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High-resolution carbon-13 and deuterium n.m.r. experiments have been used to examine the effects that low-
molecular weight additives have on the secondary relaxation processes in polyethylene terephthalate (PET). These
experiments have revealed that both the phenyl rings and the carbonyl groups in PET undergo small angle
oscillations at temperatures below the glass transition temperature. It would, however, appear from the deuterium
n.m.r. experiments that the phenyl rings also undergo rapid 180 flips, which appear to be closely related to the
relaxation peak that is observed in dynamic mechanical experiments. Extremely little motion has, however, been
observed in the ethylene glycol units and it has therefore been concluded that this group does not contribute to the
secondary relaxation processes. Finally it has been observed that by blending low-molecular weight additives into
the polymer it is possible to significantly reduce the number of the phenyl ring flips in the polymer and thereby
suppress the relaxation pea&.1998 Published by Elsevier Science Ltd. All rights reserved.
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INTRODUCTION particular interest in this work are the chemical shift
anisotropy, cross-polarisation times and quadrupole inter-
actions. The main advantage of n.m.r. over the dielectric and
mechanical techniques is that it allows the mobility in
different parts of the molecule to be examined. These
technigues therefore enable us to identify which molecular
motions are responsible for each of the relaxation peaks and
to determine the affect that the additives have on the
molecular mobility in each re%ion of the polymer.
Many different authorS*® have investigated the

It is well establishet™ that by adding low-molecular

weight additives to certain polymers it is possible to reduce
the local molecular motions that are responsible for the
secondary relaxation processes in the polymer. This type of
behaviour is known as ‘antiplasticisation’ and has been
extensively studied in polycarbonatéswhere it has been

shown to significantly enhance the mechanical properties of
the polymer. The research described in this publication and

the following papet, stems from the realisation that dynamics of PET using n.m.r. techniques. One of the

relatively little is known about the effects that antiplasti- earliest investigations into this subiect was published in a
cisers have upon the relaxation processes in polyethylene 9 | P

terephthalate (PET), despite the fact that it is known that series of papers by Ward and co-worKétsinitial results

these relaxation processes significantly affect the propertiesomamed. by Ward indicated the presence 9f a relaxation
of the polymer. process inT; measurements with an activation energy of

In the accompanying pagerthe affects that low- approximately 2 kcal/mol. The relaxation process respon-

molecular weight additives have upon the mechanical and ,[sétr)rl]e ef;)artutpéz :r?g?[\g(l)gvrv \;vgisv;tsjosr?g/negr atvcglsag\éﬁgvé%v‘;o
dielectric relaxation processes in PET are discussed. The P s : 9y
be due to a distribution of correlation times. Subsequent

general conclusion is that the main secondary relaxation : X :
peak in PET, consists of two different relaxation processes, "¢Sults obtained from a series of polyester samples with
' 'successively longer aliphatic units led to the observation

one on the low temperature side and one on the highthat even in the long chain aliphatic units only very small
temperature side of the peak. When low-molecular weight molecular motions go Id be chJeen durin uB\er)éla a%'on
additives are added to the polymer it has been found thatprocesus Onlyl above uthe glass tragsliti%n tempxereluure at
only the high temperature side of the peak is affected. The 110°C did the signal show any structure, with both a mobile

purpose of this work is therefore to confirm these : X . . .
conclusions through the use of various n.m.r. techniques (narrowline) and an immobile (broadline) fraction appear-

and to identify the molecular groups that are responsible for "9 I the n.m.r._ signal. The narrowline fraction was
each of the relaxation processes. composed of contributions from both aliphatic and phenyl

Among the various techniques that can be used to ring protons and the broadiine fraction from rigid phenyl
examine molecular mobility in solid polymers, n.m.r. rings and motionally hindered aliphatic protons.

spectroscopy is one of the most powetfiMany different Using selectively deuterated PET samples Endlisas

n.m.r. parameters may be used to investigate the moleculaﬂ[ﬂgnt'lgii tsrlg:lusfilt(i:grr:ttg]rr?tlgpa?ljrtehew?i@r/:igiglggzlnugggu?rge d
motions that are present in the polymer; however, of 9 P ’

