3.0 22% Solids
0.57 in hexane
BJB-2157-31 2,842 37% Solids
1.01b in hexane
b
Isobutyl BJB-2157-26 0.57 557 Solids
in hexane
n-Decyl BJB-2157-28 0.16b Neat
HA-225-13A 0.62% 55% Solids
in hexane
b
n-Cetyl BJB-2157-32 0.02 Neat
HA-225 12 0.79% Neat

& Dried polymer before MEK resolution

Dried amorphous polymer after MEK resolution

Comment s

Exothermic poly-
merization, red-
brown solid

Light yellow,
amorphous elastomer

Off-white, tacky
solid

Dark tacky mass

Light yellow
amorphous elastomer

White amorphous
solid

Viscous, amber
liquid

Viscous amber
liquid, insoluble
in MEK

Amber solid

Yellow wax,
insoluble in MEK



(1) Methyl Vinyl Ether

Methyl vinyl ether is a gas at room temperature (b.p. 2°C) and thus
posed unique problems in polymerization, especially on a large scale.
These problems were compounded by the discovery that the AHS catalyst
failed to initiate polymerization at 25°, Polymerization was found to
take place at 35° in heptane or xylene which requires dilution of 25-40%
solids, The polymers were obtained as amorphous solids with inherent
viscosities of 0.2-0.7, A second method more amenable to scale-~up was
by merely bubbling the gas into boiling hexane containing the catalyst.
The polymer, which precipitated as it formed, had an inherent viscosity
of 0,26, and the same physical appearance as the other preparations.
This second method, although more satisfactory for larger scale prepara-
tions, produced a polymer which was less soluble in MEK than polymer
produced by the first method at the 25-407 solids level.

(2) n-Butyl Vinyl Ether

Two large-scale polymerizations of this monomer were performed on
this program, The first preparation was run at 227 solids with an initial
reaction temperature of 20° with an exotherm to 65°. The dried polymer had
an inherent viscosity of 3.0. In drying the polymer, after dissolution
in MEKR, overheating produced polymer which was rather dark amber and very
tacky. The inherent viscosity was reduced to 0.57. This was undoubtedly
due to depolymerization during drying. A second polymerization of n-butyl
vinyl ether was performed in hexane using 36% solids to facilitate solvent
removal, Careful drying of the amorphous polymer gave a light yellow
amorphous mass with inherent viscosity of 1.0,

(3) Ethyl Vinyl Ether

The ethyl vinyl ether was polymerized essentially in the same manner
as the butyl homologue except that the reaction temperature was maintained
at 65°, From a polymerization at 39% solids, a polymer with Tinh 0.86 in
toluene was obtained.

(4) 1Isobutyl Vinyl Ether

The as-received monomer would not polymerize successfully and re-
quired distillation from calcium hydride. When thus purified, polymeriza-
tion was easily performed as in the previous cases; at the 557 solids
level. The product was an amorphous white solid, Tinh 0.57 in toluene.

(5) Cetyl Vinyl Ether

Two polymerizations were performed with this monomer with results
very similar to that of the decyl vinyl ether., Both reactions were per-
formed without solvent at 100°, 1In the initial reaction excess catalyst
was used as the reaction was very slow. The product was a semi-solid
largely MEK~soluble, with low inherent viscosity (0.02) indicating low



molecular weight. The second preparation was performed using freshly
prepared catalyst and gave a yellow wax with an inherent viscosity of
0.79. This polymer was insoluble in MEK as was the high viscosity decyl
vinyl ether (cf. below) again indicating side chain-crystallization.

(6) n-Decyl Vinyl Ether

This monomer was also unsatisfactory for polymerization as-received
and was vacuum distilled from calcium hydride., The initial large polymeri=-
zation was performed without solvent at 110° to yield MEK-soluble polymer
with the low inherent viscosity of 0.16. A second polymerization was
performed in hexane at 75-80° and the product had an inherent viscosity
of 0.62, Only about 5% of this polymer was MEK soluble, The soluble
product was obtained as a mobile liquid with an inherent viscosity of
0.02, The insoluble portion had an inherent viscosity of 0.69. This
insolubility is indicate of crystallinity which was expected to occur in
the side chain of the long chain homologous with increasing molecular
weight. This phenomenon was also observed in the case of cetyl (hexadecyl)
vinyl ether.

