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I. INTRODUCTION AND BACKGROUND

The object of this research was to develop new binder systems for Navy
applications. In our previously reported research (Ref 1) we developed a
series of -azido polyether glycols that fulfilled the requirements of a binder
system with a high heat of formation, and the first in a series of thermo-
plastic elastomers that would meet the Navy's LOVA gun propellant program
(Ref 2). Because of the obvious similarities in both programs we have com-
bined them and continued to develop new binder systems.

Energy is derived from the introduction of azido, nitrate ester, nitro,
and nitramine groups into preformed cyclic ether monomers. As a result of
our earlier work we had developed a method wherein we could control the poly-
merization of cyclic ether monomers to produce polymers for DoD binder appli-
cations (Ref 3). Our work on the azido class of polymers was completed and
we turned our attention to the synthesis of nitrate ester polyethers.

In our earlier work on the synthesis of thermoplastic elastomers we had
demonstrated that the use of our techniques, adapted to the synthesis of
block copolymers, produced materials that would fulfill the objectives of the
LOVA program. The materials produced had a working (extrusion) temperature
in the required temperature range and the polymers exhibited an endothermic
decomposition at 300°C. In order to lower the melt viscosity, decomposition
temperature, and optimize physical properties, we continued our research.
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II. DISCUSSION

The deficiencies of current gun propellant binders, melt cast explo-
sives, PEXs, and solid rocket propellants may be overcome by the use of ther-
moplastic elastomers. The current state-of-the-art formulations have serious
problems that include, but are not limitec to, use of nonenergetic binders,
high end-of-mix viscosities, thermally labile urethane linkages, and extreme

vulnerability to unschecduled detonation.

with this in mind we embarked on a research program that would, in the
lonc term, develop a new generation of binders specifically for DoD applica-
tions. We recognized that different applications would require special bind-
ers. Gun propellant binders would not meet the requirements of melt cast
explosives, but the chemistry required to synthesize both would be similar
enouch that modifications of the basic materials would allow the synthesis of
each rarticular material. Another obvious point was that althouch we believe
that thermoplastic elastomers could be the mainstay of future formulations,
urethane curable systems will continue to be used for a consicerable time.
Therefcre, we have continued to develop energetic polyether glycols that are

isccyanate curable.

The materials which we have and will continue to develop on this program
must meet certain physical and chemical standards. In order to be considered
for further evaluation they must:

1. Re chemically stable from -40° to 60°C

2. bBe able to increase the energetic nature of the
formulation
Se processible in state-of-the-art eaguipment

4. R2e compatible with existing formulation components
Retain mechanical integrity when filled with solias
up to 80 weight percent

6. Exhibit endothermic depoiymerization at tempera-
tures above 120°C but below that of the autoigni-
tion temperature of the oxidizer '

7. Have a Tg below -40°C
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As stated above we are developing two discrete types of binder systems,
energetic polyether glycols and thermoplastic elastomers. Although these
materials may be considered somewhat different in nature the chemistry to
produce each is similar using the same class of monomers. It is only in the

final stages of the synthesis that different techniques are used.

Our research therefore has been conducted via the following subtasks:

1. Monomer synthesis
2. Polymer synthesis
3. Polymer characterization
4. Polymer evaluation
5. Formulation
6. Kinetic studies

For the purpose of this document we will report each task in the order given.
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MONOMER SYNTHESIS

The monomers used in our research are all classified as cyclic ethers,
each one specifically synthesized for predetermined use in the program. Some
are intermediates, some nonenergetic, and some energetic. The actual uses of
each will be discussed in the polymer synthesis portion of this report.

3,3-Bis(ethoxymethyl) oxetane (BEMO)

BEMO is prepared by the action of sodium ethoxide, in ethanol on 3,3-
Bis(chloromethyl) oxetane (BCMO).

CH,C1 CH, OE L
0<::>< 27"+ Naopt EEOH, o<::>x( 27+ 2 NaCl
CH,C1 CH,0Et

The monomer is obtained in high yield and polymerizable purity by vacuum
distillation. '

3,3-Bis(methoxymethyl) oxetane (BMMO)

BMMO is prepared by the action of sodium methoxide, in methanol on BCMO.
CH,C1 CH,0CH
o<>< 27"+ 2 Naome MeO, o<>< 2773 4 2 NaCT
CH2C1 CHZOCH3

The monomer is obtained in high yield and polymerizable purity by-vacuum

distillation.

3,3-Bis(fluoromethyl) oxetane (BFMO)

BFMO is prepared by the action of potassium fluoride, in ethylene glycol

on BCMO.
CH,CI CH.F
0 27 4 oop 4lycol, 4 2 4 oake
CH.F
CH,C1 2

The monomer is obtained in moderate yield and polymerizable purity by vacuum
distillation.

3-Hydroxymethyl-3-methyl oxetane (HMMO)

HMMO is prepared by the action of diethylcarbonate on tris(methylol)
ethane. The cyclic carbonate is thermally decomposed at 160°C and HMMO is
obtained by subsequent distillation from the reaction products. Polymeriz-
able purity monomer is obtained in high yield by redistillation.

4
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CH...OH CH.,CH,, -0
V2 372 A Cat
CHy-C-CH,OH + L0 - .
i 0 CHyCH, -0 215
0-CH CH.,OH CH.,OH
o< P3¢ P cat o<:>< 27+ 0o,
O-CHZ// \‘CH3 2 ChHy

3,3-Bis(hydroxymethyl) oxetane (BHMO)

BHMO is prepared by the action of diethylcarbonate on pentaerythritol.
The cyclic carbonate is thermally decomposed at 140°C and BHMO is obtained by
subsequent distillation from the reaction products. Polymerizable purity
monomer is obtained in moderate yield by redistillation.

A Cat.
Z O
CH3CH2-O// 2''5
0-CH CH.,OH
0=c” (AN

CH.,OH
9%34 0<<:>>( 27 co,
CH,,OH

3-Octoxymethyl-3-methyl oxetane (OMMO)

AN /7 \
O—CH2 CHZOH

OMMO is prepared by the action of bromooctane on the sodium salt of

The sodium salt of HMMD is prepared by dissolving sodium in a solution
The required OMMO is isolated from

HHMMO
of HMMO in dioxane at room temperature.
the precinated sodium bromide by filtration. Subsequent distillation affords

the wonomer in moderate yield at polymerization purity.

. :: CHZONa Br(CH2)7CH3
CH

3

CH,OH -H
0<i:>x< 27 4 Na _2,
CH3
. :: CHZO(CH2)7CH3
CH

3

+ NaBr

3,3-Bis(methoxyethoxymethyl) oxetane (BMEMO)

BMEMO is prepared by the action
on BCMO in excess 2-methoxyethanol.
vacuum distillation at polymerizable

CH.,CH,,=0
C(CH,OH), + > & ee0

of the sodium salt of 2-methoxyethanol
The monomer is obtained in high yield by
purity.
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CH,C1 CH,OCH, CH.,0H
o<<:>x( 2”4 2 NaOCH,CH,0CH, ——2-F
CH,C1 2
CH,,OCH,,CH,, OCH
o<::>x( 2727273 4 g NaC
| CH,,0CH,,CH,0CH

3-Chloromethyl-3-methyl oxetane (CMMO)

CMMO was synthesized as a useful intermediate oxetane monomer. Many of
our monomers are prepared by the reactibnﬂof the sodium salts on alkyl
halides and as a result the yields are low. This is a result of the limita-
tions inherent in the formation of the sodium salts of cyclic ether alcohols,
and a limited number of suitable solvents. Previously we httempted the syn-
thesis of CMMO by reaction of HMMO with various agents, thionyl chloride,
etc., but these methods always resulted in a competitive ring opening reac-
tion. Recently we have developed the successful synthesis of CMMO by reac-
tion of carbon tetrachloride on HMMO in the presence of tripheny] phosphine.

0<:><CH20H . CC14 3§E+ 0<:::><CH2C1

Chy Chg
As a result of this synthesis we can now report an alternative route to 3-
azidomethyl-3-methyl oxetane (AMMO), a monomer synthesized by us four years
ago. The original synthesis of AMMO was based on the formation of the tosy-
late of HMMO and subsequent reaction of it with sodium azide. Our original
work suggested that the tosylate should be isolated but the recent work of
Frankel (Ref 4) has resulted in a technique whereby it is not necessary to
isolate the intermediate. By this latter method AMMO is being prepared in
large quantities and excellent yields. Although an economic study has not
yet been made, we offer this total synthesis of AMMO.

CH, OH 8P CH, C1
o<::>x( 27 v oy 2o o<::>>( 2
,CH3 CH3

1
\ CHN
[k ey, DiSO 0 2"3
3 B0°C

CHy
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Obviously, CMMO can be competitively used in the synthesis of OMMO and other
monomers that use HMMO.

