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ABSTRACT: The conformational properties of an AB diblock copolymer chain with different kinds of
interactions between the units are studied by off-lattice Monte Carlo simulation. Using the Pivot algorithm,
we calculate the radii of gyration, the end-to-end square distances of the individual blocks and of the whole
molecule, the distance between the two centers of masses, and other static properties for various molecular
weights and different solvent conditions. From these results, we obtain the dimensionless ratios that describe
the effects of the AB heterocontacts relative to the precursor homopolymers. These quantities are compared

with previous theoretical predictions.

Introduction

The behavior of AB diblock copolymers has been the
subject of an increasing number of studies!-14 in recent
years, due both to its theoretical interest and to the
potential technological application of these molecules. The
conformational properties of an isolated chain can be
theoretically predicted with the help of methods inspired
by the application of the renormalization group theory to
polymers. Thus, calculations?7 in terms of the three
excluded volume parameters representing the interactions
between the same (AA, BB) and different (AB) pairs of
units have been performed up to first order in the small
parameter ¢ = 4 — d (d is the space dimension). These
calculations lead to analytical formulas for different ratios
of conformational properties of the diblock copolymer
relative to those of homopolymer chains. Explicitly, one
can consider the following ratios:?

or, = (Rin)/[(Riy) + (Ripp)] (L.1)
o6 = (Gip)/[{Ghy) + (Ghyp)] (1.2)

vp, = (RD/(Riy) (k=AorB) (1.3)

vs, = (SP/(Stp)  (k=AorB) (1.4)

v, = (GD/(Gin) (k=AorB) (1.5)
where Rag = end-to-end distance of the overall diblock
copolymer chain (AB), Gap = distance between the centers
of mass of blocks A and B, Rx-y = end-to-end distance of
the homopolymer equivalent of block k (k = A or B), i.e,,
of a homopolymer chain with the same number of k units
as the k block (k-H), Sﬁ_H = quadratic radius of gyration
of k-H, G-y = distance between the origin and the center
of mass of k—-H, R, = distance between the end of the k
block and the blocks’ common origin (modulus of the
k-block end-to-end vector Ry), Sﬁ = quadratic radius of
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gyration of block k, and Gy = distance between the center
of mass of block k and the blocks’ common origin (modulus
of the vector Gi). Theseratiosarea quantitative measure
of the effects the AB heterocontacts have on the confor-
mation of the copolymer chain. The theoretical formulas
for these ratios depend only on the diblock composition
(fraction p of units B to units A), the macroscopic state
of the copolymer (i.e., the thermodynamic solving condi-
tions of the homopolymer blocks), and the parameter ¢ =
4 - d, related to the space dimension, d. They do not
depend, however, on the chain length or molecular weight.

Due to the lack of adequate experimental data for those
systems, the first-order theoretical expressions can only
be checked through comparison with simulation data.
However, the simulation work for conformational proper-
ties of isolated diblock chains is scarce and not very recent.
Birshtein et al® reported some results showing the
variation of the chain mean dimensions with varying
solvent quality. Tanaka et al.810-4 performed a more
systematic work, which, however, covered only partially
the cases and properties of interest. Moreover, some of
these results exhibit significant disagreements with the
theoretical predictions. These discrepancies may have
their origin either in the approximations involved in the
first-order theory or in the finite size effects and numerical
uncertainties associated with the simulations.

In the present work, we have carried out an exhaustive
simulation study of conformational properties for linear
diblock copolymers in different solvent conditions. The
molecules are modeled as assemblies of Gaussian subunits,
incorporating the interactions between them by means of
added Lennard-Jones potentials with conveniently set
parameters. We employ a Monte Carlo algorithm!5-17
which has been previously shown to be useful in the
characterization of linear and star chains. The good
numerical performance of this particular method has
allowed us to obtain averages of the properties with narrow
error bars. The comparison of these new simulation data
with the theoretical results provides, consequently, a better
clarification of the usefulness of the theoretical approach,
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helping us to establish a broader understanding of the
global physical behavior of isolated copolymer chains.

