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ABSTRACT: The dynamic Monte Carlo algorithm is employed to explore the dynamic scattering of dilute
and nondilute solutions of flexible linear chains. The chains are represented by the bond fluctuation
model with and without attractions between nonbonded units placed at close distances, to describe different
types of thermodynamic conditions (® or good solvents). This mimics the behavior of real chains in the
different types of solvents. We also consider symmetric diblock copolymer chains in a nonselective good
solvent, where the differences between the blocks are introduced in the scattering factors of the beads
and, also, through a net repulsion between units belonging to different blocks. The analysis of the dynamic
scattering functions for semidilute solutions reveals the presence of at least two different modes. In the
homopolymer chains, one of the modes follows the behavior expected for the osmotic mode in the gel
regime. The other mode seems to correspond to the structural relaxation, in the case of ® systems at low
values of the scattering, g. At higher g and for good solvents this mode is faster than expected from
theory. It can tentatively be assigned to chain end effects. The total intensity at g = 0 gives results
consistent with the scaling theory for good solvent. The ® systems show a dramatic increase for this
intensity, which is mainly manifested in the slowest collective mode, due to the proximity of critical
conditions. For the copolymer chains, we observe a main internal mode, related with the longest Rouse
relaxation, and a secondary faster mode that can be due to the accumulation of shorter Rouse motions.
The introduction of a moderate repulsion between units in different blocks is manifested through a more
prominent peak in the total intensity. Some decrease of the rates is also observed for the same g values,
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probably caused by the onset of the order—disorder transition.

Introduction

Scattering radiation experiments are currently con-
sidered powerful techniques to study the dynamics of a
great variety of polymer systems.! The “coarse-grained”
nature of polymer systems at not very short distances
can be adequately monitored through light or neutron
experiments. The experiments yield decay curves that,
in many cases, can be related with theoretical time—
correlation functions generally denoted as dynamic
scattering functions.?2 For chains in dilute solutions,
these functions can be easily calculated with the simple
Rouse or Zimm models.® However, the dynamics of
semidilute solutions is considerably more complex,3#
though many features of the dynamic scattering behav-
ior have been predicted through the application of
approximate theories.>® On the other hand, these
systems can also be studied by computer simulation.”
The dynamic trajectories can yield “collective” dynamic
scattering functions,® directly comparable to the experi-
mental data, and also “intermediate” scattering factors,
the latter being the contribution to the scattering from
individual chains, averaged on the system. The inter-
mediate scattering factors can be related with experi-
mental neutron scattering from labeled chains or,
sometimes, with light-scattering experiments, if the
contributing modes are not sensitive to intermolecular
interferences.

However, the time scales involved in the simulation
of scattering functions are very long and purely dynamic
simulations, i.e., molecular dynamics, cannot be practi-
cally employed.” For this reason, only dynamic Monte
Carlo methods with coarse-grained models are presently
adequate to accomplish this type of study. These meth-
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ods rely on the use of “single jump” moves that try to
mimic small stochastic perturbations on real polymer
beads, and therefore, the choice of a particular coarse-
grained model may be important to their actual ap-
plicability. Lattice models are particularly useful from
the computational point of view, being the only ones that
can provide an efficient description of relatively large
systems. The choice of elementary moves for individual
units is, however, an artificial characteristic of conven-
tional lattice methods. For instance, the simple cubic
lattice model has to combine elementary “bents” and
“crankshaft” in order to ensure a close-to-ergodic algo-
rithm.®

The bond fluctuation model”1° was devised to offer
the computational benefit of lattices and the more
realistic characterization of systems represented by the
open space simulations. This model offers a considerably
higher number of empty positions available around an
occupied site and, furthermore, it only needs a single
and simple form of elementary move. These character-
istics make this model adequate for Monte Carlo
dynamics, especially if interactions between nonbonded
units are included, as it is required to study the
influence of solvent quality.

In the present article, we report the results obtained
for dynamic scattering functions of several different
types of many-chain systems in the diluted, semidilute
or concentrated regimes. We have considered homopoly-
mer chains in good and © solvents. The good solvent
systems are represented by self-avoiding walk (SAW)
chains. The ® systems include additional attractions
between nonbonded units placed at short distances.112
Also, we have studied symmetric diblock copolymer
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chains in a good solvent. The copolymer units A or B
belonging to different blocks are distinguished by their
different scattering contrast factors. We consider SAW
chains in which we have added a net repulsion between
A and B units. The model represents the case of diblock
copolymers in a common good solvent with moderate
block segregation.

This study complements our previous simulations of
dynamic scattering for homopolymers in a good solvent®
and for diblock copolymers without block segregation,
both with the simple cubic lattice.'® These simulations
were limited by the large statistical noise of the collec-
tive scattering. Now, this problem has been partially
overcome due the increase of computational efficiency.
Also, in a previous and recent work,4 we presented a
preliminary study of size and some static and dynamic
properties of the same homopolymer systems with the
present bond fluctuation model. Some of these results
are helpful here to complement our discussion of the
scattering data.

