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ABSTRACT Local conformations of poly(methy1 methacrylate) (PMMA) chains in solution have been 
investigated by intermediate-angle X-ray scattering. Scattered intensity was measured for atactic and 
syndiotactic PMMA dissolved in benzene, acetone, and 3-heptanone (0-solvent) and placed on an absolute 
scale with reference to the primary beam intensity. The theoretical scattering functions were also calculated 
by use of the rotational isomeric state scheme based on the conformation energies calculated by Sundararajan 
and Flory. All atoms effective to X-ray scattering were incorporated in the calculations. The effect of the 
electron density of the solvent was aLS0 taken into account but found to have no major influence on the scattering 
curves. Although the theoretical scattering functions based on the ordinary two-state scheme can reproduce 
major features of the experimental scattering functions, quantitative agreement was inadequate. Adoption 
of an increased number of rotational isomeric states (14-state scheme) was found to fail in reducing this 
discrepancy. In an attempt at readjusting the molecular parameters in favor of the accordance between the 
theory and experiments, considerably better agreement was observed when a larger skeletal bond angle (e’ 
= 53’) at the dyad was assumed. This readjusted angle, however, seems to be slightly beyond the uncertainty 
of the conformation energy calculations. Therefore we are led to suspect the existence of specific long-range 
interactions, which annihilate the simple statistical mechanical treatment, owing to specific characteristics 
of the chain. 

Introduction 
The methods’ of determining overall conformations of 

polymer chains in solution have fully been established; e.g., 
the radius of gyration of the polymer chain can be deter- 
mined by light scattering2 with accuracy. A vast body of 
information thereby accumulated provides foundations for 
comprehensive theories of polymer solutions. On the other 
hand, little is known about local conformations, or con- 
formations in short bond sequences within polymer chains, 
despite their importance for elucidating conformation- 
dependent properties on a molecular level. Scattering of 
X-rays and  neutron^,^ mean-square dipole momenta, and 
optical anisotropy are known to depend on such local 
 conformation^.^ In particular, intermediate-angle X-ray 
scattering (IAXS)4 corresponding to a Bragg spacing of 
about 5-50 A has been proven to be sensitive to correla- 
tions between the loci of atoms separated by short bond 
sequences and hence to the local conformations. 

The conformation of poly(methy1 methacrylate) 
(PMMA) in solution has been studied by many investi- 
gators. Kirste and co-workers“’ measured X-ray and 

neutron scattering from PMMA of different tacticities in 
solution and in bulk and observed oscillation in the scat- 
tering curve at intermediate angles for the syndiotactic 
chain. They attributed this peculiarity to  a helical feature 
of the local chain conformation based on the calculations 
of the scattering functions of wormlike chains with per- 
sistence of curvature.8 Yoon and FlorygJo also calculated 
the scattering function of syndiotactic PMMA using a 
more realistic model based on conformational energy 
calculations’l and the rotational isomeric state (RIS) 
scheme.12 Whereas their calculationlo of the neutron 
scattering function was performed by treating methyl and 
methylene groups as scattering elements, the X-ray scat- 
tering function was calculated with CY carbons regarded as 
the scattering loci. Since the choice of the scattering el- 
ements is of crucial importance in the precise calculations 
of the scattering functions at intermediate angles,13 it is 
desirable to calculate the X-ray scattering functions by 
taking into account all effective atoms explicitly. 

In this paper we performed absolute measurements of 
IAXS by syndiotactic and atactic PMMA in benzene, 
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where c is the concentration of the solution in g/cm3, Mu is the 
molecular weight of the monomer unit, and K is a constant given 

(3) 

where i, is the Thomson constant, or the scattering cross section 
of a free electron, 7.94 X cm2, z2  is the mole electron in 1 
g of the polymer, D2 is the partial specific volume of the polymer, 
p is the electron density of the solvent, and NA is Avogadro's 
number. The measurement of s-PMMA in 3-heptanone was not 
performed because s-PMMA did not dissolve below 40°C. The 
concentrations of the samples are 0.0205 g/cm3 for a-PMMA in 
acetone, 0.0192 g/cm3 for a-PMMA in 3-heptanone, 0.0194 g/cm3 
for a-PMMA in benzene, 0.0194 g/cm3 for s-PMMA in acetone, 
and 0.0185 g/cm3 for s-PMMA in benzene. A measurement of 
a-PMMA in 3-heptanone was made at 31 i 0.01 "C and other 
measurements were made at 25 f 0.01 "C. 

