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ABSTRACT: We carry out molecular dynamics simulations of syndio- and isotactic poly(methy1 meth- 
acrylate) (PMMA) using explicit benzene as solvent. Experiments show that the tacticity of PMMA 
strongly influences the q-dependence of the scattering intensity. Here we calculate X-ray scattering 
intensities of high molecular weight fragments constructed from simulation trajectories. We compare 
these results with experimental measurements as well as other theoretical models based on the rotational 
isomeric state approach. Furthermore, we analyze the conformational scaling behavior and the solvation 
shell structure. 

Introduction 

In this work we apply the molecular dynamics (MD) 
simulation technique to oligomers of syndiotactic (s-) 
and isotactic (i-) PMMA dissolved in benzene. The 
simulations are carried out using the AMBER (Assisted 
Model Building with Energy Refinement) force field 
employing the standard force field parameters,1>2 where 
both solute and solvent are included explicitly on the 
level of the individual atoms. On the basis of the 
simulated conformations of syndio- and isotactic 16- 
mers, we construct high molecular weight fragments 
according to a method discussed previ~usly.~ This 
method of constructing high molecular weight fragments 
via smoothly chaining time-uncorrelated oligomeric 
segments was tested for poly(y-benzyl L-glutamate) 
(PBLG) in dimethylformamide (DMF),3 where it predicts 
the persistence length in excellent accord with the 
experiment. Thus, in the present case the conforma- 
tions of the constructed high molecular weight frag- 
ments should closely correspond to conformations of the 
real polymer in dilute solution, with benzene as solvent. 
Here we first study the dependence of the chain 
conformation on the degree of polymerization in terms 
of the characteristic ratio for s- and i-PMMA in benzene. 
For short distances (525 monomers) our results are in 
good accord with previous rotational isomeric state (RIS) 
calculations of Vacatello and F l ~ r y . ~  For larger dis- 
tances we observe and discuss significant deviations. As 
a more stringent test of the simulation, however, we 
calculate the X-ray scattering intensity based on the 
simulated high molecular weight fragments, which is 
then compared to the experimental data of Wunderlich 
and Kirste5 and Yamaguchi et a1.6 Using the atomic 
group form factors obtained in ref 6, we find quite good 
qualitative agreement with the experiment for the case 
of s-PMMA, comparable to the six-state transfer matrix 
calculations of Vacatello and Flory4 over the entire 
experimental range of the scattering vector. In par- 
ticular, our simulation reproduces the two maxima at 
q = 0.10 and 0.55 k1 observed in the experiment. The 
agreement for the case of i-PMMA is not so good. This 
is somewhat surprising, because of the rather feature- 
less form of the experimental Kratky curves. However, 
we find that here the agreement with the experimental 
data can be improved by constructing quasi-atactic high 
molecular weight fragments, which contain syndio- and 
isotactic sequences in varying proportion. Finally, we 
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also investigate the solvation shell structure for the two 
cases. We find that s-PMMA exhibits a comparative1 

away from the C, and Oester atoms. 

Initial Oligomer Conformations and the 
Construction of the Simulation Box 

The time necessary to attain conformational equilib- 
rium during the simulation is significantly influenced 
by the choice of the initial oligomer conformations. This 
is of particular importance for molecular dynamic 
simulations, where the inclusion of atomic detail and 
the attendant numerical effort induces severe time 
constraints. For PMMA, as we show below, we may 
take the solid-state conformations as reasonable start- 
ing conformations for short oligomers in solution. 

Crystallization of s-PMMA is induced by solvent 
treatment,7 where the solvent is necessary for maintain- 
ing the crystallinity. After inducing the crystallization 
with chloroacetone, this initiator may be substituted by 
another solvent, for example, benzene.a X-ray investi- 
gations show that s-PMMA forms isomorphous crystal- 
line inclusion complexes with these solvents. Within 
these complexes s-PMMA forms a helix consisting of 74 
monomeric units with a repeat distance of 35.4 A,8 
where the backbone conformation is close to the all- 
trans conformation. For this reason and because there 
is no detailed crystal information available we choose 
an all-trans conformation as the s-PMMA starting 
structure. 

