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Molecular Conformation, Dynamics, and Chemical Shift
Anisotropy of High Impact Polystyrene: Temperature

Dependence and Stress Dependence Studies^

FAUZIMOHD SOM*'**>#, JOHN A CHUDEK* AND GEOFFREY HUNTER*

Variable temperature and variable stress nuclear magnetic resonance spectroscopic and
imaging studies are reported for a commercial sample of high impact polystyrene 'Liquid'
nuclear magnetic resonance microscopy and 'solid' state stray field imaging studies indicated
that imposed stress affects the molecular chain dynamics only of the polybutadiene region and
not oj the polystyrene (PS) matrix The molecular chain dynamics of the components of the
composite were further studied by variable temperature relaxation time and chemical shift
amsotropy (CSA) measurements The variable temperature (30°C - 210°C) !H spin-lattice
relaxation time in the rotating frame (TlpH) studies showed that up to 160°C the PS undergoes
at least 2 different modes of motion, while at 95°C a change from asymmetric to axially
symmetric in the CSA pattern oj the aromatic ring nC-{'H} resonances revealed that the
conformations ofthephenyl rings are effectively locked below that temperature

High impact polystyrene (HIPS) is a composite
matenal with a rubbery disperse phase In most
of its industrial syntheses, bulk styrene monomer
is polymensed in the presence of about 8% by
weight of dissolved polybutadiene (PB), with or
without the addition of small quantities of
solvent and/or initiator1 The process is homo-
geneous only up to about 6% of the monomer
conversion, and thereafter heterogeneous From
the beginning of the heterogeneous penod until
the point of phase inversion, the continuous
phase is nch in the rubber, the disperse phase is
practically pure polystyrene (PS) The phase
inversion occurs at about 15% - 20% conversion
and thereafter the matrix remains as the

continuous phase The graft copolymer tends
to accumulate at the interfaces, stabilising the
heterogeneous mixture and favouring the phase
inversion2 The double bonds of PB do not
participate directly in grafting or crosslinking
m the thermal polymerisation of HIPS2 As
evidenced by electron microscopy, the elastomer
phase of HIPS contains a large volume of
PB droplets that consist of both grafted and
ungrafted PS3 A molecular interpretation of the
domain has been reported4

PS alone is very brittle, but elastomer blending
has been used with notable success in thermo-
plastics with the aim of obtaining tougher
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polymers with greater impact resistance, albeit
with some loss of rigidity and resistance to
abrasion. Enhanced toughness resulting from
increased grafting and reduced crosslinking has
been reported3.

A deformation can be induced by application
of a stress or force on the sample. When such
a deformation occurs in HIPS, crazing is the
dominant energy absorbing mechanism5, usually
beginning at the crack tip. With the concentration
of PB at around the commercial level of 8%,
the craze bands in HIPS are, however, very
diffused5.

Nuclear magnetic resonance (NMR) has
become a well established method to elucidate
the structure and chain dynamics of polymers6.
Applied to the study of polymers, NMR can
be divided into four sections, namely: liquid
state spectroscopy, solid state spectroscopy,
'liquid' imaging and solid imaging. In liquid
state spectroscopy, only elastomer phases
with significant chain mobility can be detected
readily using high resolution methods. In solid
state spectroscopy, the immobile components
of polymers can also be detected with the
aid of cross polarisation (CP), magic angle
spinning (MAS), and high power proton
decoupling.

Magnetic resonance imaging is achieved
by applying a time-dependent linear magnetic
field gradient to the sample7. The spatial
resolution achievable is a function of both the
magnitude of the magnetic field gradient and
the inverse of the spin-spin relaxation time, T2i
which controls the line-width of the NMR
signal. Sufficiently high gradients can usually
be produced by conventionally switched coils
to image satisfactorily the mobile components
of an elastomer. Conventional 'liquid' magnetic
resonance microscopy (NMRM) can therefore
give spatial information of heterogeneities

occurring in the sample, but only mobile
components can be detected.

