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ABSTRACT: Hydroxyl-terminated polybutadiene, HTPB, carbon-13 spin—Ilattice(T;) and nuclear Over-
hauser effect (NOE) relaxations data, obtained as a function of temperature (—50 to +70 °C), in CDCls,
suggest that a log x? distribution model is the most appropriate, in describing HTPB chain segmental
motions. The local segmental motions are the major sources of relaxations, for the HTPB protonated
carbons. The relaxation data show the chain segmental motions taking place in very short time intervals
(on the order of tenth of a nanosecond). The activation energies of such conversions, from one conformer

to another, are found to be on the order of Kilojoules.

Introduction

Hydroxyl-terminated polybutadiene, HTPB, is used
extensively as a polymeric binder and is of considerable
interest.1=2 Recently, efforts are devoted to the study
of dynamics of such polymers.3~10 This is often done
through the determination of 13C NMR relaxation
parameters.11=32 The main advantage of this spectro-
scopic technique is providing a detailed analysis of
molecular motions at the atomic levels. Several reviews
are available which describe the various models devel-
oped for the interpretation of nuclear spin relaxation
data of polymers.33—35 As a model for molecular motion,
the asymmetric log x? distribution is useful at describing
and quantifying the dynamics of polymers and polymer
solutions.?6=42 The goal of this research is to obtain
insights into the chain local motions of HTPB. Hence,
the measurements, of the variable temperature (—50 to
+70 °C) 13C relaxation parameters of HTPB in CDCl;
are presented. The relaxation data are interpreted in
terms of chain local motions. This is using three
dynamic models: (1) random isotropic tumbling, (2) log
%2 distribution, and (3) modified log x? distribution
model. Among these, the log y? distribution of Schaefers3®
appears to be the most appropriate in describing the
chain segmental motions of HTPB.

Theoretical Background

13C spin—Ilattice relaxation times, T, and nuclear
Overhauser effects, NOE, are often used for studying
the molecular dynamics of polymer chains.2=42 These
relaxations often arise from intermolecular dipole—
dipole interactions. Practically for 13C relaxations, only
BC—1H nuclear dipoles are considered. T; and NOE
obtained from a 13C NMR experiment can be expressed
as follows?13:31

%1 = NQ[J(wy — wc) + 3I(we) + 6J(wy + w)]
1)
NOE =1 + TH 6J(wy + wc) — Hwy — wg)

Ve| Iy — wc) + 3I(we) + 6I(wy + wc)
@)
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yc and yy are the magnetogyric ratios of 3C and 'H
nuclei, respectively. uo is the vacuum magnetic perme-
ability. A equals h/2x, where h is Planck’s constant. N
is the number of protons. rcy is the 3C—H distance.
wc and oy are 133C and !'H resonance frequencies,
respectively. J(w) is the spectral density function defined
by:

I = [T GHe dt @)

This is obtained by the Fourier transformation of the
correlation function, G(t), derived on the basis of specific
models for polymer motions.*

The three motional models considered in this manu-
script are as follows.

(1) Random Isotropic Tumbling Model. The ro-
tational correlation time, 7c, may be approximately
considered as the time required for the 13C-1H vector to
move through one radian. In the simple random isotro-
pic tumbling model, the correlation function G(t), is a
single-exponential function decaying with z¢:

G(t) = exp(—t/rc) (5)
Substitution of eq 5 into eq 4 and integration yields

Tc

Jw)=—
i

(6)

(2) The log x? Distribution Model. The log »?
distribution model, is reported by Schaefer.3¢ It is very
useful in describing and quantifying the dynamics of
polymers and polymer solutions.11:33:36=42 Accordingly,
the spectral density function, appearing in T; and NOE
equations, is expressed in terms of a correlation time
distribution. This is described by two parameters: p
(width of the distribution) and 7 (mean correlation time
of the distribution). These occur in the spectral density
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Figure 1. 25 MHz 3C NMR spectrum of 30% (w/v) hydroxyl-terminated polybutadiene (HTPB) in CDCl; (with peak assignments)

at room-temperature recorded by Bruker AC100 FTNMR.

function given by?3¢

7G(s)(b° — 1) ds

)= [ 1 )
(b—Db+w%%b_1H
where
G@)ds=f%5fo*%*mpds ®)

This is a normalized distribution function. I'(p) is the
gamma function of p and represents a normalization
factor. Sis equal to logy[1 + (b — 1)zc]. b is set at 1000.
7 and p are calculated from experimental values of T,
and NOE.