X-ray experiments on i-PMMA show that the crystal- 
line solid-state conformation of lowest energy is a helix. 
Whereas the experimental scattering pattern allows 
more than one probable helix model, some of these 
models are ruled out by additional infrared studies and 
conformational energy a n a l y ~ i s . ~ - l ~  Here we have 
analyzed Tadokoro’s suggestions for two 511, one 512, 
and one 10/1 helixgJ1 (in the crystalline state the 10/1 
helix occurs as a double helix) via static energy mini- 
mization with the POLYGRAF software package.13 We 
find the 1011 helix to  be the one with the lowest energy 
in agreement with ref 11. Thus here we adopt the 10/1 
helix as the initial conformation for the i-PMMA oligo- 
mer. 

The s- and i-PMMA oligomers used in the MD 
simulations described below consist of 16 monomer units 
terminated by a methyl group (cf. Figure 1). Following 
a procedure described previously3J4 each oligomer is 
inserted in a simulation box of volume V = L3 ( 4 3 2  
AI3) filled with benzene preequilibrated at T = 300 K, 

more structured solvation shell, extending out to 12 1 
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Figure 1. Initial conformations of the two oligomers (consist- 
ing of 16  monomers each) used in the simulation. The sketch 
on the right explains our convention for the dihedral angles. 

where overlapping solvent molecules are deleted. The 
molecules are treated without any simplification, that 
is, in the all-atom description. This leads to a total of 
2501 atoms for the case of s-PMMA and to 2525 atoms 
for the case of i-PMMA, respectively. Notice that the 
number of deleted solvent molecules upon insertion 
depends on the tacticity of the inserted oligomer. 
Simulation Methodology 

In MD simulations the phase space is sampled by 
integrating numerically Newton’s equations of motion 

for every atom i contained in the simulation box. Here 
we carrry out our simulations using the molecular 
mechanics and molecular dynamics modules provided 
in the AMBER molecular modeling packaging. In the 
present case the AMBER potential is 

bonds 

valence dihedrals 
angles 

A, = + uj)12 

B, = 2(€i€j)l’2(005)6 

The first three terms describe the bonding interactions, 
which include harmonic bond stretch and valence angle 
potentials as well as a cosine-type potential for the 
dihedral rotations. The last two terms represent the 
nonbonding Lennard-Jones and Coulomb interactions. 
Here we apply the Lorentz-Berthelot mixing d e l 5  to 
obtain the usual U parameters e,  and o,, i.e., e,  = 
(cicj)l” and a, = ai + oj, where ai and aj include a factor 
0.5. Notice also that all 1-4 nonbonded interactions 
(LJ and Coulomb interactions between atoms separated 
by three bonds) are scaled by a factor O.5.lt2 The 
potential parameters with the exception of the atomic 
partial charges are taken from the AMBER data base1S2 
and from ref 16. The partial charges of PMMA are 
calculated using the charge equilibration method1’ 
included in the POLYGRAF software package;13 the 

Table 1. AU Force Field Parameters, Which Are 
Extracted from the AMBER Data BaselP2 if the Source Is 

Not Referenced Separately 

y 1  7” 733 
-CZ-Ci- MI: H3,-C3-H32 

I I  
I 

01=c4 H l l  
M2: Hs3-Cs- HE1 

i P‘ H5Z 

M2 

bonds fr (kcal mol-’ kz) requ (A) ref 
C-CT 
c-0 
CT-CT 
CT-HC 
CT-OS 
c-os 
C-CA 
CA-HC 

317 1.52 
570 1.23 
310 1.53 
331 1.09 
320 1.41 
214 1.33 16 
469 1.40 
340 1.08 

angles fa (kcal molT1) 6,,, (den) ref 
CT-C-0 
C-CT-CT 
CT-CT-CT 
CT-CT-HC 
HC-CT-HC 
C-OS-CT 
0-c-os 
OS-C-CT 
CA-CA-CA 
CA- CA- HC 