to be due to a uniqugansgauchemotion in the ethylene
*To whom correspondence should be addressed glycol units. At lower temperatures, however, a second
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relaxation process has been identified that appears to begarameters are then calculated from the spinning side-bands
consistent with thes relaxation peak in the mechanical using the graphical method developed by Herzfeld and
work. This relaxation process has a considerably lower Berger* This allows chemical shift anisotropy parameters
activation energy than the glass transition process and isto be determined for the protonated and unprotonated
assumed to be due to the motion of the phenyl rings. It is, aromatic carbons (129 and 133 ppm, respectively) and the
however, interesting to note that the ethylene glycol units do carbonyl groups (164 ppm).
not appear to contribute to the relaxation processes present To determine the chemical shift anisotropy in polymer/
in the 8 peak. Later work’**has confirmed the importance  additive blends a static chemical shift anisotropy technique
of phenyl ring flips in PET below the glass transition has been used. In this technique magic angle spinning is not
temperature. It should, however, be noted that both the used, so that rather than obtaining spinning side bands an
crystallinity and the degree of orientattn® appear to entire chemical shift pattern is observed. As a consequence,
significantly reduce the relaxation processes present in thethe chemical shift anisotropy patterns for each type of
polymer. carbon nuclei are superimposed on top of each other, with
To improve our basic understanding of the secondary the result that it is impossible to identify the individual
relaxation processes in polymer/additive blends, a series ofpatterns. To overcome this problem short cross-polarisation
n.m.r. experiments have been conducted to determine thecontact times are used, so that only signals from the
molecular motions that are responsible for the different protonated carbons are obtained. As a consequence signals
relaxation peaks. Through the use of different n.m.r. are only obtained from protonated aromatic and aliphatic
techniques it has been possible both to identify the different carbons, which can easily be identified. The advantage of
regions within the polymer that are responsible for the thistechnique over the Herzfeld and Berger technique is that
relaxation processes and to model the different molecularit allows the chemical shift anisotropy of the protonated
motions that are present in each part of the polymer. aromatic carbons in the PET to be distinguished from the
Furthermore, by comparing the molecular motions present chlorinated aromatic carbons in the additive.
in the original polymer to those present in the polymer/  In the cross-polarisation experiments molecular mobility
additive blends it has been possible to examine theis studied by examining the effect that different cross-
mechanisms by which the low-molecular weight additives polarisation contact times (5—70@8) have on the devel-
suppress th@ peak in these blends. opment of magnetisation in protonated aromatic and
aliphatic carbons. To obtain a reasonable accuracy it is
necessary to have well-defined aromatic and aliphatic peaks,
SAMPLE PREPARATION which is achieved by using a magic angle spinning rate of
The additive that has been used to examine the effect that6.6 kHz, so that the spinning side bands do not interfere with
antiplasticisers have on relaxation processes in PET isthe main carbon peaks. THg,, cross-polarisation time is
tetrachlorophthalic dimethyl ester (TPDE), the chemical defined as the contact time required to produce half the
formula of which is shown inFigure 1 To produce the  maximum value of magnetisatio{.y), that is possible by
required polymer/additive blend, 10% of the TPDE additive cross-polarisationS,,, has been derived by extrapolating
has been blended into the polymer using a tabletop APV twin- the decrease that is observed in tH€ magnetisation at
screw extruder. This polymer blend was then melted in a hot long contact times, to zero time.
press and quenched to ensure that the polymer was completely Deuterium n.m.r. spectra have been obtained using a
amorphous. It was then cryogenically ground into a fine Bruker 300 spectrometer which has been fitted with a high
powder, that was suitable to use in the n.m.r. experiments. power broad band probe and a 10 mm diameter solenoid
coil*®. Due to the width of the deuterium spectrari}n%excess of
180 kHz, a composite pulse sequence has been-usdds
EXPERIMENTAL extends the frequency range over which an undistorted
High-resolution carbon-13 n.m.r. has been used to deter-signal can be obtained by 25%, with the result that an
mine the chemical shift anisotropy aifd,, cross-polarisa- undistorted spectra can be obtained over 250 kHz, with a
tion times in PET blends, over a range of temperatures from 90° pulse length of fus. To examine the molecular mobility
295 to 420 K. These experiments have been conducted atat different positions along the polymer chain, two
75.47 MHz on a Bruker 300 spectrometer, using proton selectively deuterated PET samples have been examined,
dipolar decoupling, magic angle spinning (MAS) and cross- one with deuterated aromatic rings and the other with
polarisation. To determine the chemical shift anisotropy in deuterated aliphatic carbons.
samples of pure PET the Herzfeld and Berger techriftjue
has been used. This technique allows chemical shift RESULTS
anisotropy results to be determined from the spinning side
bands. It is therefore essential in this technique to have well- High-resolution n.m.r. spectra
defined spinning side bands and this is achieved by using & Tpe high-resolution solid-staféC n.m.r. spectra of PET,
relatively low magic angle spinning rate (4 kHz) with a a5 observed at room temperature, are showRigure 2
cross-polarisation contact time of 1 ms. The chemical shift The molecular groups to which the main peaks in the spectra

O Table 1 Assignment of the main peaks in the PET spectrum at room
| temperature
X C 0 CH, P
‘ i Molecular group Peak position (ppm)
C *’()*CHB Carbonyls 164
| Unprotonated aromatic carbons 133
0 Protonated aromatic carbons 129
Aliphatic carbons 62

Figure 1 Chemical formula of tetrachlorophthalic dimethyl ester (TPDE)
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Carbonyls Unprotonated
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Figure 2 Solid-state carbon-13 n.m.r. spectrum for a sample of powdered PET at room temperature

correspond are given ifable 1 and the positions of these Carbonyl Arg;’fi‘l"‘gfhom

groups in the polymer chain are shownRigure 3 , \ " .
The peaks that have been identified in PEQ(re 2), are | \\10 R (‘) 3

consistent with those that have been observed by Gabrielse } 0 “‘é A 10— e

et al?in drawn PET yarns. The peak at 164 ppm represents i AN B

the resonance of the carbons in the carbonyl groups(@ ‘ [ i

Cg). The partially overlapping peaks that are observed at Unprotonated Aliphatic

133 and 129 ppm are due to the unprotonatege(ﬁn C:7) Aromatic Carbons Carbons

and protonated aromatic Carbons&@@g reSPeCtiveIYa and  Figure3 Diagram showing the different carbon nuclei in a PET monomer
the peak at 62 ppm represents the aliphatic groupsa(d unit

Cig). All other peaks in the spectrum are spinning side-

bands due to either the carbonyl or aromatic groups.