Method

The AB diblock copolymer chain studied herein consists
of N + 1 beads joined by N bonds with Gaussian-
distributed lengths. N4 of these beads are considered as
units of the A type (A block). They are numbered starting
from the A unit which is closest to the chain center and
advancing toward the corresponding chain end. The Ny
= N — N4 units belonging to the other part of the chain
are assigned to be of the B type (B block). The central
unit is the common origin of coordinates and is assigned
as unit N + 1. Nonneighboring units interact through
(12-6) Lennard-Jones potentials!®

U(Ry)/kgT = 4(ey/ kg T)(o/R )" - (a/Rp)°1,
kl=AorB (2.1)

where ¢y are the interaction energies between units of the
same (AA, BB) or different (AB) homopolymers, R;; is the
separation distance between units i and j, and ¢ is a steric
parameter considered to be the same for all units. In
general, several different macroscopic states and crossover
behaviors can be achieved with the diblock copolymers
because the different long-range interactions can vary
independently by changing the temperature or the solvent
quality. The most important macroscopic states, char-
acterized by strong repulsions between dissimilar units,
correspond to the following cases: (a) both blocks are in
the O state (common © solvent); (b) one block is in the 6
state and the other is in the good solvent regime (selective
type of solvent); and (c) both blocks are in the good solvent
regime (common good solvent). To reproduce these
different macroscopic states, we adopt previously reported
sets of Lennard-Jones parameters which try to mimic the
different regimes for the homopolymer blocks. Previous
investigations!” have shown that a homopolymer chain is
in the good solvent regime for the value 4/kgT = 0.1,
whereas the choice e/kgT = 0.275 reproduces the quasi-
ideal © state in which binary interactions cancel. (These
values reproduce the expected proportionality of the mean
chain dimensions and N3/5 (good solvent) or N/2 (8
solvent), respectively.) The value ¢x/kgT = 0 corresponds
to the ideal (Gaussian) O chain without interactions
between units. The repulsive cross heterointeractions
between dissimilar units are always set to correspond to
eap/kgT = 0.1. The value ¢ = 0.8 is fixed for all
calculations.1®

The properties of interest in the present study are those
enumerated in the Introduction. We also estimate the
radius of gyration of the diblock chain (S%5) and the
mean cosine of the angle between the block end-to-end
vectors cos(RaARp). Averages are obtained from the
relations!®

N+1 N+1

(She) = VN + DAY D (R,-R)H @2
m=1nZm
Na+1 Na+l

(Sh) = [/(N, + 1) Z Y (R, -RYH @I

m=1 nzm

Np+1 Np+1

(SR =[/WNg+ D1 Y > (R,-R)H @4

m=1 nzm
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(G3g) = (1/®,8p)(Sap) - (1/®g)(S%) — (1/8,)(SE)
(2.5)

cos(RyARp) = ((RE + R% - Rip)/2R\IRa))  (26)
(Gly=-(S})+ (RE), k=AorB Q2.7

where R, and R, are the position vectors of the mth and
nth units, and &g = 1 — &, is the weight fraction of the
B block.

Different Monte Carlo sampling methods described in
earlier work!” have been employed for the three macro-
scopicstates. Inthe cases ofacommongood and a selective
solvent, the Pivot algorithm is used. It starts by building
an initial configuration of moderate energy, and then a
bead isselected at random and its coordinates with respect
to the preceding bead are resampled from the appropriate
Gaussian distribution. The rest of the beads on the
selected block up to the closest end are connected to the
new bead and then rotated with respect to the moved
bead according to three randomly chosen Euler angles.
To explore the common O solvent macroscopic state, for
which the chain dimensions are smaller and the units are
more densely packed, we modified the Pivot algorithm,!7
to optimize the statistical efficiency of the sampling
method, so that the final rotation for the chosen part of
thearmis not performed. Inall cases, a Metropolisenergy
criterion is used to test the acceptance or rejection of the
new trial configurations. Eight independent runs are
performed. Each run attempts from 200 000 to 400 000
configurations after appropriate thermalization. The
properties are averaged first over all conformations in each
run, and then the mean values and the standard deviations
are determined from the eight independent runs.

