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Heating an amorphous polymer above ita glass transition 
yields an isotropic me1t.l Exceptions are liquid crystalline 
polymers with mesogenic groups2 or semicrystalline poly- 
mers that exhibit conformationally disordered meso- 
 phase^.^ In such mesophases the chain dynamics are 
anisotropic. Rotations about the long axis, which is 
preferably aligned along the director of the mesophase, 
are much faster and larger in amplitude than fluctuations 
of the chain axis itself. In fact, a related situation may be 
considered in amorphous polymers with residual confor- 
mational order. There the chain motion in the molten 
state might also be anisotropic, such that rotations about 
the axis of an extended region of the chain occur 
significantly faster than reorientations of the chain axis 
itself. Thus, contrary to a liquid mesophase, the melt is 
overall isotropic, yet locally the chain dynamics are not. 
Clearly such anisotropic chain dynamics will have pro- 
nounced effects on the rheology of such a melt and its 
response to external  force^.^^^ In this paper we report the 
observation of such highly anisotropic chain motion in 
molten polymethacrylates by 13C solid-state NMR spec- 
troscopy. 

Most of the measurements were performed on poly- 
(ethyl methacrylate) (PEMA) which was 20 % 13C enriched 
at the carboxyl carbon position. It had amolecular weight 
M, = 120 000 and M,/M, = 2.2 as determined by GPC. 
Its stereoregularity was checked by 'H NMR at  300 MHz 
in a CDCl3 solution showing that 11 % of triads are isotactic 
(mm), 58% syndiotactic (rr), and 31 % heterotactic (rm). 
Due to the partial stereoregularity of the methacrylates, 
crystallization might occur. This was excluded by wide- 
angle X-ray scattering. The glass transition temperature 
measured by DSC was 338 K. A full description of the 
sample synthesis as well as a multidimensional NMR study 
will be published elsewhere.6 The 13C NMR experiments 
were carried out a t  125.76 MHz with a commercial Bruker 
ASX-500 spectrometer in a variable-temperature double- 
resonance probe. Line shapes were obtained with a 
standard cross-polarization pulse sequence? applying a 
contact time of 2 ms and a 'H 90° pulse of 4.5 ks. 
Stimulated echoes were recorded with a 9O0-t1-9O0-tm- 
90°-tl-acquisition pulse sequence used in two-dimensional 
exchange experiments,819 where tl and tm are the evolution 
time and the mixing time, respectively. All chemical shifts 
are given relative to TMS with an uncertainty of k1.5 
PPm. 

Figure 1 shows the 13C NMR static spectra of the 
carboxyl carbon in PEMA as a function of temperature. 
Only the carboxyl region is plotted, which does not overlap 
with the signals of the aliphatic carbons. The spectrum 
recorded at  295 K, Le., in the glassy state, clearly exhibits 
terminating edges and a peak corresponding to the three 
principal values of the asymmetric chemical shift tensor 
(CST) (611 = 268 ppm, 622 = 150 ppm, 633 = 113 ppm). As 

* To whom correspondence should be addressed. 
t Present address: Unilever Research Laboratory, Physical and 

Analytical Sciences, Olivier van Noortlaan 120, NL-3133 AT Vlaar- 
dingen, The Netherlands. 

405 K / I I \ 

Yl,  , 1 : , 1 , , 1  \ 
I 

300 250 200 150 100 
[PPml 

Figure 1. Experimental and simulated l3C NMR spectra of the 
carboxyl carbon in PEMA as a function of temperature. Solid 
lines: experiments. Dotted lines: simulations. 

the temperature is raised above Tg, pronounced line-shape 
changes are observed, indicating large-amplitude motions 
with rates exceeding the width of the powder spectrum, 
i.e., above 20 kHz. This is consistent with the rates 
determined for the chain motion by dielectric and dynamic 
mechanical measurementslO as well as photon correlation 
spectroscopyl1J2 which place the dynamic Tg for 10 kHz 
at 380 K. Thus the motionally narrowed spectra all 
correspond to PEMA in the molten state. From the line 
shape at  395 K (Tg + 57 K) one can clearly identify an 
axially symmetric CST with a noticeable peak aL = 197 
ppm and an edge at  all = 136 ppm. Thus, the motion of 
the carboxyl group is highly anisotropic, yet uniaxial. It 
should be noted that similar averaging effects are observed 
in anisotropic liquids13 or mesophases of disordered 
 polymer^.^ The width of the line shape then directly 
reflects the order parameter of the chain. Further heating 
results in a decrease of the width of the line shape 
corresponding to an axially symmetric CST, finally leading 
at  about 435 K, Le., 97 K above Tg, to a single peak at  the 
isotropic chemical shift, cis0 = (all + 622 + a33)/3. This 
behavior differs significantly from that of other amorphous 
polymers above Tg exhibiting isotropic motion over the 
full range of rates from 

In order to distinguish whether the anisotropic dynamics 
displayed by the carboxyl group reflects a side-group 
motion or indicates anisotropic chain motion, the orienta- 
tion of the principal axes of the CST relative to the chain 
axis has to be known. In earlier measurements of the 
CST of the carboxyl carbon in the ester groupie the most 
shielded component of the shift tensor (633) was found to 
be perpendicular to the COO- plane. This assignment 

to 1O1O Hz.14,15 
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has recently been confirmed in an investigation of oriented 
poly(methy1 methacrylate) (PMMA).17 Moreover, these 
experiments showed that a33 is parallel to the local chain 
axis which is aligned along the draw direction. 