80 
63 
40 
35 
35 
83 
83 
81 
35 
35 

120.4 
111.10 
109.5 
109.5 
109.5 
116.9 16 
123.4 16 
111.4 16 
120.0 
120.0 

dihedral angles f,, (kcal mol-’ y (deg) n ref 
X-C-CT-X 0.00 0.00 6 
X-CT-CT-X 1.3 0.00 9 
X-CT-OS-X 1.15 0.00 3 
CT-CT-C-0 0.07 180.00 1 
CT-C-OS-CT 5.09 0.00 1 
0-C-OS-CT 8.30 180.00 1 
X-CA-CA-X 5.30 180.00 4 
X-X-CA-HC 2.0 180.00 1 

U parameters e (kcal mol-l) (7 (A) 
C 
CA 
CT 
HC 
os 
0 

0.12 1.85 
0.12 1.85 
0.06 1.80 
0.01 1.54 
0.15 1.65 
0.20 1.60 

partial 4 partial 4 
charges (electron charges) charges (electron charges) 

c1 -0.24 c4 0.67 
Hi1 0.18 01 -0.55 
Hi2 0.11 0 2  -0.60 
CZ 0.02 c5 -0.09 
c3 -0.35 H51 0.13 
H31 0.19 H52 0.11 
H32 0.14 H53 0.17 

C(benzene) -0.15 H(benzene) 0.15 
a We use the AMBER atom type convention: C = carbonyl 

carbon, CA = aromatic carbon in a six-membered ring with one 
substituent, CT = carbon with four explicit substituents, HC = 
explicit hydrogen attached to carbon, 0 = carbonyl oxygen, OS = 
ethyl and ester oxygen. The partial charges are calculated via 
the charge equilibration algorithm,l’ which is part of the 
POLYGRAF modeling package.13 Note that the partial charges 
for the head and tail monomer differ slightly from those indicated. 

partial charges of benzene are taken from ref 18. All 
potential parameters including the partial charges are 
compiled in Table 1. 
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Figure 2. Two syndiotactic (A) and two isotactic (B) PMMA high molecular weight fragments constructed from the oligomer 
simulation trajectories according to the procedure described in the text. The boxes show enlarged chain segments (scale factor 
= 10). The additional inset within B illustrates the quasi random relation between the position k of an oligomer in the conformation 
list and its position n within one of the isotactic high molecular weight fragments shown in this figure (both k and n are in units 
of 1000). 

The dynamic simulations are preceded by a static 
energy minimization of the entire simulation box in 
order to  relax possible van der Waals overlaps. To limit 
the number of nonbonded interactions, and thus the 
numerical effort, a residue based cutoff of 8 A is used 
throughout the energy minimization as well as during 
the subsequent MD simulations. Notice that here each 
benzene and each monomer unit within the oligomer 
constitutes a residue and that all nonbonded interactions 
are calculated between two residues, if the smallest 
atom-to-atom distance between the two residues is less 
than 8 A. The numerical integration of the equations 
of motion is carried out using a leap-frog version of the 
Verlet-Stromer algorithm with a 1.0 fs time step. 
Furthermore, we employ periodic boundary conditions 
as well as the minimum image convention. Our MD 
simulations are performed within the NVT ensemble; 
i.e., particle number, volume, and temperature are kept 
constant, where T = 300 K. Constant temperature is 
maintained according to  the method of Berendsen et 
al.19 using velocity scaling with a temperature relax- 
ation time of 0.1 ps. The scattering results reported 
below are based on 700 ps simulation runs for each 
tacticity of which we discard the first 20 ps. 

Construction of Syndiotactic and Isotactic High 
Molecular Weight Fragments 

The simulations are carried out for oligomers contain- 
ing 16 monomer units. On the other hand, the experi- 
mental scattering results, which we want to compare 
to, are for dilute solutions containing polymers with a 
molecular weight corresponding to  about 2000-3000 
monomer units. In this section we describe a formalism, 
which allows us to construct high molecular weight 
fragments of corresponding size, based on statistically 
independent conformations extracted from the trajec- 
tories of the 16-mers. The resulting chains should 
closely mimic the single chain behavior of s- and 
i-PMMA in benzene. 

