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ABSTRACT: The amount of three types of hydroxyl functional groups (GOH, HOH, and
VOH) in hydroxyl terminated polybutadiene (HTPB), remaining in samples acetylated
to the same extent under two different conditions, viz., fast acetylation using acetyl
chloride in presence of N-methyl imidazole catalyst and slow acetylation by acetic
anhydride, differed significantly. For the fast acetylation there is a uniform reduction
in all the three types of hydroxyls, probably because the reaction becomes random at
rapid rates and the reactivity of the different types of hydroxyls does not play a major
role. However, in the slow reaction, the reduction of G-type hydroxyls was 30% more
than the expected value and there was a corresponding increase in the amount of V -
type hydroxyls remaining in the acetylated product, showing reactivity of OH in the
order of G ú H ú V . When the reaction is slow, it becomes selective and the change
in reactivity of the three types of OH groups is reflected in the extent of conversion.
The mechanical properties and the crosslink density data show a reduction in the
samples containing lesser amounts of GOH, confirming the branching nature of GOH,
which is involved in the crosslinking reaction. q 1997 John Wiley & Sons, Inc. J Appl Polym
Sci 63: 1313–1320, 1997

Key words: hydroxyl terminated polybutadiene (HTPB) —reactivity of OH
groups—hydroxyl groups—1H-NMR spectra of HTPB—mechanical properties

INTRODUCTION cured to get a highly crosslinked structure using
a difunctional curative like toluene diisocyanate
(TDI). The effect of functionality and molecularHydroxyl terminated polybutadiene (HTPB) is
weight distribution on the properties of HTPB hascurrently the most widely used solid propellant
been studied by several workers.8,9,12–14 Litera-binder.1 Apart from its use in propellant manufac-
ture15–18 on HTPB shows that a free radically pre-ture, HTPB finds applications in various areas
pared HTPB contains only primary OH groups.like the tire, fabric, and electrical industries.2–4

Pham et al.16,17,19–21 have carried out an extensiveLiterature on the functionality distribution of free
study on the nature of different types of hydroxylradically prepared HTPB (FR-HTPB) shows that
functions present in HTPB with the help of NMRit contains non-, mono-, di-, tri-, and polyfunc-
spectroscopy (1H and 13C). They have identi-tional molecules.5–11 Our studies8–11 on function-
fied16,17 three types of primary OH groups in FR-ality distribution have shown that FR-HTPB con-
HTPB. They are (i) geraniol type (GOH), ( ii ) 2-tains a substantial quantity of tri and polyfunc-
hexene-1-ol type (HOH), and (iii ) vinyl type (VOH).tional molecules in the polymer, a fact which is
The proportions of these three hydroxyl functionswell supported by the fact that FR-HTPB can be
were also estimated from the accumulated 1H
NMR spectra.16 The nature of these hydroxyl
functions gave information concerning the likelyCorrespondence to: K. N. Ninan

q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/101313-08 initiation, chain transfer, and termination mecha-
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1314 PANICKER AND NINAN

nisms of the radical polymerization of butadiene Preparation of Partially Acetylated
Samples of HTPBby H2O2 in alcohol media.

Since the nature of the three OH functions are Method 1different, the reactivity of the three groups are
expected to be different. Evaluation of the relative About 100 g of HTPB was dissolved in dry THF.

To this solution, calculated amounts of acetylreactivity of the different types of hydroxyl groups
present in HTPB is of great importance in under- chloride (required for 10% and 20% partial ace-

tylation) and NMI (5 mL) catalyst were added.standing the gelation time and pot life of the pro-
pellant mix made with HTPB as the polymeric The flask was shaken for a few minutes and re-

fluxed for 1 h to complete the reaction. After thefuel binder. Pham et al.19,20 have done a thorough
study of the kinetics of the reaction of HTPB with reaction, THF was evaporated off and the residue

obtained was dissolved in ether. The ether solu-different reagents like silylating agents and isocy-
anates in bulk and in different solvent media. The tion was washed with water and dried using anhy-

drous sodium sulfate. The acetylated productstudy showed different reactivities for the three
OH functions whose reactivity is in the decreasing formed was recovered by removing ether using a

vacuum rotary evaporator. By using this proce-order of G ú H ú V . This was further confirmed
by comparing with the reactivities of model alco- dure, 10% and 20% acetylated HTPB were pre-

pared and are designated in this work as 10% AChols.21 A relative distribution of the three alcohol
functions in FR-HTPB6 synthesized under vary- and 20% AC.
ing conditions, and how these differences trans-
late into the properties of the cured resin, have Method 2
been studied by Rao et al.22