Simulation Methods

For chains in good solvents, we consider n SAW chains, each
composed of N beads, with a set of different possible values of
the chain lengths, in a cubic lattice of adequately chosen
length,*® L, including periodic boundary conditions. The dis-
tance between adjacent sites, b, is taken as the length unit.
Each one of these beads blocks the 26 surrounding lattice sites.
Other additional beads (depending on the site position) can
also block the 26 sites surrounding a bead. Accordingly, it is
easy to verify that a single bead effectively blocks a total of
eight sites. Consistently, the required polymer volume frac-
tions is ® = 8nN/L3. Other details of the model can be found
in ref 14.

Elementary bead jumps are achieved just by randomly
moving a bead to one of the six closest sites. This way we
generate “dynamic” Monte Carlo trajectories from previously
equilibrated samples.’* In the trajectories, a time unit is
constituted by nN subsequently attempted bead jumps. Once
a move is attempted, the new bond lengths are checked and
the SAW condition is enforced. To do so, we just verify that
the new bead position is not blocked by other beads. Conse-
quently, the description of the bond fluctuation model in terms
of single site beads given here,'* though slightly less intuitive
than in the original version, is computationally efficient, since
it only requires a single site check per move attempt to verify
the SAW condition. If any of these checks fails, the move is
rejected.

In addition to the SAW condition, we adopt the model
proposed by Wittkop et al.'? to include attractions and bond
energies, to describe other types of solvents or bead interac-
tions. The attractive interaction energies for the ® systems
are expressed in terms of an energetic parameter 8 = e/kgT,
which corresponds to the absolute value of a negative contri-
bution. Also, we also use the same parameter = ¢/kgT to
describe a positive contribution associated with the repulsive
interaction between A and B units in our copolymer systems.
The total energy of a configuration which complies with the
self-avoiding condition sums up all the bond energies, together
with all the energies corresponding to intramolecular and
intermolecular interactions (negative or positive) between
pairs of nonneighboring units. The configuration is accepted
or not by comparing this “new” energy with the energy of the
previous (or “old”) configuration, according to the Metropolis
criterion. Some further details of the present algorithm are
given in our previous work.*

For the study of © systems, we have considered the value
= 0.214. This was initially assigned in previous simulations!!
as the © point for which the mean size of the chains should
proportional to N2, using a range of chain lengths similar to
the present simulations. We have verified that g = 0.2 is,
actually, a better choice,'* since it gives similar chain sizes at
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different concentrations and there is not indication of phase
separation at any concentration. This conclusion is in agree-
ment with previous simulations performed with a very efficient
algorithm for longer single chains.'® We have also obtained
results for this alternative value, but only for ® = 0.15 and
two different chain lengths. In the investigation of copolymers
systems, we have considered SAW chains, in which we have
included repulsive interactions between A and B units. With
this purpose, we also have set 5 = 0.2.

The technical parameters of the trajectories (length of
trajectories, etc.) were also described in ref 14. All the reported
results are referred to two basic units: b (for distance) and a
single Monte Carlo step (for time).

The dynamic collective scattering function of the system (or
simulation box) can be calculated as

S(a.t) =8n, * D (0 (v + 1) exp{ia[R(x) —~ Ri(r + ]}
' @)

and the total intensities, or elastic scattering functions, can
be obtained as A = S(g,t = 0). Ineq 1, q is the scattering vector,
depending on experimental settings, the vectors Ri(t) refer to
the positions of the different ny = L3 sites within the system
at time t and fi(t) is the contrast factor, related to the difference
between the scattering factor due to the particular occupation
in the site at a given time and the mean scattering factor of
the system. Thus, for the homopolymer systems

f;=1— /8 (2a)
if site i contains a bead unit, or
f,=—D/8 (2b)

otherwise, to comply with the requirement that the global
system considered as a single macroscopic volume does not
scatter. In this assignment of contrast factors, we have
considered that the additional seven sites effectively blocked
by any chain bead are “solvent sites”. (We cannot easily assign
these blocked sites as “polymer beads” since a site can be
actually blocked by a changing number of monomer beads.)
With the introduction of factor 8 in eq 1, the results should be
equivalent to those obtained with the contrast factors of (1 —
@) for each blocked site and —® for each nonblocked solvent
site. Therefore, we can consistently compare our results with
those obtained with the simple cubic lattice model,*"18 except
for values of g = |q| high enough to monitor distances similar
or smaller than b.

