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Proton magnetic resonance thermal analysis (PMRTA)
has been proven to be a convenient yet powerful tool for
detecting molecular mobility as a function of temperature
for a hydrogen-containing organic and polymeric material
( /-3). This technique essentially records the proton magnetic
resonance ('H NMR ) spin-spin relaxation signal of a sample
at various temperatures. The signal decays rapidly for rigidly
bound molecules, but more slowly as molecular mobility is
acquired, usually with an associated shift in signal shape from
the exponential type to the Gaussian type.

A curve-fitting technique can be employed to obtain the
relaxation time constants to quantitatively assess molecular
mobility of a sample. However, it is a time-consuming pro-
cess when a signal consists of more than two components
(the exponential and Gaussian components) so that more
than four variables (two intensities and two time constants)
are involved, and no satisfactory unique fitting can be an-
ticipated. Also four parameters rather than one make a com-
parison of the mobility difficult in practice.

This fact has led Lynch et al. (1-3) to develop a linearized
truncated second-moment parameter to assess the molecular
mobility of a material. In this approach, a time-domain re-
laxation signal is Fourier transformed to obtain the frequency
spectrum of the signal, from which the moment parameter
is computed at a certain truncation frequency (/). Trun-
cation of the frequency spectrum is necessary because the
second moment for the exponential component in a relax-
ation signal diverges. However, this parameter, which de-
creases with increasing molecular mobility for a certain
truncation frequency, i1s useful for practical purposes.

It will be shown in the following that the normalized signal
area itself, i.e., the area encompassed by a relaxation signal
and the intensity axis and zero line of the signal divided by
the initial intensity of the signal, could be a quantitative
measure of molecular mobility. It is clear from Fig. | that a
slowly decaying signal will have a larger normalized signal
area, and a rapidly decaying signal a smaller area. This phe-

* Present address: CSIRO Division of Wool Technology, P.O. Box 21.
Belmont, Victoria 3216, Australia.

1064-1866/94 $6.00 296

Copyright € 1994 by Academic Press, Inc.
All rights of reproduction in any form reserved.

nomenal observation can be verified by the following theo-
retical derivation,

Assuming that a relaxation signal consists of exponential
and Gaussian components, one writes the signal, /(7), as

1(()=Igexp(~;lz—c)+lgexp(—(—47~:;;:§g-). [11
where /! and /] are the initial signal intensities of the ex-
ponential and Gaussian components, 7. and 7y, are the
NMR spin-spin relaxation time constants of the exponential
and Gaussian components, and / is the time. Note that the
time constant in the Gaussian component is defined slightly
differently from that in the literature, in which the time con-
stant is defined to be either (?/(273;) or 13/(73,) (4. 5).

Integrating Eq. [1] from ¢ = 0 to infinity results in the
signal area. S, which in turn leads to the normalized signal
area, s, by dividing S by the initial signal intensity, /° (/° =
12+ 19):
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Equation [2] shows that the normalized signal area rep-
resents a weight-averaged relaxation time constant of the
signal, 7,, if the constant of the Gaussian component is de-
fined according to Eq. [1]. Thus, this parameter should reflect
a weight-averaged molecular mobility of a material exam-
ined.

A complicated relaxation signal resulting from a hetero-
geneous material may be very often found to consist of not
only the exponential and Gaussian components but also
other Weibull components. Yet a more complicated signal
could also contain various subcomponents with different
time constants for each component. Too many parameters
actually invalidate the curve-fitting technique in practice.

Assuming that an NMR signal consists of N, relaxation
components and N(/) relaxation subcomponents for each
component (/ = 1, 2, ..., N.), one writes the signal
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Relaxation signals of A240 petroleum pitch at various temper-
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where /¢, and 75, ; represent the initial intensity and relax-
ation time constant of the signal for subcomponent j of com-
ponent i, and n(/) is the Weibull function coefficient of
component i. When n(i) = | or n(i) = 2, the exponential
or Gaussian component is obtained. The symbol T' denotes
the gamma function (I'(2) = 1, T*(3/2) = n/4- - -).

Integrating Eq. [3] from ¢ = 0 to infinity and dividing the
integrand by the total initial intensity, 7°, results in the nor-
malized signal area (see Appendix):

(5]

Equation [5] shows definitely that the normalized signal area
is always equal to the weight-averaged relaxation time con-
stant if the time constants in each of the relaxation com-
ponents are defined according to Eq. [3].

A commercial-grade petroleum pitch (A240) of 125°C
nominal Mettler softening point was emploved for experi-
mental demonstration. A pitch, consisting of a larger number
of different polycyclic aromatic hydrocarbon molecules, is
highly irregular and polydisperse in its chemical composition,
molecular weight, and molecular structure, and therefore is
a typical amorphous material.

About 600 mg of dried pitch was packed into a glass NMR
tube. The PMRTA minispectrometer system used for the
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measurements was equipped for temperature-regulated
heating of the specimen and interfaced to a personal com-
puter for system control and data acquisition. storage, and
processing. The 'H NMR signals were recorded as a sample
was warmed at 2°C/min from room temperature under a
nitrogen atmosphere.

Figure 1 shows three NMR spin-spin relaxation signals
of A240 at 41, 78, and 111°C. It can be seen from the figure
that the signal area, and therefore the molecular mobility of
the sample, increases at higher temperatures. By simply in-
tegrating the signals, one obtains the normalized signal area
equal to the weight-averaged relaxation time constant, and
hence the weight-averaged molecular mobility of the sample,
as shown in Fig. 2.

The signal area kept a constant value around 15 us, and
was seen to increase as the temperature rose above 60°C,
which was the glass transition temperature of A240 according
to the differential scanning calorimeter measurement, re-
flecting that the ““frozen™ molecular segments of the specimen
acquired mobility above its glass temperature. The signal
area showed further increase to around 1000 us as the tem-
perature rose over 180°C. The specimen was completely fluid
at these temperatures. It was also found that the value of
120 us can be used to determine the softening temperature
of the specimen, so that a softening temperature consistent
with the nominal value. which was determined using an
ASTM method, could be obtained. This is to say that when
the value of the weight-averaged time constant reaches 120
us, molecules of a specimen become so mobile that the spec-
imen turns to a fluid from a solid at the softening point.

The normalized-signal-area parameter is simple in con-
cept, and can be computed in real time as the signal is re-
corded. Another feature of this parameter is that high-fre-
quency noise of a signal has little effect on the signal area
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FIG. 2. Temperature variation of the weight-averaged time constant
for A240.
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since the noise will cancel on integrating the signal area, IR S Y .
suggesting that no additional data treatment is required. - Z. Z. T(1/n(i) + 1) L1 /n(i) +1)
In conclusion, it has been found that the normalized signal R
area represents a weight-averaged spin-spin relaxation time Ne N
constant which in turn represents the weight-averaged flu- = 1?75 .
idity /molecular mobility of a material. =1 =1
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