To a solution of HTPB in toluene, acetic anhydrideIn this work, the effect of the nature of the required for 10% and 20% acetylation was addedthree hydroxyl functions on the mechanical prop- and maintained at 607C in a constant tempera-erties of the cured product is studied. The hy- ture bath for several hours. Completion of the re-droxyl groups of HTPB were partially acetylated action was confirmed by the absence of acetic an-to various extents with two types of acetylating hydride in the reaction mixture using the morpho-reagents having different reactivities. The par- line test.23 Approximately 72 h were required fortially acetylated products obtained from the two the completion of the reaction. The products ob-methods were crosslinked using toluene diisocya- tained are designated as 10% AA and 20% AA.nate, and the mechanical properties of the cured
products were studied. The aim of the work was
to find out the reactivity of different OH groups Characterization of HTPB and Partially

Acetylated Samplesunder the two different reaction conditions and to
find the effect of the nature of these groups on the Infrared (IR) Spectroscopymechanical properties of the cured product.

The IR spectra of the samples were recorded on a
Perkin-Elmer 283 IR spectrophotometer.

EXPERIMENTAL
Hydroxyl Value

Materials Hydroxyl values of HTPB and partially acetylated
samples were determined by the acetylationHTPB: Manufactured at NOCIL, Bombay, by the method using a 1 : 8 acetic anhydride-pyridinefree radical polymerization of butadiene gas using mixture.23 The reaction mixture was refluxed onH2O2 as initiator in isopropanol solvent. This pro- a water bath for about 3 h. Excess acetic anhy-cess was developed by VSSC1 and the technology dride was hydrolyzed and the total free acid wastransferred to NOCIL. Acetyl chloride: Glaxo (pu- titrated against sodium hydroxide solution usingrified by distillation after refluxing with PCl5) . phenolphthalein indicator. Correction was madeAcetic anhydride: AR grade, Qualigens. Tetrahy- for the free acid present in the sample.drofuran (THF): HPLC grade, Spectrochem. Tol-

uene: AR grade, Qualigens. N-methyl imidazole Ester Value23

(NMI): AR grade, Fluka. Toluene diisocyanate
(TDI): 80 : 20 mixture of 2,4 and 2,6 isomers sup- The HTPB ester was dissolved in toluene and sa-

ponified by refluxing with 0.1 N alcoholic KOH onplied by M/S AG Bayer.
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EFFECT OF HTPB ON MECHANICAL PROPERTIES 1315

a water bath for 3 h. Excess KOH was titrated Crosslink Density
against 0.1 N alcoholic HCl using phenolphtha-

Crosslink density (moles of effective networklein as indicator.
chains per cubic centimetre) of the cured samples
was obtained by calculating the volume fraction

Acid Value24
of the swollen polymer. Crosslinked polymer spec-
imens of size Ç 5 mm 1 5 mm 1 5 mm wereHTPB was dissolved in a 3 : 2 mixture of toluene
soaked in toluene. After 24 h the swollen samplesand methanol and the resulting single phase solu-
were taken out and weighed, (Ws ) after gentlytion was titrated with standard alcoholic KOH
wiping off the solvent. The weight of the deswollenusing phenolphthalein indicator.
polymer (Wds ) was obtained by removing the sol-
vent present by drying in a vacuum oven at 1007C

Molecular Weight and Molecular Weight for 4 h. From the weights of the swollen and des-
Distribution (MWD) wollen specimens the swell ratio (Q ) was calcu-

lated.Molecular weight averages and molecular weight
distributions of the samples were determined us-

Q Å (Ws /Wds ) 0 1 (1)ing a Waters Associates GPC25 (model 244). Four
micro Styragel columns of pore sizes 104 Å, 103

The weight fractions of the polymer (W2) and sol-Å, 500 Å, and 100 Å were employed. Tetrahydrofu-
vent (W1) were calculated from the equationran was used as the solvent at a flow rate of 2

mL/min. A dual detector system of differential
refractive index (DRI) and UV detectors was

W2 Å
1

1 / Q
and W1 Å 1 0 W2used. One hundred mL of 1% solution was used

for each analysis. The column set was calibrated
by Universal calibration.26

The volume fraction of the polymer (V2) in the
swollen specimen was then obtained as