Immobile components give rise to signals
with very short T2&, requiring much higher
field gradients for imaging. However, the
emerging technique of stray field imaging
(STRAFI), in which the large field gradient is
provided by the fringe field of the super-
conducting coil of the spectrometer magnet
can give spatial information about both
immobile and marginally mobile components8.
Therefore, in the context of the present study
NMRM and STRAFI can be regarded as
complementary techniques whereby both the
polybutadiene and polystyrene phases can
potentially be imaged.

In the study of polymer motions, various
NMR relaxation parameters can be used6,
including the 13C and 'H spin-lattice relaxation
times (TIC and T-\Hf, the !H spin-spin relaxation
time (T2H\ and the 'H spin-lattice relaxation
time in the rotating frame (TlpH)™'n. Not all of
these parameters provide direct information;
nonetheless, the inferred information is impor-
tant in characterising motional frequencies and
amplitudes in solids.

The correlation time (tc) is a characteristic
of the magnetisation decay attributed to a
particular motion, For polymer chain motion, Tc
corresponds to the 'average' time for a bond
rotation through one radian to occur.

An elastomer, at temperatures significantly
above its glass transition temperature is very
mobile and elastomer chain motions with
frequency in the MHz region sensitively affect
both 7*! and T2. 'H 7, values for polymers
are usually found to be single valued as the
different 7\ values from different regions are
averaged12. In contrast, 'H T2 values are
usually multivalued, reflecting the number of
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phases occurring In the polymer13 When
motions are investigated by variable-temperature
experiments, energies of activation, Ea,
(Equation 1) can be obtained, each reflecting the
different correlation times involved

1

For rigid glassy polymers at temperatures
well below their glass transition temperature
(Tg), local motions with frequency in the kHz
regime, involving side chain, terminal groups, or
mam-chain local fluctuations, dominate the
relaxation behaviour1415 It has also been shown
that when the polymer is under mechanical
stress, the mechanism for avoiding local stress
concentration is the dissipation of energy to the
surroundings and it is therefore better detected
by studying the low frequency motions16 Such
motions can be probed by variable-temperature
Tlp measurements

Relaxation in the rotating frame can be
regarded as a competition between spin-spin
relaxation (T2) and spin-lattice relaxation (7^)
processes17 If spin-lattice relaxation is the
dominant process during cross polarisation, then
rlp measurements will give a measure of mole-
cular motion18 The decay of 1H magnetisation
(A/) as a function of contact time (t) is given by
Equation 2 where TCH, the cross relaxation time,
is the time taken for the magnetisation to build
up in the CP/MAS experiment

As shown in Equation 3, Tlp// is related to
the correlation time , the radio frequency of the
spin lock field, col3 and the 13C-'H dipolar
relaxation strength19, S2

A log plot of TlpW against the reciprocal of
temperature (K J) reaches a minimum corres-
ponding to Equation 4

In the 13C solid state spectrum, the sources
of line broadening are largely dipolar interac-
tions with nearby protons and chemical shift
amsotropy, (CSA) High power :H decoupling
eliminates the dipolar interactions, leaving
CSA as the sole source of significant line
broadening

The chemical shift is dependent on the
orientation of the molecule in the spectrometer
magnetic field and the complete three-
dimensional shielding of the nucleus may be
determined to give three principal shielding
elements or shift tensors, an, a,2, and a33 From
these tensors the shielding amsotropy Aa
(Equation 5) and the shielding asymmetry
factor r\ (Equation (5) can be obtained

Aa^o,-,——^-—- 5

1+colT:

Spinning the sample at the magic angle
(MAS) of 54°44' to 50 and at a rate greater
than the CSA gives a single isotropic value for
the chemical shift, a]SO A manifold of spinning
sidebands is observed at significantly lower
spinning rates and their relative intensities
can be used to extract the chemical shift

70tensors

The signal to noise ratio can be substantially
increased via cross polarisation (CP) which
circumvents the long T] 's characteristic of solid
matenals The use of CP combined with slow
MAS therefore allows the determination of the
shift tensors of, eg carbon atoms of an organic
molecule, particularly those of aromatic rings
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for whom large values of Ao and r\ might be
anticipated2122. As the motion increases, the
CSA pattern evolves from asymmetric to
axially symmetric, providing another means of
detecting the onset of specific molecular
motions in the polystyrene phase.

