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Neutron Scattering Studies of the Chain Conformation of 
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Temperature 
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ABSTRACT The technique of neutron scattering from mixtures of protonated and deuterated molecules 
has been used to analyze the conformation of chains in poly(methy1 methacrylate) (PMMA) plastically deformed 
in uniaxial tensile tests. Measurements were conducted on samples that had been stretched to extension ratios 
of a = 2.0-2.3 in a temperature range of T = 60-120 "C. The magnitude of the scattering vector covered 
a range of 0 < q < 6 nm-'. The results obtained in the low-q range demonstrate that on the scale of the radius 
of gyration the deformation is approximately affine in the macroscopic strain tensor for long chains ( M ,  = 
170000 and 250000) but markedly nonaffine for very short ones (M, = 6000). In the intermediate- and high-q 
range the scattering curve of unstretched PMMA is compared with the scattering curve of stretched PMMA 
measured perpendicular to the draw axis. The results suggest that pronounced nonaffine modes of plastic 
deformation are active in regions of less than 2.5 nm. 

1. Introduction 
Considerable theoretical and technological interest has 

been focused in the past on the deformation and fracture 
of glassy polymers. However, the underlying molecular 
deformation mechanisms are still not very well understood. 
Most of the information available has been derived from 
measurements of macroscopic parameters such as stress, 
strain, and birefringence. The results obtained are gen- 
erally discussed on the basis of deformation models that 
start from specific assumptions on the relation between 
macroscopic and molecular strains (see, e.g., ref 1 and 2). 
In the affine deformation model it is assumed that these 
strains are identical on any molecular level, i.e., that the 
transformation of the distance vector between any pair of 
molecular segments is affine in the macroscopic strain 
tensor. In the case of glassy polymers having a nonuniform 
strain distribution the affine deformation model has been 
applied to well-defined deformation zones such as shear 
bands3 and craze  fibril^.^ The limits of applicability of the 
affine deformation model are not known at present. In 
fact, even if this model is valid on sufficiently large mo- 
lecular scales, it must break down on very small ones be- 
cause of the existence of intra- and intermolecular hin- 
drances for the conformational rearrangement. 

The relation between macroscopic and molecular strains 
may be established experimentally by using neutron 
scattering (NS) for the analysis of the conformational re- 
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arrangement of chain molecules. Most of the experiments 
have been conducted on amorphous polymers stretched 
above the glass transition temperature Tg. Very little is 
known on the chain conformation of amorphous polymers 
deformed below Tr Recently, Lefebvre et alS5 studied by 
small-angle neutron scattering (SANS) the chain confor- 
mation in shear bands of polystyrene deformed plastically 
under compression. They reported the existence of non- 
affine modes of plastic deformation. According to Lefebvre 
et al.? the deformation process does not affect the radius 
of gyration of the molecules within shear bands produced 
a t  low strain rates and at higher temperatures. This result 
has been attributed to the activation of a diffusional mode 
of plasticity. The isolation of shear bands from the sur- 
rounding matrix material and their study by NS cause 
severe experimental problems. Therefore, measurements 
on material deformed plastically under different conditions 
may be useful in examining the affine deformation model. 
For this reason NS experiments have been conducted on 
poly(methy1 methacrylate) (PMMA), which may be highly 
deformed plastically in uniaxial tensile tests. The mea- 
surements reported in this paper cover a large q range (0 
C q < 6 nm-') where information is obtained on both the 
radius of gyration of the molecules and the local ar- 
rangement of chain segments. 
2. Experimental Section 

Sample Preparation. To study the chain conformation of 
polymers NS measurements are generally conducted on mixtures 
of unlabeled (protonated) and labeled (deuterated) molecules. 
The two types of PMMA were prepared by radical polymerization 
of conventional and deuteriomethyl methacrylate, with benzoyl 
peroxide and dodecylmercaptan as initiator and transfer agent, 
respectively. The microtacticity of molecules of PMMA polym- 
erized under these conditions has been analyzed by high-resolution 
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used to normalize the intensities. For convenience sectors of 20" 
were chosen on the two-dimensional detector to evaluate the 
scattering intensities of anisotropic samples parallel and per- 
pendicular to the draw axis. 

