THE JOURNAL OF CHEMICAL PHYSICS 122, 194909 共2005兲

The effect of solvent size on physical gelation
in triblock copolymer solutions
Yunqi Li, Zhaoyan Sun, Zhaohui Su, Tongfei Shi,a兲,b兲 and Lijia Ana兲,c兲
State Key Laboratory of Polymer Physics and Chemistry, Changchun Institute of Applied Chemistry,
Chinese Academy of Sciences, Graduate School of the Chinese Academy of Sciences, 5625 Renmin Street,
Changchun 130022, People’s Republic of China

共Received 8 February 2005; accepted 9 March 2005; published online 17 May 2005兲
The gelation of physically associating triblock copolymers in a good solvent was investigated by
Monte Carlo simulation, and the effect of the solvent size on the gelation was discussed in detail.
The solvent size can greatly affect the conformation distribution of the polymer chains, the size
distribution of the micelle, and the mechanism of the gelation on microscale, mesoscale, and
macroscale. Our results indicate that the effect of the solvent size on the physical gelation exhibits
three distinct regions. The gelation closely couples to the chain conformation transition when the
solvent size is normal or quasinormal; the gelation occurs simultaneously with phase separation
when the solvent size approaches the ideal end-to-end distance of the polymer chains; the gelation
follows a glass transition mechanism upon increasing the solvent size to much larger than the ideal
end-to-end distance of polymer chains. We also found that the volume fraction of the gel point can
shift from 0.20 to 0.06, a range much broader than that reported in the literature. © 2005 American
Institute of Physics. 关DOI: 10.1063/1.1900043兴
INTRODUCTION

Polymeric gels played an important role as soft matter
resources in many fields such as biology,1–4 material
engineering,5 and pattern design.6 These gels can exhibit
very interesting physical properties, one of which is the solgel transition process. The sol-gel transition method turns out
to be a powerful tool for synthesizing new functional materials or purifying materials under control.7 Therefore, physical gelation in polymer solutions remains a subject of intense
study.
In the past two decades, many researches have been carried out to explore the nature of the physical gelation process
in polymer solutions. It was found that physical gelation is
sensitive to many factors,8,9 such as temperature,
concentration10–13 and composition of the polymer,14 and
ionic strength.15 Many mechanisms have been proposed to
describe the physical gelation, the majority of them treating
gelation as percolation.16 In summary, most of these mechanisms can be categorized into three classes: 共1兲 the gelation
is considered as a subglass transition, and the formation of
gel network is due to the crowd of the gel components and
the arrest of these components by the cage arouse from the
attractive or the repulsive potential among the
components.17–22 A representative case well described by this
type of mechanisms is a mixture of polymer, colloid or protein, and solvent. 共2兲 The gelation takes place with the concomitance of phase separation, and the gelation is a process
where polymer chains randomly aggregate.23–27 This type of
mechanisms has successfully applied in treating polymer soa兲
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lutions with selective solvent. 共3兲 The gelation closely
couples to chain conformation transition, and the gelation is
determined by the extent of bridging of micelle or the number of chains with bridge conformation.28–33 Typical systems
are well described by these mechanisms including selfassembly polymer solutions. However, each of these mechanisms is only valid for some systems. There is not any universal mechanism that can satisfactorily describe all the
physical gelation processes.
On the other hand, we have noticed that changing the
size of solvent molecules can affect the phase behavior of
polymer solutions. It has been found that mixtures containing
polymers, colloids or proteins, and a solvent have displayed
many interesting self-assembly structures and abundant
phase diagrams,34–36 such as the reentrance to glassy state
phenomenon and the jamming phenomenon, etc. These literature reports on the change in the properties of polymer
solutions have inspired the research on the effect of the solvent size on polymer solution properties.37 For example, in
order to present a concise description for their experimental
results, Zhou et al.38,39 proposed the term middle-sized solvent and concluded that addition of this kind of solvent has
significant effect on the properties of a polymer solution.
They found that adding a middle-sized polyethyl glycol oligomer 共PEG兲 into a concentrated solution of iPS or iPMMA
can enhance the crystallization kinetics of the polymer from
the solution and lead to a higher crystallinity, which may be
due to less entanglements among polymer chains caused by
the middle-sized solvent.
In theoretical treatment or experimental research, most
of the mechanisms proposed to date for physical gelation in
polymer solutions are based on solvent of normal size. However, the solvent size plays an important role in the phase
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behavior of polymer solutions, including the physical gelation. Even though there have been many reports either on
physical gelation in polymer solutions or on the effect of
solvent size on the phase behavior of polymer solutions, research combining both aspects together is still absent.
Whether the dependence of polymer solution properties to
the changing of the solvent size is monotonic or not is still
unknown. A clear understanding of the relationship between
them may afford an effective handle to control gelation processes if the solvent size can strongly affect the gelation. The
investigation of the effect of solvent size on the physical
gelation would aid further understanding of the physical gelation process.
In this work, we study the effect of solvent size on the
physical gelation in solutions of a triblock copolymer solution under good solvent condition. In this paper, we first
present the model and the methods used in the study and then
report the effect of solvent size on the phase diagram of
sol-gel coexistence, the aggregation behavior, and the conformation distribution of the polymer chains, and finally we
discuss different mechanisms of gelation in different regions
of solvent size.