Partial Specific Volume. The partial specific volume ii2 of 
a-PMMA in 3-heptanone was measured at 30 "C with a Shiba- 
yama Kagaku digital densitometer and determined to be 0.835 
cm3/g. The values of o2 in acetone and in benzene are 0.812 and 
0.807 cm3/g, respectively, according to the l i t e ra t~re .~~ 

Theoretical Scattering Functions 
The scattering function for a system of randomly or- 

iented independent molecules comprising x + 1 identical 
units is given by 

bY 

K = i,(+ - o , P ) ~ N ,  

Table I 
Molecular Characterization of the Samples 

a-PMMA S-PMMA 

M, = 1.45 x 10' M,= 4.8 x 104 
M,IM, = 1.38 

i =  4% i =  1% 
wr = 0.80 s =  64% s =  77% 

h =  32% w, = 0.20 h =  22% w, = 0.12 
w r  = 0.88 

acetone, and 3-heptanone and compared them with the 
scattering functions calculated by the RIS scheme treating 
all carbon and oxygen atoms as point scatterers. Fur- 
thermore, as we have pointed ordered local confor- 
mations could be exaggerated when the assigned number 
of the RIS is very small. In this connection we calculated 
the persistence vector,15 second moment, and scattering 
function employing an increased number of the RIS in 
order to avoid overestimation of an ordered conformation, 
i.e., the all-trans planar conformation, which is statistically 
preferred in the ordinary two-state scheme employed by 
Flory and co-workers.*" The local conformations of 
PMMA chains are discussed from the conformational point 
of view in connection with results obtained by other ex- 
periments. 

Experimental Section 
Materials. Atactic PMMA (a-PMMA) was prepared by the 

solution polymerization of methyl methacrylate in carbon tet- 
rachloride using 2,2'-azobis(isobutyronitri1e) as an initiator, 
fractionated into five fractions in acetone at 30 "C using methanol 
as precipitant, and dried under vacuum at 40 "C. The middle 
fraction was used for the scattering measurements. Syndiotactic 
PMMA (s-PMMA) was purchased from Polyscience Ltd. (lot no. 
23491), fractionated into four fractions, and dried similarly. The 
upper middle fraction was used for the scattering measurements. 
The molecular weight distribution and average molecular weight 
of a-PMMA were measured by GPC with a Shimazu GPC-100 
in tetrahydrofuran solution. The molecular weight of s-PMMA 
was measured by viscometry.ls The fraction w, of the meso dyad 
was determined by 'H NMR with a JEOL FX9OQ in chloro- 
benzene at 120 OC.17 The results of characterization of the samples 
are summarized in Table I. 

Analytical grade benzene and acetone were used without further 
parification. Reagent grade %heptanone, which is a @solvent 
for PMMA at 30-34 0C,18,1s was dried over potassium carbonate 
and fractionally distilled. 

X-ray Scattering Measurements. Measurements of X-ray 
scattering were made with a Kratky U-slit camera using a Cu- 
mode tube as an X-ray source. Scattered intensity was measured 
with a scintillation counter equipped with a pulse height analyzer 
and with a 10 fim Ni 0 filter. The counter was scanned stepwise 
by means of a full-automatic step controller. About 40 steps were 
scanned for each curve, and 5 X 106 to 2 X 106 pulsea were collected 
at each scattering angle. Since the primary beam with a line- 
shaped cross section was used to obtain high scattered intensity, 
the collimation error must be corrected (desmeared). The iterative 
method of GhtteP was used for this purpose. A thin-wded quart 
capillary of about 0.2-cm diameter was used as a container of the 
solution. In order to place the Kratky function on an absolute 
scale, the total intensity P of the primary beam was measured 
with a secondary standard sample, Lupolen platelet, calibrated 
by Kratky and co-workers.21 The excess scattering cross section 
dZjdi2 per unit volume of the sample is determined by the excess 
scattered intensity I through the reaction 