Spinning side-bands are not observed for the aliphatic Figure 4is more complicated than in pure PET, as the peaks

group, as the chemical shift anisotropy is too small for the from the additive overlap those from the PET. The only

side-bands to form. additive peak that can be clearly identifideiqure 4) is a
Identifying the peaks in the PET/TPDE spectrum in small peak (54 ppm) on the right hand side of the main
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aliphatic group. This peak is probably due to the methyl Taple 2 Chemical shift parameters for protonated aromatic carbons in
carbons that are present in the additive. The reason that ncPET

other peaks from the additive can be identified is that they temperature o5,

o o (033—011)
are covered by much larger peaks from the PET. (°C) “ ” .
Chemical shift anisotropy results ;ggid lattice :gg:g :;g:; ﬁ%g gég:g
The chemical shift anisotropy of the protonated and 47 —83.6 -31.1 114.6 198.2

unprotonated aromatic carbons and the carbonyls has beel§”? —-79.1 —-316 110.7 189.7
determined by deriving the chemical shift parametgiso,, %7 :;g'g :gf'é 183'2 ggi
and g3 from the spinning side bands. The chemical shift 757 708 311 101.8 172.6
parameters are orthogonal to each other, witinormal to the 147 —63.6 —-345 98.2 161.8
plane of the phenyl ring angk; along the 2—7 axis, as shown
in Figure 5 Chemical shift parameters cannot, however, be
obtained for the aliphatic carbons as this group does not have
spinning side bands. Values for the chemical shift parameters
in samples of PET are given ifables 2—4To examine the

Carbonyls

(C,and Cy)

Unprotonated
Aromatic Carbons
(C,and C))

! Protonated

; Aromatic Carbons

‘ (Cyto C))

— Aliphatic Carbons
(Cyand C,))

/

‘Methyl Group
on Additive

- |
MWfJ“\’AM./ \f “ ,"M.fmﬂ W \\V 'AW " 1\"‘5‘«*' \N’\f\“' -

T T T T T T T T T T T T I T T T T T T T T T T T T T T T

[
250 209 156 100 50 6
Figure 4 N.m.r. spectrum of a powdered PET/TPDE blend &5
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molecular mobility within the polymer, the difference between
011 and o33 has been calculateBiables 2—4This allows the
molecular mobility within the polymer to be investigated, as
the value of §z3—014) is reduced when the molecule becomes
mobile.

The molecular mobilities of the carbonyl and aromatic

mobility of the phenyl and aliphatic groups in PET. This has
been done by comparing the spectra that are obtained from
samples of PET and PET/TPDE, at room temperature and
60°C (Figure 9. These spectra consist of two main signals,
with an aliphatic signal between 0 and 100 ppm and an
aromatic signal between 0 and 250 ppm. It can be seen,

groups in PET have been examined by plotting the value of however, that the aliphatic signal (0—100 ppm) is not
(033—017) as a function of temperature between 20 and significantly altered at higher temperatures. This would
15C0°C (Figures 6—8. In Figure 8it can be seen that, as the indicate that the aliphatic carbons are not mobile in either
temperature increases, there is a decrease in the chemicahe PET or the polymer/additive blends over this frequency
shift anisotropy §ss—011) Of the protonated aromatic range. It can be seen, however, that the shape of the
carbons. This would appear to indicate that there is an chemical shift pattern that is obtained from the aromatic
increase in the mobility of the aromatic rings at higher carbons between 100 and 250 ppm, changes significantly at
temperatures. It can, however, be seen that atd @vere is higher temperatured=igure 9. This is consistent with the

a significant increase in the chemical shift anisotropy of the chemical shift anisotropy results that have been obtained
protonated aromatic carbons. This is at a position just above

the glass transition temperature of the polymer and would

appear to be due to the crystallisation of the polymer. In Table 3 Chemical shift parameters for unprotonated aromatic carbons in
Figures 7 and 8the chemical shift anisotropy of the PET

carbonyl and unprotonated aromatic carbons are displayedremperature a; 02 033 (033-011)
as a function of temperature. It can be seen from these(°C)

results that the decrease in the chemical shift anisotropy inRigid lattice —98.4 —14.1 112.5 210.9
these groups is far less significant than in the protonated22 —-95.7 -13.7 109.4 205.1
aromatic carbons. The results are, however, similar to those4? —-95.5 —13.6 109.1 204.6
of the protonated aromatic carbons, with a gradual decreas :gg'g :1(2)'; 18613'(2) igg'g
in the value of the chemical shift anisotropys{—o11) up to 107 _936 85 1021 195.6
the glass transition temperature {8 and then a slight 127 —935 -7.1 100.6 194.1
increase at 10T due to crystallisation. 147 -91.1 —7.6 98.7 189.7

Static chemical shift anisotropy

Static chemical shift anisotropy spectra have been used toTable 4 Chemical shift parameters for carbonyls in PET
examine the effect that the additives have on the molecular

Temperature 011 022 033 (033—0'11)
(%)
Rigid lattice —77.4 21.7 55.6 133.0
22 —83.9 35.3 48.6 132.5
47 -85.4 41.1 44.3 129.9
67 —-85.9 42.9 42.9 128.8
o 87 —84.7 42.3 42.3 127.0
107 —86.9 435 43.5 130.4
127 —86.0 43.0 43.0 128.9
Figure 5 Schematic diagram of the chemical shift parameters in the 147 —85.0 42.5 42.5 127.5
phenyl ring
210
200
" 190 |
o]
I ©
2 180
170
160 i 1 Il | |
[o] 25 50 75 100 125 150