Background  Scattering. The differential scattering cross 
section per unit volume of a mixture of deuterated and protonated 
molecules having the same number of monomer units is given bP1O 

Table I 
Characteristics of Samples Used for NS 

A 0.0465 158000 0.28 2400000 1.50 111 

B 0.0400 125 
0.2000 123 
0.3750 232000 1.05 229000 0.98 124 
0.5000 123 
0.9600 121 

C 0.9570 232000 1.05 5600 0.35 121 

NMR. They contain about 78% racemic and 22% meso diads 
with average sequence lengths of 4.5 and 1.3 diads, respectively. 
T o  avoid imperfections from molding, a first series of samples 
(A) was prepared by using the technique of Kirste e t  al? After 
fractionation by dissolution in tetrahydrofuran and precipitation 
in methanol, the deuterated polymer was dissolved in the pro- 
tonated monomer, which was then polymerized with the initiator 
and transfer agent indicated above. The thermal treatment of 
the samples during and after polymerization was identical with 
that described by Kirste e t  a1.6 The characteristics of sample A 
are summarized in Table I. xD is the fraction of deuterated 
monomer units. MwD and MwH are the molecular weights of the 
deuterated and protonated chains, respectively. Their polydis- 
persities are characterized by UD and p, respectively, where U 
= Mw/Mn - 1. M ,  and U were measured by GPC. The values 
of xD, MwD, and MwH were chosen to ensure (1) the polymerization 
technique described above, (2) low coherent background scattering 
from voids, (3) large plastic deformation, and (4) evaluation of 
the radius of gyration from measurements a t  short sample-de- 
tector distances. Sample A was difficult to analyze a t  large q,  
where the coherent scattering from the small amount of deuterated 
molecules becomes very weak as compared to the incoherent 
scattering of the protonated matrix. Therefore, high-concentration 
mixtures of protonated and deuterated molecules (samples B) 
were prepared by using a different technique. Since molding 
turned out not to be a crucial point for (3), protonated and 
deuterated PMMA was dissolved in dioxane and after freeze- 
drying of the solution the samples were compression molded for 
6 min a t  180 "C. The samples are characterized in Table I. Their 
values of MwD, MwH, UD, and p result from a compromise be- 
tween (3) and (4). Evidently, the number of monomers per 
protonated and deuterated chain must be approximately equal 
when high-concentration mixtures are investigated. An identical 
technique was employed to prepare sample C, whose character- 
istics are included in Table I. For all the samples the glass 
transition temperature, measured by DSC a t  a heating rate of 
10 K/min, is listed in Table I. Because of a small amount of 
residual monomer ( ~ 1 % )  due to the preparation technique, 
sample A has a lower glass transition temperature as compared 
to samples B and C. 

Tensi le  Experiments .  For tensile tests, dumbbell-shaped 
specimens with a central portion of 25 mm in length, 4 mm in 
width, and 1.0 -1.5 mm in thickness were milled from the cylinders 
and sheets obtained after polymerization and molding, respec- 
tively. The specimens were polished by conventional metallo- 
graphic techniques with A1,0, polishing solutions. Each sample 
was marked with a series of ink spots. The elongation of the 
sample was then determined between the ink spots before and 
after drawing. The tensile tests were conducted with a nominal 
strain rate of 6 X 

Neutron  S c a t t e r i n g  Experiments .  The experiments were 
carried out a t  the Institut Laue-Langevin in Grenoble, France, 
using the small-angle scattering instruments D11, D16, and D17. 
The details of the instruments and the data analysis have been 
given e l s e ~ h e r e . ~ ~ ~  The detedor distances and wavelengths ranged 
from 10.66 m and 1.00 nm to 1.00 m and 0.45 nm. The largest 
wavelength distribution amounted to AA/ ( A )  10%. For the 
NS experiments the central portion of each stretched sample was 
cut into pieces 15 mm in length which were fixed in a sample 
holder such as to cover the diaphragm completely. Before being 
analyzed the data were corrected for detector response using water 
and for sample absorption. The scattering from water was also 

8. 

aD and U H  denote the scattering lengths per deuterated and 
protonated monomer, respectively. No is the total number of 
monomers per unit volume and n is the number of monomer units 
per chain. The single-chain form factor, P, is a function of the 
scattering vector q with 

q = lql = ( 4 i r / h )  sin (6'/2) 

where A and 0 respectively denote the wavelength of the neutrons 
and the scattering angle. uincD, uincH, ucohD, and UcohH are the 
incoherent and coherent scattering cross sections of the deuterated 
and protonated monomer units. ( p p )  denotes the density fluc- 
tuations in Fourier space. 