dZ/di2 = ( I / P ) ( r 2 / d 7 ' )  (1) 

where r is the sample-to-detector distance, d is the thickness of 
the sample, and T is the transmission. The absolute Kratky 
function F,(h),13922 which will be defined in the next section, can 
be experimentally evaluated by the equation 

where rijikl is the distance between the kth atom in the ith 
unit and the lth atom in the j th  unit, f k  is the excess 
scattering factor of the kth atom, nu is the number of 
effective atoms in the unit, h is the magnitude of the 
scattering vector defined by h = (47r/X) sin 4 0  being half 
of the scattering angle, and the angular brackets denote 
the statistical average over all conformations of the chain. 
If we assume that (sin (hrik. l ) /hrik. l )  is independent of the 
location of the sequence of t = li - jl units, the scattering 
function can be rewritten as 

P(h) = 

Avoiding difficulties in evaluating all terms in eq 5, we may 
introduce an approximation 

where rt is the distance between representative atoms (e.g., 
C") in the ith and j th  units separated by t units (li - j l  = 
t ) .  The approximation is valid for large values of t ex- 
ceeding a certain limit to, which can be estimated by 
comparison of the left-hand and right-hand terms in eq 
6. Substitution of eq 6 into eq 5 leads to  

c 

L 
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Table I1 
Values of v. Vb, ft,', and fb for PMMA in Benzene 

V k  v k  ?b 
atom cm3/mol cm3/mol f k o  f k  

I 3.33 4.74 6 3.77 
I 

,CHZ 

-C- 

\ 10.23 14.56 8 1.15 

-CHI 13.67 19.46 9 -0.16 
'C= 5.01 7.13 6 2.65 

0= 6.70 9.54 8 3.51 
-0- 5.50 7 3 3  8 4.32 

/ 

a Reference 27. v k  is obtained according to  the 
equation14 v k  = Mg,Tk /(zi$),  
The second terms in the brackets in eq 7 can be expanded 
in a series form24-26 

where g,, is an expansion coefficient defined by 
1 (m = 0) 

(9) 
and (r:P) is the 2pth moment of the ith and j t h  units 

separated by t units (li - jl  = t).  The scattering function 
for PMMA chains was calculated by eq 7 in combination 
with eq 8 and 9. 

The absolute Kratky function defined by13*22 
FJh)  = ( x  + l)h2P(h) (10) 

is useful to discusss the shape and magnitude of the 
scattering function a t  intermediate angles on an absolute 
scale. 
Numerical Calculations 

Two-State Scheme. Geometrical parameters and the 
torsion angles for two rotational isomeric states, cpt = 0' 
and cp = 120°, were assigned according to Sundararajan 
and Iflory.l1 The statistical weights were evaluated by 
using the optimized energies E, = 1100 and E, = -600 
cal/mol." The conformation for planar ester group was 
fixed so that the CH3-C bond may be cis to the C=O 
bond. All carbon and oxygen atoms were regarded as point 
scatterers, which facilitates evaluation of the effective 
scattering power of each atom in solution. We estimated 
the excess scattering factor f k  by a primitive method re- 
ported in a previous paper14 according to the equation 

(11) 
where f k o  is the atomic scattering factor equivalent to the 
atomic number of the kth atom, p is the mole electron 
density of solvent, and Vk is the molar volume of the kth 
atom. Values of v k  are calculable from the van der Wads 
volume V k z 7  and partial specific volume. Results of the 
estimation df f k  for PMMA in benzene are summarized in 
Table 11. 