We now report variable temperature and
variable stress NMR spectroscopic and imag-
ing studies of the composite material, high
impact polystyrene.

EXPERIMENTAL

Material

The sample of high impact polystyrene (pro-
duced by Athlone Extrusions Ltd., Republic of
Ireland under the trade name ofAthpol 90} was
bought commercially as a sheet of dimension
2000X2000X3 mm.

Methods

Liquid state spectroscopy. Liquid state
NMR spectroscopy was performed on a
Broker AM200 NMR spectrometer (1H, 200.1;
13C, 50.2 MHz) equipped with a variable
temperature accessory. The HIPS was as a
colloid in deuteriated chloroform (CDC13, 6(JH),
7.24 p.p.m., 5(13C), 77.0 p.p.m.; TMS, 8CH,
°C), 0.0 p.p.m.).

'H spin-lattice relaxation times (TiH) were
measured by the inversion recovery method
and 1H spin-spin relaxation times (T2H) by the
use of Hahn spin echoes. The repetition delay
used in both experiments was 10 sees.

Solid state spectroscopy. Solid state NMR
spectroscopy was performed on a Chemagnetics
CMX-300 Lite solids NMR spectrometer
('H, 300.1; 13C, 75.4 MHz) fitted with a
Chemagnetics Pencil® MAS probe using 7 mm

outside-diameter zirconia rotors. The spectro-
meter was equipped with a Chemagnetics
variable temperature accessory. The sample was
cut into small pieces and packed into the rotor.
The experiment was performed by spinning at
ca. 4500 Hz. The external reference used was
adamantane (8, 29.47 p.p.m. for the upfield
peak25).

Both the T]pH and the CSA experiments used
cross polarisation and magic angle spinning
(CP/MAS) over temperatures ranging from
30°C-210°C. The experimental temperature
was stabilised for 40 min before spectral
accumulation.

In the determination of the shift tensors,
lower spinning rates of ca. 500, 1000, 1500,
2000, 2500 and 3500 Hz were used. Although
the contact time was initially set at 1.0 msec, at
temperatures immediately below the observed
TlpH minimum, more efficient cross polarisation
was achieved with the contact time reduced to
0.5 msec; immediately above the minimum, the
contact time was increased to 2.0 msec for
greater CP efficiency. A pulse width of 3.8 (isec
(90°) and a repetition delay of 10 sec were
found to be adequate in the variable pulse delay
experiment. The method described by Herzfeld
and Berger20 (HB) was used to calculate the
shielding parameters from the relative intensities
of the spinning sidebands.

Nuclear magnetic resonance microscopy.
'Liquid' nuclear magnetic resonance micro-
scopy (NMRM) was performed using a Bruker
AM300WB (89 mm bore magnet; 'H, 300.1
MHz) NMR spectrometer fitted with a Bruker
microimaging accessory. A 25 mm diameter
cavity resonator RF coil was used. The sheet
was cut into ca. 10 mm X 10 mm size pieces.
They were individually compressed in a
hydraulic press to 1, 2, 3, 4, 5, 6, 1, 8, 9 and
10 tons for one min and the compression then
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released A stack of one unstressed and ten
stressed pieces was then assembled and bound
together using cotton thread (Figure 1)

A standard Bruker three-dimensional spin-
echo imaging sequence was used to accumulate
the data which were subsequently processed
using a Bruker Aspect X32 workstation The
spin-echo image was accumulated with an
echo time of 2 28 msec and a voxel size of
391 X 391 X 391 mm The field gradients
used were Gx - 0 094 Tm \ Gy - 0 036 Tm ',
Gz = 0 036 Tm >

Stray field imaging (STRAFI) The data
were obtained using a Chemagnetics CMX-400
infinity console attached to a Magnex super-
conducting magnet of nominal field 9 4 T and
a home built STRAFI probe-head located at the
Department of Physics, University of Surrey
In the fringe field accessed, B0 was 5 57 T and
the fringe field gradient was 58 Tm l