The procedure, which we have recently tested for 
PBLG in DMF,3 is as follows. First, we create a list 
containing instantaneous conformations of the simu- 
lated oligomer, which are extracted from the simulation 

trajectory at  regular time intervals At, where here At 
= 0.1 ps. Next, assuming that a chain (9- or i-PMMA) 
consisting of n connected oligomers already exists, we 
want to “smoothly” extend this chain by an additional 
oligomer conformation taken from the above list of 
conformations. Thus, we scan the list of oligomers for 
the best match between the tail backbone dihedral angle 
@z,t of the already existing chain and the head backbone 
dihedral angle &,h of the oligomers in the list (cf. Figure 
1). The oligomer for which I42,t - 42,h( has a minimum 
is then connected (as the (n  + 1)st oligomer) to the 
chain, and, simultaneously, it is deleted from the list. 
Notice also that when the oligomer is connected to the 
chain the overlapping tail monomer of the chain is 
deleted. This process is then repeated. Figure 2 shows 
four high molecular weight fragments (two for s-PMMA 
and two for i-PMMA) each containing 1000 monomers, 
which are constructed in this fashion. Notice that the 
s-PMMA segments appear to be more strongly coiled, 
exhibitin for instance, pronounced loops on a scale of 

molecular weight fragments as an example, the inset 
in Figure 2B illustrates the quasi randomness between 
the position k of an oligomer in the conformation list 
and its position n within the high molecular weight 
fragment. 

At this point it is useful to address some details of 
the above construction procedure. Our oligomers consist 
of 16 PMMA monomers. This leads to a sequence of 15 
dihedral angles & (cf. Figure 1) for every oligomer. Due 
to the above connection rule, we then have a maximum 
number of 14 dihedral angles 4 2  per oligomer conforma- 
tion added to a chain. Of course, we also can build high 
molecular weight fragments connecting oligomer seg- 
ments containing less than 14 dihedral angles &. Note 
that for each of these cases there exist several choices 
for selecting the corresponding oligomer segment. For 
instance, an additional segment containing 13 dihedral 
angles 42 can be selected by matching 4 2  of the 15th 
(14th) monomer of the nth oligomer conformation in the 
chain to  4 2  of the 2nd (1st) monomer in the oligomer 
conformation to be added as the (n  + 1)st segment. Thus 
here different kinds of chains are built, based on the 

about 15 % up to  50 A. Using one of two isotactic high 
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same pool of oligomer conformations. However, each 
kind is composed of segments of the same length, where 
the maximum is 14 monomers and the minimum is 7 
monomers. In addition, we exclude all chains or high 
molecular weight fragments containing "bad choices"; 
Le., the minimum of I42,t - 42,hl involves dihedral angles 
@z,t and 42,h, whose corresponding distributions do not 
overlap. This overlap condition leads to  9 different 
syndiotactic and 25 different isotactic chain types. Note 
that in the case of s-PMMA some combinations of head 
and tail monomers are excluded in order to  preserve 
syndiotacticity, which reduces the possible number of 
chain types for s-PMMA. Finally, for each type of chain 
we create a certain number (cf. below) of high molecular 
weight fragments over which we average. This con- 
struction and averaging procedure also diminishes 
possible end effects, i.e., effects due to including dihedral 
angles close to the free ends of the simulated oligomers. 
We have attempted to study these end effects quanti- 
tatively by systematically excluding end dihedral angles. 
However, the results obtained in this fashion are not 
significantly different from those obtained via the above 
overall average. 

The construction procedure, as it stands, neglects 
excluded volume beyond the oligomer segments, which 
make up the high molecular weight fragments. Of 
course the chain excluded volume might be included via 
an additional "no-overlap" condition applied to the 
atom-atom separations within each high molecular 
weight fragment. We have calculated the number of 
chain self-interactions using a minimum atom-atom 
distance of 2 A. Within the s-PMMA chains there are 
virtually no overlaps within the first 20 monomer units. 
After that we find a pronounced maximum at x35 
monomers and subsequent diminishing maxima every 
=30 monomers, indicating a looplike structure on this 
length scale (30 monomers = 75 A). For i-PMMA there 
is a small number of overlaps at the segment joints due 
to overlapping side chains. Again there is a maximum 
at 30 monomer units (the maximum is, however, 
significantly smaller than that for the s-PMMA chains) 
but no subsequent maxima. In the following we do not 
exclude intersecting chains from the analysis. This is 
because we are mainly interested in the short distance 
behavior on length scales of several tens of monomers. 
Also, the quantitative evaluation of effects due to long- 
range chain-chain exclusion is difficult, because the 
relative rarity of chain-chain intersections makes 
longer trajectories than the ones which we have avail- 
able in the present case necessary. Moreover, the above 
overlap criterion is purely geometric and does not model 
the solvent specificity of the chain-chain interactions. 
Finally, it is worth noting that we are also interested 
in comparing to the rotational isomeric state (RIS) 
model results where likewise the long-range chain- 
chain exclusion is omitted. Comparing to the experi- 
mental results, however, we must except deviations 
when length scales larger than ~ 3 0  monomer units are 
considered. 
Chain Conformations and Scattering Functions 
for s- and i-PMMA High Molecular Weight 
Fragments 

