
ICR Annual Report, Vol. 7, 200028

One- and Two-Dimensional CP/MAS 13C NMR Analyses of

Dynamics in Poly(2-hydroxypropyl ether of bisphenol-A)
Hironori Kaji, Toshihiro Tai and Fumitaka Horii

Guest Scholar:
HU, Shaohua (Ph.D)
Students:
ISHIDA, Hiroyuki (DC)
MASUDA, Kenji (DC)
MURAKAMI, Miwa (DC)
MAEKAWA, Yasushi (MC)
YAMADA, Shusaku (MC)
FUKE, Kazunori (MC)
NAKAMURA, Hisako (MC)
FUJII, Shigekatsu (UG)
MIZUNO, Megumi (UG)
YANO, Tatsuya (UG)
KOJIMA, Makoto (RF)
SIRASAKA, Hitoshi (RF)

Prof
HORII

Fumitaka
(D Eng)

Assoc Prof
TSUNASHIMA

Yoshisuke
(D Eng)

Instr
KAJI

Hironori
(D Eng)

Assoc Instr
HIRAI
Asako

(D Eng)

Techn
OHMINE

Kyoko

Scope of Research
The research activities in this subdivision cover structural studies and molecular motion analyses of polymers and related low
molecular weight compounds in the crystalline, glassy, liquid crystalline, solution, and frozen solution states by high-resolution
solid-state NMR, dynamic light scattering, electron microscopy, X-ray diffractometry, and so on, in order to obtain basic
theories for the development of high-performance polymer materials. The processes of biosynthesis, crystallization, and higher-
ordered structure formation are also studied for bacterial cellulose.

Poly(2-hydroxypropyl ether of bisphenol-A), known
as phenoxy resin (PHR), is an amorphous linear polymer
and the structure and dynamics have been studied by X-
ray diffraction [1], mechanical relaxation [2], and solid-
state NMR [3].  Although three relaxations are observed
between –100 and –40 ºC, between 20 and 40 ºC, and
between 70 and 100 ºC on mechanical relaxation experi-
ments, the molecular origins have not been well under-
stood.  In this article, we investigate the dynamics of PHR
by analyzing one- and two-dimensional CP/MAS 13C
NMR spectra.

PHR films (Union Carbide, grade PKHJ) were prepared
by being hot-pressed at 160 ºC under 100 kg cm-2,
quenched in ice-water, and dried at room temperature
under vacuum for three days.  Solid-state 13C NMR mea-
surements were conducted on a Chemagnetics CMX-400
spectrometer operating under a static magnetic field of
9.4 T.  The glass transition temperature (Tg) determined

The dynamics of amorphous poly(2-hydroxypropyl ether of bisphenol-A) (PHR), quenched from the
melt, has been investigated by one- and two-dimensional solid-state 13C NMR spectroscopy.  CP/MAS
13C NMR spectra from –150 to 180 ºC give two specific features: (1) below 23 ºC, resonance lines for C-
H carbons of phenylene rings split into two lines; (2) linewidths of resonance lines become broad at 20
- 50 ºC above the glass transition temperature.  The feature (1) indicates that phenylene C-H carbons
exist in chemically different two sites at low temperatures.  These two sites are probably associated with
OH … 

� hydrogen bond formation.  The coalescence of the resonance lines at elevated temperatures is
caused by �  flip motion of phenylene rings, which corresponds to the � relaxation for PHR.  The
correlation time of the � flip motion is analyzed by the two-site exchange model, and is found to follow
the Arrhenius equation.  The apparent activation energy is 51 kJ mol-1 by assuming an inhomogeneous
correlation time distribution described by a Kohlrausch-Williams-Watts (KWW) function with an expo-
nent of 0.2.  The feature (2) is caused by the so-called motional broadening, which is originated by
enhanced segmental motions.  This dynamics corresponds to the � relaxation for PHR and can be
described by William-Landel-Ferry (WLF) equation.  Two-dimensional CP/MAS 13C exchange NMR
experiments confirm the existence of flip angle distribution as well as the distribution of correlation
times of phenylene ring � flip motion with a KWW exponent of 0.2.
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by DSC measurements was 80 ºC.  No other obvious exo-
thermic and endothermic peaks were observed between –
100 and 200 ºC.

