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Introduction

Although intensive attention has been paid to polymer solutions
with added medium-sized solvent for scientific research and
technological applications due to the addition leading to many
interesting phenomena, such as wvitnfaction, crystallization, and
gelation, fundamental problems regarding the effects of the medium-
sized solvent on physical properties and phase behaviors of polymer
solutions still remain unsolved.

To better understand the effects of solvent melecular size on the
physical properties and phase behaviors of polymer solutions, several
issues must be addressed: First, does the solvent size affect the scaling
behawvior? Second, how does the solvent molecular size affect the
critical owerlap concentration? Third, how does the solvent molecular
size affect the microscopic structure of polymer solution? Finally, in
what range the solvent can be defined as the middle-size solvent?

In this work, a lattice Monte Carlo simulation on homopolymer
solutions with solvents of different sizes was carried out to address
these problems. The simulation model is first concisely introduced,
then the effects of selwent molecular sizes on the conformation of
polymer chains and the crtical overlap concentration in polymer
solutions 15 discussed, followed by a quasi-quantitative definition of
the medinm-sized solvent. Interesting physical properties and possible
microscopic structures in the medium -sized solvent solutions are also
presented.

Simulation Model

Monte Carlo simulation is performed in a lattice model based
on the eight-site bond fluctuation model where polymer chains are
generated in a cubic lattice with peniodic boundary conditions in all
directions. Here the length of polymer chain & 15 fized to 50, The
lattice size 15 128%128x128. Since the solvent molecule here 15 not a
normal structureless solvent meolecule typically assumed in varous
theories, a dimensionless parameter & (&= NN, proposed by de
Gennes,"” which is also called size ratio, is introduced to generalize
the problem about the effect of solvent molecular size, where M, is the
length of solvent. All interactions are null except that the nearest
neighboring interaction pairs between the monomers in polymer
chains and the monomers in solvent molecules have an attractive
potential of —0.54gT, which makes good solvent for polymers.

In order to give convincing results, five parallel simulations
with random initial configurations and different random sequences are
carned out. All of the simulation results are collected from the
ensemble average of these five parallel samples under thermodynamic
equilibrinm after 1% 107 MCS running on each sample. The simulation
steps for a sample to reach thermodynamic equilibrivm are not larger
than 2x 10°MCS inall cases.

Results and discussion

1.2

Figure 1. The loglog plots of the root-mean-square radius of
gyration of the polymer chaing versus polymer concentration g at
different size ratios (&), The dash line represents the scaling
exponent at the semi-dilute region for normal solvent.
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Figure 1 shows the plots of R Raq wersus #dy" at different £
values. Here Rm, which is equal to (MIEY, {5 the ideal root-mean-
square radius of gyration of the polymer chains, andgh”, which is equal
to M¥ . ig the ideal crtical overlap concentration. When £=7.07, at
least twe ¢fgh’ regions are observed. (1) when digh” < 2, RaofRen 18
larger than 1 for a normal solvent, indicating that the polymer chains
are swollen. These results are similar to those reported by Wang et al;
and (2) when gy’ 2, the scaling behawior agrees well with the
prediction of the scaling theery, namely R, ~ g% In general, when &
= 1, Rg decreases with increasing ¢ or decreasing & and becomes less
sensitive to ¢ changes at small £ This qualitative trend of £
dependence of Rz 15 in good agreement with the reported results from
similar systems. The reason for this trend 15 believed to be due to the
larger-sized solvent induced solwent quality decrease. However, when
£ =1, R; becomes nearly independent of the concentration, which is
reasonable because the solvent molecule is so large that the system
can be regarded as a bulk mizture. When £approaches 1, the dramatic
change in the scaling behawior may onginate from the loss of
configuration entropy, or the depletion potential from the competition
between the translation entropy of the medium-sized solvent and the
conformation entropy of polymer.
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Figure 2. The loglog plot of the size ratio dependence of the
overlap concentrations (solid squares) and radivs of gyration of
polymer chains in infinitely dilute solutions (empty circles)

The exact relationship between R and Jcan be obtained from de
Gennes gcaling theory by balancing the elastic free energy with
excluded volume in the Flory arguments, as

quﬁ —)O) — NZJ’S Ns-l.l’j

where Ro{g¢ — 0) 15 the root-mean-square radius of gyration of the
polymer chains in infinitely dilute solution. Since M iz a constant,
Re(9—0) 15 proporticnal to &5 Our simulation results (See Figure 2)
show that the power exponent 13 0.194+0.05 when £ = 1, which agrees
very well with this scaling law (exponent of 1/3).