NMR Analysis
V2 Å

W2 /r2

(W2 /r2) / (W1 /r1)
(2)Proton NMR spectra of the samples in CDCl3

(10% solution) were recorded with a JEOL
GSX400 instrument at 400 MHz. Chemical shifts where r1 and r2 represent the densities of the
were measured relative to TMS as the internal solvent and the polymer, respectively.
reference. The measurements were done using the From the value of volume fraction under equi-
FT pulsed NMR technique (number of scans 2000, librium-swollen conditions, the crosslink density
time of acquisition 2.05 s) at Ç 257C. (ne ) and molecular weight between the crosslinks

(M ) were calculated by the Flory-Rhener rela-
tion,28

Curing of HTPB and Partially Acetylated Samples

The samples were mixed thoroughly with TDI
ne Å

0 [ ln(1 0 V2) / V2 / xV 2
2]

Vs (V 1/3
2 0 V2 /2)

Å r2

Mc
(3)

(OH/NCO ratio of 1 : 1). The mixture was then
degassed for a short while to remove air bubbles
and poured into molds. Curing was performed at where Vs is the molar volume of the solvent and
room temperature (in a desiccator) for 24 h fol- x is the polymer-solvent interaction parameter,
lowed by oven curing at 707C for 24 h. related to the solubility parameter of the polymer

(dp ) and the solvent (ds ) as,29,30

Mechanical Properties
x Å 0.34 / (Vs /RT ) (dp 0 ds )2 (4)

Mechanical properties such as tensile strength,
elongation, and stress at 100% elongation were where R is the gas constant and T is the absolute

temperature. The solubility parameter could bemeasured on a Universal Testing Machine (In-
stron UTM) using dumb-bell shaped specimens equated to the cohesive energy density by the re-

lation31prepared from the resin slabs.27
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1316 PANICKER AND NINAN

d Å (Ecoh /V )1/2 (5)

The cohesive energy and molar volume (V ) pa-
rameters were estimated by the group additivity
method. The values of the functional groups (OH
and OAc) are not included, as their concentrations
are very low.

(Ecoh)HTPB Å Ecoh(CH|CH) / 2[Ecoh(CH2)]

Å 10200 / 2(4190) Å 18580 J/mol.

Similarly, molar volume of HTPB (V ) is given
by,31a

V Å ( Vi Å V (CH|CH) / 2[V (CH2) ]

Å 60.65 cm3/mol.

dHTPB Å (18580/60.65)1/2 Å 17.5 J1/2 /cm3/2

For toluene,31b

dtoluene Å 18.1 J1/2 /cm3/2

and

Vs Å 106.3 cm3/mol

From all these values, the interaction parameter Figure 1 Typical IR spectrum of (a) HTPB and (b)
‘‘x’’ for HTPB was calculated using eq. (4). partially acetylated HTPB.

x Å 0.355
can occur selectively on G , H , or V hydroxyl
groups. In this case it is expected that the moreThe values of interaction parameters for different
reactive among the three OH groups will be ace-acetylated samples were calculated by substitut-
tylated to a greater extent.ing V2 and Vs values in eq. (4). From this the

crosslink density and molecular weight (Mc ) be-
tween crosslinks of various compositions were cal- Characterization of Partially Acetylated HTPBs
culated.

The introduction of acetyl groups in HTPB was
confirmed by spectroscopic and chemical methods.
The IR spectra of the acetylated samples wereRESULTS AND DISCUSSION
similar to that of HTPB with an additional ab-
sorption band at 1740 cm01 due to the acetylPreparation of Partially Acetylated HTPB
group, which was found to increase with the ex-
tent of acetylation. Figure 1 (a) and 1 (b) repre-Two different methods were adopted for the par-

tial acetylation of HTPB. Acetylation using highly sent typical IR spectra of HTPB and partially ace-
tylated HTPB, respectively.reactive acetyl chloride in presence of NMI cata-

lyst is designated as the fast method or random Acetylation of HTPB to different extents by the
two methods was confirmed by estimating the hy-method. In this case the reaction will be very fast

and the G , H , and V hydroxyl groups can get ace- droxyl and ester values of the samples. Table I
shows the chemical analysis values of HTPB andtylated in a random way. Acetylation using slow

reacting acetic anhydride at 607C is described as partially acetylated samples. An increase in
equivalent weight and decrease in average func-‘‘slow reaction’’ or ‘‘selective reaction.’’ Here reac-

tion conditions are made slow so that acetylation tionality ( fn Å molecular weight/equivalent
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EFFECT OF HTPB ON MECHANICAL PROPERTIES 1317