Temperature (Celsius)

Figure 6 Graph showing a clear decrease in the chemical shift anisotropy of the protonated aromatic cagb@gsi(CPET
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using the Herzfeld and Berger technique and would indicate approximately 88C. This is consistent with the chemical
that the phenyl rings in PET are mobile. It is, however, shift anisotropy results and would appear to indicate that,
important to note that the shape of the chemical shift pattern in although there is an increase in the mobility of the aromatic
the PET/TPDE blendHigure 9¢d) is not affected as much as  carbons as the temperature increases, there is little mobility
in the pure PET. This would indicate that the phenyl rings in in the aliphatic carbons. It can, however, be seen that at
the PET/TPDE blend are not as mobile as in the pure polymer.107°C there is a significant drop i, in both the aliphatic

It would therefore appear from these results that the TPDE and aromatic carbons, which is believed to be due to the

additive has reduced the mobility of the phenyl rings. crystallisation of the PET. Furthermore, it can be seen that
o when the TPDE additive is blended into the polymer there is
Cross-polarisation results a significantly drop in the value of;, for the aromatic

T4, cross-polarisation contact times have been used tocarbons. This would appear to be consistent with the static
examine the molecular mobility of protonated aromatic and chemical shift anisotropy results and indicates that the
aliphatic carbons in PET over a range of temperatures additives reduce the mobility of the phenyl rings.
between 20 and 13Q (Figure 10. As can be seen, although )

Taipincreases significantly with temperature in the aromatic Deuterium n.m.r. spectra
carbons, it appears to remain virtually unaltered in the Deuterium n.m.r. spectroscopy has been used to examine
aliphatic carbons, up to the glass transition temperature atthe molecular mobility of the aromatic and aliphatic groups

220

210
= 200
o
If"
B 190

180 |-

170 1 1 1 i 1

0 25 50 75 100 125 150

Temperature (Celsius)

Figure 7 Chemical shift anisotropy results for the unprotonated aromatic carbagran@CG) in PET

150
140 |
T 130
o]
I, L
L 120
110 F
100 1 ] ] 1 1

0 25 S50 75 100 125 150

Temperature (Celsius)

Figure 8 Chemical shift anisotropy results obtained from the carbonyl groupsu(@ G) in PET
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in PET. This has been achieved by examining two the main doublet. This is consistent with phenyl rings
selectively deuterated PET samples, over a range ofcompleting 180 flips about the polymer chain. It can,

temperatures between 20 and 100 In one of these
samples the phenyl rings have been deuterdtaglife 11)
and in the other the ethylene glycol uniSigure 12. At

however, be seen that this additional doublet is not observed
in the deuterated glycol spectrgigure 12, which would
indicate that there is extremely little mobility in the glycol

room temperature it can be seen that both of these samplesinits below the glass transition temperature.

form Pake doublets, which would indicate that at low
temperatures there is little movement in either the phenyl
rings or the glycol units. It can, however, be seen that in the
deuterated phenyl ring samples an additional narrower set of
doublets develops as the temperature is increaSiglie

11). It would appear from these spectra that the splitting of
this additional doublet is approximately a quarter of that in

A) PET at 25°C

JuN

B) PET at 60°C

Ja\

C) Blend at 25°C

AN

D) Blend at 60°C
% l200 llOO (3ppm

Figure 9 Static chemical shift spectra of PET and a PET/TPDE blend at
room temperature and 8D

DISCUSSION

Phenyl ring and carbonyl motions

It can be seen from the chemical shift anisotropy results
in Figure 6 that as the temperature is increased there is an
extremely large decrease in the chemical shift anisotropy
(033—017) Of the protonated aromatic carbons. This decrease
results from the chemical shift anisotropy parametess (
ando,,) being averaged as the phenyl rings become mobile
as a result of a relaxation process in the polymer. This would
appear to be consistent with the large increase that is
observed in the cross-polarisation contact times in the
protonated aromatic carbonBigure 10, which also arises
due to an increase in the mobility of the phenyl rings. It
would therefore appear from both the chemical shift
anisotropy results and the cross-polarisation times that the
mobility of the phenyl rings increases as the temperature is
raised from approximately 20—90.

To determine whether these n.m.r. relaxation processes
are related to the3 relaxation process that is seen in
mechanical and dielectric experiments, a series of dielectric
results has been extrapolated to the frequencies that are used
in the n.m.r. experimentd-{gure 13. The dielectric data
which is used in this figure have been obtained from our
accompanying paper on the mechanical and dielectric
properties of these sampfedhrough this extrapolation it
has been observed that the n.m.r. results occur at
approximately the same temperature as the mechanical
and dielectricg relaxation peaks are observed. It would,
therefore, appear that the relaxations that have been
observed in the n.m.r. experiments are closely related to
the relaxation peak that has been observed in the dielectric
experiments.

To determine the molecular motions that are responsible
for this relaxation process in the phenyl rings, it has been
necessary to model the molecular mobility of the protonated
and unprotonated aromatic carbons using the chemical shift
anisotropy result$’ (Appendix A). To model the
molecular mobility of the phenyl rings two different types
of molecular motion have been considered: (a) ring flips;
and (b) oscillations.

In the ring flip model it has been assumed that the phenyl
rings complete 180flips about the chain axis, and that the
decrease in the chemical shift anisotropy is due to an
increase in the proportion of phenyl rings that are flipping.
In the second model it is assumed, that the rings conduct
small angle oscillations rather than flips and that the
decrease in the chemical shift anisotropy is due to an
increase in the amplitude of the oscillations.