Figure 1 shows CP/MAS 13C NMR spectra of PHR
ranging from –150 to 180 ºC.  We can find two interest-
ing features.  One feature is that the resonance lines for
C-H carbons of phenylene rings split into two resonance
lines at -150 ºC.  This indicates that the phenylene C-H
carbons exist in chemically different two sites at low tem-
peratures, which would be caused by an OH … 

� hydro-
gen bond [4] between the hydroxyl group and the phe-
nylene ring.  The coalescence of the resonance lines with
increasing temperature is originated from phenylene ring
�-flip motion.  The correlation time of the �-flip motion,
whose temperature range corresponds to the mechanical
� relaxation, is determined by using the two-site exchange
model [5].   For the analysis, the correlation time distri-
bution with a Kohlrausch-Williams-Watts (KWW) func-
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tion with an exponent of � = 0.2 as well as the flip angle
distribution, quantified from the following 2D MAS ex-
change experiments, are applied.  The result, shown by
closed squares in Figure 2, indicates that the Arrhenius
relation holds with the apparent activation energy, Ea, of
51 kJ mol-1.  This value agrees with the previously re-
ported Ea for the ��flip motion of phenylene groups for
several polymers with bisphenol-A residues, 48 - 56 kJ
mol-1 [3,6,7].  In contrast, the value of � = 0.2 is not con-
sistent with that of � = 0.6 for 2H NMR lineshape analy-
ses of �-flip motion in PHR [3].  However, the value of �
= 0.2 seems to be reasonable because mechanical relax-
ations and NMR line shape analyses of �-flip motion in
cured epoxy resins give � = 0.28 [8], and CSA lineshape
analyses of �-flip motion in PC gives � = 0.154 [6].

Figure 3 shows 2D CP/MAS 13C exchange NMR spec-
tra for the C4 and C5 carbons of PHR at –120 ºC.  While
only the diagonal peaks are observed for the mixing time
of 10 ms, the exchange signals are clearly observed in the
mixing time of 2.0 s.  The correlation time of the �-flip
motion at –120 ºC is analyzed by the mixing time depen-
dence of the exchange signal intensities, I(tm).  The ex-
perimental data cannot be explained by calculated I(tm)
curves with � = 1 or 0.6.  In contrast, the calculated I(tm)
curve with ��= 2.0 x 102 s and�� = 0.2 agree well with the
experimental data.  It is therefore found that the 2D CP/
MAS 13C exchange NMR experiments offer us quantita-
tive information on average correlation times and the
width of the correlation time distributions for respective
13C species.

The other feature in Figure 1 is that the linewidths be-
come broad at 20 – 50 ºC above Tg.  This is caused by the
modulation of MAS and 1H dipolar decoupling efficiency
by enhanced segmental motions [9], which correspond to
the � relaxation.

The correlation times are analyzed quantitatively from
the temperature dependence of the linewidth for each reso-
nance line by assuming the William-Landel-Ferry (WLF)
equation.  The temperature dependence of correlation
times thus obtained is also plotted in Figure 2 as closed
circles.  It is found that the temperature dependence of
the correlation time can be described by WLF equation
with typical parameters.

The correlation times at 90 and 120 ºC analyzed from
2D CP/MAS 13C exchange NMR experiments are also
shown in Figure 2. The dynamics of each 13C site can be
investigated by these simple 1D and 2D solid-state NMR
experiments, which are crucial methodology for the elu-
cidation of the origin of relaxations.
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Figure 1.  CP/MAS 13C NMR spectra of PHR at different tem-
peratures.

Figure 3. 2D CP/MAS 13C exchange spectra for C4 and C5
carbons of PHR in the glassy state at –120 ºC.

Figure 2.  The Arrhenius plot for the correlation time of motion
associated with the � and � relaxations of PHR.   : motional
broadening,  : 2D exchange,  : two-site exchange with
KWW � = 0.2