For the symmetric diblock copolymers, we assume that the
solvent scattering factor is equal to the system’s mean. In this
case

f=-1 (3a)

f=1 (3b)

if site i is occupied by unit B.
Or, finally,

f=0 (3c)

if site i is empty or blocked. Also in this case, factor 8 in eq 1
accounts for the smaller scattering density of the polymer
beads in our description, due to the “blocked solvent sites”
assignment.

The scattering results do not depend on the orientation of
vector q for isotropic samples. In fact, these results can
sometimes be conveniently scaled in terms of variable x,
defined as

x = q? 5$°0 4
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Figure 1. Good solvent systems (6 = 0). Relative total
scattering intensities vs g for dilute chains of N = 100 and N
= 40. Broken line: theoretical prediction from egs 4, 7, and 8,
with the values of [$20 corresponding to the simulation
trajectory for N = 100.* Also, simulation results for N = 100
at other concentrations.

where [$?0is the mean quadratic radius of gyration of the
chains. (We will use variable g? to present all our scattering
results. However, we will discuss some results also in terms
of x, when these data are compared with theoretical expres-
sions depending also on chain length through variable x.) The
practical range of values of g in the simulations is limited by
the periodic boundary condition

g = 2a/lL)n,, k=xy,z, n.,=1,2.., (5)

which determines the smallest value of g. On the other hand,
high values of g exhibit a very fast decay of the dynamic
functions, and the precise determination of fitted parameters
becomes difficult. Results for the collective scattering function
corresponding to all the possible orientations of vector g are
obtained and adequately averaged.

Our simulations cover a wide range of concentrations
including dilute (single chains), semidilute, and concentrated,
close to melt systems (the latter only for homopolymers in a
good solvent). The semidilute regime is reached for concentra-
tions above a critical overlapping value ®*, which can be
estimated as*

O* = 8N/ (4nB%[*2/3) (6)

where [B2[4 is [$?(at ® = 0. The overlapping concentrations
that correspond to the homopolymer systems were reported
in Table 2 of ref 14.

Results and Discussion

(a) Homopolymers in a Good Solvent. In Figure
1, we present the total intensities vs g from the
collective scattering function at different concentra-
tions and for the longest chains included in our simula-
tions, N = 100, in the case of SAW homopolymer chains
(which mimic the behavior in a good solvent). We also
show some data corresponding to the dilute N = 40
chain. The results for dilute systems can be described
as

S(g,t) = NOP(x,t) (7

where P(x,t) is the intermediate scattering function,
obtained without considering intermolecular scattering
interferences. For the intensities, we can consider the
Debye which describes the form factor, Po(x) = P(x, t =
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0) of ideal single homopolymer chains
Po(X) = (@)™ + x — 1) (8a)

For high x, excluded volume effects are significant, and
we substitute eq 8a by®

Po(x) = 1.2599/x%%% 4 1.3057/x* " —
1.7432/x*%%° — 0.2553/x>**® x = 3.5 (8b)

which gives an asymptotic plateau for Po(x)x¥2" con-
sistent with the concentration-independent blob behav-
ior in a good solvent.* Agreement is good, with some
differences at intermediate and high x due to the model
rigidity and finite extension of the chains.19.20

For nondilute systems, however, the intensities should
decrease with concentration. In the semidilute regime,
we expect three distinct behaviors for A. At low x, the
curves are flat. This is consistent with the random phase
approximation for the total intensity,?!

1/A = LBNP(q) + (v, D) (9)

(where ve is the S-dependent excluded volume param-
eter) if the second term on the right-hand of eq 9 is
predominant, due to a significantly high positive value
of ve for § = 0. Therefore, it is easy to perform an
extrapolation to obtain A(q = 0). At higher values of g,
the first term in eq 9 becomes more important, and the
curves at different concentration tend to converge in
order to mimic the behavior of Py(x), since they are also
able to monitor blobs in a good solvent. At still higher
values of g, this curve would also show local model
features. A detailed study the high g features of intra-
and intermolecular structure factors has been recently
performed with the same model.?°

Absence of a blob regime characterizes the concen-
trated systems. Thus, the curves corresponding to high
concentrations (® = 0.3, ® = 0.5) show a rather flat
shape for all the values of q. (At very high values of g,
these flat curves corresponding to different concentra-
tions are expected to converge to reflect the model local
details.) The systems at intermediate concentrations,
however, show a moderate decay indicating the slow
approach to the blob regime. All our results for the total
intensity of nondiluted systems at any given concentra-
tion are practically independent of N. Only the dilute
systems show a Guinier regime, where S(q) is deter-
mined by the reduced variable x at low values of this
variable, and therefore, it simultaneously depends on
g and the chain size. It can be concluded that the
gualitative analysis of the total scattering intensity
provides an excellent characterization of the different
concentration regimes. (However, other conformational
properties, such as the chain size or the translational
diffusion coefficient exhibit a more gradual variation
with concentration.4)

We have analyzed the results for A(q = 0) for the
nondilute systems. Performing a previous average of the
very similar extrapolated data obtained for different N
at each concentration, we have carried out log—log
linear fits of S(g = 0) vs ®. We can compare the result
with the theoretical prediction®®

A(g = 0) = ®YK (10)

where K is the osmotic modulus,>® directly related with
the variation of the osmotic pressure with concentration.
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Figure 2. Mode decay rates for a single homopolymer chains
of different lengths with f = 0. The lines show comparison
with the theoretical prediction for I'o, eq 13, with values of D
calculated from the same simulation trajectory** (solid, N =
40 dash, N = 60; dot, N = 80; dash—dot, N = 100).