Table I Characteristics of HTPB and Acetylated Samples

Fast/Random method Slow/Selective method

Sample HTPB 10% AC 20% AC 10% AA 20% AA

OH value
(mg KOH/g) 41.3 39.0 34.9 37.6 32.0

Ester value
(mg KOH/g) 0 3.3 7.6 3.4 8.0

OH Eq.wt 1358 1438 1607 1492 1753
Mn (GPC) 3070 2990 3240 2830 2760
Mw (GPC) 10410 11660 10350 9640 10520
d Å Mw/Mn 3.4 3.8 3.2 3.4 3.8
fn 2.2 2.1 2.0 1.9 1.6

weight) was observed with increase in the extent fectly separated into two groups, each group again
separated into four peaks. Of these, the peaks atof acetylation (corresponding reduction in the

number of OH groups). Molecular weight values high field (between 3.45 and 3.55) are attributed
to the absorption of a terminal —V —VOH and thewere almost the same within experimental error.

Analysis of the 1H-NMR spectra enabled the other peaks located at a lower field (between 3.65
ppm and 3.45 ppm) to the absorption of a terminaldetermination of different types of hydroxyl

groups present in the samples. A typical 1H-NMR diad —(1,4) —VOH.
Thus, the relative proportions of G , H , and Vspectrum of HTPB recorded at 400 MHz is shown

in Figure 2. The spectra contain small resonances hydroxyl groups can be estimated from the inten-
sities of their resonances at d Å 4.21, 4.12, and 3.5at d Å 4.22, 4.12, and 3.5 ppm, which are attrib-

uted by Pham et al.16,17 to the carbon bonded pro- ppm, respectively. The intensities of OH functions
present in different samples are normalized ac-tons of primary alcohol and are described as gera-

niol type (G ) , hexene-2-1 type (H ) , and vinyl type cording to the ester content present in each sam-
ple. The reason for taking the ester values of the(V ) with the following structures:
samples as the standard for finding the extent of
acetylation was due to the easy and sharp end-
point determination of ester content by chemical{C{

x

CH{CH2OH
analysis. In the analysis of OH groups by acetyla-
tion, the endpoint determination was difficult due

(G )

CH2{CH|CH{CH2OH
(H )

{CH{CH2OH
w

CH|CH2

(V )

A magnification of the resonances of methylene
groups carrying the hydroxyl functions is repre-
sented in Figure 3, which shows that the three
OH regions are well separated in the 1H-NMR
spectrum. The doublet resonance showed by the
G-type OH (GOH) is attributed17 to the difference
in the nature of 1,2 or 1,4 butadiene adjacent to
it. In Figure 3, vinyl OH (VOH) absorption is found

Figure 2 Typical 1H-NMR spectrum of FR-HTPB.to spread between 3.65 ppm and 3.45 ppm, per-
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1318 PANICKER AND NINAN

ples acetylated to the same extent by the two
methods is different. This shows that the reactivi-
ties of the different OH functions vary with the
conditions adopted in their reaction. If all the
three functions reacted equally, the amount of G ,
H , and V hydroxyl remaining in the sample would
have been same as the expected values (calcu-
lated on the basis of 10% and 20% reduction uni-
formly for all the three types of hydroxyls) . Table
III gives the experimental and expected (theoreti-
cal) values, and the difference between the two.

From Table III the following observations can
be made: For the fast reaction condition, where
the reaction is believed to proceed in a random
manner, there is not much difference between the
expected and experimental values of the relative
amounts of the G-type of hydroxyls. In the case of
H-type hydroxyls, the extent of reaction is slightly
higher than the expected value for 20% AC (H-
type hydroxyls remaining lower by 2.8%). A corre-
sponding decrease is seen in the case of V-type
hydroxyls. However, the magnitude of the differ-
ence is not significant enough (approximately
10% with respect to the expected value) to clearly
conclude that H hydroxyl is more reactive than V
hydroxyl under fast reaction conditions.