Results and Discussion

(a) Common 6 Solvent. First we consider the case of
the symmetric diblock copolymer with both branches
under the ideal © conditions, similar to those established
in the theoretical methods?7 and in the previous Monte
Carlo simulations.81¢ The conformational properties of
such chains with total number of units N + 1 = 41, 61, 81,
101, 151, and 201 have been calculated by the modified
Pivot algorithm for the values of the energetic parameters
ean/kBT =0, epp/kT = 0,and ear/kpT = 0.1, corresponding
to ideal homopolymer blocks and excluded volume het-
erointeractions. The simulation data for the radius of
gyration (SAB) and the end-to-end distance (R2 4B have
been fitted with a weighted nonlinear least-squares routine
to determine the scaling law with respect to molecular
weight. We found that the critical exponent 2v for
(SiB) and (RiB) has the values 0.988 + 0.002 and 1.002
£ 0.003, respectively. These values are in excellent
agreement with the value 2y = 1 predicted by the
renormalization group theory and confirm that the cross
interactions do not contribute to the critical exponent.
{Good correlations are obtained in all cases, which indicate
that the studied chains have clearly reached the long-
chain asymptotic behaviors represented by these power
laws.) To estimate quantitatively the effects of hetero-
interactions, we have calculated the dimensionless ratios
vgand o¢q (eqs 1.1-1.5). For the present macroscopic state
we are also interested in the expansion factors aQ =
(QAB) /{Q?)ideal, Where (Q?)idea is the quadratic average
which corresponds to an ideal, unperturbed chain (.e.,
equivalent to AB, but without the AB heterointeractions).
For @ = R or @ = G, these ratios are identical to og or og,y,
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Table 1. Dimensionless Ratios for the Macroscopic State of
a Common O Solvent

present work

ideal quasi-ideal  previous MC® RG?
af 1.193 £ 0.003 1.22 1.189
oG 1.355 £ 0.004 1.377 £ 0,004 1.43 (1.42°) 1.324
OR,n 1.185 £ 0.005 1.189 £ 0.005 1.22 1.173
YR, 1.096 £ 0.004 1.100 = 0.004 1.09 1.111
SR 1,027 £ 0.002 1.035 = 0.002 1.02 1.054

Y6, 1.187 £ 0.002 1.188 + 0.009
(Ra » Rp) 95.4%0.1 96.38 + 0.60

¢ Reference 8. » References 4 and 6. ¢ Reference 14.

respectively. For @ =S, it is explicitly calculated. Since
the theories and the previous Monte Carlo data are for
infinite chains, it is necessary to obtain the extrapolated
values of our ratios through linear regression analysis vs
N-lin a way similar to that employed in previous work.6:17
These extrapolated results are listed in the first column
of Table 1. The small uncertainties of these values are a
good indication of the accuracy of this extrapolation
procedure.

Next we consider the case of the quasi-ideal © solvent
by introducing homointeractions A-A and B-B, but with
the parameter values which correspond to an effective
cancellation of attractive and repulsive interactions within
each block. As explained in the Introduction the param-
eter eu/ksT is chosen to reproduce the variation of
dimensions with chain length for chains in a 6 solvent.!”
This way we can compare this more realistic state with the
theoretical predictions based on simpler models. As in
the preceding case, the heterointeractions correspond to
anet repulsion between the A and B units. Repeating the
calculations for slightly shorter chains (N + 1 =41, 61, 81,
101, and 151) and the energetic parameters epp/ksT =
0.275, egp/kgT = 0.275, and epp/kpT = 0.1, we find that
the critical exponent 2v of the radius of gyration is equal
to 1.058 £ 0.005. These slight excluded volume effects in
the copolymer!® at the homopolymers’ © temperature can
be explained rather simply (as in the case of cosolvent
systems?0) by considering the competitive effects between
the interactions of dissimilar units and those between the
solvent and the chain units. The repulsive heterocinter-
actions, in the current case, increase the solvent power
and consequently extend the chain. To study the net
effects of the cross interactions, in a way similar to that
used for the ideal O solvent, it is necessary to determine
a lower temperature which is the appropriate quasi-ideal
O for the diblock copolymer chains. After different trials,
we have found that the value ¢4/kgT = 0.3 for A-A and
B-B interactions is consistent with the scaling law
(S35) ~ N. The dimensionless ratios calculated with the
new parameters are independent of the molecular weight
{Figure 1), in agreement with the renormalization group
theory. Their extrapolated values obtained with the same
procedure as before are listed in the third column in Table
1. In the same table, we also include the previous Monte
Carlo and theoretical results for comparison purposes.