In order to apply eq 7 we estimated the value of to by 
Monte Carlo calculations. The right-hand and left-hand 
terms in eq 6 were compared by changing the value o f t ,  
and the minimum value of t that  fulfills eq 6 was taken 
as to. We obtained to = 41 for a-PMMA but used a suf- 
ficiently large value to = 50 in calculations hereafter for 

f k  = f k o  - p v k  

Local Conformation of Poly(methy1 methacrylate) 2133 

both a-PMMA and s-PMMA. The scattering functions of 
s-PMMA were calculated for chains of x = 1OOO. The term 
(sin (hr,)/hr,) (t < 50) was evaluated as an average over 
5000 Monte Carlo chains comprising t units ( t  = 1-50) 
embedded in longer chains of 100 + t + 100 units, each 
chain being generated according to the conditional prob- 
abilities.1° The term (sin (hr,)/hr,) (t > 50) was calculated 
by eq 8 truncated at  the term including (r:), with the even 
moments (r?P) evaluated by the generator matrix me- 
thod.2s Truncation error of the moment expansion was 
determined to be small by comparing with the Monte Carlo 
data a t  t = 50. 

The scattering function of a-PMMA chains of meso dyad 
fraction w, = 0.2 was also calculated for x = 1000, as- 
suming a Bernoullian distribution of meso and racemic 
dyads. The term (sin (hr,)/hr,) (t 5 50) was calculated 
as an average over conformations and over stereochemical 
configurations; for each of 40 stereochemical configurations 
generated by the Monte Carlo method, 500 Monte Carlo 
conformations were generated (total of 20 000 conforma- 
tions for each value of t )  according to the conditional 
probabilities for each configuration. To avoid the appli- 
cation of the equivalent freely jointed chain modelB to the 
evaluation of (sin (hr,)/hr,), we calculated the even mo- 
ments up to and including (r:) for Monte Carlo chains 
o f t  units embedded in chains of 100 + t + 100 units, with 
t ranging fram 50 to 100 with an interval of 10. To ensure 
the convergence of the second moment and moment ratios, 
500 conformations for each of 180 stereochemical config- 
urations (total of 90000 conformations for each value of 
t )  were sufficient. The characteristic ratio C, = (r,2)/2tZ2 
and moment ratios (r?p) / (r?)P for other values of t (>50) 
were evaluated by interpolation and extrapolation of the 
corresponding values calculated for discrete t including 
those a t  a Gaussian limit ( t  = a) by the least-squares 
method with a linear and quadratic function of l / t ,  re- 
spectively. 

14-State Scheme. The highly preferential trans con- 
formation in s-PMMA chains imparts to the chain an 
ordered local conformation with high probability. The 
assignment of a single torsion angle to the trans state in 
such sequences may lead to overestimation of ordered 
conformations. Therefore we performed calculations with 
an increased number of RIS to compare them with the 
results obtained by the two-state scheme. 

The conformational energies were calculated as a 
function of successive torsion angles cpi and within a 
dyad with intervals of 10' using the empirical energy 
functions described by Sundararajan and Flory." Rota- 
tional isomeric states were chosen in low-energy regions 
a t  intervals of 10'. We assigned a total of 14 states cor- 
responding to cp = -30', -20', -loo, O', loo,  20', and 30' 
in the neighborhood of the trans conformation and cp = 90°, 
looo, l l O o ,  120°, 130°, 140°, and 150' in the neighborhood 
of the gauche conformation. Values of the elements of the 
statistical weight matrix U" for the dyad bond pair were 
set equal to its Boltzmann factor of the conformational 
energy. The elements of U' for the bond pair flanking the 
substituted carbon were assumed to be unity for the tt, 
tg, and gt regions and zero for the gg region,30 because these 
values depend only on the second-order  interaction^.^' 

The scattering function for s-PMMA chains was calcu- 
lated by using the 14-state scheme in the similar manner 
as described in the two-state scheme, except that the even 
moments for t > 50 were calculated by the Monte Carlo 
method, because direct evaluation of the moments requires 
generator matrices of excessively high orders, the order of 
the generator matrix (r?) being 980 X 980 even in a con- 
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0 1  0 1  0 3  0 4  0 5  
h ( k ' )  

Figure 1. Kratky plots for a-PMMA in benzene (e), acetone (O), 
and 3-heptanone (A). The solid curve represents the absolute 
Kratky function FJh) calculated for a-PMMA chains (w, = 0.2) 
by the two-state scheme with f k  estimated for P m  in benzene. 
The broken curve represents the function F,(h) calculated for 
a-PMMA chains by the two-state scheme with fko. 

densed form.32 A total of 20 OOO conformations were gen- 
erated for value of t according to the conditional proba- 
bilities calculated for long chains by the method of Flory 
and Fujiwara.= The characteristic ratio and moment ratios 
were evaluated by the extrapolation and interpolation of 
the values determined for t = 50-100 a t  intervals of 10. 