3,3-Bis(nitratomethyl) oxetane (BNMO)

BNMO is readily prepared by the action of acetyl nitrate on BHMO. The
monomer is isolated from the reaction mixture by extraction and recrystalliz-
ation from carbon tetrachloride. A further recrystallization yields the
monomer in polymerizable grade purity.

CH,ONO

CH, OH o ,ONO,
0<>< + 2ACNO; —— o<>< + 2AcOH
CH,, OH CH.,ONO.

2 27772

3-Nitratomethyl-3-methyl oxetane (NMMO)

NMMO is readily prepared by the action of acetyl nitrate on HMMO. The
monomer is isolated by extraction of the reaction products and may be puri-
fied by column chromatography or distillation at room temperature. Either
method yields NMMO in high yield and polymerizable purity.

CHZOH CHZONO2
0<>< + ACNO; ——— o<>< | + ACOH
CH3 CH3
A more detailed account of each synthesis is given in the experiment

portion of this report.
POLYMER SYNTHESIS

In our previous work (Ref 3) we had demonstrated a new polymerization
technique that would yield polyether glycols of a preselected molecular
weight, functionality, and narrow polydispersity. We had demonstrated that,
in general, copolymers and terpolymers yield superior mechanical properties
when compared with those of homopolymers. By this technique we had synthe-
sized a series of azido polymers that showed numerous applications for use in
explosive formulations. These polymers are now being scaled up and distrib-
uted to various laboratories. Therefore, the following polymers can be con-
sidered state-of-the-art and available for use:
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1. Poly (BAMO)

2. Poly (AMMO)

3. Poly (AZOX)

4. Poly (BAMO/THF)

5. Poly (BAMO/AMMO)
6. Poly (BAMO/AZOX)
7. Poly (AMMO/THF)

8. Poly (AMMO/AZOX)
9. Poly (AZOX/THF)

We have evaluated each polymer system and the exploratory research can
be considered completed. ’

For the purpose of our ongoing research we divided the polymer synthesis
into three parts:
1. Synthesis of energetic polymers
2. Synthesis of nonenergetic polymers
3. Synthesis of block polymers (thermoplasic elastomers)

1. SYNTHESIS OF ENERGETIC POLYMERS

This portion of our work was directed towards the synthesis of a new
series of energetic polyether glycols, namely nitrato ester polyether gly-
cols. Although the azido polymers can be considered energetic, due to the
high heat of formation of the polymer, they lack the energetic oxygen content
of nitro, nitrato, and nitramine polymers. Therefore we synthesized a new
generation of nitrate ester polymers. As a result of our monomer sythesis
effort we had available to us the monomers Bis(nitratomethyl) oxetane (BNMO)
and nitratomethyl methyl oxetane (NMMO). These monomers and BAMO were used
to form three polymers. The reason we included the azido monomer was to
synthesize a nitrate ester polymer with a positive heat of formation. We
prepared the following polymers, ‘

1. Poly (BAMO/BNMO)
2. Poly (BNMO/NMMO)
3. Poly (NMMO)
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Each polymer was synthesized by our polymerization technique to a molec-
ular weight of 5,000 and at various functionalities (2 to 2.5). We found
that solution polymerization carried out at 0°C using butanediol/boron tri-
fluoride etherate (Ref 3) produced the required polymers in conversion of
over 90%. - Poly (NMMO) is a mobile 1iquid at room temperature whereas poly
(BAMO/BNMO) and poly (BNMO/NMMO) are waxes which melt at approximately 25°C.
Due to the nature of the nitrate ester group each polymer could not be pre-
cipitated by methanol but using mixed solvents such as hexane/propanol
yielded polymers without residual unreacted monomer. Column chromatography
could be used as a purification step by elution through an alumina column
with methylene chloride.

2. SYNTHESIS OF NONENERGETIC POLYMERS

This research was directed towards the synthesis of polymers specifical-
1y for subsequent use in preparing the thermoplastic elastomers.

Thermoplastic elastomers are block copolymers with the property of form-
ing physical crosslinks at predetermined temperatures. The classical TPE
obtains this property by having one of the component block's glass point
above room temperature (KRATON). Thus at temperatures below 100°C the glassy
block forms glassy domains in the polymer and thus physically crosslinks it.
We proposed to form TPEs from polyether glycols that have similar properties
but that would derive the physical crosslinking from the formation of crys-
talline domains. It is significant to replace the amorphous glassy blocks
with crystalline blocks. Basic thermodynamic incompatibility between the two
blocks is not required for phase separation because of the heat of fusion of
the crystalline block. Another advantage may be the increased solvent resis-
tance of the crystalline block. Perhaps the most important advantage of the
crystalline block is that the melt viscosity will decrease more rapidly on
increasing temperature above the melting point of the crystalline block.

Therefore we embarked upon the synthesis of two distinct series of poly-
ether glycols:
1. Polymers that were crystalline in nature with melting point
temperatures of 80° to 90°C

2. Polymers that were amorphous in nature with glass transition
temperatures of less than -40°C

9
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From our previous work (Ref 2) we had synthesized poly (BEMO) which had
the nearly ideal crystalline properties we were looking for. Subsequently we
have synthesized poly (BMMO) and observed almost identical properties. Both
these homopolymers melt at 80° to 90°C; however, poly (BMMO) has a higher
ether oxygen content than poly (BEMO) which could be advantageous. We have
also synthesized poly (BFMO) in order to observe its physical properties and
gage its potential usefulness. We found that poly (BFMO) has a melting point
of 105°C which may be applicable where a higher melting point may be neces-
sary. Obviously poly (BFMO) has a higher density than poly (BEMO) and poly
(BMMO) which again may suit particular applications. Each of these polymers
was prepared by our reported procedure and was isolated by methanol precipi-
tation.

For use as soft block polymers we concentrated on the synthesis of co-
polymers based on poly (tetrahydrofuran). We synthesized these polymers be-
cause poly (THF) has a very low Tg and we found that THF/oxetane copolymers
formed good elastomers with the potential of being ideal amorphous blocks for
our TPEs. We divided this work into two phases:

1. Copolymers of THF and simple oxetane monomers
2. Internally plasticized THF polymers

Three copolymers of THF were synthesized. ‘These consisted of:
1.  THF/BEMO
2.  THF/BMMO
3.  THF/BFMO

Each polymer was synthesized to varying molecular weights and monomer
ratios. The ability of the TPE to phase separate is dependent on the mutual
incompatibility of the individual blocks. This may be caused by the chemical
nature of the component blocks or merely by physical size. Theoretical cal-
culations revealed that if we synthesized a block of poly (BEMO) to 20,000
molecular weight then a block copolymer of THF/BMMO would need to be 35,000
to 45,000 in order to phase separate. Therefore we synthesized copolymers of
THF/BEMO, THF/BMMO, and THF/BFMO to various molecular weights ranging from
15,000 to 40,000. Subsequent block linking of these polymers with 20,000
BEMO would reveal the ideal block size.

The physical nature of these copolymers based on monomer ratio was ob-

served. We found that generally 50/50 mole ratios of THF:oxetane in the

copolymer yielded polymers that were waxy in nature with glass transition

10
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temperatures ranging from -45° to -68°C. When polymers were produced with
higher THF contents the melting point was reduced (Ref 1 BAMO/THF). This
property will affect the melt viscosity of the final TPE. It can be seen
that this portion of the work has many variables and will have a dramatic
effect on the final block polymer. Only insertion of the soft block and
evaluation of the resultant material will reveal the soft block's final
property.

The second part of this task was to synthesize internally plasticized
THF polymers. Internally plasticized polymers exhibit the property of ap-
pearing already plasticized, i.e., they have low viscosity and low Tg. If we
were to synthesize poly (THF) and then plasticize it with one of the many
plasticizers available we would expect the polymer/plasticizer mixture to
have a low viscosity, and when cured, have good elongation and flexibility.
If we were to synthesize a polymer of THF with a modification built in that
would result in the polymer exhibiting the same property as the plasticized
polymer, we would then consider it to be internally plasticized. This tech-
nique is known for some materials, and is obtained by the insertion of long
hydrocarbon chains into the backbone of the polymer. It is known that a drop
of 50°C in the brittle point of poly (methylmethacrylate) is obtained if a
ten carbon side group is inserted through the ester functionality. This
material then acts as though already plasticized. The internal plasticiza-
tion is caused by the long chain hydrocarbon interrupting the chain folding
tendency of the polymer and aids in the lubrication of the polymer. If the
side group is longer that 12 atoms then it is able itself to chain fold and
the effect is lost. With this in mind we synthesized a series of internally
plasticized poly (THF) polymers. For this work we copolymerized THF with, in
one case OMMO and in another BMEMO. OMMO contains ten atoms that when co-
polymerized with THF insert a component having a ten atom side chain. BMEMO
has a simular side group but contains two ether oxygen atoms in each side
group which would add a more flexible nature. This flexibility may have an
effect on the viscosity of the final material. In subsequent work on deter-
mining the reactivity ratio of OMMO:THF we found that the copolymer is diffi-
cult to synthesize by conventional means and this work will be redirected
towards the synthesis of internally plasticized oxetane copolymers.