(7) n-Propyl Vinyl Ether

This monomer was successfully polymerized as-received. The reaction
was run at 22% solids with initial reaction temperature of 30°C, followed
by exotherm to 65°C. The dried polymer had an inherent viscosity of 0.78
for the MEK-soluble portion which amounted to 85% of the total polymer.
With a previous reaction on a smaller scale run, the resulting polymer
was an amorphous solid with an inherent viscosity of 2,74,

REACTION PARAMETERS

The effects of time, temperature, catalyst concentration and solids-
percentage on molecular weight, as measured by inherent viscosity, have
been evaluated. As expected, the hexane solvent system has proven amenable
to successful scale-up., A definite catalyst concentration effect has been
found at the 500-gram scale-up level. Conducting the polymerization at
20~-227, solids has given the most satisfactory results. 1In most cases the
polymerizations were carried out most readily in the 40°-65°C temperature
range. The products were generally obtained as viscous solutions in hexane,
Workup was accomplished by solvent-evaporation or by methanol-precipitation
and redissolution of amorphous polymer in methyl ethyl ketone.



POLYMER CHARACTERIZATION

1. Molecular Weight Analysis

Light scattering molecular weight analyses were performed by Dr.
William G. Stevens of WRD using a Bryce-Phoenix light scattering photometer.
The polarizabilities of the polymer solution were determined using a
Bryce-Phoenix differential refractometer,
for depolarization,

Alkyl Group

Methyl
(HA-225-21)

Ethyl
(BJB-2157-27)

n-Propyl
(HA-225-23)

n-Butyl
(BJB-2157=-31)

Isobutyl
(BJB-2157-26)

n-Decyl
(HA-225-13A)

(BJB-2157-28)

TABLE IIT

All measurements were corrected
The results are tabulated in Table III.

MOLECULAR WEIGHTS OF POLY(ALKYL VINYL ETHERS)

Solvent

Toluene

Toluene

Toluene

Hexane

Toluene

Toluene

Toluene

n-Hexadecyl(cetyl)

(HA-225-12)
(BIB-2157~32)

Hexane

Toluene

MW DP

6,840,000 142,000

860,000 12,000

60,500 700

218,000 2,200

807,000 8,000

5,150,000 28,000
469 (VPO)

6,000,000 20,000
359 (VPO)

Comments

Possibly fluorescent

Possibly fluorescent

Fluorescent

Fluorescent

The molecular weights cited for the propyl and ethyl vinyl ether
polymers are an upper limit values, as solution of these polymers were

fluorescent in ultraviolet light,

These polymers should not be fluorescent

and this phenomenon is unexplained, and may be due to the presence of
small amounts of sulfuric acid from residual catalyst., This acid is known
to fluorescence strongly to the radiation wavelengths used,



Two lower viscosity products were prepared in separate large-scale
batches to the above preparations; one from decyl vinyl ether and one
from cetyl vinyl ether. These products were of too low a molecular weight
to be determined by light scattering. These were done by vapor phase
osmometry (VPO). These results are also indicated in Table II.

2. X-Ray Analysis of Poly(alkyl vinyl ethers)

X~ray studies were also performed by Dr. W. G. Stevens of WRD using
a Norelco vertical goniometer and scintillation counter. The sample
polymers were analyzed using the K, line of copper with the data readout
using a Norelco Model 12206/7 electronic circuit panel.