It has, however, been found that the chemical shift
anisotropy results in both the protonated and unprotonated
aromatic carbons are relatively insensitive to phenyl ring
flips (Appendix A). It would therefore appear that the large
decrease that is observed in the chemical shift anisotropy
results must be due mainly to small angle oscillations rather
than phenyl ring flips. The chemical shift anisotropy results
have therefore been modelled using small angle oscillations.
This has been done by calculating the amplitude of the
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oscillations in the protonated and unprotonated aromatic consistent with deuterium n.m.r. experiments that have
carbons, over a range of temperatures between 25 affi€150 previously been obtained by Ward and co-workérs
(Figure 14. As can be seen, the amplitude of the N
oscillations that have been obtained are similar for both Polymer/additive blends
the protonated and unprotonated aromatic carbons, which To determine whether the additives reduce the molecular
would appear to confirm that the decrease in the chemicalmobility of the aromatic groups in the polymér,, cross-
shift anisotropy results is due to small angle oscillations. In polarisation experiments have been conducted to examine
addition, by modelling the motion of the carbonyl groups the mobility of the protonated aromatic carbons in PET and
using the chemical shift anisotropy results it has also beenthe PET/TPDE blends. The advantage of the cross-
observed that the carbonyl groups undergo similar small polarisation experiments is that it makes it possible to
angle oscillations as the phenyl rings. distinguish between the motions in PET and those in the
In addition to the small angle oscillations that are additive. This results from the fact that the cross-polarisa-
observed in the phenyl and carbonyl groups, it has alsotion contact times in the chlorinated aromatic carbons of the
been observed using cross-polarisation and deuterium n.m.radditive are considerably longer than those of the protonated
that the phenyl rings undergo 186lips during the 3 aromatic carbons of the polymer. As a result it can be seen
relaxation processHgures 10 and 1) Unfortunately, as  (Figure 10 that the Ty, contact times that have been
the carbonyl groups cannot be detected using these twoobtained from the aromatic carbons in the PET/TPDE
n.m.r. techniques, it has not been possible to determinesamples are considerably lower than those in the pure PET

whether the carbonyl groups undergo a similar motion. samples. This shows that the molecular mobility of the
_ aromatic rings in the polymer is greater in the original PET
Ethylene glycol units samples than in the PET/TPDE samples. It would therefore

To investigate whether the ethylene glycol units are appear that the additive reduces the mobility of the phenyl
mobile, cross-polarisation experiments have been used torings in PET.
examine the glycol units. As can be seen from these results To confirm that the additives reduce the molecular
(Figure 10, the cross-polarisation contact times appear to mobility of the phenyl rings the chemical shift anisotropy
remain be unaltered up to the glass transition temperature,has also been examined. Unfortunately, as it is not possible
indicating that the glycol units are not associated with the to distinguish between the signals obtained from the PET
secondary relaxation processes. This conclusion is con-and the additive, the chemical shift anisotropy of the PET/
firmed by the deuterium n.m.r. experiments on samples of TPDE blends cannot be studied using the Herzfeld and
PET in which the ethylene glycol units have been deuterated Berger techniqu¥. This problem was, however, overcome
(Figure 12. As can be seen from the spectra that have beenby using static chemical shift anisotropy spect&ay(re 9,
obtained, the spectra do not appear to be significantly which allow the chemical shift anisotropy of the protonated
altered as the temperature increases. This would appear t@romatic carbons in the PET to be distinguished from the
confirm that the ethylene glycol units are not mobile, as it chlorinated aromatic carbons in the additive. As a result it
would be assumed that a narrower set of doublets or a centrevas possible to confirm that the molecular mobility of the
peak would form if the molecules were mobile. These PET phenyl rings is reduced by the additive. It is, however,
results are, however, rather unexpected as it has beerimportant to note that the additives appear to affect the
assumed from dynamic mechanical relaxation std8igst cross-polarisation results considerably more than the
the ethylene glycol groups are mobile below the glass chemical shift anisotropy. As it is known that cross-
transition temperature. These results are, however,polarisation is considerably more sensitive to phenyl ring

40

25

20

T,, (Usec)

o 1 1 ! L 1
0 25 50 75 100 125 150

Temperature (Celsius)
Figure 10 Graph showing the cross-polarisation contact times for the aliphatic carbons in the glycol units and the aromatic carbons in the phenyl rings, in

both the original PET and the PET/TPDE blendl) @romatic carbons in PET@( aromatic carbons in the blend¥) aliphatic carbons in PETH) aliphatic
carbons in the blend
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flips than small angle oscillation, it would appear reasonable predicted for a rigid sample. As can be seen from the results
to assume that the additives suppress the phenyl ring flips(Figure 15, as the temperature is increased there is a
considerably more than small angle oscillations. significant increase in the number of ring flips in the
To determine the effect that the additives have on the polymer. As has already been observed this increase in the
mobility of the phenyl rings, the number of ring flips in the mobility of the phenyl rings would appear to be due tofhe
polymer have been estimated using the cross-polarisationrelaxation process. It can, however, be seen that there is a
resultd® (Appendix B). The fact that some of the values are significant drop in the number of ring flips at temperatures
negative is due to experimental error in the cross- above 100C, which is probably due to crystallisation of
polarisation results, the value of the cross-polarisation the polymer. It is, however, particularly interesting to
contact time being slightly lower than that theoretically note that there are considerably fewer ring flips in the

ot A
-200 -100 0 100 200
20°C 200 -100 0 100 200 20°C
J
/|
-200 100 0 100 200 Z(D 10 0
40°C 40°Cc ' e