Next we considered the synthesis of the block copolymers. Each block
had been presynthesized to various molecular weights. For the initial block

11
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copolymer we took a series of soft blocks based on the copolymerization of
BMMO/THF. This series consisted of various molecular weights (6,000 to
35,000) and monomer ratios, 80:20 THF:BMMO to 50:50 THF:BMMO. These blocks
were end capped with 6,000 BEMO end blocks by reaction of the center block
with phosgene to form the bischloroformate, then reaction with homo (BEMO).
Our initial evaluation of these materials was to melt cast the final polymer
in a vacuum oven at 100°C and visually inspect the sample. After a few com-
binations it was readily apparent that the optimized block size and composi-
tion was close to 50:50 BMMO:THF at a block size of 20 to 30,000 with the
BEMO block of 6,000. Theoretical calculations completed at this time confirm
the experimentally determined block size. A more detailed characterization
is being conducted at Lehigh University on a project specifically set up to
evaluate these block polymers. A more detailed repori will be given by them
at a later date.

MOLECULAR WEIGHT DETERMINATION

The molecular weight of polymers synthesized on this program are suffi-
ciently different in structure and molecular weight than molecular weight
standards available for calibration that we are constantly concerned about
the accuracy in quoting absolute molecular weights. If we use commercially
available standards (PPG, PEG, etc.) we must extrapolate outside of the actu-
al range of molecular weights used in the calibration, a dangerous thing to
do. Obviously molecular weight fractionation of each individual polymer
synthesized for the subsequent calibration of the GPC would be the ideal
case, but as we are synthesizing a considerable number of different polymers
this would be prohibitive. Therefore, we have evaluated a "middle of the
road" technique. We obtained a series of polymer standards, none of which
describe our polymer systems, but each of which describe a possible configu-
ration or molecular weight. These polymers are poly (ethylene oxide), poly
(tetrahydrofuran), and poly (glycol adipate). The retention times of each
polymer system were then graphically presented, and a least squares plot
made. The calibration plot thus derived is given in Figure 1 and it is clear
that a significant increase in correlation is obtained. As far as GPC deter-
mination of molecular weight is concerned we use this calibration curve ex-
clusively.

12
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Figure 1. GPC Calibration Curve
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POLYMER EVALUATION

Energetic Polymers

For the purpose of this initial evaluation of the nitrate ester polymers
we limited the polymer systems to NMMO, BNMO/NMMO, and BAMO/BNMO. The first
question to be answered was would the polymers be thermally stable enough for
serious consideration. We conducted Taliani and VTS stability studies and
compared the results with those obtained from the evaluation of TMETN and NG.
The results clearly showed that all three polymer systems were more stable
than TMETN and NG, with or without stabilizers. The outgassing from NMMO was
found to be 40% lower than TMETN both in the 23 hour Taliani test and in the
48 hour VTS test. BAMO/BNMO outgassing was zero in the Taliani test without
stabilizer. DSC analysis of these polymers revea]éd an onset of exotherm at
468°K, 18°K higher than that recorded for TMETN. We can conclude from these
preliminary data that the polymers are at Teast as stable as nitrate ester
plasticizers and warrant a more detailed study.

From these results we prepared gumstocks from the poly (NMMO) prepoly-
mer, NMMO being considered representative of the nitrate ester polymer se-
ries. Poly (NMMO) was readily curable at an NCO:OH ratio of 1.5:1. The
Shore A hardness was measured at 42. When a plasticized gumstock was pre-
pared using a P1/Po ratio of 2.3:1 with TMETN, a Shore A hardness of 8 was
obtained. Consistent cures were obtained using either DBTDL or TPB as a cure
catalyst.

Prior to beginning a full formulation study we ran extensive ingredient
compatibility and safety tests. The data clearly showed that the cured and
uncured formulations were well within the 1imits acceptable for nitrate ester
based propellants. The impact sensitivity, electrostatic discharge test, and
sliding friction test for small hand mix propeliants showed a decrease over
the sensitivity of the components. The thermal stability at 300°F in the
autoignition test was better than that normally obtained from nitrate ester
p1asticiied-prope11ants.

Two small mixes of an NMMO propellant were then prepared to obtain burn
rate data. We chose a simple 70 and 75% loaded ballistic type propellant for
this work. The samples were cast into plastic straws and subjected to an
acoustic burn rate test. The results are given in Figure 2. The 70% solids
propellant burned at 0.21 ips at 1,000 psi whereas the 75% solids burned at

14
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0.24 ips at 1,000 psi. The burning rate slopes were 0.76 and 0.59, respec-
tively. This high burning rate slope is typical of the results obtained with
other baseline propellants when burned in plastic straws. The overall con-
clusion drawn from these results is that the NMMO binder has not affected the
burn rate of the formulation, only increased the Isp of the formulation.

Further work is in progress to test the burn rate of small scale motors.

Thermoplastic Elastomer Evaluation

Because of a parallel research program being conducted at Lehigh Univer-
sity specifically designed to conduct a more thorough characterization of our
thermoplastic elastomers, we have restricted our characterization. The only
characterization we have done is a visual observation of polymer cakes and
melt cast samples, molecular weight determination, and dynamic modulus ten-
sile measurements.

The material that has shown the greatest potential for a first gener-
ation LOVA TPE is that derived from BEMO-BMMO/THF-BEMO. The BEMO blocks were
found by GPC to be 6,000 molecular weight and the center block 26,000. The
final polymer, after block linking, had a molecular weight of 43,000. The
discrepancy is 1ikely due to inaccuracies at these higher molecular weights
requiring extrapolation above available standards. The polymer "cake" was
easily melt castable at 95°C under vacuum. Obviously a lower melt viscosity
was noted if the casting was done at 110°C or higher. The melting point of
the TPE was determined to be 86°C.

We determined the melt viscosity to be 280 poise at 9%5°C. When melt
cast and cooled to less than 70°C we found the material to be very tough and
elastomeric. The gross glass transition temperature by DSC was found to be
-53°C. The Instron tester analysis gave a maximum stress of 603 psi at 35%
elongation at which point necking occurred, and final fracture was noted at
600% elongation. This necking is indicative of spherulite formation. A
Shore A hardness of 89 was recorded, a value which is in accordance with
commercially available TPEs, e.g., Kraton.

Dynamic mechanical properties recorded on the RDS showed extremely good
results. The G', G", G*, and tan delta plots are given in Figures 3 thru 6.
The results clearly show that mechanical integrity is maintained up to 75°C
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84589-3.8

at which point all properties are lost over the next 2°C. The material is
extremely tough, if not leathery, and fulfills the basic requirements of the
program.

KINETICS STUDY

1. Reactivity Ratios

During our previous work we relied on matched monomer pairs to produce
liquid prepolymers. We reported a series of reactivity ratios and
demonstrated that if monomers were chosen with simular reactivity then a
random copolymer, i.e., ideal copolymer, would result. If the reactivity was
not matched, then a block, or mixture of homo polymers would result and the
properties would not meet our requirement. As our work has progressed we
have further developed the technique of measuring reactivity ratios and used
this information extensively in the production of both energetic and
nonenergetic polymers.

The method we used to determine the reactivity ratio of monomer pairs is
based on the published work of Alfrey (Ref 5), Mayo (Ref 6), Simha (Ref 7),
and Wall (Ref 8). This method is based on the assumption that the rate of
addition of monomers to the growing end of a "living polymer"” depends only on
the nature (reactivity) of the end groups of the growing chain. There are
four possible pathways in which monomers can add:

Reaction Rate

Myt KL kyp [Mp]0M]

My + My K12 M2 kip (M ][]

My + My Kol M1 Koy [Mp](M;] ()

My + My Koz koo [Mp1[Mp]
where M; and M, are the monomers and Ml and M2 are the grow1ng ends. An
assumption that must be made is that the concentration of ”1 and MZ
remain constant. This requires that t?e rat? of conversion of Ml to My
must equal the rate of conversion of M, to My . Thus:

Kop (Mo (M) = Kyp[Mp1(Mp] (2)

The rates of disappearance of the two monomers are given by:
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_d[M ] 1 ]
dtl = kyp DM]T DMpT + kpyIM5D [Mg)
-d[M,] (3)
dt2 = kqp DM [Mp1 + kpp[Mp1 [My]
The reactivity ratio of each monomer is defined as:
Ry = ky1/k12 (4)
Rp = kpp/kag

By combining equations (2) and (3) it is shown that the composition of

the copolymer formed at any instant is given by the copolymer equation:
diMgl My Ry M) + (Mo ]
a1 DMy Ry MpT + [My]

(5)

Thus the reactivity ratio is defined as the ratio of the rate constants
for a given "living copolymer."”