Figure 3 Typical 1H-NMR spectrum of FR-HTPB However, the situation is different when we go
showing magnification of OH resonances. to the slow reaction conditions. For 20% AA, the

G-type has reacted more than the expected
amount (30% with reference to the theoreticalto the formation of emulsion. The percentage con-
value). The corresponding decrease in conversionversion to the acetyl derivative, based on the ester
is for the V -type, while there is no major changevalues, came close to the nominal values and
in the case of the H-type. From this we can con-hence the latter was used for the subsequent cal-
clude that the reactivity is in the order G ú Hculation of normalization of NMR peak intensi-
ú V for the slow reaction. Under the conditions ofties. The normalized peak intensities of different
acetylation by acetic anhydride, the reaction ishydroxyl functions present in HTPB and partially
slow enough to be selective, so that the change inacetylated samples are given in Table II.
reactivity of the hydroxyl groups is reflected inTable II shows a steady decrease in the quan-
the extent of their conversion. However, when thetity of different hydroxyl groups as the extent of
reaction is very rapid, as in the case of NMI-cata-acetylation increases. However, the amount of G ,

H , and V hydroxyl groups remaining in the sam- lyzed acetylation with acetyl chloride, the reaction

Table II Quantities (%) of the Hydroxyls Present in HTPB and Partially
Acetylated Samples by 1H-NMR

Fast/Random method Slow/Selective method

HTPB 10% AC 20% AC 10% AA 20% AA

% of Acetylation — 8 19 9 20
GOH (4.2 ppm) 21.6 20.1 16.6 18.7 12.2
HOH (4.1 ppm) 39.3 35.9 28.6 34.6 30.3
VOH (3.5 ppm) 39.1 34.0 34.6 36.7 37.5
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Table III Theoretical and Observed Amount (%) of Different Hydroxyl
Groups in Partially Acetylated Samples

Fast/Random method Slow/Selective method

10% AC 20% AC 10% AA 20% AA

GOH (4.2 ppm)
Theoretical 19.5 17.3 19.5 17.3
Experimental 20.1 16.8 18.7 12.2
Difference 00.6 /0.5 /0.8 /5.1

HOH (4.1 ppm)
Theoretical 35.4 31.4 35.4 31.4
Experimental 35.9 28.6 34.6 30.3
Difference 00.5 /2.8 /0.8 /1.1

VOH (3.5 ppm)
Theoretical 35.2 31.3 35.2 31.3
Experimental 34.0 34.6 36.7 37.5
Difference /1.2 03.3 01.5 06.2

becomes random and the reactivity of the individ- chanical properties and swelling properties of the
cured products obtained are given in Table IV.ual types of hydroxyl groups does not play a major

role so that all three types of hydroxyls react Even though the samples are equally ace-
tylated, the mechanical properties of the curednearly to the same extent. Thus, in reality, the

reactivity of the three types of hydroxyls are in products vary considerably. Among the three
types of OH present, G is branched and H and Vthe order G ú H ú V . This is in agreement with

the results obtained by Descheres and Pham20 are terminal. In a crosslinking reaction G contri-
butes to the crosslinking, whereas H and V act aswho came to the same conclusion from their stud-

ies on the rate constants of the reaction of the chain extenders only. Therefore, samples con-
taining a higher proportion of the G-type willthree types of hydroxyls in HTPB (Arco R-45M)

with isocyanate. show higher tensile strength. The 10% acetylated
sample, obtained from the random method (10%The lower reactivity of V in comparison to the

G- and H-types is probably due to the steric hin- AC), which contains a higher percentage of GOH,
showed better mechanical properties compared todrance of the vinyl branches in a-position of hy-

droxylated ends. The acetylated samples were the 10% acetylated sample prepared from the se-
lective reaction method (10% AA). Since morecured using a difunctional curative TDI. The me-

Table IV Mechanical and Swelling Properties of the Cured Network

Fast/Random method Slow/Selective method

HTPB 10% AC 20% AC 10% AA 20% AA

Tensile strength
(kg/cm2) 8.9 7.0 4.5 5.5 3.1

Elongation (%) 320 500 675 326 590
Modulus (kg/cm2) 4.3 2.2 1.5 1.8 0.9
Hardness 40 30 15 25 10
Crosslink density

(ne 1 1004) 1.83 0.91 0.60 0.78 0.35
Mol. wt. between

crosslinks (Mc) 5280 10900 16200 12300 26700
Swell ratio (Q) 3.5 5.3 6.6 5.7 8.8
Volume fraction

of the polymer 0.21 0.15 0.12 0.14 0.09
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