To illustrate the conformational features of s-PMMA 
chains, the persistence vector a,16 defined as the average 
of the end-to-end vector r, and the second moment ( r t )  
were calculated by the 14-state scheme according to the 
generator matrix methoda and compared with the results 
of the two-state shceme. Calculations of the second mo- 
ment were performed for longer chains comprising 100 + 
t + 100 units in order to eliminate the end effect. All 
calculations were performed a t  25 "C. 
Results and Discussion 

Figure 1 shows the absolute Kratky plots for a-PMMA 
chains. The filled and open circles and triangles represent 
the experimental curves measured in benzene, acetone, and 
3-heptanone, respectively. The results obtained in acetone 
and in benzene are in good accordance with those obtained 
by Kirste and co-workers.' Since the solvent dependence 
in the Kratky plots a t  small angles (h S 0.15 A-1) is mainly 
attributed to the change in the overall chain dimensions 
and hence to the excluded volume effect, the comparison 
of the curves beyond this region is of interest. The results 
observed in acetone and in 3-heptanone are almost iden- 
tical in the range h 20 .2  A-l, where the excluded volume 
effect diminishes, indicating the similarity of the local 
conformations in these solvents. Since acetone and 3- 
heptanone are both polar solvents, they may interact with 
PMMA similarly. On the other hand, appreciable dif- 
ference is observed for the benzene solution. Since the 
electron density of benzene (p  = 0.470 (mol electron)/cm3) 
is slightly larger than those of acetone (cp  = 0.432 (mol 
electron)/cm3) and 3-heptanone (cp  = 0.455 (mol elec- 
tron)/cm3), a part of the difference may be attributed to 
this effect. However, the difference seems to be larger than 
expected from this effect alone (see below) and also beyond 
the experimental uncertainty. Therefore we infer that the 
local conformation of a-PMMA chains in benzene could 
be different from those in the other solvents. More de- 
tailed understanding of the solvent effect requires incor- 
poration of this effect into the energy calculations as at- 
tempted by Gibson and S ~ h e r a g e ~ ~  and H ~ p f i n g e r . ~ ~  
Figure 1 also shows the absolute Kratky function F J h )  
calculated for a-PMMA chains of w, = 0.2. The solid 

I I I 1 I 

0 1  0 2  0 3  0 4  0 5  
h ( h ' l )  

Figure 2. Kratky plots for e-PMMA in benene (0) and acetone 
(0). The solid curve labeled (al) represents the absolute Kratky 
function F J h )  calculated for s-PMMA chains by the two-state 
scheme with f k  estimated for PMMA in benzene. The broken 
curve (a2) represents the function FJh)  calculated for s-PMMA 
chains by the two-state scheme with fko. The solid curve labeled 
(b) represents the function F,(h) calculated for s-PMMA chains 
by the 1Cstate scheme with f k .  The solid curve labeled (c) rep- 
resents the function F,(h) calculated for s-PMMA chains by the 
twestate scheme using a modified value of the angle @' = 53O with 

curve was calculated by eq 7 with the values of f k  estimated 
for PMMA in benzene, and the broken curve was calcu- 
lated with f k o  without correction for the electron density 
of solvent. Comparison of these two curves indicates that 
an increase of the electron density of solvent tends to 
increase the scattered intensity at  intermediate angles, due 
to the apparent reduction of the cross section area of the 
chain. However, this increase in the scattering function 
is very small even a t  maximum angle shown in the figure, 
which assures the above inference. Although qualitative 
features of the experimental curves are well reproduced 
by the theoretical functions, quantitative agreement is 
unsatisfactory. 