Since the rate constants for initiation and termination do not appear in
the copolymer equation, the polymerization is independent of the overall
reaction rate and initiator concentration. Also, in most cases, it is inde-
pendent of inhibitors, chain transfer agents, and solvents. If, however,
there is a change in polymerization mechanism during the polymerization, then

the theory does not hold true.

There are a number of known types of copolymerization. If the propensi-
ty of two monomers towards polymerization are the same, j.e., their reactivi-
ty ratios are close, then an ideal copolymer will result. In this case
k11/k1p = kop/kgp, or Ry = 1/Ry, the distribution of each monomer in
the chain will be random, and its concentration will only depend on the
comonomer concentration in the monomer feed. In this case the copolymer
equation (5) reduces to:

d[M, ] M. 1]
1 _ R 1 (6)

aim,] LI,

In the case where Ry = Rp = 0, each monomer prefers to react with the

other monomer. In this case an alternating copolymer will result, and will
be totally independent of the feed stock composition. The copolymer equation
(5) reduces to:
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diM, ]
—__ =1
a1 | 7)

When R1 and R, are both > 1 then Mi and Mé prefer to react with their own

monomer and, depending on the values of Ry and Rp either a block copoly-
mer, a mixture of homopolymers, or polymerization of only one monomer may
result.

The determination of the reactivity ratio of a monomer pair requires the
solution of the copolymer equation (5) for Ry and Rp. The method chosen
in our work is a graphical method developed by Kelen and Tudos (ref 9) which
is based on the prior work of Fineman and Ross (ref 10).
By this method we define x and y as:
[M1]
—_ =X
IM,] | (8)
d[M,1/dIM,] =y

we can write equation (5) as:
R,x +1

1
y = x (9)
R2 + X
Fineman linearized equation (9) as:
_ G _ 1
G = RlF - R2 and/or F - —R2 F’+ R1 (10)_
where the transformed variables are:
2
=.X(_y:_]_')_ dF:__X__
G v an y (11)

In order to overcome some of the disadvantages inherent in the Fineman and
Ross method, Kelen and Tudos (ref 11) introduced the following graphically
envaluable linear equation: :

R R
G _ 2 F 2
a *F <k1+ ET'>QT?TT? T o (12)

where alpha denotes an arbitrary constant, alpha > O.
Defining two more variables Eta and Xi:

_ G __F
nE—5F and £ ST F (13)
equation (12) becomes:
R .
- 2 (1-¢)
n=RE- = (14)
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Xi can only take a positive value in the interval (0, 1) and plotting the Eta
values calculated from the experimental data in the function of Xi, we obtain
a straight line, which extrapolated to Xi = 0 and Xi = 1 gives -Rp/alpha
and Rp (both as intercepts). Alpha serves to distribute the data uniformly
in the interval (0, 1) and is chosen as:

a =/Fu Fm (15)
where Fy is the highest value for F and Fp is the Jowest value of F from
the data.

In the determination of the x and y, equations (8) are only strictly
true under experimental conditions at monomer conversions of near zero. A
further refinement by Kelen and Tudos (ref 11) to correct for conversion up
to 60% under experimental conditions has been incorporated into the actual
determination of Ry and Ry in this report.

Experimental Determination of Reactivity Ratios

A jacketed, three neck 15 ml reactor is prepared by cleaning in a sul-
furic acid bath. The reactor is carefully rinsed in distilled water and
dried at 140°C. A syringe septum is fitted to one of the openings and the
flask is flushed with dried nitrogen. A weighed sample of monomers, solvent,
and diol initiator is added to the reactor and stirred by use of a magnetic
stirrer. When the flask has equilibrated to the desired temperature a weigh-
ed amount of boron trifluoride etherate is added and the polymerization al-
Jowed to proceed. At the time when sufficient conversion has been achieved
(15 to 50%) a syringe is used to withdraw a sample (1 ml), which is placed
into a previously weighed 2 ml volumetric flask. The weight of this sample
is recorded. To this flask is then added a weighed amount of internal stand-
ard (nonane, toluene etc.) and then the contents of the flask are made up to
the mark with water wet methylene chloride. This quenches the polymeriza-
tion. The amount of monomers remaining in the polymerization sample is
determined by GC analysis. A detailed account of this procedure is given in
Appendix II. We use a Hewlett Packard 5700 gas chromatograph connected to a
Hewlett Packard 2290 A integrater. The column is a 1/4 in. by 8 ft 10% OV
101 on chrome Q glass column. The data from the GC along with the weights of
the monomers, internal standard, diol, catalyst, and solvent used in the
polymerization are then transcribed into a Hewlett Packard 9825 B computer.
By the use of the program, see Appendix III, we obtain an instantaneous
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polymerization curve, Eta versus Xi plot and the reactivity ratio. The Eta/
Xi plot is used to gage if any points are obviously in error and the instan-
taneous polymerization plot gives a pictorial assessment of the suitability

of the monomer pair to copolymerize.

By this method we have determined the following reactivity ratios:

TABLE 1
Monomer Pair Rl R,
BAMO /AMMO 0.92 + 0.15 1.18 + 0.24
NMMO /AMMO 0.35 + 0.10 2.73 + 0.24
NMMO/BAMO 1.63 + 0.92 2.55 + 0.72
OMMO/THF 21.65 + 0.28 0.05 + 0.10
OMMO/BMMO 1.23 + 0.28 0.74 + 0.11

These results are added to the ones already reported by us (ref 1). The
instantaneous polymerization curves and Eta versus Xi plots are given in
Figures 7 thru 16.

Further monomer ratios are under study and will be reported when the

work 1is completed.

Most of the monomer pairs that we proposed to use in the various synthe-
sis steps appear to be suitable for their intended use except OMMO/THF. The
reactivity ratio of this monomer pair suggests that copolymerization will not
be viable and if we attempt to prepare this copolymer we would only obtain a
homopolymer of OMMO. Therefore we have not pursued this monomer pair and in
fact selected OMMO/BMMO for an internally plasticized soft block for the
thermoplastic elastomers.

2. Thermal Decomposition of Poly (BEMO)

To aid in the thermal depolymerization studies being carried out by
Lehigh University on the polyether thermoplastic elastomers we undertook a
parallel study. The Differential Scanning Calorimetry (DSC) curves obtained
from Lehigh University on poly (BENMO) were reported at different heating
rates and clearly showed that depolymerization/decomposition was occurring.
The reported decomposition was a broad endotherm which was found to be de-
pendent on the rate of heating. For confirmation of these results we under-
took a parallel Thermo Gravimetric Analyzer (TGA) analysis. A Gravitronic

III TGA made by Theta Instruments was used for this work. The TGA curves for
25
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poly (BEMO) were found to be very complex, and by the shape of the curves,
are thought to indicate at least two reactions. The multiple weight loss was
not separated enough to obtain an initial temperature for the second reac-
tion; however, if both ethoxymethyl fragments were lost, the mass loss would
correlate with the transition region between the two observed reactions in
the TGA. fhe initial temperatures are given in Table II:

TABLE I1
Heating Rate

°C/min Atmosphere Initial Temperature °C

0.5 Air 173

0.5 Nitrogen 182
2 Air 167
2 Nitrogen 164
5 Air ‘ 181
5 Nitrogen 210
10 Air 176
10 Nitrogen 220

One isothermal weight change determination was made at each of the fol-
lowing temperatures: 125°, 150°, 175°, 200°, and 225°C. The results obtained
indicate a very complex reaction. The lower three temperatures gave zero
order kinetics with multiple changes in slope. The higher temperatures indi-
cate higher order reactions.

The initial weight loss for the isothermal traces is proposed to be the
loss of entrained solvent and the sample heating up from ambient to set tem-
perature. Although the 125°C has a change in slope, it is small enough that
the reaction was assumed to be zero order with a rate constant of 3.3ug/min.
The rate constants of 11.2ug/min and 25u3/min were obtained for the second
and third reactions on the 150°C isothermal trace. Similarly, for the 175°C
isotherm, the rate constants were found to be 41lug/min and 33.4ug/min. The
reaction at 200°C gave a straight line with a correlation coefficient of
0.9958 for a second order reaction. The rate constant was found to be 2.12
g~! min-1. The reaction at 225°C also gave a straight line with a
correlation coefficient of 0.9997 for a first order reaction with a rate
constant of 0.0107 min-l. These results are consistent for a complex
decomposition which includes loss of ethoxymethyl groups prior to backbone

fracture.
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ITI. CONCLUSIONS

We have demonstrated that both energetic and nonenergetic polyether
polymers can be synthesized that fulfill the objectives for navy applica-
tions. We have synthesized two series of energetic polyether glycols that
increase the ballistic performance of propellants and show thermal and chemi-
cal stability required for application. These polymers are:

1.  Azido polyether glycols

2. Nitrate ester polyether glycols
These polymers can improve propellant performance, depending on the applica-
tion, from 3 to 8 sec Isp- They are fully compatible with co-ingredi-
ents, and are thermally stable enough for most applications. Initial for-
mulations and testing have been concluded.