SIMULATION MODEL

The simulation was carried out in a coarse-grained lattice in consideration of the computational tractability and the
important qualitative features of real polymers.39 Each
monomer occupied a whole unit cell of eight sites in a threedimensional periodic simple cubic lattice. Neighboring
monomers along the same polymer chain were connected via
one of the 108 possible bond vectors. Thermal interactions
were catered for by a short cutoff range which was set at 冑6
in this work, ensuring that the first peak of the correlation
function is encompassed by the range of the potential.40 The
system was equilibrated through a combination motion of
bond-fluctuation model41,42 共BFM兲 and snake creep.43 The
elemental attempt motions of the bond fluctuation and the
snake creep were 共100兲 and the snake-creep attempts only
occurred when the random attempting motion was on the
head or the tail monomer of the polymer chain. The attempted relaxation motions were realized by the random diffusion of voids44 and governed by the Metropolis sampling
rule.45
The architecture of the triblock copolymer is set as
A15B20A15, where the subscripts represent the number of
monomers in each block. The number of polymer chains n p
is set to V / 8l p, where V ⬅ 1283 is the total number of sites
in the cubic lattice with periodic boundary conditions in all
directions, the coefficient 8 coming from the model where 8
lattice sites were occupied by each monomer,  is the volume fraction of the polymer, and l p is the number of monomers in each polymer chain. The number of the linear solvent molecules ns is set to 共0.95− 兲V / 8ls, where ls is the
number of monomers in each solvent molecule. In addition
to the polymer and the solvent, the rest are filled with voids.
Nearest neighboring pairs of monomers have interaction energies as follows: AA = −0.5kBT, AS = BS = −0.1kBT, where

the subscriptions A, B, and S represent the monomers in
block A, block B, and solvent molecules, respectively, and all
other interaction energies are null.
To generalize the scenario concerning the effect of the
solvent size, we use the dimensionless parameter  = l1/2
p / ls
proposed by de Gennes46 as the size ratio to label the solvent
size, where l p is set at 50 and ls varies from 1 to 20. The gel
formation in this system is through the attractive potential
among the monomers in A blocks. The gelation is treated as
percolation based on the percolation theory introduced by
Stauffer and Aharony.47 The phase diagram of the sol-gel
coexistence is determined through the sigmoidal-Boltzmann
equation fit to the simulative result of the percolation
probability33 P共 , 兲 which is written as
P共, 兲 = N p共, 兲/Nt ,

共1兲

where N p共 , 兲 is the number of percolated samples at each 
and , and Nt is the number of parallel samples, which is set
at 25. The 25 parallel samples at each size ratio and volume
fraction in this work were also used to obtain more accurate
results. They were generated as follows: the polymer chains,
the solvent molecules, and the voids were evenly placed in
the cubic lattice at first, and then the configuration was relaxed without any interactions for 1 ⫻ 105 Monte Carlo steps
共MCS兲, each MCS representing the time that every monomer
in the polymer chain had one attempt to move in average, a
relaxation time long enough to eliminate any artificial factors, and finally these parallel samples were generated with
all the interaction energies “switch on” for 5 ⫻ 105 MCS
trails on different random sequences.
RESULTS AND DISCUSSION