The results of these analyses indicated that only one poly(cetyl vinyl
ether) sample contained crystalline material. All of the other polyvinyl
ethers were ordered, but not crystalline. These results are summarized
in the following Table IV. Typical X-ray diffraction patterns observed
for the polyvinyl ethers are shown in Figures 1 and 2, The X~ray
diffractogram shown in Figure 1 is typical of all the polyvinyl ethers
except the cetyl case. The halo occurring at 4.76 R was observed for all
samples and was roughly at the same position for each (see Table IV and
underlined d spacings for halos). The position of the halo shown in
Figure 1 at 10,28A was observed to vary with the length of the side chain
as is shown in Figure 3. In two samples, cetyl and n-butyl, a third halo
was observed, however, but no conclusions have been drawn concerning its
origin.

The X-ray diffractogram (Figure 2) of polycetyl vinyl ether (BJB-
2159-32) was the only crystalline diffractogram observed in this investi=-
gation., Compared with the results shown in Figure 1, the sharp peaks
shown in Figure 2 obviously correspond to crystalline material in this
sample and the broad halo, area C, results from scattering of X-rays by
noncrystalline material., Theoretically, the total radiation scattered
from a mass of materials is independent of the physical state of the
material, thus the percent crystallinity of this material was calaculated
by determining the areas under the curve A + B 4+ C + D and then taking
the following calculation:

(A+B+D) X 100
A+B+C+D

2 crystallinity

The main conclusion from this investigation is that none of the poly-
vinyl ethers prepared on this program are very crystalline, on the basis
of X~ray diffraction analysis.



TABLE 1V

X~-RAY DIFFRACTION ANALYSIS
OF POLYVINYL ETHERS

d Spacings yA

Polyvinyl Ether Halos A° Peaks X tallinity
Cetyl (BJB-2157-32) 4,53 40.2, 14.7, 4.11 9.5
Cetyl 8.85, 4.14, 2.26 <1
Decyl 21.4, 4.68 - <1
n-Butyl 29.4, 10.5, 4,48 - <1
n-Butyl (unresolved) 11.02, 4.66 -- <1
Isobutyl (insoluble) 10.28, 4.76 -- <1
Isobutyl (unresolved) 10.05, 4.87 -- <1
Ethyl 7.77, 4.27 -- <1
Methyl (soluble in

MEK) 6.58, 4.35 - <1
Methyl (insoluble

HA-225-14) 6.32, 4.23 -- <1
Polyethylene* 4.53 4,15, 3.74 38.6

* Included for reference purposes only.
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EXPERIMENTAL

Methyl Vinyl Ether

A charge of 17.3 kg of the monomer was condensed into 45 kg of dry
heptane solvent. The heptane was dried overnight over CaCly. The solution
was heated initially to 30°C and 0.17 kg AHS catalyst added to initiate
polymerization. The solution was stirred rapidly to ensure maximum
homogeneity in polymerization, with an efficient dry ice cooling system
employed to handle the exothermic reaction. During the polymerization,
the temperature rose to 89°C. Stirring was continued until the tempera-
ture returned to about 40°C. (Note: It was found that without stirring
the newly-formed polymer would char if allowed to settle at 89°C in the
reaction vessel.)

The second method for methyl vinyl ether polymerization required less
of a cooling system. The same amounts of heptane (45 kg) and catalyst AHS
(0.17 kg) were initially added together and heated to 60°C. The monomer
was bubbled into the heated solution with polymerization maintaining the
temperature at 60°-65°C without external heating. The polymer prepared
by this second method was largely insoluble in MEK.

Ethyl Vinyl Ether

A charge of 13.2 kg of the monomer was dissolved in 50.8 kg of dry
hexane solvent., With the solution constantly stirred, 0.15 kg AHS catalyst
was added at room temperature. The temperature slowly rose to 30°C, at
which point the polymerization proceeded rapidly, with exothermicity to 65°C,
with large amounts of solvent evaporating off in the process,

n-Propyl Vinyl Ether

An available total of 6.2 kg of the monomer was dissolved in 19.5 kg
of dry hexane, The solution was stirred vigorously at room temperature
and 0.08 kg AHS catalyst was added to initiate polymerization, The
temperature increased slowly to 65°C, the solvent was removed from the
viscous solution, and the product was recovered after redissolution in
MEK. The yield was 5.1 kg which was delivered.