We have synthesized the first of a series of block copolymers based on
crystalline and amorphous segmented polymers that can be processed at 85° to
90°C. These polymers, when melt cast, can yield materials that physically
range from leathery to soft depending on the size of the individual blocks
and the stoiciometry of the blocks to one another. These polymers exhibit
endothermic depolymerization/decomposition when heated to elevated tempera-
tures thus rendering the propellant less sensitive to spall conditions. Our
research is continuing to lTower the melt viscosity and increase the elonga-
tion of the thermoplastic elastomer.

We have continued research in the area of measuring reactivity ratio of
new monomers with the objective of correlating structure versus polymer-
izability, and have seen that the inclusion of a nitrate ester group on an
oxetane ring lowers the propensity of the monomer to polymerize by an order
of magnitude over the same substitution by an azido group.

We have extended the series of energetic polymers available for binder
applications to include nitrate ester polyether glycols. These new polymers
are thermally stable enouwgh for their inclusion into state-of-the-art formu-
lations. They are completely compatible with formulation ingredients and
curable by accepted technology. Theoretical performance is significantly
increased by use of these polymers with minimal effect on burn rates.

A new generation of thermoplastic elastomers have been synthesized that
are processible in the state-of-the-art formulations and equipment. These
materials are crystalline segmented block copolymers that undergo sharp
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melting characteristics at 85°C and endothermic depolymerization at elevated
temperatures. The set thermoplastic elastomers are Tfeathery in nature at
ambient temperatures with glass transition temperatures of less than -50°C.
Work is in progress to increase the elastomeric nature of these pol ymers and

to decrease the melt viscosity.
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IV. EXPERIMENTAL DETAILS

Monomer Synthesis Procedures

The experimental procedures reported below are either new synthesis
reactions that are not reported in the open literature, or significantly
modified versions of known reactions. All other experiments reported in the
text duplicate published procedures.

3,3-Bis(ethoxymethyl) oxetane

Into a 12-1iter, five neck flask, fitted with a stirrer, a reflux con-
denser, and a dry nitrogen inlet tube, 8,000 cc absolute ethanol followed by
717.6 g (31.2 mol) of sodium metal were placed. The temperature was main-
tained at mild reflux by the use of a cold water bath until all of the sodium
had dissolved. To the reaction mixture was then added 1,200 g (7.7 mol) of
3,3-bis(chloromethy1) oxetane and the resultant mixture heated to mild reflux
for 24 hours. After cooling to room temperature the reaction products were
quenched in 5,000 cc of distilled water, and then extracted with 4 portions
of 500 cc methylene chloride. The combined extracts were then dried over
magnesium sulfate and the solvent removed by evaporation. Pure monomer was
obtained by distillation, the main fraction being collected at 54°C and 1.6
mm pressure. 1,284 g of polymerizable grade monomer were obtained by
redistillation from calcium hydride representing a 95% yield.

3,3-Bis(methoxymethyl) oxetane

Into a 12-liter, five neck flask, fitted with a stirrer, a reflux con-
denser and a dry nitrogen inlet tube, 4,200 cc of anhydrous methanol followed
by 552 g (24 mol) of sodium metal were placed. The temperature was maintain-
ed at mild reflux by the use of a cold water bath until all of the sodium had
dissolved. To the reactor were then added 1,240 g (8 mol) of 3,3-bis{chloro-
methyl) oxetane and the resultant mixture heated to mild reflux for 48 hr.
After cooling to room temperature the reaction products were quenched in
6,000 cc of distilled water, and then extracted with 4 portions of 500 cc
methylene chloride. The combined extracts were then dried over magnesium
sulfate and the solvent removed by evaporation. Pure monomer was obtained by
distillation the fraction boiling at 45°C at 0.3 mm pressure being collected.
1,052 g of polymerizable grade monomer was obtained by redistillation from

V]

calcium hydride representing a 90% yield.
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3,3-Bis(fluoromethyl) oxetane

Into a 5-liter three neck flask, fitted with a stirrer, and reflux con-
denser, 1,000 g (17.2 mol) of potassium fluoride suspended in 2,000 cc of
anhydrous ethylene glycol were added. To this mixture was then added 1,000
g (6.45 mol) of 3,3-bis(chloromethyl) oxetane and the pot temperature was
raised slowly to 180°C. After 1 hour at this temperature the condenser was
replaced with a 12-in. vigreaux column and the pot temperature raised to
190°C. The required product was then collected, as formed, from the reactor.
After 5 hours 625 g of material was collected and redistillation at a boiling
point of 49°C at 155 mm pressure, through a Snyder (floating ball) column,
yielded 488 g of product representing a 62% theoretical yield.

3-Hydroxymethy1-3-methyl oxetane

In a 5-liter, round bottom flask fitted with a reflux condenser and an
immersion thermometer, 2,007 g (16.7 mol) 1,1,1-trimethylol ethane, 2,000 g
(17 mol) diethylcarbonate, and 5 g KOH in 20 cc ethyl alcohol were added.
The solution was then heated to reflux at a pot temperature of 111°C. When
the pot temperature fell to 100°C the flask was fitted with a vigreaux column
and condenser and the ethanol formed allowed to distill off. The distilla-
tion was continued until 1,970 cc of ethanol had been collected and the pot
temperature was 160°C. At this time the system was connected to a vacuum
pump and the pressure reduced until COp was evolved. The pot temperature
was maintained at 160°C and the pressure further reduced to maintain a slow
distillation with a head temperature of 100° to 110°C. The distillation was
stopped when 1,238 g of crude product had been collected. Pure monomer was
obtained in 76% yield by redistillation, the fraction boiling at 84°C and
3.5 mm pressure being collected.

3,3-Bis(hydroxymethyl) oxetane

Into a flask equipped with a mechanical stirrer, a thermometer, and a
distillation column, a mixture of 272 g (2 mol) of pentaerythritol, 295 g
(2.5 mol) of diethyl carbonate, and 0.5 g of sodium metal was added. The
reactants were then heated to a pot temperature of 110°C and the ethanol
produced was slowly removed by distillation. Ethanol was collected until the
pot temperature rose to 140°C at which time a vacuum was applied to remove
the final traces of ethanol. An air condenser was then fitted to the reactor
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flask and with careful heating and pressure control the required product was
distilled boiling at 125°C and 0.03 mm pressure. 104 g of pure monomer was
obtained by redistillation representing a 44% yield.

3-0ctoxymethyl-3-methyl oxetane

To a 5-1iter, three neck flask, fitted with a reflux condenser, a
stirrer, and a dry nitrogen inlet tube, 3,000 cc of p-dioxane and 204 g (2
mol) of 3-hydroxymethyl-3-methyl oxetane were added. To this mixture were
then added 47 g (2 mol) of sodium metal and the temperature of the flask
raised to reflux temperature. Heating was maintained until all the sodium
had dissolved. At this time, 400 g (2 mol) of l-bromooctane was added and
reflux resumed for 3 days. The mixture was then cooled to room temperature
and the precipitated sodium bromide removed by filtration. The filtrate was
then combined with a large excess of water and extracted with carbon
tetrachloride. This solution was further washed with 500 cc distilled water
and then dried over magnesium sulfate. The solvent was then removed by

evaporation and the required monomer isolated by fractional distillation, the
portion boiling at 30°C and 0.3 mm pressure being collected. Redistillation
from calcium hydride yielded 190 g of polymerizable grade monomer.
Elemental analysis calculated C, 72.8; H, 12.2

found C, 72.2; H, 12.6
NMR(CDCL3): 6 0.86 (t, CH3); 1.03 (m, (CHp)g, ring CH3); 3.45 (s,t
(CHPOCH2) ; 4.31, 4.49(ABq CHp0CHp) J=6
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3,3-Bis(methoxyethoxymethyl) oxetane

To a 5-liter three neck flask, fitted with a reflux condenser, a
stirrer, and a thermometer, were added 1,824 g (24 mol) of 2-methoxyethanol
followed by 139 g (6 mol) of sodium metal. The flask temperature was then
raised to mild reflux and thus maintained until all the sodium had dissolved.
At this time 465 g (3 mol) of 3,3-bis{chloromethyl) oxetane were added and
heating maintained for a further 24 hours. The mixture was then cooled to
room temperature and the precipitated sodium chloride removed by filtration.
The filtrate was dissolved in an excess of water, extracted with 4 portions
of 500 cc methylene chloride, and then the combined organic layers dried over
magnesium sulfate. The solvent was then removed by evaporation and the re-
quired monomer isolated by fractional distillation, the fraction boiling at
85°C and 0.1 mm pressure being collected. Redistillation from calcium hy-
dride yielded 487 g of polymerizable grade monomer.