60°C ) ) 60°C

-200 -100 0 100 200 -200 -100 0 100 20
80°C 80°C
r I\\UM
\J\W/h -
Mo Aty Attt -\\\4 bt
-200 -100 0 100 200 -200 -100 0 100 200
100°C 100°C
Figure 11 N.m.r. spectra of PET with deuterated phenyl rings, 4€28e Figure 12 N.m.r. spectra of deuterated glycol units in PET, with 180 kHz

spectra is a typical ‘Pake spectra’ with the two peaks separated by 180 kHz splitting

POLYMER Volume 39 Number 26 1998 6843



Relaxation processes in PET blends 1. A. S. Maxwell et al.

4 +

!
|
t
|
|
1
|
1
|
!
!
|
|
|

Log Freq (log Hz)

i
0+ {

124°C

1 1

3.00 3.50 4.00 4.50 5.00 5.50

1000/T (K™)

Figure 13 Extrapolating the dielectric results to frequencies that are similar to those used in n.m.r. (100 kHz) it can be seen that the dielectric and n.m.r.
relaxation peaks occur at approximately the same temperature
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Figure 14 Amplitude of the oscillations in the phenyl rings and carbonyl groul$:protonated carbonsi) unprotonated carbon®) carbonyls
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Figure 15 Estimate of the number of phenyl rings that are flipping in PHJ; @nd the PET blend that contains 10% TPDE) (
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polymer/additive blends than in the pure polymer. This

observed from deuterium n.m.r. experiments that the phenyl

would indicate that the presence of low-molecular weight rings also undergo 18@lips during theg relaxation.

additives in the polymer reduces the ability of the phenyl
rings to flip.

CONCLUSIONS

(3) Using the chemical shift anisotropy results to model
the molecular mobility of the carbonyls, it has been found
that the amplitude of the small angle oscillations in the
carbonyl groups is similar to that of the phenyl rings.

(4) Cross-polarisation and deuterium n.m.r. experiments

(1) Chemical shift anisotropy and cross-polarisation experi- indicate that there is relatively little mobility of the ethylene
ments both indicate that there is a significant increase in theglycol groups in PET, below the glass transition tempera-
molecular mobility of the phenyl rings at temperatures and ture.

frequencies consistent with that of tiegelaxation process.
(2) Modelling the molecular mobility of the phenyl rings,

(5) Cross-polarisation and static chemical shift anisotropy
experiments indicate that the TPDE additive reduces the

using the chemical shift anisotropy results, indicates that the molecular mobility of the phenyl rings during thg

phenyl rings oscillate at amplitudes of approximatety4®®
during the 8 relaxation process. In addition it has been

Figure 16 Diagram showing the three main axes of the chemical shift
tensor for the unprotonated aromatic carbons on the phenyl ring in PET

Original Axis New Axis
v
Y X A
D% 7 y=n/3 |
—3 o > X'
VAN 7

Figure 17 The three main axes of the chemical shift tensor for the
protonated aromatic carbons in PET

Figure 18 Diagram showing how Mis place in a frame of reference, so
thatH, is parallel to the axis about which the molecule rotates

H H < B=60
N v 12
/" ~
S .
f Y Rotation Axis
H H

Figure 19 Diagram showing that the angle between the vector of the
carbon—hydrogen bond and the axis of rotation in phenyl rings‘s 60

relaxation process.
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APPENDIX 1

1.1. Chemical shift anisotropy model

To examine the relaxation processes that are present in the
polymer, the molecular mobility of the aromatic and carbo-
nyl atoms have been modelled using the chemical shift ani-
sotropy results. This has been achieved by examining the
effect that small angle oscillations and phenyl ring flips have
upon the chemical shift anisotropy results for the different
types of carbon nuclei. First a model for the unprotonated
aromatic carbons will be considered and then a model for
the protonated aromatic carbons.

1.2. Unprotonated aromatic carbons

For the unprotonated aromatic carbons it can be seen that
the nucleus lies directly along the main axis of the polymer
chain. It is therefore possible in this case to define the three
main axesX,y,z) of the chemical shift tensor, so that tke

axis of the tensor is parallel to the rotating axis in the mole-
cule, as in the diagram belowrigure 16. The chemical
shift tensor for stationary unprotonated aromatic carbon is
therefore given by the following tensor:

01 0 0
U(X,y,z) = 0 () 0
O O 03

If, however, the carbon nucleus rotates aboutxais by
an angle, its chemical shift tensor is given by:

—1
Txy.2@ = Rie) 0x,y.9" Ry
whereR,, is defined as:

1 0 0
R,=] 0 cosa -—sina
0 sina cosa
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hence at an angle the chemical shift tensor becomes: Assuming that the phenyl rings undergo complete® 1365,
_ itis found using Eigen values, that the principal components
Ixy. 9 = of the chemical shift tensor for the unprotonated aromatic
o1 0 0 carbons remain unchanged, i.e.
Gw—ﬂips —0
0 o,c0f a+ozsifa (0, — 03) COSa SiNa 1 -9
. i —flips __
0 (0p—03)COSaSina o, SIN? o+ 03 COS & o3 =0
Using this transformed tensor it is now possible to determine ogfﬂips _
the effect that different types of molecular motion have . ]
upon the chemical shift tensor. It can therefore be seen that any changes in the chemical
shift tensor of the unprotonated aromatic carbons must be
1.2.1. Small angle oscillations due to small angle oscillations rather than phenyl ring flips.