I(q) consists of three terms: (1) the coherent scattering from 
single chains, (2) the incoherent scattering from deuterated and 
protonated chains, and (3) the coherent scattering from density 
fluctuations. The scattering from the deuterated and protonated 
matrix has been used to determine the incoherent (2) and coherent 
(3) background scattering according to the equation given above.1° 
The scattering from density fluctuations is angular independent 
and does not significantly contribute to the total amount of 
background scattering up to q N 3 nm-'. In this q range I(q) is 
approximately given by 

I(q) = ( U D  - aH)*NonXD(1 - X D ) P ( q )  f ??ID + (1 - X D ) I H  

where ID and ZH denote the total scattering intensities of the 
deuterated and protonated matrix, respectively. At q > 3 nm-' 
the coherent scattering from density fluctuations becomes in- 
creasingly important, resulting in a maximum of ID at q N 9 nm-'. 

3. Scattering T h e o r y  
After  subt rac t ion  of the incoherent  scat ter ing and t h e  

coherent scat ter ing f rom dens i ty  fluctuations, t h e  differ- 
ential scattering cross section per uni t  volume of a mixture 
of deutera ted  and pro tona ted  molecules having the same  
number of monomer  uni t s  is given b y  

I(q) = (aD - aH)2NonxD(1 - xD)P(q) 

P(q) is obtained b y  Four ie r  t ransformat ion  of the dis t r i -  
bution funct ions W(rij) for  t h e  vectors rij connect ing the 
molecular  u n i t s  i and j :  

Equation 2 m a y  be used to establish a s imple relat ion 
between the scat ter ing behavior of chains before and af ter  
a f f i ie  deformation. By definition the deformation is affine 
when all vectors rij are transformed in to  vectors rij* = aiij, 
where a is the macroscopic deformation tensor. Provided 
the deformation is uniaxial and occurs at constant  volume 
(la1 = l), a m a y  be wr i t ten  i n  the form 

where ci is the extension rat io  a long the d raw axis. Since 
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r / M N m - '  W* (rJ = W( cT-lrJ (3) 

where Wand W* are the distribution functions before and 
after deformation, eq 2 yields for the corresponding form 
factors the relation 

P*(q) = P ( 4  ( 4 4  

W q )  = P(q*) (4b) 

or 

with q* = aq. For uniaxially deformed samples it is con- 
venient to measure under conditions where q is parallel 
and perpendicular to the draw axis. Equations 3 and 4 
yield for the corresponding form factors 

Pl,*(S) = P ( 4  ( 5 4  

P1*(q) = P(a-1/2q) (5b) 

In the previous part of this section the distribution func- 
tion W(rJ has not been specified. In fact, it is not possible 
to give an analytical expression for W(rJ that is valid over 
the whole range of rr,. However, for large ru the distri- 
bution function inevitably becomes Gaussian provided that 
the chain possesses some flexibility. Several a~thors l l - '~  
have treated the scattering behavior of affinely deformed 
Gaussian coils. Inserting the Gaussian distribution func- 
tion into eq 2 and allowing for a Schultz distribution of 
the molecular weight, eq 4 yields 

n 

where u = (U + 1)-1(Req2)zq2 .  The average is taken over 
all conformations and molecular weights. (Re:)z is defined 
by the equation 

( 7 )  

and can be designated as three times the mean square of 
the inertial distance of the molecular units with respect 
to a plane defined by the unit vector eq = q / q  and passing 
through the center of gravity of the molecule. Provided 
the sample is isotropic, for example if a = 1, (Req2)  is 
independent of e4 and coincides with the mean square of 
the radius of gyration 

Since eq 6 has been derived under the assumption of an 
affine deformation, eq 7 may be written in the form 

(Req2)z = Iaeq12(Ris:)z (8) 

For a Schultz distribution of the molecular weight the z 
average is converted into the weight average by means of 
the relation 

(9) 

(Re 2 ) z  may be evaluated from the scattering at  low q 
without any specific assumption on W(rij). In the low-q 
range (u  < 1) eq 2 and 4 lead to the well-known formula 