Taking into account the scaling law predicted for this
variation in a good solvent,® we get

A(q — 0) ~ (I)l—l/(Sv—l) (11)

From our simulations, the fitted slope of the log—log
representation is —0.65, when all the nondiluted con-
centrations are included in the fit (with reasonable, but
not very good, correlation). If we take only the results
for ® = 0.075 and ® = 0.15 which correspond to
semidilute solutions, we get a slope value of —0.47, in
better agreement with the theoretical prediction from
eq 11, i.e., with a slope of —0.30 for v = 0.588. (The
consistency of eq 9 with this scaling law requires to
assume that parameter ve depends on concentration.
Some technical complications resulting from this scheme
at high g are discussed in ref 20.)

The dynamic collective scattering functions obtained
from our simulations have been numerically fitted to
sums of several exponential functions from which we
obtain intensities (from preexponential factors) and
decay rates (from the exponent constants) assigned to
particular modes. The data corresponding to dilute
systems have been adequately fitted to a single expo-
nential. The variation of the decay rates with ¢? is
shown in Figure 2. We include the predictions of the
Rouse theory

P(x,t) = Py(x)e (12)

where the decay rate corresponds to a diffusive (i.e.,
linear in g?) behavior

I, = 17, = Dg? (13)

which are only valid for for low x, with the values of
the translational diffusion coefficient previously ob-
tained from the analysis of the same simulation trajec-
tories.! It is verified that the rates are consistent with
the theoretical prediction. However, the values of g2
compatible with the simulation parameters mainly
correspond to intermediate values of x, and therefore,
we can actually observe a gradual deviation from the
low x regime to reach the g* dependence which corre-
sponds to segmental diffusion.23
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Figure 3. Mode intensities for homopolymer chains at ® =
0.15, g = 0. Open symbols represent the fast mode; filled
symbols represent the slow mode. Chain length codes for
simulation data as in Figure 2. The dotted lines are spline fits.

The data from concentrated solutions (® = 0.3 and
® = 0.5) were also satisfactorily fitted to a single
exponential. The fitted decay rates for these systems
show a weak dependence on N, q and ®. The depend-
ence on N decreases for the highest @ (highest concen-
tration). Our interpretation of these results is that, for
concentrated systems, the dynamic scattering can only
reflect local changes, essentially fast interchanges of
position between a few polymer units, i.e., model-
dependent local motions. Diffusive modes are, however,
observed in neutron scattering experiments in melts
which correspond to higher values of g, reflecting fast
motions in the atomic range of distances. Our coarse-
grained model cannot describe these motions. The bond
fluctuation model has been extensively applied to the
study of melts?2 in order to verify the reptation theory.
Some of these simulations have actually computed the
intermediate scattering function.??

The data corresponding to semidilute solutions (® =
0.075 and ® = 0.15) showed a good fit to two exponen-
tials. The results for the semidilute systems can be, in
principle, compared with the theoretical predictions.156

S(q,t) = [P/K@I[Ase "™ + Ae "™ (14)

In general, both intensities and rate decays depend
on chain length, concentration and g, as is shown in
Figures 3 and 4 for ® = 0.15. Therefore, we can initially
assign the two contributions to the slow (S) and fast (F)
modes, corresponding to the smaller and higher decay
rates, according to eq 14. The intensity of the fast mode
increases moderately at low g, reaching soon a constant
value, see Figure 3. The intensity of the slow mode tends
to decrease more progressively with g. Therefore, the
ratio of the slow and fast mode intensities, As/Ar
decreases significantly with q. Eventually it reaches a
small constant value at high gq. As/Ar also decreases
with chain length and concentration. The approach to
this constant value is faster for the highest values of N
and &.