It can be observed that the general trends predicted by
the first order in e renormalization group theory are similar
to those shown by the different Monte Carlo results. For
instance, all the results show that the ratio og has the
largest value and the yg, the smallest one. However, the
values of the ratios o> and oq ( = R, G) obtained with our
methods are in much better agreement with the renor-
malization group predictions than with the previous Monte
Carlo results. More discrepancies are observed with the
ratios g, expressing the relative expansion of the blocks
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Figure 1. Plots of various dimensionless ratios vs chain size N
for symmetrical diblock copolymers (quasi-ideal 6 conditions
for the blocks).

with respect to the homopolymer precursors, especially
for vs,, where the Monte Carlo results are in clear
disagreement with the theoretical predictions. Higher
order ¢ corrections, introduced to the theory by the
reexponentiation* of the first-order ¢ results or by an
alternative method,?! yield values that are even closer to
our findings in several cases (s = 1.36 or 1.38, v, = 1.03,).
The ideal and quasi-ideal models give almost identical
values, which indicates the lack of regions with high
internal densities, therefore suggesting negligible third-
order interaction effects.

The calculation of the mean square distances between
each block center of mass and the blocks’ common junction
({G3) and (G})) can help us understand the mechanism
responsible for the large value of sg. The increase of
(G3g) due to A-B interactions can be obtained from the
equation

(G3p) = (G2) + (G) - 2(|G |Gl cos(G, A Gp))
as
5(G%g) = 6(G2) + 8(GE) - 2(|G,||Gg| cos(G 4 A Gp))

where (Ga A Gp) is the angle between the vectors G4 and
Gp and 6(G?) = (G?) - (G)i4en (x = a or B or AB).
According to our simulation results, the contribution of
the term 5(G’i) + §¢ G%) is equal to or slightly higher than
the contribution from the cross term. This means that
the copolymer chain, in order to reduce the effects of
heterointeractions, achieves a new configurations, char-
acterized by a significant deformation along the blocks
(mainly near the A-B junction, where the possibility of
heterointeractions is high), which causes a change in the
relative orientation of the two blocks. (Si) remains
almost constant, indicating that the bead density increases
toward the center of each block to compensate for the
increase of the end-to-end distance.

With the aim of clarifying the meaning of some of the
present results, we have also performed simulations for
artificial® segregated diblock copolymer chains. In these
simulations, the blocks in a copolymer chain without A—-A,
B-B, or A-Binteractions are separated by a noninteracting
plane passing through the blocks’ common origin. Ac-
cording to the Metropolis criterion, we accept every
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Figure 2. Expansion factor, ag, as a function of the length
fraction of B block, $g = Ng/(Ns + Np), for chains under ideal
O conditions and excluded volume heterointeractions. Solid line,
theoretical results; (A) previous Monte Carlo results; (|-) results
of the current work.

conformation for which the separation condition is held;
i.e., the surface is considered as a barrier with infinite
energy. We use the chain lengths previously specified. In
this way, we obtain the following extrapolated results for
the dimensionless ratios: ag = 1.987 £ 0.002, o¢ = 2.855
* 0.004, og,5 = 2.012 £ 0.005, vr, = 1.449 % 0.004, vs, =
1.129 + 0.003, v, = 1.875 £ 0.004, and (B A Rg) = 116.21
%+ 0.14. These values are much greater than those of the
previous Monte Carlo calculation® and reinforce the
conclusion that the single chain does not segregate
intramolecularly.