The construction procedure of the previous section 
allows one to study the dependence of the solution 
behavior of s- and i-PMMA in benzene on the number 
of chain monomers N. Figure 3 shows a plot of the 
mean-square end-to-end separation ( R d )  divided by 
2PN vs 1/N, where 1 = 1.53 A is the C-C bond length 

2 4 6 8 -  

6 -  

2 " " " " " " " " " " '  

1 /N 
0 0.05 0.1 0.1 5 0.2 

Figure 3. Characteristic ratio CUY = (Rd)/(2NZ2) vs the 
inverse number of monomers 1/N for both s- and i-PMMA. 
Here ( R d )  is the mean-square end-to-end distance and I = 
1.53 A is the C-C bond length along the backbone. The solid 
lines are the simulation results for s- and i-PMMA in benzene. 
The short-dashed lines show the corresponding vacuum six- 
state RIS results taken from ref 4, and the long-dashed line 
shows the 14-state RIS results for s-PMMA taken from ref 6. 
The arrows on the left show the results for C, for s- and 
i-PMMA vacuum simulations. Inset: The logarithm of the 
mean-square end-to-end distance Rw divided by 2 vs the 
logarithm of the number of monomers N. Long solid lines: 
simulation results for s- and i-PMMA. Short-dashed lines: six- 
state RIS model results for s- and i-PMMA as in the main 
panel. Dash-dotted lines: scaling behavior, i.e., ( R d )  = Wy,  
for a polymer chain in a good solvent (gs: v = 0.6) and the 
simple random-walk result (rw: Y = 0.5),29 plotted for an 
effective segment of length unity. 

along the backbone. For the unperturbed Rm the 
quantity (R&)l(2Z2N, is the characteristic ratio Cm, 
which not only is a function of intrinsic chain properties 
but also depends on the polymer-solvent interaction. 
The high molecular weight fragments considered here 
contain 8400 monomers, and we build five polymers for 
each chain type. So the average is taken over 45 and 
125 chains for s- and i-PMMA, respectively. In the 
range 0.04 ;5 11N 2 0.2 the MD results are in qualitative 
accord with the six-state RIS results of Vacatello and 
F l ~ r y ; ~  i.e., we also observe a maximum for s-PMMA, 
whereas for i-PMMA we obtain a monotonous increase. 
In addition, we also find the crossover between s- and 
i-PMMA at about 0.1. Vacatello and Flory attribute the 
occurrence of the maximum of Cm for s-PMMA to the 
circling back of the chain onto itself. Our local maxi- 
mum of C m  for s-PMMA occurs at N = 17, which almost 
exactly is half of the N for which we obtain the first 
maximum in the overlap distribution discussed in the 
previous section. Nevertheless, if we take 2.54 A to be 
the length of a monomer along the chain contour, then 
our local maximum of Cm occurs at -42 A, which is a 
length scale on which we do indeed see strong coiling 
of the s-PMMA chains (cf. Figure 2). In the range 1/N 
.e 0.04 the MD simulation yields a significantly larger 
Cm than the RIS calculation. In fact, the values for C, 
which we obtain are 45 f 5 for s- and 72 It 5 for i-PMMA 
(not shown in Figure 3). Whereas their ratio is in rough 
agreement with the corresponding result in ref 4 (cf. also 
Figure 31, our absolute numbers do exceed these values 
by a factor of -7! We are not aware of measured values 
for Cm for either s-PMMA or i-PMMA in benzene. 
However, the experimental results, which are obtained 
by, for example, measuring the perturbed chain dimen- 
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Figure 4. Excess form factors f i  of the various atom groups 
within the PMMA monomer taken from ref 6. 