These effects could be considered as qualitative,
consistent with the theoretical formulation of two modes
for the entanglement relaxation in the “gel” regime.>6
The fast mode is assigned to osmotic relaxation (fluc-
tuations in solvent concentration) and the slow model
is related with structural relaxation (due to the relative
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Figure 4. Mode decay rates for homopolymer chains at ® =
0.15, p = 0. The solid line is consistent with our estimation of
Dgyq2. Open symbols represent the fast mode; filled symbols
represent the slow mode. Chain length codes are as in Figure
2. The dotted lines are spline fits.

motion between chains). The theory predicts
Ag/A: = To(Dy/D, — 1)/(tg — 1/D A7) (15)

where Dy is the gel diffusion coefficient, related to the
cooperative diffusion coefficient D,

Dy = D (1 + M/K) (16)

Dy and D are independent of chain length. tr is the
longitudinal relaxation (or reptation) time of the chains,
strongly dependent on chain length and concentration,
which determines the formation and destruction of
entanglements. My is the elastic modulus. For good
solvents, however, K > Mg, and a single mode is
experimentally observed. Although it is not clear that
the latter condition is effectively preserved in the
present simulation model for good solvents, the presence
of the slow mode in the simulation data could, therefore,
be simply explained by the finite size of the chains. This
hypothesis seems to be confirmed by the analysis of
rates that will de described below.

The rate of decay for the faster mode, I'e = 1/t¢ obeys
a universal and diffusive dependence for all the chain
lengths when only the two lowest values of g2 are
considered, see Figure 4 (a similar result is found for ®
= 0.075). This feature is in satisfactory agreement with
the theoretical description of the fast mode®®¢

7 = (D) % (17)

Consequently, the linear plots I'r vs g? yield slopes that
can be identified as numerical values of Dg. Since My
and K should have the same concentration dependences
in a good solvent,® we can expect that D, and Dg only
differ by a constant (small) factor. On the other hand,
D, should be inversely proportional to the mean size or
correlation length of the blobs, £.56 Taking into account
the scaling law relating & with concentration,* we obtain

-1 /(v — 1
Dy=D ~ &'~ @'Y (18)
and our estimates of Dy corresponding to the two

different concentrations can be compared with eq 18.
We get Dg = 9.5 x 1073 for ® = 0.075 and 1.6 x 1072
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for ® = 0.15. These values give Dg ~ ®%7%, in good
agreement with the theoretical exponent34 v/(3v — 1) =
0.77. A similar agreement with theory is also observed
experimentally.?

At higher values of g, the decay rates deviate from
the diffusive behavior, showing a downward bent and
a significant dependence on the chain length. The effects
are more noticeable for the highest concentrations. It
is possible that the considered values of q correspond
to a plateau marking the crossover between the diffusive
gel and the internal, or segmental, mode. Since the later
mode should not be influenced by concentration, this
crossover is conditioned by the difference between Dy
and the significantly smaller dilute value D(c = 0),
which characterizes the initial diffusive rate in dilute
solution, and may be more marked for higher molecular
weights and concentrations.

The decay rate of the slower mode, I's = 1/ts, shows
a weaker dependence on g. Actually, it tends to a
constant value for high g, and this tendency increases
at the highest concentration. The theory predicts a
constant value of T's. Also, it predicts that zs is propor-
tional to tr (and slightly higher). This implies a remark-
able decrease of I's with the chain length, which can
qualitatively be observed in our data. However, our
results for rs do not show a significant variation with
concentration, in contradiction with the theoretical
prediction for 7r.* Moreover, when the numerical results
of ts are numerically fitted to follow a power dependence
with chain length we get s ~ N,172 smaller than the
theoretical prediction. Our values of 75 are also 3—10
times smaller than our results for the first Rouse modes,
71 ~ N,272 obtained directly from the same simulation
trajectories.’* This differences should be considered
together with the discrepancies with respect to the
theory previously discussed for the intensities. Conse-
quently, we have tried to find an alternative origin for
the observed slow mode. A plausible explanation is that
this mode actually reflects only the destruction of
entanglements due to the motion of the free chain ends
(i.e., when only the external parts of the chains is
involved in the entanglement). These motions relax
more slowly for longer chains and higher concentrations.
However, the free ends are shorter at higher ®, and the
net dependence with concentration may be weak. The
scattering intensities must decrease with g, but not
abruptly, since they correspond to local motions. This
mode would not be observable in semidilute solutions
of high molecular weight chains. These features are
consistent with all the observed trends.

(b) Homopolymers in a ® Solvent. The total
intensities for both 5 = 0.2 and 5 = 0.214, for ® = 0.15,
and for the presently studied values of g and N were
previously reported.!* They are high and showed a
dramatic decrease with q at low g. The data in the form
1/A vs g2 were presented in Figure 2 of ref 14. (There,
the ordinates denoted as S(q) actually correspond to A/8
in the present notation.) The different sets of data for
each given value of § in this figure suggest a linear
behavior, showing a small dependence on N and con-
centration. Slopes of these representations were similar
for all cases. The apparent ordinate from the § = 0.2
data is small and positive, but the ordinate for § = 0.214
is practically zero, indicating the closer vicinity of
spinodal conditions.*'® All these features are in agree-
ment with the random phase approximation theory,
described by eq 9. This expression, together with eq 4
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Figure 5. Mode intensities (top) and decay rates (bottom) for
homopolymer chains at ® = 0.15, 8 = 0.214. The solid line is
consistent with our estimation of Dgg2. Open symbols represent
the fast mode; filled symbols represent the slow mode. Chain
length codes for simulation data are as in Figure 2.

and an adequate power expansion of the inverse of the
Debye function, eq 8a, actually leads to the linear
dependence

1A = (UIND + v, ®) + (a/®)g” (19)

(with a small ordinate for ve = 0) where, for long chains,
a is a numerical constant, depending both on model and
also on the particular expansion used for 1/Pq(X).