We have also studied the conformation of the non-
equimolar copolymer chain for the case of the ideal 6
solvent and excluded volume cross interactions. Calcula-
tions were performed for chains with total length N + 1
= 41, 61, 81, 101, 151, and 201 and a wide range of
compositions (&g = 0.1, 0.2, 0.35, 0.65, 0.8, and 0.9). The
different properties depend on N according to the same
power laws established for the symmetric case. The
corresponding extrapolated expansion ratios allow us to
obtain new expansion ratios which describe more generally
the behavior of diblock chains for the considered mac-
roscopic states. Both theory and simulations show that
the variation of the radius of gyration expansion factor
o2 and the ratios oq vary with increasing mass fraction &p
(i.e., for longer B block) in a nonmonotonous way (Figures
2-4). From Figures 3 and 4, we observe that our values
for og,s and o¢ are always slightly above the theoretical
curve for the entire range of #g. The previous Monte
Carlo result,® corresponding to a fixed molecular weight
(N = 200), showed a stronger variation with ®p. Figures
5-7 show the ®p dependence of the ratios vs,, yg,, and
v, The values of g, are nearly the same as the values
for the equimolar case, unless the chain architecture
becomes too asymmetrical, while the other ratios are more
sensitive to the change of ®p. In the limit &g =1, vz, and
vg, take the highest values, 1.109 (yg,(theoretical) = 1.125)
and 1.218, respectively. The variation of the angle between
vectors Ra and Rp is only a few degrees in the whole range
of values for ®g, as we can see in Figure 8. The branches
tend to be apart to compensate for the increase of the
cross interactions, until a maximum value is reached,
corresponding to the equimolar chain.
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Figure 3. Ratio oz, as a function of $g. Notation and solvent
conditions as in Figure 2.
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Figure 4. Ratio o as a function of 5. Notation and solvent
conditions as in Figure 2.
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Figure 5. Ratio vg, vs ®p for chains under ideal 6 conditions
and excluded volume heterointeractions. Solid line, theoretical
results; (-) results of the current work.

(b) Selective Solvent. We have also considered a
symmetric diblock copolymer chain with the A block under
© conditions, while the B-B and A-B interactions obey



2730 Vlahos et al.

y
[

IO RN TR R
\

e A
&g

Figure 6. Ratio v, vs 8. Notation and solvent conditions as

in Figure 5. The dashed curve is a guide for the eye.
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Figure 7. Ratio vg, vs ®p for chains under ideal 8 conditions
and excluded volume heterointeractions. The dashed curve is
a guide for the eye.

the excluded volume regime. By means of the Pivot
algorithm, the dimensionless ratios og and g have been
calculated for the interaction parameters easa/kpT = 0,
egp/kpT = 0.1, and eap/kgT = 0.1 and eza/ksT = 0.3, egp/
keT = 0.1, and eap/kgT = 0.1, corresponding to ideal and
quasi-ideal © solvent for block A, as described in the
previous section. The chain lengths are the same as
described in the common 6 solvent case (upto N+ 1 =
201 for the ideal block model and up to 151 for the quasi-
ideal one). The extrapolated values of the dimensionless
ratios, together with the theoretical and the previous Monte
Carlo results, are listed in Table 2.

It can be observed that our extrapolated values for the
ratios og and og,, obtained with the ideal block model are
in excellent agreement with the theoretical predictions
corresponding to the same solvent conditions, while the
values obtained with the quasi-ideal model are significantly
higher. In comparison with the respective results of the
common O solvent, however, the present values (both from
theory and simulation) are significantly smaller, indicating
that the cross interactions in the current case are less
effective than in the previously described macroscopic
state. For a detailed study of the relative role of the
heterointeractions in different macroscopic states, it is
more convenient to introduce at this point the parameters

Macromolecules, Vol. 27, No. 10, 1994

98.00

97.00
96.00
95.00
e
y 94.00

93.00

@]

(LI L B 0

Q 0.20 0.40 0.60 c.80 1.00
G
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Table 2. Dimensionless Ratios for the Macroscopic State of
a Selective Solvent

present work

ideal quasi-ideal  previous MC® RG®
oG 1.253 £ 0.003 1.290 + 0.009 1.243
ORys 1.135 £ 0.003 1.163 = 0.010 1.130
YRa 1.097 £ 0.003 1.088 = 0.005
YSa 1.029 £ 0.001  1.029 % 0.002 ~1
G, 1.187 £0.003 1.159 = 0.008
YRy 1.053 £ 0.001 1.066 = 0.006
Ysg 1.015 £ 0.001 1.019 % 0.002 ~1
Y6s 1.091 £ 0.003 1.102 + 0.005
(Ra A Bp) 94.41£0.09  95.47 £ 0.20
o7 1.258 £ 0.003 <1.42

¢ Reference 14. ® Values calculated from the equations of refs 6
and 7. For the definition of o7, see text.