sions and then extracting the unperturbed dimensions 
according to different semiempirical theoretical mod- 
e1s,20,21 yield values for C, which vary depending on 
tacticity and solvent roughly between 6 and 11.20~22-28 
In order to check our procedure, we therefore performed 
additional analogous reference simulations in vacuum 
instead of in benzene. The resulting values for C, are 
7.2 f 0.3 for s-PMMA and 8.5 f 1.1 for i-PMMA 
(indicated by the arrows in Figure 3). These values are 
in quite good agreement with the (vacuum) six-state RIS 
results in ref 4. Thus, the discrepancy should be due 
to explicitly including the solvent. Benzene is consid- 
ered to be a good solvent,23 which means that ( R d )  
should scale as N2y with v = 0.629 for large N. Because, 
however, we do not include excluded-volume interac- 
tions beyond the length of the oligomers (cf. above), our 
( R d )  must eventually scale with v = l/2, as shown in 
the inset in Figure 3. Nevertheless, a PMMA segment 
stiffened by the surrounding solvation shell, which is 
discussed below, forms a rather bulky object for which 
1 may not be a meaningful length in this context;21 i.e., 
1 should be replaced by a much larger effective “bond” 
length (cf. the inset in Figure 3). One additional source 
of error, which we want to  mention in this context, is 
the finite size of the simulation box, which means that 
there are possible interactions between the polymer 
segment and its images leading to the stiffening of the 
segments. Even though the direct segment-segment 
interaction is avoided by the employed interaction cutoff, 
interactions between the real and the image solvation 
shells cannot be ruled out completely. A systematic 
investigation of this point would require several refer- 
ence simulations for different box sizes, which compu- 
tationally is very expensive. 

A better check for the respective qualities of the 
simulation and the RIS predictions, however, is the 
comparison to experimental X-ray scattering results 
obtained on dilute solutions of s- and i-PMMA in 
benzene. For the above high molecular weight frag- 
ments of s- and i-PMMA we calculate the scattering 
function 

F(q) = 1 c (fdsin(qrzJ)) (3) W(YfY Z J  qr, 
for a system of independent randomly oriented mol- 
ecules consisting of N monomers each. Here r, is the 
separation between two scattering sites labeled by i and 
j ,  and q is the magnitude of the scattering vector given 
by q = (4n/il) sin(8/2), where il = 1.54 A and 8 is the 
scattering angle. The f i  are the excess form factors of 
the atoms (or atom groups) shown in Figure 4 for a 
single monomer unit, which are calculated according to 
the equation 

f ,  =A0 - QV, (4) 

The f i0 are the bare form factors taken to  be equal to 

60 

40 

20 

0 0.2 0.4 0.6 

q W 1  
Figure 5. Kratky plots for s-PMMA (A) and i-PMMA (B). The 
solid and open triangles are experimental data from refs 5 and 
6, respectively. Thick solid curves: MD simulation result 
using the f i  of ref 6. Dashed curves: MD simulation result 
using the C, atoms only with f i  = 1. Dotted curves: six-state 
(s-PMMA) and two-state (i-PMMA) RIS models of refs 4 and 
31. Thin solid lines: corresponding continuum limit for the 
straight chain. Dash-dashed curved: Kratky plot of the Debye 
function for the six-state RIS model of ref 4 (DRIs); Le., ( R d )  
in eq 7 is calculated based on the value of Cw (&,) obtained 
in ref 4. 

the charge number of the atom (or atom group) at the 
scattering site i, which is a good approximation in the 
q-range studied here. The term QV, is the excluded 
solvent electron charge, where Q is on its van der Waals 
volume and the partial specific volume. The details of 
this calculation are given in ref 6 ,  but the resulting 
values for f i  are shown in Figure 4. Notice also that 
the primed summation in the denominator of eq 3 is 
carried out over the scattering sites within one monomer 
unit only. Thus, for monomer-monomer contributions 
to F(q) from distant sites (relative to the size of a 
monomer unit) separated by r, we can write r, = r and 
carry out the intramonomer summation over f-$j inde- 
pendently, so that F(q)  is independent of the f i  for small 
q. Finally, the average in eq 3 is over 180 high 
molecular weight fragments in the case of s-PMMA and 
500 high molecular weight fragments in the case of 
i-PMMA, where each fragment consists of 2000 mono- 
mers. 