(10) 

For uniaxially deformed samples, e is conveniently chosen 
parallel and perpendicular to the Jraw axis, which yields 
(RIl2) and ( R L 2 ) ,  respectively. Together with (Rb,2) these 

P*-l(q) = 1 + ( ResZ),q2/3 

2o ti 
(I ;O 1'2 1'4 1'6 1'8 2'0 2'2 c[ ' 

Figure 1. Nominal stress, u, vs. extension ratio, a, for sample 
A drawn at 60 and 100 "C. 

quantities may be used to define a molecular extension 
ratio 

(11) 

which is identical with the macroscopic extension ratio, 
a, provided the deformation is affine. This follows directly 
from eq 8. In the intermediate- and high-q range Kratky 
plots are generally used to represent the scattering data. 
In the asymptotic limit of high q the plot F* = n p ( q ) q 2  
vs. q reaches a plateau given by (eq 6) 

(12) 

(RIB:) ( R  )0.5 

ULO2) 0.5 ( R  12) 

-- a,,1 = ~ - 

2 F* = 
Iaeq12 (Ris:) w /nw 

4. Results and  Discussion 
4.1. Deformation Behavior. The deformaticm and 

orientation of glassy PMMA have been extensively in- 
vestigated in the literature.14-18 From these studies it is 
well-known that PMMA like most other glassy polymers 
may deform in either a brittle or ductile manner depending 
on molecular weight, temperature, strain rate, and the 
applied stress field. To ensure high extension ratios sam- 
ples were stretched at  temperatures T 3 60 "C. Nominal 
stress-strain curves are shown in Figure 1 for two drawing 
temperatures. In this temperature range PMMA deforms 
by the formation of diffuse shear zones which broaden and 
finally merge, resulting in optically homogeneous material 
as the extension ratio attains a = 2.0. NS experiments 
were conducted on samples stretched to a = 2.0-2.3. 
Extension ratios of about this magnitude are observed in 
necks and in unstressed craze fibrils of PMMA.15J9 The 
range of accessible a is limited by two factors. A t  lower 
values the strain distribution is nonuniform because of the 
existence of shear zones. As a consequence, the inter- 
pretation of the scattering data in terms of existing de- 
formation models requires a detailed knowledge of the 
strain distribution function, which is generally unknown. 
In particular, SANS measurements in the low-q range 
involve other moments of this function than measured 
macroscopically. At  higher a intrinsic void formation20 
may cause severe experimental problems, and finally 
rupture intervenes. 

4.2. Scattering at Low q.  Information on the radius 
of gyration of the molecules has been derived from SANS 
measurements a t  low q. These measurements were con- 
ducted on mixtures of protonated and deuterated chains 
with largely different (samples A and C) and approxi- 
mately equal (sample B) number of monomer units (see 
also Table I). In the first type of sample one species of 
molecules always forms a diluted component. Under this 
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Table I1 
Results Obtained at Low q 

170000 f 15000 100 

252 000 f 8 000 100 
252000 f 7000 110 
243 000 f 8 000 120 

C 6000 f 500 2.0 f 0.1 100 

I-' / 1 o - ~  m 

B 244 000 f 8 000 13.5 f 0.7 80 

20.4 f 1.8 7.5 f 0.4 1.9 f 0.2 2.0 f 0.2 2.1 f 0.1 
20.4 f 2.0 7.6 f 0.4 1.9 f 0.2 1.9 f 0.2 2.1 f 0.1 

9.0 f 0.2 2.3 f 0.2 2.1 f 0.1 
9.8 f 0.2 1.9 f 0.2 2.3 f 0.1 

2.3 f 0.1 9.8 f 0.2 
9.3 f 0.2 2.1 f 0.2 2.0 f 0.1 

1.9 f 0.2 

1.7 f 0.1 2.3 f 0.1 

0 n 
o 

0 0  

60 70 80 90 100 110 120 
T / O C  

Figure 3. Ratio of the molecular and macroscopic extension ratio, 
v = amol/a, vs. drawing temperature, T, for samples A ((0) TE = 
111 "C) and B ((0) Tg = 123 "C). 

The radii of gyration of the unstretched molecules and the 
molecular weights listed in Table I1 yield (Riso2)w/nw = 
0.070 nm2, which compares well with the value of 0.074 nm2 
obtained by Kirste et aL6 O'Reilly et al.23 have recently 
reported a value of 0.063 nm2. 