0o = 0q — 1 and d,, = v — 1, expressing the relative
expansion of the diblock copolymer chain or of the
homopolymer blocks with respect to the homopolymer
precursors. According to the renormalization group
theory, the ratio d,.(selective solvent)/d,,(common 6
solvent) should be independent of the type of configu-
rational average ((GiB) or (RiB)) used for the calculation
of 5q. It should be also equal to the ratio of the cross fixed
points uap* corresponding to each of the macroscopic
states*7 defined above. In first-order ¢ approximation,
this ratio is equal to 0.75 (see Tables 1 and 2). Our results
with the ideal model for the ratios o and og,; yield 0.71
and 0.73, while we obtain 0.77 and ~0.86 with the quasi-
ideal model. As we can see from the ratios vg in Table 2,
the expansion due to the heterointeractions is not the same
for the two blocks. For the A block the heterointeractions
are as effective as for the common 6 solvent macroscopic
state, while the repulsive B-B interactions tend to swell
the B block, thereby minimizing the interblock contacts
and their influence on this block. These trends are similar
to those found for the configuration of a polymer interact-
ing with a surface where the polymer—-surface interactions
play the role of the heterocontacts.?2 In terms of the
parameters d,,, the relative expansion of the two blocks
in the two macroscopic states, §,.(selective solvent)/
dyq(common © solvent), for the ideaT block model is ~1
for the A block and between 0.49 and 0.56 for the B block.
This may indicate that, though the overall dimensions
behave as predicted by the chain macroscopicstate defined
by the whole set of interactions A-A, B-B, and A-B, the
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Table 3. Dimensionless Ratios for the Macroscopic State of
a Common Good Solvent

previous MC® RG?

present work

¢ 1.219 % 0.003 1.162
TRy 1.123 % 0.005 1.087
YR, 1.054 & 0.002 1.055
vs, 1.018 % 0.001 <1.02 1.027
Ya, 1.092 £ 0.001

(Ra A Rp) 94.3£0.1

or 1.227 + 0.003 1.25

¢ References 8 and 14. ® Values calculated from the equations of
refs 6 and 7. For the definition of o7, see text.

properties of individual blocks are governed by a mac-
roscopic state consistent with the prevailing solvent
conditions (6 or good) within the block (A-A or B-B) and
by the heterocontacts. Consequently, the solvent condi-
tions within the opposite block (B or A) are not influencing
those partial properties.

So far, we have considered the ratio og to be defined
through eq 1.2 as o¢ = (GiB)/[(Gi_H> + (G%_H)].
However, in their previous Monte Carlo simulations,
Tanaka et al.8 calculate the ratio o for every macroscopic
state as o7 = (G3g)/[(S3 ;) + (S& )] using the relation
(Gi_H> = 2(SZ_H) valid for the © solvents. To estimate
the relative error introduced when we consider A-A or
B-B interactions, we have also calculated the latter ratio.
From Table 2 we can see that the difference between the
extrapolated values of og and o is within the statistical
deviation.

(¢) Common Good Solvent. The last case considered
in this work is a copolymer chain where all three types of
interactions are in the excluded volume regime (equivalent
to a homopolymer chain). Using the Pivot algorithm, we
have calculated the dimensionless ratios considering the
interaction parameter ey/kgT = 0.1 equal for all interac-
tions and for the same characteristics described in the
previous macroscopic state. The extrapolated values of
these ratios are included in Table 3. As expected, these
values are the smallest ones in comparison with the other
two macroscopic states, since the intrablock A-A and B-B
interactions swell the blocks, reducing the likelihood of
A-B heterocontacts. According to the renormalization
group theory, the ratio 8,,(common good solvent)/
dso(common © solvent) is equal to 0.5, while the ratio
8,o(common good solvent)/d,.(selective solvent) is equal
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t0 0.67. Our simulation results for the ideal A block case
(similar to that considered by the theory) vield ~0.6 and
~0.87 for the same ratios. In terms of the angle between
the center-to-end vectors (R A Rp) the difference between
the macroscopic states of common 6 solvent and common
good solvent is only one degree.
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