Figure 5 shows the simulated Kratky functions30 
defined by 

K(q) = MmNq2F(q) (5) 

for the simulated s- and i-PMMA chains in comparison 
to experimental X-ray results5a6 and theoretical results 
based on RIS model  calculation^.^^^^ Here M ,  = 100.1 
is the molecular weight of a monomer unit. Notice that 
the experimental data in Figure 5A are plotted exactly 
as given in the references and that the difference 
between them is largely due to a missing overall scale 
factor in one of the references, probably omitted when 
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the measured intensities where converted into K(q). 
Qualitatively the MD result based on the form factors 
taken from ref 6 reproduces the experimental s-PMMA 
results quite well, including the maxima in the scat- 
tering function at q 1: 0.1 and 0.55 A-l. Note that these 
q's  roughly correspond to  lengths of -60 and -10 A, 
respectively, and the corresponding coiling, particularly 
for the smaller length, is clearly visible in Figure 2A. 
The RIS results, which are calculated based on scatter- 
ing sites located at the positions of the Ca atoms only 
and using f i  = 1 for all sites, are, however, also quite 
good. Somewhat surprisingly the simulation results 
appear to perform better than the RIS calculations for 
small q, whereas for the larger q it appears that the 
reverse is true. Interestingly, if the scattering from the 
simulated high molecular weight fragments is calcu- 
lated in the same fashion as for the RIS case, i.e., the 
scattering sites coincide with the Ca atoms and the 
corresponding f i  = 1, then the simulation results are 
quite close to  the RIS results for q z 0.25. Thus, it 
appears as if the modeling of the scattering sites within 
the monomer unit becomes important for q k 0.3, so that 
discrepancies between simulation and experiment above 
q % 0.3 may be due to inaccuracies in the description of 
the form factors rather than being due to the confor- 
mational modeling. It is worth noting in this context 
that the authors of ref 6 have modeled the scattering of 
s-PMMA in benzene by a 14-state RIS model using the 
above excess form factors. Their theoretical result 
appears to fit the experimental data less accurately than 
either our simulation or the six-state RIS model results 
shown in Figure 5. It is also worth noting that very 
recently F(q), was measured for s-PMMA in benzene by 
Yoshizaki et a1.32v33 These data, which we have not 
included explicitly in Figure 5A to not overcrowd this 
plot, exhibit a first maximum which is shifted to a 
somewhat larger q (-0.17 A-1) in comparison to  the two 
data sets included in Figure 5A. In addition, the second 
maximum is suppressed to a mere shoulder and F(q) 
increases monotonously. In the case of i-PMMA, as 
shown in Figure 5B, the RIS results are clearly quali- 
tatively better than the simulation in the range q 5 0.3, 
where the distribution of scattering sites within a 
monomer has only a small effect. The difference is 
mainly due to  an additional broad maximum at  q x 0.2 
shown by the simulation result. Its occurrence is 
somewhat surprising, because the overall featureless 
shape of the experimental curve indicates a rather 
simple conformational behavior of i-PMMA. Notice that 
for comparison in Figure 5 we have included the Kratky 
functions for the two cases of a completely straight chain 
as well as for a Gaussian coil in the continuum limit. 
The scattering function of the former is simply given 

F(q)  = d q b N  (6) 
where b x 2.5 A is the monomer length calculated 
according to the values for the C-C bond length and 
the C-Ca-C angle given in Table 1, whereas the 
scattering function of the latter is given by the Debye 
function, i.e. 

by 

The corresponding Debye curves in Figure 5 (indicated 
by DRIS) are calculated using (R&) PZ 212NC,, where 
C, is given by the six-state RIS values (cf. above). 

syndiotactic A 

40  1 mainly 
isotactic 

0 0.2 0.4 0.6 

q W 1  
Figure 6. Kratky plots for the high molecular weight frag- 
ments with mixed tacticity. The solid and open triangles are 
the experimental data from refs 5 and 6, respectively. (A) 
Thick solid curves: simulation result using the f i  of ref 6 and 
p ,  = 0.0. Long-short dashed curves: same as above but with 
pi = 0.1. Short-dashed curves: same as above but with pi = 
0.5. (B) Same as part A but with pi replaced by p s .  