Together with (Ri8:),0.5 the values of (R,,2),0.5 and 
(R,2)w0.5 measured parallel and perpendicular to the draw 
axis, respectively, may be used to calculate the molecular 
extension ratio, amol (eq 11). In Table I1 the values of amol 
are compared with the macroscopic extension ratio, a,  of 
samples stretched at  various temperatures, T.  The ex- 
perimental errors in amol and a are about 10% and 5%, 
respectively. The results obtained for sample A demon- 
strate that the value of amol derived from measurements 
parallel to the draw axis agrees very well with that derived 
in the perpendicular direction. For samples B and C the 
evaluation of the scattering data in the parallel and per- 
pendicular direction, respectively, caused severe problems: 
in the first case because of the large molecular dimensions 
and in the second case because of intense scattering from 
voids. Therefore, the experimental results listed in Table 
I1 for the stretched samples B and C are confined to only 
one particular direction. 

The molecular extension ratios, am0l, of samples A and 
B are situated close to the macroscopic extension ratio, a,  
over the whole range of drawing temperatures. This is 
demonstrated further in Figure 3, where the ratio = 
am,,l/a is plotted as a function of the drawing temperature, 
T. The experimental points yield ( v )  = 0.94, which is only 
slightly below the value of v = 1 corresponding to an affine 
deformation. In view of the results of Lefebvre et al.5 it 
is particularly important to note that v is not affected by 
increasing the drawing temperature to temperatures of 
only a few degrees below Tg, 

It is interesting to compare the deformation behavior 
of amorphous polymers below and above Tg Several au- 
t h o r ~ ~ ~ - ~ ~  have investigated by SANS the chain confor- 

3.3 f 0.2 

1 6 1  / 

1 2 3 4 
q / 1 o-*nm-* 

Figure 2. Plot of I-' vs. q2 of the scattering curves of sample A 
measured at low q. The reciprocal scattering intensities of the 
unstretched sample and of the stretched sample (T = 60 "C, a 
= 2.1) measured parallel and perpendicular to the draw axis are 

condition eq 1 may be applied where P(q) is approximately 
equal to the single-chain form factor of the diluted com- 
ponent. The correction for mismatched molecules ac- 
cording to Summerfield et al.21,22 taking into account the 
single-chain form factor of the matrix component does not 
significantly affect the subsequent results. The second 
type of sample enables measurements over the whole 
concentration range, xD, with maximum scattering inten- 
sities a t  xD = 0.5. Measurements conducted on samples 
with various xD demonstrated the validity of eq 1. 
Therefore, in the subsequent part of this paper experi- 
mental results obtained for xD = 0.5 will be presented and 
discussed as being representative for the whole ensemble 
B in Table I. 

Figure 2 shows plots of the form 1-l vs. q2 for unstretched 
and stretched PMMA measured parallel and perpendicular 
to the draw axis. In the low-q range these plots yield 
straight lines that may be analyzed in terms of (Riso2)z, 
(RIl2),, (RL2),, and M, on the basis of the scattering theory 
outlined in section 3. To a first approximation eq 10 may 
be used for this analysis. However, since I , ,  involves u much 
larger than 1, more accurate results are obtained from a 
fit of eq 6 to the scattering data. The z-average square of 
the radius of gyration and the weight-average molecular 
weight remain in eq 1 and 6 as fitting parameters when 
U is taken from GPC measurements (Table I). The z 
average has been converted into the weight average by 
using eq 9. The results are listed in Table 11. 

The molecular weight given in Table I1 is the average 
value obtained from Ii8,,, I , , ,  and I,. For all samples the 
molecular weights measured by SANS (Table 11) and GPC 
(Table I) agree within less than 10%. The systematic 
deviation that occurs must be assumed to reflect the im- 
precision in the calibration of either of the instruments. 