(3) Modified log y? Distribution Model. O'Connor
and Blum!1204142 state that the use of the log y?
distribution may occasionally yield parameters which
should not be compared from one system to another.
They suggest that for some cases, a proper comparison
can be made with the application of a correction factor.
Also, the parameter 7, previously interpreted as the
mean correlation time,*! is considered not to be the true
mean but rather a scaling factor which can be related
to the true mean as follows:

by
d=f('°_g”# ©

fmo
where Tmog is correlation time. This is according to the
modified log x? distribution. 7 is the correlation time on

the basis of the original log %2> model.

Experimental Section

Materials. The HTPB sample used in this study is obtained
from Aldrich, with M, = 2900, My, = 6100, functionality = 2.0,
Dy, = 53, [] = 1.6 dL/g at 25 °C, and cis/trans/vinyl ratio =
20/60/20.

NMR Experiments. The polymer is studied at 30% w/v in
CDCls. A relatively high concentration of the polymer is used
in order to achieve a better signal/noise (S/N) ratio. T, and
NOE values are measured using JEOL JNM-EX90A spec-
trometer operating at 22.6 MHz for the carbon nucleus. The
sample temperature is regulated to +1 °C. Protons are

decoupled throughout *C NMR experiments. To obtain a
higher degree of precision, flip angle calibration is done. At
22.6 MHz the pulse width of 90° is found to be 10 us. All NMR
experiments are performed on undegassed samples.

The standard inversion recovery method (PD—n—t—a/2—
AT), is used for 13C—T; measurements. This is with a pulse
delay time, PD, longer than 5 times of the highest T1. An initial
estimate of the T, values is obtained from preliminary experi-
ments. The data acquisition time, is kept constant at 1 s. A
total of 50 transients are accumulated for each set of 13
arrayed 7 values. These range from 0.001 to 20 s. Values of Ty
obtained have an rms uncertainty of less than 5%.

NOE relaxations are measured by the comparison of 3C
signal intensities of NOE retained vs. NOE suppressed spectra.
Pulse delays of 10 times T; are employed. Each NOE value is
an average of two different measurements. All the relaxation
data, T; and NOE, are measured as a function of temperature
in the range of —50 to +70 °C. These are with 10 °C
increments.

Numerical Analysis. A Turbo Pascal program is written
for this study which includes: isotropic, log ¥?> and modified
log %2 motional models.?*® Inputs of this program are experi-
mental T, and NOE values. Outputs include: ¢, 7, Tmod, P,
Ti(calculated), and NOE(calculated). Minimum relative devia-
tion between T;(observed) vs. T;(calculated) as well as NOE-
(observed) vs NOE(calculated) is set at 1% of the corresponding
values.

Results

The 13C NMR spectrum of HTPB, along with its peak
assignments, is illustrated in Figure 1. The experimen-
tal 13C T; and 13C{!H} NOE values of HTPB, as a
function of temperature, are listed in Table 1. The
calculated activation energies for reorientation of HTPB
carbon atoms via three dynamic models: isotropic
tumbling, log x? distribution and modified log »? distri-
bution are summarized in Table 2. An inversion recov-
ery (180—7—90) stacked plot of HTPB is shown in Figure
2. This is just a sample (out of 2 x 13 obtained). Plots
of experimental 3C T; and 13C{!H} NOE values of
protonated carbons of HTPB, as a function of temper-
ature, are shown in Figure 3. Logarithms of correlation
times as a function of temperature are presented in
Figure 4 which is used for E, calculations. These are
calculated using: (@) isotropic tumbling model, z., (b)
log %2 distribution model, 7, and (c) modified log x?
distribution model, 7mog . Calculated p values for pro-
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Figure 2. Sample inversion recovery *C NMR spectra of 30% (w/v) hydroxyl-terminated polybutadiene (HTPB) in CDCl; recorded

by 22.6 MHz JEOL EX90 FTNMR.

Table 1. 13C Spin—Lattice Relaxation Times (T1, ms) and NOE Values (in Parentheses) of Protonated Carbons of HTPB
in CDCIl3 as a Function of Temperature in a 22.63 MHz Magnetic Field

BC NMR
a

T1, ms (NOE)

peak
(ppm) —50°C —40°C -—-30°C —20°C -10°C 0°C

10°C 20°C 30°C 40 °C 50 °C 60 °C 70°C

A (142.2) 172 (2.33) 180 (2.24) 185 (2.26) 199 (2.29) 229 (2.34) 244 (2.40) 364 (2.50) 612 (2.61) 807 (2.72) 1067 (2.81) 1240 (2.82) 1405 (2.86) 1550 (2.89)
B (129.6) 169 (2.02) 175 (2.04) 183 (2.07) 198 (2.11) 225 (2.15) 257 (2.21) 356 (2.38) 583 (2.57) 775 (2.69) 877 (2.73) 1150 (2.78) 1280 (2.81) 1395 (2.84)
C (129.1) 149 (1.94) 163 (1.97) 178 (2.00) 197 (2.04) 219 (2.09) 236 (2.15) 312 (2.30) 548 (2.46) 657 (2.48) 863 (2.62) 973 (2.65) 1080 (2.67) 1210 (2.71)
D (114.1) 68(2.01) 75(2.04) 83(2.06) 92 (2.11) 103 (2.17) 115 (2.26) 138 (2.45) 208 (2.60) 258 (2.82) 434 (2.95) 486 (2.96) 565 (2.97) 670 (2.97)