First it will be assumed that the phenyl rings undergo rapid

small angle oscillations between angles ¢fa and — a. 1.3. Protonated aromatic carbons .
The tensor will therefore pass through all possible angular To consider the effects that molecular motions have on the

positions between+ o and — « and it is therefore neces-  chemical shift tensor of the protonated aromatic carbons it is
sary to average the tensor over this entire range of angles: necessary to transform the principal axes of the tensor to
e those in' which the molecu!ar motionspccdﬁig{ure 17.
<0 (a)> o 1 J o w da Converting t_he axes is achieved by using a Euler transfor-
ey /0sel ™ 5y | oo T0Y2) mation matrix as shown below:

The chemical shift tensor for small angle oscillations is

_1
Oy v 7 — g .
therefore given as: .y.2) = ROy Ry

01 0 0
0+ 03 sin 2x
0 + (05— 0o 0
Ty, ) oscil = 2 (02— 03) 4o
o, + o sin 2o
0 0 22 3(02—03) Ao

With the principal components of the chemical shift tensor where,

as follows: cosy —siny O
Oscil __
Ofe) =01 Ry=| siny cosy o0
095l — azszOe,Jr (0 — 03)3'2 2 0 0o 1
o The chemical shift tensor for stationary protonated aromatic
Oscil _ 92103 sin 2 carbons is therefore:
I = —(Uz—Us)W
o1 302 \/§
It can be seen from the principle components of the chemi- Z+ 4 T("l —02) 0
cal shift tensor, that as the amplitude of the oscillations _
increases the difference between and o5 is gradually Oy.2) = ﬁ(a — o) ﬂJr %2
reduced, whereas, remains unchanged. VIR 4 4
O O 03
1.2.2. Ring flips

When a carbon nucleus undergoes rapid flips of an ampli- If the carbon nuclei rotate about theaxis by an angle, the
tude, it is equally probable that it will be in its flipped posi- chemical shift tensor becomes:

tion as its original position. The chemical shift tensor is oy, 2y = Ry e y.2 .p(—l

therefore obtained by averaging the flipped and unflipped «.y.2) ) Ty Z) )

chemical shift tensors: whereR, is defined as:

< > 1( n ) 1 0 0
g 1y, 2)® . == U(x,y,z) 0, 1y, 2)®
0r A% tips 2 b Rl@)=| 0 cosa —sinx
The average chemical shift tensor that is obtained during _
ring flips is therefore: 0 sl cosa
20, 0 0
1 . .
<a(x,y’ Z)('”>fnps =5 0  0y(14coS §)+o3sint 6 (0o — 03)SiN 6 COSH

0 (0,— 03) SIN6 COSS 0 SIN? 8+ o3(1+ cos 8)
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hence at an angle the chemical shift tensor of a protonated therefore be seen that it is considerably easier to detect

aromatic carbon becomes:

302

4

01

4

(@
Ox.y.2)=

30'1

V3 . 30,
T(ol—oz)SIna 74—2—03 Sin acosa T+ 2

1.3.1. Small angle oscillations

molecular motions in the protonated aromatic carbons

—3( — 0,)C0S
4 01 02 07

3 30
\/Ti(ol — 0,)COSQ ( 41 + 4> cog a + 05Si &

3 .
T(O'l — 02)S|n 07

301
4

—+ 2 ) Sin «CoS«

>S|n2 o4 03008 «

than it is in the unprotonated aromatic carbons. It is, how-
ever, important to note that as with the unprotonated car-
bons, the chemical shift tensor is considerably more

If it is assumed that the phenyl rings undergo small angle sensitive to small angle oscillations than it is to phenyl

oscillations between angles of o and — «, the chemical
shift tensor for oscillating protonated aromatic carbons will

be an average of all the tensors over the entire range of

angles, hence:
1
2a

+a
{96y, 2)9 )osel = J Oy zye da

The chemical shift tensor for protonated aromatic carbons

undergoing small angle oscillation is therefore:

<"(X’,y’, z) >Osci| =

— 0’3) 0

o1, 303 @( _ )sina
474 4 01702
\/§ Ssina 301 2 sin 2« 30'1 ()
7o), 2<4+4+03)+ 4a(4 4
0 0
1.3.2. Ring flips

If, however, the phenyl rings are flipping between two posi-
tions, separated by an andlethe motionally averaged che-
mical shift tensor is given by:

1
<0(x’,y’,z’)(‘” >ﬂips = Q(szyzz') + "(x',y',zoé)

The chemical shift tensor for protonated aromatic carbons

that are flipping is therefore:

ring flips.