The semidilute results for the ® systems can be fitted
by the sum of two exponentials. However, the variation
of the numerical parameters (intensities and rates) with
N, @, and q is not so clearly defined as for good solvent
systems, probably due to numerical difficulties in the
separation of the modes, which are now closer in
frequency. The variation of the fitted results with g? is
shown in Figure 5 (for ® = 0.15, f = 0.214). The fitting
difficulties are clearly apparent for some particular
points, where the fitted values of decay rates are closer
than it can be expected from a global systematic
variation of the data. Consistently anomalous intensities
are also observed for the same cases.

Taking as a reference the results for good solvents, it
is observed in Figures 5 that the intensities of the slow
and fast mode are greater (a similar conclusion is
obtained with the smaller concentration @ = 0.075). The
global decrease of the elastic modulus K in eq 14 can
explain this effect, which also corresponds to the in-
crease of the total scattering discussed above. Since,
according to egs 9 and 14, K(q) increases with g, the
effect is dramatically enhanced in the case of the slow
mode, whose intensity must smoothly connect to the
intensity of a single mode in the “liquid” regime®® which
prevails at g < 1/(Dgtr)Y? (Typically, this regime corre-
sponds to values of g below those of our data).

Regardless of the noisy aspect of the data, it is still
possible to recognize the same universal and diffusive
g dependence of the fast mode rates found in good
solvent. (This region also appears in the © data for ®
= 0.075.) In fact, the diffusive behavior now seems to
extend to the whole considered interval of g values. It
should be considered that these values of q are now
monitoring a range of lengths between the blob mean
size & and the smaller mean distance between binary
contacts &. Rates in this range may still show an
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N-independent and apparently diffusive behavior.® (How-
ever, § = & in the case of good solvents.) It is also
observed that the fast mode rates are remarkably
smaller than for the good solvent systems. The esti-
mated values of the gel diffusion coefficients are Dy = 9
x 1074 for ® = 0.075 and Dy = 1.5 x 1073 for ® = 0.15,
and the variation of these data with concentration is
similar to the behavior found for good solvents. Accord-
ing to theory and experimental data,%?* we should
expect a direct proportionality between Dg and @ in ©
systems, which, at any rate, is not far from the observed
behavior.

The rates of the slow mode show a more complex
dependence on g, see also Figure 5. For low values of g,
where the slow mode is predominant, these rates are
close to zero and the dynamical scattering curves decay
very slowly. This implies very large values of ts, which
are consistent to assign this mode to the slow structure
relaxation, though a precise numerical study of these
rates cannot be easily accomplished. Consequently, the
© systems at low g seem to reflect the two modes as
predicted by the theory and shown by experiments.2425
It should be considered that the decrease in D due to
the decrease of solvent quality is stronger than the
increase found for the first Rouse relaxation time4 and,
presumably, of 7z in eq 15, leading to a stronger
contribution of the slow mode at low g. For higher values
of g, however, the rates become similar to those pre-
viously obtained in good solvents, also showing a
remarkable dependence on the chain lengths. Since the
theory predicts an abrupt decrease of the elastic mode
with g, the apparent slow mode at higher q may reflect
again chain end effects. At low q, this latter mode
related with end effects may also be present, since it
would be difficult to separate from the fast mode. Some
of the decays fits actually suggest the presence of three
modes.

We have also analyzed a pair of trajectories corre-
sponding to 8 = 0.2 (higher temperature), ® = 0.15, N
= 40, 100. According to the previous data, this choice
of f reflects better the ® behavior of long chains or
nondilute systems.1416 Again, the data are noisy since
the decay rates have not adequately separated by the
fits in some cases. The intensity of the slow mode at
low g becomes significantly lower than for § = 0.214.
This remarks the strong influence of temperature
changes (reflected in the excluded volume parameter,
Ve) on the osmotic compressibility and K for ® systems
close to the critical behavior, as it follows from eqs 9
and 14. However, the slow mode for § = 0.2 is still
clearly predominant and much higher than for good
solvents. It is observed that the gel diffusion coefficient
obtained from the fast mode is increased to the value
Dy = 2 x 1073. The increase of K, which favors gel
diffusion, is also manifested in this feature. The slow
mode rates show an earlier increase with q with respect
to the § = 0.214 case. Other features are as for =
0.214.