The relationship of the percolation probability P共 , 兲
with the volume fraction and the size ratio is first investigated in order to determine the critical points of the gelation
using the theoretical approach described in our previous
publication.33 Figure 1共a兲 shows that the sigmoidalBoltzmann equation fits the simulation data well, which suggests that the theoretical approach is valid for treating this
system. There are two critical points in the volume fraction
correlating to the sol-gel transition at each fixed size ratio,
the lower 共c兲 and the upper 共U,c兲 critical volume fractions,
and the lower critical point is also called the gel point. When
the volume fraction is lower than c, gel cannot form in any
sample; when c ⬍  ⬍ U,c, gel forms in some of the
samples; when the volume fraction is higher than U,c gel
always exists in every sample. Figure 1共b兲 shows the effect
of solvent size on the phase diagram of the sol-gel coexistence. It can be seen that the critical volume fraction varies
nonmonotonically with decreasing of the size ratio 共i.e., increasing of the solvent size兲. For the convenience of discussion, we divide the size ratio range into three regions: in
region I,  Ⰶ 1; in region II,  ⬇ 1, and in region III,  ⬎ 1.
From Fig. 1共b兲, it can be seen that in region III, with the size
ratio decreasing, the two critical volume fractions of the gelation first gradually shift to lower polymer concentrations
with a small fluctuation before they approach region II, and
each reaches a minimum in region II, and then they sharply
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FIG. 2. The dependence of the average micelle size on the size ratio. The
vertical dash lines have the same meaning as that in Fig. 1共b兲.

a fixed volume fraction larger than 0.06. In addition, we
observed that the solvent size can greatly affect the scaling
behavior of P共 , 兲 ⬀ 共 − c兲, too. The scaling exponent 
as a function of the size ratio is plotted in Fig. 1共c兲. It follows
a similar trend as the critical volume fraction of the gelation.
In our previous work,33 we found that the decrease of the
exponent corresponds to a stronger attractive potential
among the monomers in the A blocks. Compared with the ’s
in other regions, the ’s in region II are very small, which
implies that the solvent has induced an extra attractive potential among the polymer chains.
The above results illustrate that the effect of solvent size
on gelation is nonmonotonic and rather complicated. In order
to explore the reason, the size distribution of the micelle at
mesoscale and the conformation distribution of the polymer
chains at microscale are investigated, respectively. The size
distribution of the micelle is defined as
f i = 具nm典ni/2n p ,

共2兲

where ni is the number of the A blocks in the ith micelle,
ni = 0 , 1 , ¯, 2n p, nm is the number of the micelle containing
ni A blocks, and the 具典 denotes the ensemble average of the
25 parallel samples at each size ratio and volume fraction.
Then the average micelle size in unit of A block can be
obtained from
FIG. 1. 共a兲 The relationship of the percolation probability with the volume
fraction and the size ratio; the solid lines are the sigmoidal-Boltzmann equations fit to the simulation data; 共b兲 the dependence of the critical volume
fraction of the gelation on the size ratio. The vertical dash lines are the
boundaries between different size regions; 共c兲 the scaling exponents as a
function of the size ratio.

shift back to higher polymer concentrations in region I. In
their investigation on the critical volume fraction c,
Nguyen-Misra and Mattice48 have found that the critical volume fraction c can shift from 0.10 to 0.06 for ABA triblock
copolymers in selective solvents. However, c in our system
can change from 0.20 共 = 7.07兲 to 0.06 共 = 1.01兲, a volume
fraction range much broader than any previously reported
values. On the other hand, Bohbot-Raviv et al.49 have observed that addition of single-ended polymers can dissolve
an existed gel network. This similar dissolution of gel also
can be realized in our system by changing the solvent size at

S̄ = 2n p/具

兺 nm典,

共3兲

where the coefficient 2 is from the fact that there are two A
blocks in each copolymer chain, and the 具典 has the same
meaning as in Eq. 共2兲. Figure 2 shows that in the sol-gel
transition regime, with decreasing of the size ratio for a
given volume fraction, the average micelle size increases in
region III, reaches a maximum in region II, and then it decreases sharply in region I. It is obvious that in region II the
solvent can lead to extra aggregation of the micelle, which
may have contributed to the appearance of the minimum of
the volume fraction of the gel point. The dependence of the
size distribution of the micelle on the volume fraction at
different size ratio regions is shown in Fig. 3. It can be seen
that when the volume fraction increases, in region I, the micelle size distribution becomes narrower 关Fig. 3共a兲兴, while in
region II, the distribution broadens significantly 关Fig. 3共b兲兴.
In region III, with increasing volume fraction at lower , the
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FIG. 3. Typical micelle size distribution changing with the volume fraction in different regions of the size ratio: 共a兲 region I; 共b兲 region II; 共c兲 and 共d兲 region
III.