Figure 2 shows the Kratky functions for s-PMMA 
plotted on an absolute scale. The filled and open circles 
represent the experimental points obtained in benzene and 
in acetone, respectively, showing similar variation with 
solvent species as observed for a-PMMA. Figure 2 also 
includes theoretical Kratky function FJh)  calculated for 
s-PMMA chains. The solid curve (al)  was calculated by 
eq 7 with the values of f k  estimated for PMMA in benzene, 
and the broken curve (a2) was calculated with fko .  The 
agreement between the theoretical and experimental 
curves is only qualitative as in former calculations by Yoon 
and F l ~ r y . ~ * ' ~  

The characteristic peaks in the theoretical Kratky 
functions must be interpreted in terms of the conforma- 
tional characteristics of the chain. Because of an extreme 
preference for the tt conformation and of inequality in the 
skeletal bond angles, s-PMMA chains tend to form a loop 
of long trans sequences of an average length of 9 units.31 
Therefore the conformation of s-PMMA is considered to 
be the combination of loops in the trans states shown in 
Figure 3 and a few kinks caused by the gauche confor- 
mation, the former being the reason for the scattering 
peaks. To  confirm this idea, the scattering fmction for 
a randomly oriented ring of radius ro is calculated ac- 
cording to the equation 

P(hro) = &d2J02(hro sin 6) sin t9 d6 (12) 

where Jo(x) is the Bessel function of the zeroth order, and 
the result is shown in Figure 4 in the form of a Kratky plot. 

f k .  
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Figure 3. Schematic representation of the all-trans conformation 
of s-PMMA chains. The dotted lines represent virtual bonds, 
and the broken curve represents a ring corresponding to this 
conformation. 
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Figure 4. Scattering function calculated for a randomly oriented 
ring by eq 13 represented in the form of a Kratky plot, P(h~,,)(hr~)~ 
vs. hr,. 

The second peak appears a t  hro = 4.6. If we adopt ro = 
12.8 A, which is geometrically determined for the all-trans 
conformation for s-PMMA, the peak occurs at  about h = 
0.36 A-1, in good accordance with the theoretical curves 
shown in Figure 2. Therefore we can conclude that the 
second peak of the theoretical Kratky functions can be 
understood as the consequence of the loop-forming char- 
acteristic of s-PMMA as mentioned above. Kirste8 in- 
troduced an artificial chain with a fixed bond angle and 
torsion angle allowed to vary within a certain range around 
the cis position. The cis conformation in his model can 
be identified with the trans conformation in the real chain, 
if a virtual bond connecting the successive Ca atoms is 
regarded as the structural unit of the model chain (Figure 
3). Therefore, Kirste's hypothetical model chains can be 
related to the most probable all-trans conformation in the 
RIS scheme. 

A deeper insight into the local conformation can be 
gained by the persistence vector. Figure 5 shows the x-y 
projection of the persistence vector for s-PMMA chains. 
The solid curve represents the results by the 14-state 
scheme, and the broken curve represents those by the 
two-state scheme. For consistency the latter is computed 
with the statistical weight matrix U" determined by the 
conformational energies, each element of U" being evalu- 
ated as a sum of the Boltzmann factors calculated at  in- 
tervals of loo within the corresponding region. Since both 
curves are calculated from the same conformational en- 
ergies, the difference must originate in the choice of the 

2_/1 

.z l o t  / i  

1 
4 6 

( X 4 )  
OO- !2 

Figure 5. X and Y components of the persistence vector a 
calculated for e-PMMA chains. The solid and broken curves 
represent the vector calculated by the 14-state scheme and by 
the two-state scheme, respectively. 
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Figure 6. Characteristic ratio C, = (r,2)/2t12 calculated for 
s-PMMA chains. The solid and broken curves represent C, 
calculated by the 14-state scheme and by the two-state scheme 
as a function of the reciprocal of the chain length, l / t .  