STRAFI images were obtained with a stack
with unstressed HIPS at the top and HIPS
compressed at 9 tons compression at the
bottom A solid echo pulse sequence {(n/2)x - T
- [(ft/2)v - T -]„ Acquire} was used to accumu-
late the one dimensional image, where T is the
variable delay and n is the number of echoes
The parameters used for that experiment were
i = 20 (isec, slice thickness = 250 Jim, and

128 echo-trains for each slice The experiment
was performed at ambient temperature (298 K)
The data were processed by curve fitting each
slice to Equation 7, where s and / refer to the
short and long T2n values, repsectively All
curve fittings were performed with a commer-
cial software package EasyPlot™24

7

RESULTS AND DISCUSSION

Increasing pressure

Figure 1 Drawing of a stack of compressed HIPS
samples used for NMRM

The 72-weighted image of the stack clearly
shows a decrease in image intensity (Figure 2)
with increasing compression corroborating our
initial findings25

A sharp decrease in image intensity was
observed on moving from a compression of
1 ton to 2 tons The image intensity thereafter
remained constant on greater compressions
While there was no further reduction in image
intensity the sample continued flowing upon
further compression as showed by the continuing
decrease in thickness (Figures 1 and 3)

Since NMRM is not capable of imaging
the PS phase, the decrease m image intensity
corresponds with a decrease in PB mobility
which is consistent for an elastomer where the
free volume is changed and segmental mobility
reduced as it is stretched or stressed26

In the STRAFI imaging of a stack consisting
only of an unstressed sample and one com-
pressed at 9 tons (Figure 4), T2H values were
extracted from the biexponentially decaying
STRAFI echo trains and used to construct
one-dimensional profiles The very short T2H
components (~ 50 Jlsec) was attributed to the
PS region whereas the longer component
(decreasing with increasing compression from
- 16 msec to ~ 10 msec) was attributed to the
soft domain which is the polybutadiene regime
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Figure 2 Image intensity profile of a T2-weighted image of the stack The numbers represent the
compression (tons) applied to individual sample of HIPS

Compression on high impact polystrene

Compression (Tons)

Figure 3 Plot of thickness of the samples against compression
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Figure 4 Plot of the T2H values from STRAFI experiments /> - T2H of PS domam(s) (10 fj. sec) and • - T2H
ofPB domam(s) (m sec)]

The boundary between the two samples is
clearly delineated in the profile given by the
longer T2H component, but not m the profile
given by the short T2f{ component In addition
to supporting the results found with NMRM,
the STRAFI images showed clearly that PS
mobility was not significantly affected by any
compressive force imposed on the sample

It is clear that beyond a compression of
2 tons that either there is no remaining free
volume in the PB domains, or that the
physically entangled chains have been
stretched to their maximum limits While the
deformation with increasing compression is
accommodated at the macroscopic level by
flow of the HIPS, at the microscopic level the
PS phase is not apparently affected at all It was
therefore of interest to investigate in more
detail the chain mobility behaviour of the PS
phase, particularly as it is believed that for
glassy polymers, deformation causes bond

breaking, stretching or bending which further
leads to cracking27

The 'H and ^C-fH} NMR spectra of HIPS
are shown in Figures 5 and 6, respectively

Almost all of the anticipated peaks were
observed Possible molecular structures for the
PS matrix are shown m Figure 7

The PB content, as calculated from the 'H
NMR spectrum was 6 9% We found that the
TIH values for the HIPS colloid m CDC13 were
consistent with those reported by others28 The
T2H values are recorded in Table 1 The spin-
spin relaxation was biexponential, indicating
that the different domains involved m the
blend were retained in the colloid28 The 'H and
13C-{]H} NMR spectra of unsuspended
HIPS obtained under 'liquid' spectroscopic
conditions showed only signals arising from
the PB rmcrostructures.
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Figure 5. }HNMR spectrum of HIPS colloid in CDC13.
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Figure 6. !3C NMR spectrum of HIPS colloid in CDC13.
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TABLE 1 TZH VALUES FOR THE HIPS
COLLOID