E (43.2)
F (37.9)

64 (1.91) 69(1.92) 75(1.97) 83(2.03) 90 (2.08) 99 (2.16) 208 (2.29) 353 (2.48) 349 (2.41) 441 (2.42) 587 (2.43) 692 (2.45) 808 (2.46)
36 (2.21) 37(222) 39(2.23) 42(2.25) 44 (2.39) 47(2.42) 95(2.44) 156 (2.55) 178 (2.57) 200 (2.61) 299 (2.66) 401 (2.69) 529 (2.72)

G (32.4) 107 (2.02) 109 (2.05) 114 (2.10) 118 (2.16) 121 (2.24) 126 (2.32) 175 (2.42) 276 (2.56) 338 (2.58) 457 (2.62) 549 (2.63) 672 (2.65) 835 (2.67)
H (27.2) 149 (2.27) 153 (2.28) 156 (2.29) 160 (2.30) 165 (2.31) 172 (2.33) 234 (2.34) 362 (2.43) 544 (2.57) 635 (2.59) 790 (2.66) 905 (2.69) 1180 (2.73)

a See Figure 1.

Table 2. Activation Energies of Protonated Carbons of
HTPB Calculated from 3C NMR Relaxation Data by
Three Dynamic Models: Isotropic Tumbling, log x?

Distribution and Modified log x? Distribution

Ea (kJd/mol)

13C NMR isotropic log x? modified log »?
peak? (ppm) tumbling distribution distribution
A (142.2) 13.60 14.89 39.14

B (129.6) 12.99 15.92 55.41

C (129.1) 12.53 23.22 93.80

D (114.1) 13.02 12.31 73.16

E (43.2) 15.20 35.76 33.34

F (37.9) 15.33 25.52 17.36

G (32.4) 11.75 15.90 79.21

H (27.2) 11.89 13.22 59.56

a See Figure 1.

tonated carbons of HTPB, as a function of temperature,
are shown in Figure 5.

Discussion

In modeling the dynamics of HTPB, two types of
motions are considered: (a) the overall tumbling of the
entire chain, or large segments of HTPB, and (b)
segmental backbone rearrangements.

These sources of motional behavior are assumed to
be independent. Thereupon, the composite autocorre-
lation functions are written as a product of the correla-
tion functions associated with each motion. The follow-

ing equation states the contribution of each of these
motions:

1_1 1

Thet Toverall Tlocal

(10)

where toveran corresponds to the overall tumbling of the
entire chain or large segments of HTPB. 7j0ca accords
to segmental backbone rearrangements. 7net COrresponds
to the sum of all polymer motions. The correlation time,
Toverall, fOr HTPB can be estimated from the following
hydrodynamic equation*

2M[nln,

Toverall — SR—T

(11)

where M is the molecular weight of HTPB. [#] is the
intrinsic viscosity of the polymer solution in a given
solvent with viscosity 7,. R the is gas constant. T is the
absolute temperature. The viscosity of CDCI; at the
room temperature is 0.54 cP. Hence, toveran 0f 14.2 nNs is
obtained for HTPB. On the other hand, correlation
times, Ti0cal, are found to be on the order of tenth of a
nanosecond. Then 7toeran IS between a hundred to a
thousand times larger than tjocq. Therefore, 1/toveran,
compared to 1/tiocal, is Negligible. This converts eq 10 to
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Figure 3. Experimental spin—lattice relaxation times, T; (a), and NOE values (b) of protonated carbons of HTPB, as a function

of temperature.

the following equation:
Thet = Tjocal (12)

Hence, the overall motions of HTPB are much slower
than the chain local motions and the former make
negligible contributions to the relaxations of the back-
bone carbons. Therefore, relaxations and dynamics of
HTPB may well be attributed to its local segmental
motions.

The following conclusions are obtained through the
measurements of temperature-dependent T; and NOE
relaxations and their corresponding correlation times.

The longest 13C T; value measured for HTPB is 2 s.
This corresponds to the terminal methylene units of the
polymer (63 ppm, Figure 1). The resonances of these
units are so weak to obtain NOE data of any signifi-
cance! Hence, calculations of its correlation times are
merely possible through random isotropic tumbling
model. This gives a ¢ of 12 ps. Therefore, existences of
strong intermolecular hydrogen bonds between polymer
molecules appear less likely. Also, terminal methylenes
seem to have a much higher motional freedom than
those in typical alcohols and similar diols with shorter
chains.