different number of RIS. In the RIS approximation,28136 
integrations over configuration space are replaced by the 
sum over a discrete set of rotational isomeric states. 
Therefore the more isomeric states involved, the more 
precise the statistical average obtained, in the sense that 
the fluctuation around the energy minima can be taken 
into account more explicitly. The appreciable difference 
between the two curves in Figure 5, therefore, indicates 
the inadequacy of employing the two-statb scheme for the 
description of the local chain conformations. Figure 6 
shows the characteristic ratio for s-PMMA chains plotted 
against the reciprocal of the chain length l / t .  The solid 
curve is calculated by the 14-state scheme, and the broken 
curve by the two-state scheme. These plots suggest that 
the change in the number of rotational isomeric states 
involved appreciably affects not only local conformations 
but also the overall dimensions such as the second moment 
thereby calculated. The limiting characteristic ratio C, 
calculated by the 14-state scheme is much larger than that 
obtained by the two-state scheme and hence than the 
experimental ~alues.'~J9.3~ 

The absolute Kratky function F J h )  for s-PMMA chains 
calculated by the 14-state scheme is shown as the solid 
curve labeled (b) in Figure 2. Smaller angle dependence 
compared with the two-state scheme is the consequence 
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of the decrease of order in all-trans sequences, though 
loop-forming tendency is still maintained. Quantitative 
agreement with the experiments is not improved. As an 
attempt to reproduce the experimental curves, we used 
slightly modified values for parameters in the two-state 
scheme calculations. A small decrease in the conditional 
probability of the tt conformation does not affect the 
positions of scattering maxima significantly, apart from 
resulting flattening of the curve, as should be expected. 
A reasonable offset of the torsion angle for the trans state 
can shift the peak only slightly. Therefore no adjustment 
of these parameters required to fit the curves can be rec- 
onciled with the energy calculations. On the other hand, 
the variation of the bond angle I& for the dyad bond pair 
affects the peak position appreciably, an example with 8’ 
= 53” being shown as the solid curve labeled (c) in Figure 
2. Considerable improvement in the agreement between 
the theory and experiments thus attained suggests that the 
energy calculation including bending potential terms has 
crucial importance. This adjustment of the bond angle is 
also supported by the result of wide-angle X-ray scattering 
measured on a-PMMA in the bulk by Lovell et  al.,%* who 
concluded that the optimum value of 8’ is 52”. However, 
the value of the characteristic ratio C, = 4.2 obtained for 
0‘ = 53” is far from the experimental values, indicating that 
this minor change of the angle may seriously affect other 
conformation-dependent properties. 

Another possible reason for this discrepancy is long- 
range interactions, which invalidate the statistical treat- 
ment of the chain conformation. PMMA chains exhibit 
some specific phenomena such as formation of stereocom- 
plex between isotactic and syndiotactic  chain^,^^^^^ and 
association,42-45 as has been suggested by ‘H NMR spectra, 
osmotic pressure and viscosity measurements,44 and light 
scattering45 of s-PMMA solutions. A highly crystalline 
sample of s-PMMA is obtained by the solvent-induced 
crystallization for noncrystalline samples.&& Kusuyama 
and co -~orke r s~~ ,& analyzed the X-ray diffraction pattern 
of well-oriented fibers of s-PMMA after adsorption of 
chloroacetone and suggested that solvent molecules are 
included both inside and outside the helical chains in the 
crystal and that these helices have a smaller radius than 
that of the all-trans conformation. They concluded that 
the basic structure of syndiotactic PMMA/solvent com- 
plexes is similar to the inclusion compounds of amylose 
and its derivatives such as V - a m y l o ~ e / M e ~ S O ~ ~  and V- 
amylose/waterm complexes. These observations are all 
indicative of the presence of some specific long-range in- 
teractions within the s-PMMA chain. Since the racemic 
dyad is dominant in both samples used in this study, 
eventual all-trans sequences could be stabilized energeti- 
cally by forming a helix of a smaller radius to occlude 
solvent molecules. This decrease of the radius of curvature 
of the chain contour can be a reason for discrepancy be- 
tween the observed peak position and that calculated by 
the statistical theory considering only short-range inter- 
actions. Further investigations of the specific long-range 
interactions mentioned above and refinement of the energy 
calculations taking explicit account of the distortion of 
bond angles are required for clear understanding of the 
conformations of this chains in solution. 

Registry No. a-PMMA (homopolymer), 9011-14-7; s-PMMA 
(homopolymer), 25188-97-0. 
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