APPENDIX 2

2.1. Cross-polarisation model

2.1.1. Modulation of {,

Cross-polarisation is a technique by which magnetisation is
transferred from the proton nuclei to neighbouring carbon

1 301+ g + + ()]
=l —/—+ — ——0
2\ 4 T4 T8 4 3
nuclei. To determine the rate at which this transfer occurs,
the contact time that is required for the magnetisation in the
carbon nuclei to reach half its maximum value is measured
(typ). The contact time required depends upon both the
dipolar interactions between the spins of the carbon and
proton nuclei M, and the number of protons to which
each carbon is directly bonded, hence:

™

tipee —
12 \/ﬁ M,

where,M, is the second moment of the dipolar interaction,

sin 2o ( 304
Ao 4

3 3 3 .
% % {(al — 05)(1+ cosd) {(ol — 0,)siné
3 30 3 .
<0(x’,y’,z’)(5) >ﬂips = %(01 — 05)(1+ cosd) <Tl ) (1+ cog 8) + o3 Sirt 6 (% + Z — 03> siné cosé
Tg(al—oz)sina <%+ %—ag)sina cosé (321 4)sm2 8+ o3(1 4 co 6)

As can be seen from these models, both small angleandn is the number of directly bonded protons.

oscillations and phenyl ring flips significantly alter the che-

When molecular motions occur in the polymer the

mical shift tensor of the protonated aromatic carbons. It can dipolar interactions between the carbon and proton
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nuclei MP9) are reduced MI3°°™), with the result that

powder, it is necessary to expand the expression for a

longer cross-polarisation contact times are required to mag-single orientation to cover all possible anglescofndy:

netise the carbon nuclei:

rigid
t1/2 _
tmobile -
1/2

M gwobile
M ;igid

For a particular orientation the dipolar interactidv,,
between two nuclei of spinsandSis given by:

1
Mz = SyPv8h*S(S+ 1) [Fo]*
where,

1—3cos b5

I:c)(r) = 3

0is is the angle between the magnetic fid;lq and thelS

vector.To determine the effect that molecular motions have

upon the cross-polarisatioh), is placed into a more con-
venient frame of reference, so th4 is parallel to the-axis
about which the molecule rotatdsigure 18. Thus,« is the
direction of thelS vector in thexy plane,3 is the angle
between thdS vector and the-axis about which the mole-
cule rotates ang is the angle between magnetic fieit,
and thez-axis. It can therefore be seen that it is possible to
define the anglé,s in terms of the angles, 8 andy:

€0sf,s = cosB cosy —sinB siny sina

2.1.2. Cross-polarisation in a rigid powder

In a powder in which there is no motion the direction of the
IS vector is randomly distributed, therefold, must be
averaged over all values ef andvy:

<Mggid> = 1.’le')’éhzs(s_f' 1)< [Fo(r)] 2>powder

powder 3
where
1 27

2 T 2 .
<[Fo(r)} >p0wder= E 0 do JO Fo(r)S|n’y d’y
ThereforeM, in a rigid polymer powder is given as:

<Mrigid> _ i%zv%hZS(SJr 1)
2 powder 15 6

2.1.3. Small angle oscillations

2.1.3.1. Single orientatiod.o examine the effect that small

angle oscillations have on the cross-polarisation contact

time, a single orientation of thkS vector is considered. In
this case the angle varies with timef, froma + 6 to o — 6.
M, therefore becomes:

g 1
Mgsell — §7|27th8(8+ D [(Fotr. )osci]

where,
a+6
Fo(r,a)dae  q (a+d
<Fort> g= =0 = 5s For,a)dex
(r,t) / oscil “+o 26 Ja—s (r,c)
e

2.1.3.2. Oscillations in a powdeil.o determine the effect

< [< Fo(r ) >°5C”] ’ > powder

1 2T

~4r Jo v Jo [<F°(rvt)>oscil]23in’y dy

The effect that the oscillations of 6 have upon the cross-
polarisation are therefore given by the following reduction
factor:

Moscil . 2
<2__7>p°""der —1-3sifp|1— siné
<Mr|g|d> S

2 powder

)Y

9.4
—=SIn
+7 B

2.1.4. Phenyl ring flips

2.1.4.1. Single orientationWhen phenyl rings undergo
rapid flips of an amplitude, at timet, they are just as

likely to be found in their original position as their flipped
position. The value dfl, for a singlelS vector can therefore

be obtained from the following expression:

. 1 2
Mglps _ §7|27th8(8+ 1 {<Fo(r,t)>flips}
where,

1
<F0(r,t)>f|ips = E[FO(r’ a) + Fo(r, a + 6]

2.1.4.2. Ring flips in a powder.To expand the above
expression to examine the effect that phenyl ring flips
have in a powder, it is necessary to expand the above
expression to cover all possible angles wfand v, as
shown below:

< [<F0(r,t)>ﬂips} 2>powder

1 2m - ,
do JO |:<F0(I’,t)>f|ips:| siny dy

= E 0
The effect that phenyl ring flips have upon the cross-polar-
isation of the carbon nuclei is therefore given by the reduc-
tion factor:

(=)

”7powder= 1- 3Sir? ﬁ(ﬂ)
Mr|g|d> 2
< 2 powder
2
+ 3sir’' 8 (—1 (2;055)

where, 8 is the angle between the vector of the carbon—
hydrogen bond and the axis about which the molecule
rotates, and is the angle through which the rings flip.

In the case of PET it can be seen fréiigure 19thatg is
60° and that as the rings are believed to undergo complete

that small angle oscillations have on cross-polarisation in aflips § must be 180 Substituting these values pfands into
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the above equation gives a value for the reduction factor of 4.
phenyl rings undergoing ring flips of 0.4375. If it is

therefore assumed that the number of rings undergoing flips ™
is ‘X, then the reduction factor for the whole polymer is:

Mgips
< >p0WdeI':X>< 0.4375+ (1—X) X 1=1—-05625

rigid
()
powder

10.
From this equation it is possible to determine the number of 11,
rings that are flipping in a polymer from the cross-polarisa- 12.

tion contact timet .
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