size distribution narrows down slightly 关Fig. 3共c兲兴 and no
clear trend is found at high  关Fig. 3共d兲兴. These results show
that at mesoscale the solvent size has clear effect on the
micelle aggregation behavior.
There are four types of chain conformation in this system, dangling, free, loop, and bridge conformations, which
have been defined in our previous report,33 and the effect of
solvent size on the conformation distribution in the sol-gel
transition regime is shown in Fig. 4. Since the dangling
chains and the free chains only account for a small fraction
of the chains in the sol-gel transition regime, their contribution to the gelation can be neglected, therefore, we only consider the distribution of the chains in loop conformation and
bridge conformation. It is found that the fraction of the loop
chains 共f loop兲 increases quickly with  in region I and reaches
a maximum in region II. In region III, f loop does not change
much with  关Fig. 4共a兲兴. The shape of the plot is very similar
to that for the dependence of the average micelle size on .
The dependence of the fraction of the bridge chains 共f bridge兲
on the size ratio is plotted in Fig. 4共b兲, showing almost the
opposite trend as that of Fig. 4共a兲, which is understandable,
because f loop + f bridge ⬵ 1. This implies that in region II, the
micelle size is mainly determined by the fraction of loop
chains. Note that the micelles in this system are formed
through the assembly of A blocks. Since each loop chain
contributes two A blocks to the micelle, while a bridge chain
contributes only one A block, it is reasonable that higher f loop

FIG. 4. The conformation distribution vs the size ratio and the volume
fraction at the sol-gel transition regime: 共a兲 the loop conformation fraction
plot with the size ratio and 共b兲 the bridge conformation fraction as a function
of the size ratio.
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FIG. 5. The reduced interaction pair PAS vs the size ratio at different volume
fractions. The inset is the dependence of PAS on the volume fraction at two
different size ratios.

will lead to bigger micelle size. In region II, f loop is much
higher than that in regions I and III, which may be due to the
extra potential induced by the solvent greatly affecting the
conformation distribution on the microscale.
Until now, we do not know much about the coexistence
state between the solvent and the polymer chains, i.e.,
whether the polymer chains are swollen by the solvent or
they are separate. To explore this issue, we introduce the
reduced effective interaction pair between the monomers in
A blocks and solvent segments, which is defined as
PAS = 具NAS典/zn pl p ,

共4兲

where NAS is the total interaction pairs in each sample, z is
the effective coordination number, which equals 14 in this
model,50 and the 具典 denotes the ensemble average of 25
samples at each size ratio and volume fraction. From Fig. 5,
it can be seen that with increasing volume fraction, PAS decreases remarkably in region III, and in regions I and II, the
decrease is much smaller 共the inset兲, i.e., in regions I and II,
the interactions between the components of the system become insensitive to the volume fraction, implying that the
system is more like a bulk. With decreasing size ratio, PAS
first decreases and reaches a minimum in region II before
quickly bouncing back to the value close to that for a normal
solvent. The PAS values in region II are very small, indicating that the polymer chains and the middle-sized solvent
molecules tend to separate rather than dissolve. The data of
the interaction pairs between the B blocks and solvent segments exhibit a similar trend 共data not shown兲. Therefore, we
conclude that phase separation between the polymer and the
solvent has occurred in region II.
Based on the above results, we correlate the effect of the
solvent size with the physical gelation mechanism in triblock
copolymer solutions as follows.
In region I, the size of the solvent molecule is so large
that the system can be considered as a miscible polymer
blend. The polymer is in a bulklike state, and gelation occurs
at high polymer concentrations. The micelles are small, and
the micelle size distribution becomes narrower with increasing volume fraction of the polymer. Thus the gelation is
dominated by the crowd and the arrest of the micelle and the
polymer chains, which must be similar to a glasslike kinetic
arrest process and follow the glass transition mechanism.17–22

In region II, the solvent size approaches the ideal endto-end distance of the polymer chain, i.e., the solvent is the
so-called middle-sized solvent. The gelation occurs at very
low polymer concentrations. The micelles are large, and the
micelle size distribution broadens with increasing volume
fraction of the polymer, and the gelation takes place with the
concomitant of phase separation. Therefore, the gelation
mechanism is a phase separation and random aggregation
one.23–27
In region III, the solvent size is normal or quasinormal,
and the polymer chains are swollen. The gelation occurs at
high polymer concentrations. The micelles are small, and the
micelle size distribution either slightly decreases or shows no
clear trend with increasing volume fraction, and the gelation
is dominated by the population of the chains with bridge
conformation or loop conformation.28–33
SUMMARY

In this work, we investigated triblock copolymer solutions with solvents of various sizes. From macroscale to microscale, the sol-gel coexistence phase diagram, the aggregation behavior and the conformation distribution of the
polymer influenced by the solvent size have been analyzed in
detail. Phase separation has also been observed when the
length of the solvent molecules approaches the ideal end-toend distance of the polymer chains. Particularly, we found
that physical gelation follows three different mechanisms
when the solvent size is much larger than the ideal end-toend distance of the polymer chain, or is in the middle-sized
solvent region, or is in the normal or quasinormal solvent
region, respectively.
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