Elemental analysis calculated C, 56.4; H, 9.4

found C, 56.1; H, 9.8
NMR(CDCL3) § 3.36(s, CH3); 3.57(d, 0OCH,CH,0) J=3; 3.69(s, CH,0);
4.45(s, CHZOCHZ)

3-Chloromethy1-3-methyl oxetane

In a 5-1iter flask, fitted with a stirrer, condenser, and thermometer,
were placed 2,000 cc of carbon tetrachloride. The flask was heated to reflux
and then 100 cc of solvent was allowed to distill off and remove any residual
water. The flask was cooled to room temperature and to it added 957 g (3.66
mol) of triphenylphosphine and 372 g (3.66 mol) of 3-hydroxymethyl-3-methyl
oxetane. The mixture was heated with caution to 65°C, at which point a
strong exotherm occurs and the reaction becomes self-sustaining. This
exothermic reaction continued for 1 hour at which time external heating was
reapplied for an additional 1 hour. The flask was then cooled to room
temperature and the resultant precipitate removed by filtration. The fil-
trate was then dissolved in ether, washed with distilled water, dried over
magnesium sulfate, and then evaporated to remove the solvents. Distillation
through a Snyder (floating ball) column yielded the required monomer boiling
at 64°C and 40 mm pressure. Redistillation yielded 493 g (56%) of polymer-
jzable grade material.
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3,3-Bis(nitratomethyl) oxetane

An acetylinitrate solution was prepared by adding and stirring 252 g (4
mol) of 100% nitric acid to 816.8 g (8 mol) of anhydrous acetic anhydride at
20°C. This solution was then cooled to 5°C and added, over a 15 minute pe-
riod, to a solution of 236 g (2 mol) of 3,3-bis(hydroxymethyl) oxetane in
1,500 cc of methylene chloride at -5°C. After stirring for an additional 15
minutes the reaction was quenched in 672 g of sodium carbonate in 2,000 cc of
water. The organic layer was separated and washed with 3 Xx 2,000 cc portions
of distilled water and then dried over magnesium sulfate. The solid product
isolated after removal of the solvent was recrystallized from 2,000 cc of
carbon tetrachloride. 230 g of the required monomer was obtained (52%) at
polymerizable purity, melting point 90 to 92°C.

Elemental analysis calculated C, 28.85; H, 3.85; N, 13.46
found C, 29.31; H, 3.81; N, 13.29
NMR(60013) § 4.55(s, CHZOCHZ); 4.76(s, CHZO)

3-Nitratomethyl-3-methyl oxetane

An acetylnitrate solution was prepared by adding and stirring 165.4 g
(2.6 mol) of 100% nitric acid to 510 g (5 mol) of acetic anhydride at 25°C.
This solution was then cooled to 5°C and added, over a 15 minute period, to
255 g (2.5 mol) of 3-hydroxymethyl-3-methyl oxetane in 1,400 cc of methylene
chloride cooled to -5°C. After stirring for an additional 15 minutes the
contents of the flask were quenched in 700 g of sodium carbonate in 2,500 cc
of water. The organic layer was washed with 3 x 2,500 cc portions of
distilled water, and then dried over magnesium sulfate. The required product
was readily obtained in polymerizable purity by a single pass down a neutral
alumina column eluting with 50/50 v/v CHCl3/hexane. The final yield was
242 g of monomer.

Elemental analysis calculated C, 40.82; H, 6.12; N, 9.52

found C, 40.62; H, 6.06; N, 9.13
NMR(CDC13) § 1.38(s, CH3); 4.5,4.37(ABq, CH,0CHj, J=6); 4.6(s,CH,0)
Boiling Point 40°C at 0.1 mm

Polymerization Procedures

Each monomer system requires slightly different polymerization tech-
niques depending on the reactivity ratios of the monomer pairs. Also some
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polymerizations are carried out in methylene chloride, or as in the case of
polymers containing THF, the polymerization is conducted in bulk (no sol-

vent) .

A further technique is used for the block linking of reformed polymers.
The following procedures and techniques are general in nature, the actual
molecular weights of the polymers produced are only dependent on the stoichi-
ometry of the initiator (BDO/BF3) to monomer ratio and thus are adjusted

for a particular synthesis.

Solution Polymerization e.g., BEMO, BMMO, OMMO/BMMO, BFMO/BEMO, BAMO/BNMO,
BNMO/NMMO, NMMO, etc.

100 g of calcium hydride dried methylene chloride is charged into a
flame dried 500 cc resin flask which is maintained under a nitrogen atmos-
phere. To this flask is then added the calculated amount of freshly dis-
tilled 1,4-butanediol followed by the calculated amdunt of borontrifluoride
etherate (1:2 mol ratio). This solution is allowed to react for 1 hour at
room temperature. The reactor is then cooled to -10°C and after 30 minutes a
solution of the monomer(s) is added dropwise in methylene chloride (25% w/w
concentration). The rate of addition usually ranges from 20 minutes to 2
hours. If the rate of polymerization is unknown then it is followed by GC,
until a conversion of >90% is measured. At this time the contents of the
flask are quenched with 50 cc of saturated brine solution. The organic phase
is separated off, washed with 10% sodium bicarbonate solution, dried over
magnesium sulfate and evaporated to dryness at room temperature. The nature
of the polymer will dictate the method of purification. In most cases a
single precipitation from cold methanol will yield an acceptable polymer.

Bulk Polymerization e.g., BAMO/THF, BFMO/THF, AMMO/THF, BEMO/THF, BMMO/THF,
OMMO/THF, BMEMO/THF, etc.

Into a 500 cc flame dried resin flask, which is maintained under a ni-
trogen atmosphere, is charged a calculated amount of freshly distilled THF.
While maintaining the flask at room temperature, a calculated amount of
freshly distilled 1,4-butanediol is added followed by a calculated amount of
borontrifluoride etherate (the amount of BDO will control the final molecular
weight). The flask is then cooled to 0°C and after 60 minutes the calculated
amount of the second monomer is added in bulk. The rate of addition is gov-
erned by the reactivity ratio of the monomer pair, i.e., if the reactivity
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ratio of the second monomer is significantly different (higher) than that of
THF then the rate of addition should be slower. The mole fraction of monomer
2 is maintained in the polymerization at a level which will give an apparent-
1y idealized copolymerization at the desired monomers-in-polymer composition.
If the rate of polymerization is unknown then the polymerization is followed
by GC, until a conversion of >90% is measured. At this time the polymeriza-
tion is quenched, first by the addition of 100 cc of methylene chloride,
followed by the addition of 50 cc of saturated brine solution. The organic
layer is then separated, washed with a 100 cc sodium bicarbonate solution,
dried over magnesium sulfate, and then evaporated to dryness. THF polymers
are readily purified by precipitation from cold methanol.

Block Linking Technique

By changing the stoichiometry of the component blocks either A-B-A,
(AB),, or AB-star block polymers may be synthesized.

Example--A-B-A block polymer

Into a 500 cc flame dried resin flask is added a solution of the soft
block (BMMO/THF) in dried solvent (benzene, dicloromethane, or tetrachloro-
ethane); the amount of polymer is governed by the equivalent weight of the
polymer. A 5 times excess of phosgene is then added while maintaining the
flask at 25°C. The normal precautions regarding phosgene should be carefully
followed, including placing a KOH trap at the end of the gas/flask train.

The formation of the bischloroformate is allowed to continue for 2 hours at
which time excess phosgene is removed by passing a stream of dry nitrogen
through the flask at slightly elevated temperatures. To this solution is
quickly added a solution of the end block at an amount required to end cap
the center block. The addition of a HC1 scavenger (pyridine, pipyrizine,
triethylamine) is normally required for good reaction. At this time the
flask is heated to 60°C and an immediate rise in viscosity will be noted.

The heating is usually continued oyernight. After this time the block poly-
mer can be isolated by precipitation from methanol or water. The final poly-

mer may be reprecipitated from methanol.
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APPENDIX 1
Previously Developed
by
F. Bares,
Analytical Methods Development Section,
Morton Thiokol, Inc.

(a) Determination of Hydroxyl Content in Experimental Polymers Using
the Toluenesulfonyl Isocyanate Method

1.0 TEST DESCRIPTION

A sample of polymer is dissolved in tetrahydrofuran. The hydroxyl is
reacted with an excess of toluenesulfonyl isocyanate (TSNCO) to form a
sulfonyl carbamate. In a nonaqueous system, this sulfonyl carbamate is aci-
dic and can be titrated directly with tetrabutylammonium hydroxide, after any
unreacted TSNCO has been destroyed with water. The endpoint is determined

potentiometrically.

2.0 REAGENTS AND APPARATUS

Tetrahydrofuran, stabilized, reagent grade
Isopropanol, reagent grade

Toluenesulfonyl isocyanate solution. Prepare by diluting 10 ml of TSNCO
(commercially available from Aldrich or Eastman Chemical Co.) to 250 ml with
stabilized tetrahydrofuran. Protect the solution from atmospheric mois-

ture.