(c) Copolymers. From our new trajectories for the
symmetric diblock copolymer model (including repul-
sions between A and B units) we have obtained the
chain size (mean-squared radius of gyration), transla-
tional diffusion coefficient and first (longest) Rouse
relaxation times at different concentrations. The results
are shown in Table 1, and are of the same order of
magnitude than the data previously obtained for SAW
chains,'* only showing a modest increase in size (which
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Figure 6. Mode intensities for a single copolymer chains of
different lengths with g = 0.2. Chain length codes for simula-
tion data as in Figure 2. The dotted lines show the intensity
predicted by egs 4, 7, 8, 21, and 22. The values of [$2(and vs
(eq 20) correspond to the same simulation trajectories; see
Table 1.

Table 1. Values of the Radius of Gyration, [$2[]
Translational Diffusion Coefficient, D, and the First
(Longest) Rouse Relaxation Times, 71, Exponent vs (Eq
20), and Overlapping Concentrations (from the [$2[§
Data) for Copolymers with Repulsive Interactions
between the Different Blocks, = 0.2

[} N 520 D x 104 1, x 1074 Vs ok

0.15 100 234 1.22 41.1

0.15 80 180 1.55 23.0

0.15 60 130 2.52 14.5

0.15 40 84 4.15 5.0

0.15 0.56

0.075 100 257 1.65 28.0

0.075 80 200 2.42 17.2

0.075 60 145 2.92 10.2

0.075 40 92 4.82 4.1

0.075 0.60

0.0 100 309 3.00 26.1 0.035
0.0 80 238 4.42 14.4 0.042
0.0 60 168 5.52 7.9 0.052
0.0 40 102 9.33 3.1 0.074
0.0 0.61

are related with slightly smaller diffusion coefficients
and slightly higher relaxation times) due to segregation
between the blocks. The fitted exponents to the scaling
law

(B2 N?s (20)

(also shown in Table 1, together with the overlapping
concentrations for different chain lengths) are similar
to the values of vs obtained for the homopolymer chains
in good solvents.'* This indicates that the block segrega-
tion effects only alter the proportionality constant in eq
20.

We have also obtained and analyzed the collective
dynamic scattering functions (considering opposite con-
trast factors for A and B units). Figures 6 and 7 show
the dependence on @? of intensities and decay rates
corresponding to dilute copolymer chains with g = 0.2,
whose decays were satisfactorily fitted to a single
exponential. The intensities obtained from the sim-
ulations are consistent with eq 7, but substituting

P(X,t) by Pcopo(X,t). The copolymer form factor, Pg™°(x) =
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Figure 7. Mode frequencies for single copolymer chains of
different lengths at § = 0.2. Chain length codes for simulation
data as in Figure 2. The dotted lines represent I'in: from eq
24, with the values of D and 7; corresponding to the same
simulation trajectories; see Table 1.

Pcopo(X,t = 0) for single and ideal chains can be obtained
as

Po(x) = Po[x(N/2)] — Po[x(N)] (21)

which is actually applied by using eq 20 to obtain the
relationship

x(N/2) = x(N)/2%"s (22)

(eq 8 is introduced in the two terms of eq 21 to describe
the form factors; the agreement with the theory at
relatively low x is not significantly altered by the
different set of interactions considered for the copolymer
chains.) As predicted by the theory, the intensities show
a maximum at intermediate values of g? or x. This
maximum is associated with the block size, and there-
fore, it is located at lower g for longer chains.

The rates shown in Figure 7 exhibit a nondiffusive
behavior, with a small, though distinguishable, positive
slope. The application of the Rouse chain theory to an
ideal and symmetric single diblock copolymer chain
(with opposite contrast factors for A and B) shows that,
for low or moderate values of x?6

Pcopo(xvt) = Pgopo(x)efl“imt (23)
with
I,.=Dg*+ 1z, (24)

The values at g = 0 are associated with the inverse of
the first Rouse mode relaxation times and the slopes
are associated with the translational diffusion coef-
ficients, according to the data shown in Table 1. As in
the dilute homopolymer chains, the deviations from this
linear behavior at higher g are caused by faster internal
or segmental modes, which also contribute at interme-
diate values of x.