I,,-1, and IL-', respectively. 
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F lnm-2 

1 2 3 4 5 6 
q”/nm-1 

Figure 4. Kratky plot of F = n,J’(q*)q*2 vs. q* = a,,<1/2q for 
unstretched sample B ((0) Fh) and stretched sample B measured 
perpendicular to the draw axis ( ( 0 ) F J .  The scattering function 
of Gaussian coils ( F G J  is included for comparison. 

mation in un-cross-linked amorphous polymers deformed 
above Tg. The results of these experiments agree with the 
affine deformation model provided molecules are stretched 
under conditions where the conformational relaxation is 
slow as compared to the time scale of the deformation 
e ~ p e r i m e n t . ~ ~ , ~  This is the case for long chains stretched 
at temperatures close to Tg. In view of these results the 
deformation behavior of glassy PMMA observed in these 
studied seems to be reasonable. 

The deformation behavior of short chains, even when 
embedded into a high molecular weight matrix, is markedly 
nonaffine. This is demonstrated in Table I1 for sample 
C. The molecular extension ratio of the low molecular 
weight component is much smaller than a, indicative of 
the existence of nonaffine deformation mechanisms on 
small molecular scales. This result will be discussed further 
in the subsequent section in conjunction with the discus- 
sion of the scattering behavior of PMMA in the interme- 
diate- and high-q range. 

4.3. Scattering at High q .  Information on the local 
arrangement of chain segments is obtained from the 
scattering behavior a t  intermediate and high q. In this q 
range only high-concentration mixtures of protonated and 
deuterated PMMA could be analyzed with sufficiently high 
accuracy. Therefore, the subsequent discussions are con- 
fined to specimens of series B among which that with xD 
= 0.5 will serve as an example (see also section 4.2). In 
the intermediate- and high-q range, NS experiments were 
conducted on samples stretched at  100 “C. Figure 4 shows 
results that have been obtained for the unstretched sample 
(Fiso) and for the stretched one in the direction perpen- 
dicular to the draw axis (F,), The scattering function 
F(q*) = nJ’(q*)q*2 has been plotted as a function of q* 
= ay,,y1/2q (eq 5b). The theoretical scattering function 
FGc(q*) for undeformed and affinely deformed Gaussian 
coils is included in Figure 4 for comparison. FGc(q*)  has 
been calculated by inserting into eq 6 the radius of gyration 
measured in the low-q range. 

The subsequent discussion will first focus on the scat- 
tering behavior of unstretched PMMA as compared with 
previous results reported by Kirste et aL6 and by Yoon and 
Flory.28 The scattering function Fi, exhibits two maxima, 
one in the intermediate-q range and one in the high-q 
range. The scattering function for Gaussian coils, FGc, 
closely fits the experimental data up to the first maximum, 
in accordance with SANS results obtained by Kirste et al.6 
and with Monte Carlo calculations performed by Yoon and 
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Flory28 on the basis of the rotational isomeric state theory. 
At the first maximum, F,, attains the plateau value of FGc 
(eq 12). The strong departure from the scattering behavior 
of Gaussian coils a t  higher q,  also observed by Kirste et 
a1.6 and recently by O’Reilly et al.,23 has been analyzed in 
great detail by Yoon and According to Yoon 
and Flory, this behavior must be rationalized in terms of 
the specific conformation statistics of the large amount of 
racemic diads present in “atactic” PMMA. The strong 
preference of racemic diads for the trans,trans conforma- 
tion together with the inequality of the skeletal bond angles 
at C“ and CH2 cause a maximum in the characteristic ratio 
that is reflected in the first maximum of Fiso(q). The 
second maximum of Fis,(q) has not been considered in 
detail by Yoon and Flory. It may be assumed to be related 
to the spiralization of the persistence vector in syndiotactic 
PMMA.30 Qualitatively, the shape of the scattering 
function Fi,,(q) measured by NS is very similar to that 
calplated by Yoon and Flory.28 However, the observed 
maxima occur a t  larger values of q than those exhibited 
by the calculated curve. 

In the plot F vs. q* the scattering functions Fiso and F ,  
superimpose surprisingly well over a large q* range in- 
cluding the region of the first maximum. In particular, 
in the q* range below this maximum F ,  like Fiso is well 
approximated by the scattering function of Gaussian coils 
(eq 6). When F ,  and Fiso are considered as functions of 
q ,  they scale as amOI:1 at  the first maximum (see also eq 
12). A t  q* > 2.5 nm-I the scattering functions F ,  and F,, 
deviate increasingly. Since the second maximum in F,,, 
results from correlations along the chain axis, it is not 
surprising that this maximum reduces to a tiny hump in 
F,. The fact that this hump is situated at  smaller q* 
indicates that a,,1 in q* = a,o<1/2q overestimates the real 
deformation of chains on small molecular scales. The 
results presented in Figure 4 seem to indicate the existence 
of pronounced nonaffine modes of plastic deformation at  
q* 3 2.5 nm-l, corresponding to Bragg distances of d S 2.5 
nm in the unstretched sample. The nonaffine deformation 
of very short chains with (Riso)w0~5 = 2 nm (Table 11) is 
consistent with these findings. In fact, short chains must 
be assumed to have a higher susceptibility to nonaffine 
modes of deformation than chain sequences of equivalent 
length forming part of much longer chains. 