Tetrabutylammonium hydroxide (TBAH) solution, O0.IN. Dilute 20 ml of
TBAH (25% in methanol, commercially available) to 200 ml with isopropanol.

Automatic titrator, Fisher Titrimeter II AEP or equivalent, equipped
with a standard glass combination electrode, or a glass-platinum internal
titrant reference electrode combination. In the latter combination, the
reference electrode, in the form of a platinum wire insert, is maintained in
contact with the titrant through the delivery tip of the titrator.

3.0 STANDARDIZATION OF 0.1N TETRABUTYLAMMONIUM HYDROXIDE

3.1 Weigh, to the nearest 0.1 mg, a 0.2 g sample of benzoic acid into a
beaker.

3.2 Add 60 to 80 ml tetrahydrofuran and stir to dissolve.
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3.3 Titrate potentiometrically as in Paragraph 4.4.

Calculate the normality of the tetrabutylammonium hydroxide as follows:

N = W
V x 0.12212
Where: W = Weight of benzoic acid
V = Volume of TBAH solution (ml)

4.0 PROCEDURE

4.1 Weigh, to the nearest 0.1 mg, approximately 0.2g » 1.2g, to optimize
titration conditions, of polymer into a 150 ml beaker. Add 10 ml of
tetrahydrofuran and stir to dissolve.

4.2 Add 10 ml of the TSNCO solution, cover the beaker with a watch glass,
and let stand for 3 to 5 minutes.

4.3 After the allotted reaction time, add 0.2 ml of distilled water and mix
well. Dilute to approximately 100 ml with THF.

4.4 Titrate the sample with 0.1N tetrabutylammonium hydroxide in isopropanol
using an automatic titrator equipped with a glass combination electrode or a
glass-platinum internal titrant reference electrode combination.

4.5 Run two or more blank determinations as above, eliminating only the
sampie.

NOTE: The titration curve for samples and blanks will have two breaks.

5.0 CALCULATIONS

Hydroxyl Content (eq/100g) = (Sp- 1) - (B - By) N
10W
Where: Sp = ml TBAH to titrate to second sample break
S1 = ml TBAH to titrate to first sample break
Bo = ml TBAH to titrate to second blank break
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By

ml TBAH to titrate to first blank break
normality of TBAH

weight of sample

57

84589-1.10




84589-5.1

Previously Improved and Modified
by
F. Bares,
Analytical Methods Development Section,
Morton, Thiokol, Inc.
(b) Determination of Hydroxyl Content of Experimental Polymers

1.0 TEST DESCRIPTION

A sample is acetylated with a solution of acetic anhydride in pyridine.
The excess acetic anhydride is hydrolyzed with water and the resulting acetic
acid is titrated with standard potassium hydroxide solution. The hydroxyl
content is calculated from the difference in the titration volume of the
blank and sample solutions.

2.0 REAGENTS

2.1 ACETYLATING REAGENT. Prepare a 12% v/v solution of acetic anhydride in
pyridine in a dry glass stoppered flask. Prepare fresh reagent daily.

2.2 0.5 N POTASSIUM HYDROXIDE IN METHANOL, STANDARDIZED
2.3 PHENOLPTHALEIN INDICATOR, 1% IN ETHANOL

2.4 TEHRAHYDROFURAN, REAGENT GRADE OR CHC13 AND CH30H

3.0 APPARATUS

3.1 FLASKS, ERLENMEYER, 125 ml, WITH GROUND GLASS STOPPERS
3.2 STEAM TABLE

3.3 BURET, 50 ml CAPACITY
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4.0 PROCEDURE

4.1 Accurately weigh (to the nearest 0.1 mg) approximately 4 g of sample
into a clean dry 125 ml Erlenmeyer flask. Pipet exactly 10 ml of acetylating
reagent into the flask. A uniform drainage time must be employed.

4.2 Moisten a glass stopper with pyridine, place the stopper loosely in the
flask, and set the flask on a steam table. After heating for approximately
two minutes, stopper the flask tightly and heat on the steam table for 2

hours.

4.3 Remove the flask from the steam table and allow to cool for a few
minutes. Add 10 ml of distilled water, swirl to mix, stopper loosely and
replace the flask on the steam table for 10 minutes.

4.4 Remove the flask from the steam table and allow to cool to room
temperature. Add 50 ml of tetrahydrofuran or 40 ml CHC13-10 m} CH30H
depending on solubility charactistics, 0.5 ml of phenolpthalein indicator and
titrate with standardized 0.5 N potassium hydroxide to the first permanent
pink color.

4.5 Perform at least two blank determinations in parallel using the
procedure given above, omitting only the addition of sample.

5.0 CALCULATION

Hydroxyl content (equivalent/100g) = Lﬁ%%lWX"N

Volume of NaOH to titrate blank (m1)
Volume of NaOH to titrate sample (ml)
Normality of NaOH

Sample weight (g)

Where:

B
A
N
W
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APPENDIX II

MONOMER ANALYSIS IN POLYMER REACTION STUDIES

1.0 TEST DESCRIPTION

A sample of the reaction mixture is quenched with water wet methylene
chloride and analyzed on a gas chromatograph using an internal standard.

2.0 REAGENTS AND APPARATUS

Methylene chloride, water wet. Prepare by mixing approximately 10 g
distilled water in 100 g methylene chloride. After the phases separate,
remove the top water layer.

n-nonane, n-decane, or toluene. Reagent grade for use as internal

standard.

Pure monomer of interest. A sample of the starting monomer is required
to establish response factors with the internal standard.

Volumetric flasks, 2 ml, with stoppers.
Pipets, disposab]e, 1 ml.

Gas chromatograph, using thermal conductivity detector, helium carrier
gas and equipped with a glass 8 in. by 1/4 in. column packed with 10% OV 101
on Gas Chrome Q.

Syringes, at least 10 microliter capacity, with either fixed or variable
capacity.

Integrator, digital, electronic.
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3.0 CALIBRATION

3.1 Weigh (to the nearest 0.1 mg) between 0.15 and 0.20 g of monomer into a
tared 2-ml1 volumetric flask.

3.2 Weigh (to the nearest 0.1 mg) approximately 0.10 g of internal standard
into the same volumetric flask.

3.3 Dilute to volume with water wet methylene chloride; stopper and shake

the solution.

3.4 Inject 1.0 microliters into the gas chromatograph. Push the start
button on the integrator and the GC. The following parameters used on the HP
5700 HC provide baseline separation and a reasonable analysis time:

He Flow Rate: 60 cc/min
Injection Port Temperature: 150°C
Oven Temperature: Programmed
a. Initial Temperature: 80°C
b. Initial Time: 2 min
c. Rate: 16°C/min
d. Final Temperature: 200°C
e. Final Time: 4 min
Detector Sensitivity: 5 (approximatley 150 MA)
Column B Attenuation: 2

The settings for the HP 2290A are as follows:
Attenuation: 0
Chart Speed: 0.5 cm/min
Peak Width: 0.04 to 0.16
Area Rejection: O

3.5 Make sufficient injections to obtain at least three response factors
that agree within 3% of each other, using consecutive injections.

3.6 Calculate the response factor (RF) as follows:

Area X Amount
RF 1S M

K?eaM X AmountIS

area of the internal standard peak
area of the monomer peak

Where: Areais

Areay
Amountg = weight of internal standard

"

Amounty weight of monomer
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4.0 SAMPLE ANALYSIS

4.1 MWeigh (to the nearest 0.1 mg) approximately 1 ml of sample from the
polymer reaction flask. This step and the following two steps should be
completed as rapidly as possible since the monomer will continue to react in
the sample .until it is quenched with wet methylene chloride.

4,2 Meigh (to the nearest 0.1 mg) approximately 0.10 g of the internal stan-
dard into the same volumetric flask.

4.3 Dilute to volume with water wet methylene chloride, stopper and shake
the flask to insure it is well mixed and the reaction quenched.

4.4 Inject 1.0 microliters into the gas chromatograph using the same param-
eters as were used to analyze the calibration standard.