n-Butyl Vinyl Ether

14 kg of the monomer was dissolved in 24.4 kg of dry hexane, Then
0.17 kg AHS catalyst was added to the solution at room temperature. The
temperature rose very slowly to 65°C with polymerization occurring along
with reflux of solvent. The product was isolated as above, by dissolution
in MEK after solvent removal,

14



Iso-Butyl Vinyl Ether

24 kg of the monomer was dissolved in 24 kg of dry hexane. Then
0.39 kg of the catalyst AHS was added to the solution at room temperature
with constant stirring. The temperature reached maximum of 65°C vigorously
with nearly complete removal of hexane solvent by distillation during
polymerization,

Decyl Vinyl Ether

23 kg of the distilled monomer was dissolved in 19.5 kg of dry
hexane. The solution was then heated to reflux and 0.28 kg AHS catalyst
was added to initiate polymerization. A slight exotherm to 85°C was
observed, After 2 days of stirring at reflux, the polymerization appeared
complete by infrared spectroscopcy. The product was isolated as above.

Hexadecyl (cetyl) Vinyl Ether

13.0 kg of the bulk monomer was placed under an atmosphere of nitrogen
with efficient stirring. The monomer was heated to 60°C with 0.15 kg AHS
catalyst added for polymerization. The heat source was removed when the
exothermic polymerization reached 120°C. This reaction required only
3 hours to complete polymerization.

AHS Preparation

A charge of 30 g of aluminum sulfate octadecylhydrate, A12(S04)3-18H20,
was added to 150 ml of concentrated sulfuric acid with stirring. The
temperature spontaneously increases to 36°C. The solution was heated
slowly to 90°C and stirred at that temperature for 1 hour. The solution
was then cooled to 10°C and 1 liter of anhydrous ether was added very
carefully. (Caution: Exothermic reaction at this point caused ether to
be expelled rapidly if the addition rate was too fast.) The white
precipitate was allowed to settle, the ether layer was siphoned off, with
the ether wash repeated 10 times or more. The final ethereal slurry was
filtered and the powdery white precipitate was collected and dried, The
catalyst suspension was then prepared using 10.9 g of this solid in 534
g of Nujol, with ball-milling in a jar mill for 24 hours. The suspension
was stored in a sealed vessel and withdrawn with a hypodermic syrlnge as
needed under nitrogen, after shaking the container.

15



CONCLUDING REMARKS

The large-scale synthesis of amorphous poly(vinyl ethers) using the
aluminum hydrosulfate catalyst system in hydrocarbon solvent has been
demonstrated. The lower members of the homologous polymer series were
amorphous, elastomeric masses, soluble in methyl ethyl ketone, whereas
the higher members tended to be insoluble. Based on several types of
evidence, this solubility has been attributed to increasing hydrocarbon-
like character to the polymer. These high molecular-weight, long side-
chain-systems show negligible crystallinity, and retain solubility in
hydrocarbon solvent,

The poly(cetyl vinyl ether) was obtained as a resilient solid material,
which would appear to have potential as a molding material, This modifi-
cation was obtained by facile bulk polymerization,

RECOMMENDATIONS FOR FUTURE RESEARCH

It would be most informative to prepare other more interesting
structurally-modified polyvinyl ethers, for comparison of effect on
viscoelastic properties. Among the more interesting candidates for the
amorphous polymerization would be cyclopropylvinyl ether, cyclohexylvinyl
ether and adamantylvinyl ether. The batch size would be much smaller
owing to the necessity to synthesize the needed monomers.

Another interesting area for desired research in this area would be
a study of simple efficient curing procedure for the various vinyl ether
hompolymers. €orrelations could then be made of the effect on viscoelastic
properties between the linear systems and their cross-linked analogues.

Both these areas would be of fundamental interest to proposed follow-
on research in this area,
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