Remarkably, in the motionally narrowed CST a33 is only 
slightly affected, whereas all and a22 are averaged to yield 
al. This may directly be deduced from the spectra shown 
in Figure 1 and is proved by detailed multidimensional 
NMR experiments to be published shortly.6 From these 
it is concluded that in PEMA in the glass transition region 
coupled motion of the side group and the main chain takes 
place. Rocking of the backbone about its local chain axis 
allows the a33 direction of the CST to remain essentially 
parallel to this axis. This motion is coupled to fast s-flips 
of the side group. We note that s-flips leave the a33 
frequency unchanged due to the second-order tensorial 
nature of the chemical shift interaction.'* Thus we 
conclude that the anisotropic motion detected here through 
the carboxyl carbon in PEMA at  a temperature above the 
dynamic glass transition temperature indicates anisotropic 
chain dynamics, vide infra. In the idealized case where 
the chain rotates as a rigid body and the a33 axis is parallel 
to the rotation axis, a tensor with (Til = a33 and = 0.5(a11 
+ 422) should result. However, even at  the lowest 
temperature (395 K) this is not the case, presumably due 
to an additional conformational disorder of the chain. 
Further elevation of temperature decreases the confor- 
mational order and reduces the anisotropy of the averaged 
CST which eventually leads to the isotropic peak at  435 
K. 

We note that such an anisotropic motion above Tg is not 
observed for side groups in other amorphous polymers, 
for example, in polystyrene (PS)19 and poly(viny1 acetate) 
( P V A C ) . ~ ~  In the glassy state of the former, phenyl side- 
group motion (a-flips) in deuterated PS-d5 was found. 
However, the 2H spectra of chain and phenyl group 
deuterated PS are similar above TP19 This clearly excludes 
that the phenyl rings may undergo fast rotational motions 
about their axes perpendicular to an essentially rigid 
backbone. In PVAc the motion of the carboxyl carbon in 
the side group was used as a probe for chain reorientation. 
Multidimensional 13C NMR spectraz0vz1 exhibited diffusive 
behavior due to isotropic diffusion characteristics of the 
backbone motion observed also in 2D exchange 2H spectra 
of other polymers above TCl4J5 

However, incomplete motional narrowing has been 
observed before for the chain motion in the noncrystalline 
regions of semicrystalline polymers, i.e., p ~ l y e t h y l e n e ~ ~ ~ ~ ~  
or  polyamide^.^^ There, a motional model was derived 
which postulates the existence of long-lived topological 
con~traintsl9*2~ for the chain motion resulting from the 
presence of crystallites or hydrogen-bonded sheets. In 
analogy we propose that the conformational order of 
PEMA has a much longer lifetime than the rapid uniaxial 
dynamics around the extended portions of the chain above 
Tg. In order to prove this conjecture experimentally a t  
395 K, we have used the stimulated echo sequence, which 
can detect ultraslow changes in the anisotropy of the CST 
resulting from a finite lifetime of the motional constraints.n 
Figure 2 shows stimulated echo spectra recorded for tl = 
100 ps and with t ,  equal to 1 and 2 ms. The spectra were 
obtained by Fourier transformation starting at  the echo 
maximum.22 The change of the line shapes as compared 
with the CP spectrum is insignificant. However, the loss 
of overall intensity is considerable. We note that it was 
possible to observe a signal of the carboxyl CST even for 
t ,  = 20 ms. Due to the poor signal-to-noise ratio, spectra 
for longer t ,  are not shown. The ability to detect the 
stimulated echo directly proves the existence of long-lived 
constraints on the time scale of a millisecond. The decay 
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Figure 2. Upper part: Schematic pulse sequence for recording 
stimulated echo. The spectrum is obtained by Fourier trans- 
formation starting at the echo maximum. Lower part: Stimulated 
echo spectra of PEMA at 395 K obtained for evolution time tl 
= 100 ps with mixing times t, = 1 and 2 ms. A CP spectrum is 
shown for comparison. The gain of the stimulated echo spectra 
is increased by a factor of 14 (t ,  = 1 ms) and 15 (t ,  = 2 ms). 

of the echo intensity is nonexponential, consistent with a 
distribution of correlation times. 