The deformation behavior observed on small molecular 
scales has to be expected since severe geometrical con- 
straints are imposed by bond lengths, bond angles, and 
hindrance potentials. The existence of these constraints 
is also reflected in the orientation behavior of chain seg- 
ments, which is generally described by nonaffine defor- 
mation models such as the “pseudoaffine” deformation 
model of Ward.’J8 

5. Concluding Remarks 
Valuable information on the deformation of chains in 

highly extended glassy PMMA has been derived from NS 
experiments covering a large q range. Measurements at 
low q demonstrate that the deformation of long chains is 
approximately affine on the scale of the radius of gyration. 
In contrast, the deformation of very short chains is 
markedly nonaffine. Measurements in the intermediate- 
and high-q range indicate the existence of pronounced 
nonaffine modes of plastic deformation in regions of less 
than 2.5 nm. Future experiments on the temperature and 
strain rate dependence of this value may yield a deeper 
insight into the molecular deformation mechanism. In 
particular, the interesting question arises how this value 
is affected by the glass transition. Unfortunately, the NS 
data that are available a t  present for amorphous polymers 
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stretched above  Tg do not allow the question to be an- 
swered. 
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Brillouin Scattering and Side-Group Motions of Poly(alky1 
methacrylates) above and below the Glass Transition 
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ABSTRACT The  effect of side-group motions on the Rayleigh-Brillouin spectra of poly(alky1 methacrylates) 
has been investigated. Various samples of poly(methy1 methacrylate), poly(ethy1 methacrylate), and poly(buty1 
methacrylate) with different molecular weights and different Tg are used to investigate (1) the relation between 
the Brillouin line width maximum and Tg, (2) the effect of main-chain and side-group motions on the Brillouin 
linewidth, and (3) the temperature dependence of the Landau-Placzek ratio. To further demonstrate the 
effect of side-group motion in poly(buty1 methacrylate) (PBMA), Brillouin scattering of stretched PBMA 
films has also been investigated. 

Introduction 
The use of light scattering to s t u d y  amorphous solids 

(glasses) dates back to the time of Lord Rayleigh' and has 
continued to the present day with every increasing activity. 
However, it is the development of modern optical tech- 
niques involving the use of a single-mode laser for  exci- 
tation and a Fabry-Perot interferometer or a digital cor- 
relator for spectral analysis that makes it feasible to obtain 
information about the dynamic processes underlying for- 
mation of the glass state. 

Dynamic light scattering from an isotropic  medium 
(l iquid o r  glass) arises from the rmodynamic  fluctuations 
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in the local density, anisotropy,  and, in the case of a 
multicomponent system, concentration. These fluctuations 
give rise to variations in the local dielectric constant tensor. 
In a light scattering experiment dealing with an amorphous 
sys tem,  the wavelength of the laser light employed  for 
exci ta t ion is long compared wi th  the intermolecular  dis-  
tance; it is thus useful to treat the scat ter ing sys tem as a 
continuous medium in which thermally exci ted collective 
excitations perturb the local dielectric constant tensor. For  
an isotropic medium such as the poly(alky1 methacrylate)  
system present ly  considered in this paper ,  the dominant 
contribution to the light scattering in tens i ty  ar ises  from 
density fluctuations, as the contribution f rom anisotropy 
fluctuations to the scattered light is negligible. The 
sca t te r ing  spectrum arising f rom density f luc tua t ions  is 
known as the Rayleigh-Brillouin spec t rum.  

The Rayleigh-Brillouin spectrum from a polymer melt 
consis ts  of a central component and a pair of shifted 
sidebands. The in tens i ty  ratio be tween the cent ra l  com- 
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