As in the case of homopolymers, the copolymer
dynamic scattering data for semidilute solutions are also
adequately fitted by the sum of two exponentials.
However, their values and their dependence on q differ
from those found for homopolymers. The results for
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B = 0.2, also showing the theoretical predictions for the total
intensity calculated as in Figure 6, with the values of [$2(Jand
vs corresponding to the same simulation trajectories, see Table
1 (dotted lines). Open symbols represent the fast mode, filled
symbols represent the slow mode. Chain length codes for
simulation data as in Figure 2.
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Figure 9. Mode decay rates for copolymer chains at & = 0.15,
B =0.2. In the lower part of the figure, the slow mode is shown
with the theoretical prediction for i, from eq 24, with the
values of D and 7; corresponding to the same simulation
trajectory, see Table 1 (dotted lines). Open symbols represent
the fast mode, filled symbols represent the slow mode. Chain
length codes for simulation data are as in Figure 2.

intensities and rates at ® = 0.15 are given in Figures 8
and 9. In Figure 8, we can distinguish between a
predominant mode, with a maximum at intermediate
g, and a faster mode, whose intensity is relatively small
and increases at higher g. Comparing these results with
those obtained for & = 0.075, a strong increase of
intensities with concentration is also observed. This
constitutes a significant difference with respect to the
behavior observed for the semidilute homopolymer
chains.

Examination of the intensity of the predominant mode
reveals that, in fact, for higher concentrations, there is
an increasing intermolecular segregation between dif-
ferent block for the systems with repulsion between A
and B units. This effect is clearly shown in Figure 8,
when we can observe that the mode intensity is con-
siderably higher than the theoretical prediction for total
intensity, calculated as in the case of dilute solutions.
It should be mentioned that we have also evaluated
S(q,t) from eq 1, taking the copolymer contrast factors
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from eq 3, but using the trajectories corresponding to
the semidilute homopolymers in a good solvent (i.e., the
B = 0 systems). This way, we mimic the behavior of
copolymer from the scattering point of view, without
considering segregation between units. We obtain again
two modes, similar to those found for the copolymers
with repulsions between A and B units. However, the
total intensities agree with the predictions of the
elementary theory in this case, confirming that their
increasing deviations found for f = 0 are only due to
block segregation.

According to Figure 9, the behavior of the rates
corresponding to the predominant mode at low g2 is
reasonably well described by eq 24 with the values of D
and 1, corresponding to each particular system and
contained in Table 1. However, we can observe the
deviations at higher g also shown by the global rates of
the dilute chains. Our assignment of opposite contrast
factors for the A and B units and zero contrast factor
for empty (or solvent) sites can, in principle, eliminate
modes which do not correspond with the concerted
motion of A and B units. Since A and B are maintained
together exclusively by the presence of a junction bond
within the chains, we should only expect modes corre-
sponding to internal motions of all the individual chains,
without important intermolecular contributions. There-
fore, the predominant contribution should be associated
with the internal mode?”-28 predicted from the random
phase approximation and the linear response theories.

A more detailed observation of some of the rates of
the predominant mode in the region of g values close to
the total intensity maximum suggests, however, a
decrease in this region, more significant for the case @
= 0.15, shown in Figure 9, than for the more dilute
system with @ = 0.075. (Although some oscillations are
also apparent due to statistical noise, similar minima
are not systematically found from the trajectories
obtained for the g = 0 systems.) This effect may
correlate with the approach to an order—disorder tran-
sition (ODT). This transition is associated with the
formation of lamellar mesophases in concentrated solu-
tions or melts.?° It is expected that, in the vicinity of
ODT, a decrease of the rates should be observed, in
conjunction with the increase of intensities in the
maximum region, being both features described by
global variable N®g. This behavior has been observed
experimentally.?8:30 Despite this more complex feature,
it is apparent that the rate corresponding to the main
internal mode shows the previously analyzed moderate
increase due to the translational diffusion contribution
at low g. This increase is not explicitly predicted by the

theoretical descriptions for semidilute solutions at low
X_27,31

The low intensity mode can also be an alternative
effect of the accumulation of shorter internal motions.
Our previous study of intermediate scattering functions
of SAW copolymers, represented by the simple cubic
lattice model,13 also detected this second mode at
intermediate values of x. Its presence is conditioned by
interactions with the surrounding chains, since we have
also previously verified that the decays of the interme-
diate scattering functions deviate more significantly
from the single-exponential behavior for systems beyond
the overlapping concentration.3? Consistently with this
assignment, this mode is nondiffusive and shows a
noticeable increase with q with the apparent presence
of a peak at higher values of g.



Macromolecules, Vol. 35, No. 13, 2002

Furthermore, we should also remark that, even in the
considered regime away from ODT, the experimental
data show more complex decays,30-33:34 with the presence
of at least an additional diffusive mode, due to the
heterogeneity of the relative distribution of block lengths
in different individual chains. This feature was explicitly
incorporated and analyzed in our previous simulations!?
and has not been considered in the present study. The
experimental data of nondilute copolymer systems in
good solvents also show a faster collective mode, unless
the contrast factor of the solvent is exactly matched with
the system’s mean value.3* This additional collective
mode is equivalent to the fast mode shown by the
homopolymer chains in the present study.
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