Notice in particular that the long-wave length (0.02 5 
q 5 0.1) scattering behavior of the experimental PMMA 
chains is not well described in terms of the scattering 
from Gaussian chains. 

We can try to improve the agreement between simu- 
lation and experiment for i-PMMA following the idea 
that purely isotactic or purely syndiotactic polymer 
chains are not realistic, because the synthesis will yield 
polymer chains which are mainly isotactic but which 
may also contain syndiotactic segments. From Figure 
2 it is intuitively plausible that the occurrence of mixed 
toxicity should effect the long- and intermediate- 
wavelength behavior of the scattering, i.e., the q region, 
where the disagreement is most severe. Unfortunately, 
here we do not have any information on the toxicity 
distribution within a polymer chain or within the 
polymer population. Thus in the following we discuss 
the results of simple model calculations, which should 
show the basic effects. Analogous to the construction 
procedure described above, we build high molecular 
weight fragments of mixed tacticity. However, instead 
of always connecting oligomers of the same tacticity as 
before, we now choose the oligomer conformation, which 
is t o  extend the chain, according to the probabilities p s  
and pi (where p s  + pi = 1) from the respective syndio- 
tactic or six-isotactic conformation lists. Thus, on 
average, each high molecular weight fragment con- 
structed in this fashion consists of mps s-oligomer and 
mpi i-oligomer segments, where m is the total number 
of segments in the fragment. As an aside, we remark 
that the direct simulation of an atactic oligomer is 
difficult due to the limited simulation box size, which, 
in turn, severely limits the statistical realization of 
atacticity. The scattering results for the high molecular 
weight fragments of mixed tacticity are shown in Figure 
6. Part A shows the scattering from mainly syndiotactic 
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(8) 

Here ecm(ra) denotes the number density of benzene 
molecules, whose center of mass distance from an atom 
of type a in the polymer is r,. Qcm is the bulk center of 
mass density of benzene. The average is over all atoms 

. I s-PMMA 

1 I-PMMA 

t 

0 4 8 12 

ra [AI 
Figure 8. Radial benzene distribution function gcm(ra) for s- 
(A) and i-PMMA (B). Here re denotes the benzene center of 
mass-C, separation (solid lines) and the benzene center of 
mass-Oester separation (dashed lines), respectively. 

of type a and time. Figure 8 shows gcm(ra),  when a 
denotes the C, carbon atom and the ester oxygen, 
respectively. For both s- and i-PMMA the range of the 
solvent-induced structure, i.e., the effective diameter of 
the polymer cross section, is about 10-12 A, where the 
spacing of the major density peaks is determined by the 
size of the solvent molecule. Note that the correspond- 
ing sets of curves for s- and i-PMMA are similar, except 
that the structure of gester is more pronounced in the 
syndiotactic case. Notice also that here gcm(ra) does not 
approach unity within the range shown, because of 
solvent exclusion due to the PMMA segment itself. 
Finally, it is worth noting that the polymer-induced 
solvation structure, i.e., the attending variation in the 
electron density, might be important in calculating the 
scattering behavior in the range where q k 0.3. This is 
a possibility which we want to investigate more carefully 
in future work. 

Conclusion 
In this work we have carried out molecular dynamics 

simulations of syndio- and isotactic oligomers of PMMA 
in explicit benzene, using a standard force field with 
tabulated parameters. By connecting time-uncorrelated 
oligomer conformations, we construct high molecular 
weight fragments corresponding to experimental mo- 
lecular weights. For s-PMMA our approach semiquan- 
titatively reproduces the experimental X-ray scattering 
results obtained on dilute solutions, whereas for i- 
PMMA the agreement is not so good. Overall, however, 
our MD simulation, with the parameter taken from a 
standard data base with no further refinement, de- 
scribes the scattering behavior of the system almost as 
well as the rather complicated and over the years 
refined RIS models. In addition, it appears that the 
treatment of the scattering within a monomer plays a 
significant role for the proper description of the experi- 
mental data in the q-range considered here. 
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