4.5 Calculate the amount of monomer in the reaction sample aliquot as

follows:

(RF) x Areay x Amount .
Weight of monomer =

Ar‘eaIS
Where: RF = response factor calculated in

Paragraph 3.6

Areay = area of monomer peak from reaction
aliquot

Amountpg = weight of internal standard added
to the reaction aliquot

Areaig = area of internal standard added to

the reaction aliquot

4.6 Calculate the percent monomer left in the reaction using the following
equation:

% monomer left =

monomer in sample aliquot x 100
weight of monomer originally added

Where: The weight of the monomer in the sample aliquot
was calculated in Paragraph 4.5.
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REACTIVITY RATIO PROGRAM

Standardization Calculation

Identify Monomer 1

Identify Monomer 2

Input Number of GC Shots
Weight of Standard
Weight of Monomer 1
Weight of Monomer 2

Area
Area
Area
Area
Area
Area
Area
Area
Area

Number of Runs at Different Monomer Concentratons
Number of Samples Taken Per Run

of Standard in GC Shot 1
of Monomer 1 in GC Shot 1
of Monomer 2 in GC Shot 1
of Standard in GC Shot 2
of Monomer 1 in GC Shot 2
of Monomer 2 in GC Shot 2
of Standard in GC Shot 3
of Monomer 1 in GC Shot 3
of Monomer 2 in GC Shot 3

Number of GC Shots Per Sample
Molecular Weight of Monomer 1
Molecular Weight of Monomer 2
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RUN NUMBER

Weight of Solvent Plus Catalyst
Weight of Monomer 1

Weight of Monomer 2

Weight of Sample Taken

Weight of Standard Added

Area of Standard in GC Shot 1
Area of Monomer 1 in GC Shot 1
Area of Monomer 2 in GC Shot 1
Area of Standard in GC Shot 2
Area of Monomer 1 in GC Shot 2
Area of Monomer 2 in GC Shot 2
Area of Standard in GC Shot 3
Area of Monomer 1 in GC Shot 3
Area of Monomer 2 in GC Shot 3
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foo = 7
Pra.

3,31,003,71,L071,M[71,HL7I,RL7,3]
=g 14 1dk 1
[7,31,K[7,21,007,31,FPC[7,31,007,3]

dim ALV,323,31,BL7,3,]
dim S[7,3]1,A%L28], E
dim EL7,21,FL7,31,0G
dim TL?,321, Fi[ﬁu]
=fg Zient "READ DATA FROM A FILE?",I;if flgl3=a;=fg Z23asb "REEAD"

if mot flg2jent YIDEMTIFY MOHOMER 1", A$, "IDEMTIFY MOWOMER =°,E#

fmt 1,18"#%;prt "MOMOMER 1 IS“,A%,"","MOMOMER 2 IS",E$,""

if f1g2jgto +82

CIMIT":ent "IMPUT # OF GC SHOTSY,rB;8+A2EB2C
gkt "WEIGHT OF STAWMDARRD",rS

dzp "HEIGHT OF",RAfjent "",ré

dsp "WEIGHT OF",Efjent "",r?

fxd B3prt "# OF GC SHATS",r@,""

fxd 43prt "WT OF STANDARD",rS,"","WT OF ",RA%,r&,""

prt "WT OF ", Ef,r7,""

fxd G3for I=1 to r@

if not f1g4;if £1gZjgto +7

dsp "AREAR OF STAWDARD IM GC SHOT",I

gnt ", D001,I113fxd @;prt "AREA OF STAWDARD®,"IW GC SHOT",I,D01,13,%°
dzp "AREA UF“,HI,”IH GO OSHOT", I3fmt 2,"AREA OF",cH

ent "",D02,1);wrt 16.2,A%jprt “IH GO SHOT",I,DCZ,I3,""

dsp "AREA OF",EB#,"IH GC SHOT",I

ent YY", D03, I3swrt 16.2,Bfjprt “IM GC SHOT",I,DL03,I2,%"
A+D[1,I11+A;E+DC2, I1+R;C+DL3, 1130

next 1

CE-RM»PSsrElsrl

CCARM PSSR T a2

if not £lg43if £1g23gte +7

ent "RUWS @ DIFFEEEHT MOMOMER COMC.",rS;prt "RUMS 2 DIFFERENT"

prt "HMONOMER COHC, ~E, Y

ent “SAMPLES TREEH PEF FHH",r sprt "SAMPLESSREUN",r3,""

emt “GC SHOTS PER SAMPLEY,rl183prt "GO SHOTS FERY, "SHMPLE", rlE, '
dzp "HMOL. WT. OF",A$;ent "“,rlijprt "MOL. WT OF " HI,rli,""

dzp "ML, WT. OQF",Efjent "",rl2;prt "MOL. WT OF “,Ei,rlz,"”
9933999313 ’

-t 13+r 14

for I=1 to r2

"AHAL":fxd @

ot l,1&"#"sspec juwrt 16.13prt "AMAL. FOR RUH",Ijwrt 16.1

it not §£1953ifF +]q£ gto +7

dap "WT OF SOLYENT+CATALYST IH RUN",Ijfwxd @

ent "M, LCIdjprt “","WT OF S0L + CATY,"IHM RUM",I;fxd 45prt LEIT,""
fxd Bydzp “"HWT OF",A$,"IH RUH",Ijfmt 2,"WT OF ",cl8

ent ", MLId;uwert 16.2,Af;prt “IM RUH",I;fxd 4;prt MOTI,""

fud Bidzp "WT OF",E$, "IN RUN",I

et YU, HEIdjwet 1.2, Efjprt "IN RUW",I;fud d43prt MLOID, MM

for J=1 to r9

fad 4

fmt 2,"RUH",f2.8," SAMPLE",f2.8

zpo o juwet 16,2,1,T3if not £1g53if £lg2jgro +3

ent "WEIGHT OF SAMPLE TAKEHM",RLI,JI;prt “WT OF SAMFLE","TAEEN",RLI,JI,""
ent "WEIGHT OF STAMDARD ADDED",SCI1,J1:pet "WT OF STAWDARD", "ADDED",50I1,.J1
zpc jEB*A*E+Cfad 8 '
for K=1 to 18

if mot £1g5939F £#1g2jgto +7

d=p "ARER DF STAHDARD IH G SHOT", b

ent “U,ALI,J,Kliprt “AREA OF STAMDARD", "It GO SHOTY  K,ALI,J, K1, ""
dz ”HFEH UF“,Hf,"IH GC SHOT",KEi;fmt 2, "HEER ﬂF “,rﬁ

ermt UL ECLIL, T, Edjwrt 1802, Af;prt “IW GO SHOTY,K,ELI,J,EI,""

dzp "HHEH OF",Bf,"IH GC SHOT",K

et F[I JEIjwet 16,2,BF3prt "IH GC SHOTY,K,CLI,T,EI,""

A+ALCI, i]*H £+E[I.J E1+B;C+CC0I, T, K10 ’

et H
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SEI,J]E(L[IJ+N[I]+H[I]}frlﬂE[I,JJ+r23
MEIJorllr24
HLIl- r12+r25
S[I,J]CﬁL[I]+M[I]+H[I]?fP2ﬂE[I,J]*PEE
re23srilaedd
reesrl12erdd
r2d-rd4o+r S8
25 -rd4Far Sl
PSR 2Se»ELI, T)
. 244 2503FLL,T1
SRS SE+rS1 2G0T, T]
Sl SR+ S 0»HOT, J]
(FSE+FS1 S Cr24+r 2S00, T3

fxd EB3urt 16.1

prt “IM. MOLEX A", ELT,JI,""

prt “IM. MOLEX E",FLI,J3,""

prt "MOLEX A IH PoOLY",GLI, J3,""

prt "MOLEX B IM POLY", HCI,J1,""

prt "k COMYERSIONY, I’.[I_...T],""
ELI,J)1-FLI,Jl2x8

GLI,JI<HLI,J)=*%

KLI, JT1C1+80 01+ 0327

Wrav o Rar2e

logil-r2&rslogil-ravisd

/225001, 1]

D=1 *PEI.J]

if O[I,J14r133gto +2

oCcI,J ]*t13

if OCI,J1xrid459t0 +2

OCI,J1+r14d

next J

if flgSi;gto "CHAHGES"
riext I

if flodzgte “"CHAHGES®

eht "CHAHGEST",13if f£1913=08;9sb "CHAKGES"
repl3rlgrsra?

for I=1 to ri

for J=1 to r?

00T, 1 0r29+000,J10+001,J]

PCI,JT1s 'thﬂ+H[I.T]J*T[I,J]

FEAR+RLI, T14r28
FrE1+TLI, JT14r21
~GE+RLI, JIT2+r 3
~AEHTLI, JITE4r 33
34 +TII, JIGLOT, J] 4324
rext T

nest 1

-

-

(r32A-r3AtEIras

A-r3@8T2) (r33A-r311204r37

|=.-r t- YCORR COEF", 327
—rZFrEBér4
IR ] %

et "Fl-“,r?,"EE=",P4

FIATZer 2

r39rﬁr32x ¥
rordlita+rd@tad
Fog=-p23rdlat2rsrdd
prt “DEY IM Ri="," +o=" g2
prrt "DEY IH R2="," +o=" g d 3
emt “STORE DATA®,I3if f£1gl3=@jgszb "RECORD"
ert "FLRCE PAFER IHM FLOTTER, HIT CONT",I
cfg liygsb "GRID®
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3,23 161 "ALFHA=",r2%
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& VS H WACF ASACEL T en O]
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11,1

"CHANGES" :
crt VCHAHGE THITIAL FARAMETERS?",I1;if flal3=fjzfg 2,43gta "INIT
cf g 3

ert "CHAMGE FEFAMETERES FOR A RUH?",I3if flgll;ret

=fg S,Zient "RUNM #7',I;gtoc "AHAL"

cfg Siret

68