Olefinic vinyl methylenes, show a low T value (peak
D, Table 1). A higher degree of freedom of motion is
typically assumed for peripheral units. On this basis,

one expects a higher value of T; for olefinic vinyl
methylenes. Contrary to such expectations, low T;
values are observed! This is demonstrated by the low
activation energy of 12.31 kJ/mol obtained, via the log
¥2 model (peak D, Table 2). This is the lowest activation
energy encountered through this model.

Observed T; order for aliphatic methylenes is cis >
trans > vinyl. The order of corresponding correlation
times is cis < trans < vinyl. These are calculated using
the three dynamic models. Meanwhile, the calculated
activation energy order is Ea—cis < Ea—trans< Ea—viny1. This
is obtained using log y? distribution model. On the basis
of these orders, one may conclude that concentration
increase of vinyl form in the polymer reduces its
mobility which induces its hardness and crystallinity
while lowers its solubility. On the other hand, increase
of the cis form in the polymer may increase its mobility,
and consequently elasticity, softness and solubility.*>

The ratio of average T, values of the CH and CH>
groups, T1(CH)/ T1(CHy,), is about 1.77 (Table 1). This
value is different from 2, which is expected on the basis
of the number of directly bonded protons. However, it
is within the experimental error. On the other hand,
the experimentally observed 13C{1H} NOE values are
also less than the ideal value (2.988). These reduced
values suggest that segmental motions in HTPB are
anisotropic.
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Figure 4. Logarithms of correlation times of protonated carbons of HTPB as a function of temperature, calculated by (a) the
isotropic tumbling model, (b) the log »? distribution model and (c) the modified log »? distribution model.

T1 and NOE values decrease as the temperature is the relaxation minimum. Also, all the three dynamic
lowered. Hence, the segmental motions of the polymer models employed, suggest that correlation times de-
and T, values decrease at lower temperatures. This crease as the temperature is increased. This is consis-
means that the T1 minimum is lower than —50 °C and tent with the increase of segmental motions as T, or

implies that the polymer is on the fast motion side of temperature is increased. Hence, the conformational
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Figure 5. Calculated p as a function of temperature for protonated carbons of HTPB in accordance with the log »? distribution

model (eq 8).%¢

changes of HTPB take place at a high frequency and
speed while encountering low energy barriers. The
magnitude of 7 is on the order of tenth of a nanosecond.
Those of E, are found to be in the range of kilojoules.
The same ranges and trends of activation energies are
reported for a different polybutadiene.*® Calculated 7
values are rather small. This is consistent with the 7ica
< Toverall @SSUMption.

Changes of the correlation times of the random
isotropic tumbling vs temperature give a linear slope
(Figure 4). This indicates that the random isotropic
tumbling model shows similar activating energies for
all the HTPB units. On the other hand, the modified
log x¥?> model of O'Connor and Blum?! gives a rather
exaggerating calculated values of E, (Table 2). There-
fore, the log %2 distribution of Schaefer3! appears to
provide a more logical model for this case. Calculated p
values increase as a function of temperature (Figure 5).
A higher value of p is an indication of a higher degree
of freedom. This justifies the observed dependence of p
on temperature.

As NOE reaches its theoretical maximum value of
NOEmax = 2.988, all dynamic models are expected to
calculate similar correlation times. Nevertheless, the log
»? distribution fails to meet such expectation. O’'Connor
and Blum’s model of modified log x? distributions
somehow overcomes the above discrepancy. However,
at the vicinity of p = In b (here p = 6.9) such calculations
give unreasonable results (eq 9), while at p < 6.9, this
model appears unapplicable.

Moreover, Tmog goes to 7 as p is increased. It is
noteworthy that the log 2 distribution model of Schaefer
successfully describes dynamics of HTPB at the reduced
NOE values. In short, it can be concluded that the log
%% model of Schaefer is more successful in describing
the dynamics of HTPB at reduced values of NOE,
whereas the O'Connor and Blum model appears to offer
a better description of HTPB dynamics at the NOE
values that are close to the theoretical maxima.

Conclusions

T, and NOE relaxations are measured for HTPB. This
is done as a function of temperature (—50 to +70 °C),
in CDCls. The relaxation data are interpreted in terms
of chain local motions, using three dynamic models: (1)
random isotropic tumbling, (2) log %2 distribution, and
(3) modified log y?distribution models. Among these, the

log x? distribution model appears to be the most ap-
propriate to describe the chain segmental motions of
HTPB.
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