1257

PS(CH2)
PS(CH)
PB(CH)
PS(o,o')
PS(m,m',p)

T2ff (msec)

14
11
7
8

16

T-ZH (msec)

21
25
25
34
41

CP/MAS spectroscopy (Figure 8) was able
to resolve the PS microstructure at the expense
of the PB signals in two respects, firstly, the PB
is very mobile rendering CP ineffective and
secondly, the concentration of PB is low At
long contact times the PB peaks, especially
those from the carbons of the 1,4 double bonds
became more apparent Even at a spinning rate
of ca 4500 Hz (Figure 8), the manifold of

1283

1283

1283
1283

1283

1257 1257

Figure 7 Possible structures of PS
matrix with their assigned 13C

NMR chemical shifts

C(o, o', m, m', p)

w^V-w V
T——I——I——I——I——I——I——I——I——I——I——I——I——I——I——I——I——I——I——I——I——I——I——I——I——I——I——T

200 150 100 50 0

p p m

Figure 8 CP/MAS spectrum at vr = 4500 Hz (ssb = spinning sidebands)
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spinning sidebands showed the asymmetric
condition of the aromatic ring carbons of the
PS phase In the variable temperature CSA
experiment, the spinning rate was reduced to
increase the number of spinning sidebands as
required for a more reliable analysis by the
Herzfeld and Berger method (Figure 9)

We did not see any chemical shift amsotropic
pattern for the carbon signals in the aliphatic
region of the PS The CSA analysis of PS is
therefore confined to the signals from the ipso,
ortho, meta, and para carbons of the phenyl
rings As shown in Figure 10, <JU and O22
converge towards each other with increasing
temperature and a transition from an asymmetric
to axially symmetric CSA pattern is ultimately
observed The HB analysis was performed only
up to 130°C as it became increasingly difficult
to deconvolute the individual peaks at the
higher temperatures At above glass transition
temperature (190°C) the spectral dispersion of
HIPS was improved by using very low spinning
rates (Figure 11)

The plot of shielding amsotropy against
inverse temperature is shown in Figure 12
and reveals a sudden increase in motion at
T > 95°C

In the T]pH experiment, the minima for all
types of PS carbons (aromatic and aliphatic)
occurred at the same temperature (ca 160°C),
which is about 30°C lower than the glass
transition temperature The lc found at the
common minimum was 2 6 fisec Two apparent
energies of activation (Eai, and Ea2) for each
type of carbon atom were extracted from the
semilog plot of lc against the reciprocal of
temperature (Figure 13) and are recorded in
Table 2 The clear implication is that all the
carbon atoms are similarly affected by the
molecular motions and that the backbone and
pendant groups of the PS domam(s) move co-
operatively as has been previously suggested
by Paulaitis and Khare29 The high values of
Ea, indicate that there can be very little motion
involving the complete polymer chain at the
lower temperatures

~\———I———I———I———I———I———I———I———I———I———I———|———I———I———I———I———|———I———I———I———T

300 200 100 0

p p m

Figure 9 CPMASspectrum (T= 35'C, v, = 2700Hz)
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Figure JO Shielding tensors (o^) of the aromatic rings vs. inverse of temperatures
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Figure 11. CPMASspectrum (T= 200°C, vr= 247Hz).
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TABLE 2. Ea,S (kjmoh1) FROM THE TlpH
EXPERIMENTS

8 (p.p.m.)

41

46

126

128

146

£«,i(±5%) £<,,2(±10%)

99

146

116

117

81

17

33

22

25

17

CONCLUSION

Deformation of HIPS clearly affects the
molecular motions of the PB domain(s). In
contrast, the molecular mobility of the PS
region is unaffected by such deformation and
remains very restricted at ambient temperature.
The restriction is probably imposed by the
interlocking pendant groups and motion of
these only becomes significant at temperatures
above 95°C.
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