Thus, the chain motion is highly anisotropic above TP 
At 395 K the rotations about the local chain axis are faster 
by at  least 2 orders of magnitude than rotations of the 
chain axis itself. For such an anisotropic motion one may 
defiie a dynamic order parameter similar to the description 
of orientational order in liquid crystalline p h a s e ~ . ~ v ~ J ~  Over 
a considerable temperature range Zk, the a33 axis (per- 
pendicular to the COO- plane) on a time scale above 10-4 
s displays a finite order parameter: 

(1) 

where Z denotes the direction of the extended portion of 
the polymer chain to which a given COO- group belongs. 
This order is easily extracted from 13C NMR line shape 
(Figure 1) according to 

1 
P 2 )  = $[3 C0S2(~~,Z) - 111 ) 

Therefore, at each temperature the experimental NMR 
spectrum was fitted with an axially symmetric CST, dotted 
line in Figure 1, yielding as a function of temperature. 
The result is displayed in Figure 3 where ( P z )  is plotted 
versus a reduced temperature T* = TIT,. 

We note that the order parameter (Pz) gradually 
decreases from the remarkably high starting value of 0.7 
to zero. No discontinuity is observed that would indicate 
a phase transition characteristic of a mesop&a~e.~~ It 
should also be noted that here we consider only a11 and the 
local axis. The overall chain dynamics also involves the 
rapid uniaxial reorientation about this axis, causing 
substantial motional narrowing of the NMR spectrum at 
395 K as compared to 295 K. 

It is highly remarkable that the maximum order 
parameter close to T,, which will also be present in the 
frozen glassy state, is as high as that in well-ordered liquid 
crystalline phases. Thus the conformational order of 
PEMA is substantial. We note again that we deal with a 
dynamic phenomenon. The NMR experiments prove that 
the chain dynamics on a time scale characteristic of the 
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Fig-ure 3. Temperature dependence of the order parameter (Pz) 
= ( ~ 1 1 -  u b ) / ( u u  - ubo) in molten PEMA (0) and PMMA (0, Tg 
= 378 K). T* = T/Tg; T* = reduced temperature; T = measuring 
temperature; Tg = glass transition temperature. Inset: Relation 
between the different axes important for the description of the 
molecular order in PEMA and PMMA. The direction of the 
extended polymer chain is denoted by 2, the local chain axis by 
z ,  and the u33 axis of the CST of the carboxyl carbon by zk. Note 
that z and zk are parallel. 

a-process (WLF behavior) is anisotropic. Indeed, the chain 
motion becomes isotropic, however, on a much longer time 
scale (see above). 

We conclude that the decrease of (P2) as the temperature 
is raised reflects decreasing conformational order. Pre- 
sumably due to shortening of the extended portions of the 
polymer chain. Of course, one would like to relate the 
order parameter detected here with the structure of the 
polymethacrylates. Therefore, similar experiments were 
performed on poly(methy1 methacrylate) (PMMA) re- 
vealing that PMMA also exhibits conformational order in 
the molten state. However, the order parameter is much 
lower than that in PEMA (cf. Figure 3) and the tempera- 
ture range where this order exists is much smaller. Our 
results are also consistent with early 2H-NMR data on the 
chain motion in PMMA26 indicating incomplete motional 
narrowing at  a reduced temperature T* = 1.13. Remark- 
ably, in a recent NMR study17 of the orientational 
distribution in cold-drawn PMMA, also probed by the 
carboxyl carbon, a value of (P2) = 0.35 was determined 
for the maximum static order parameter of fully aligned 
disordered chains.27 Thus the anisotropy of the chain 
dynamics slightly above Tg almost matches the maximum 
chain order in the glassy state. Likewise, by multidi- 
mensional NMR the chain dynamics in PMMA was also 
found to be a n i s ~ t r o p i c . ~ ~  Thus PMMA also exhibits 
residual conformational order above Tg, however, signifi- 
cantly lower than PEMA. 

The comparison of the two polymers suggests that in 
addition to the partial stereoregularity the incompatibility 
between the methacrylate main chain and the aliphatic 
side groupsz8 plays an important role and causes the 
conformational order to be higher in PEMA than in 
PMMA. Indeed, we note that a similar behavior is 
observed in polysiloxanes, where poly(ethylsi1oxane)a even 
exhibits a mesophase, whereas poly(methylsi1oxane) does 

I t  should also be noted that X-ray scattering studies 

of polymetha~rylates~~y~~ have shown anomalous behavior 
indicating a notable degree of packing regularity in these 
polymers. This behavior, likewise, could be correlated 
with the length of the alkyl side groups. 

In conclusion we have observed highly anisotropic chain 
motion in amorphous PEMA well above its glass transition 
temperature. This reflects substantial local conforma- 
tional order which is also present in other polymethacry- 
lates and should be taken into account when considering 
their unusual mechanical behavior.I0 
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