The critical overlap concentration ¢ which is a key parameter
for the polymer solution and closely associated with A (¢ — (), 13
calculated by

¢"=30vfanr} (¢ —0) 8y
From this equation, a scaling relation of & ~ &% can be obtained.
However, our results indicate that this scaling exponent of 35
satisfied only when £» 1, and ¢ jumps to about 4.5  when £ = 1, as
shown in Figure 2. The jump is concomitant with the dramatic change
in the scaling of R, and also driven by entropy loss. This solvent
meolecular size dependence of the ¢ agrees with the experimental
results reported by Sun et al. for poly(winyl chlonide) (PVC, Mw
11.3% 10" tetrahydrofuran solutiens, where the ¢ was ten fold of that
in normal solvent after dioctyl phthalate (DCP, Mw 391) was added.
Mote that we neglect the difference in chemical sequence, the size
rato (MW,vaLQMW,Dgp) 15 about 0.86, and our result 15 in the same
order as this expenimental results.

To further elucidate the ongin of the effect of sclvent
moelecular size and to discuss the microscopic structure in polymer
solutions, the interactions between polymer and polymer, as well as
polymer and solvent must be clarified The reduced polymer-solvent
interaction pairs Cpg, the reduced intra-chain polymer-pelymer
interaction pairs Crpgm, and the reduced inter-chain pelymer-pelymer
interaction pairs Chp e are introduced to explore the microscopic
structures of polymers in solutions, and are defined as
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where Npg, Nop aum, a0 Nppgeer averaged out for each polymer chain,
are the numbers of the polymer-solvent interaction pairs, the intra-
chain polymer-polymer interaction pairs, and the inter-chain polymer-
polymer interaction pairs, respectively. The < > denotes the ensemble
average of five parallel samples at each ¢and £ Large Cop gen, Corpsngers
and Cps can be understood as polymer chains that are shrurnlk,
aggregated or interpenetrated, and swollen by solvent molecules,
respectively. In contrast, small Copgm, Copger, and Cps can be
interpreted as polymer chains that are stretched, segregated, and
separated from solvent molecules, respectively.
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Figure 3. The dependence of the reduced intra-chain polymer-
polymer interaction pairs, the reduced inter-chain polymer-
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polymer interaction pairs and reduced polymer-solvent
nteraction pairs on size ratios with polymer concentration fized
at 0.15. The vertical dash lines label the boundaries between
regicns I, I and OI. The schematic diagrams illustrate different
microscopic structures in polymer solutions, where the thin and
the bold lines represent polymer chains and solvent molecules,
respectively.

Figure 3 shows the plots of Cop ser, Cpp e, a0d Cpg versus Sat a
fixed polymer concentration of 0.15 For each given polymer
concentration, the dependencies of these three parameters on £ are
simnilar. It can be seen that when £ > 1, both Crpgm. ad Chpjur
increase as £decreases, indicating that the polymer chains shrink and
tend to aggregate when the solvent molecular size becomes larger. Cps
decreases as £ decreases, suggesting that the polymer chains tend to
separate from the solvent molecules. When &= 1, Cipam reaches a
maximum and remains almost constant in the region of £< 1, whichis
in agreement with the dependency of R, on & implymg that the
polymer solution is bulk-like. Cyp gy, also reaches a maximum at £= 1,
indicating the polymer chaings are greatly aggregated or interpenetrated
However, Cpg exhibits a minimum at £ 1, implying that the polymer
chams and the solvent molecules are largely separated. When £< 1, as
& decreases, Cippur decreases, suggesting that polymer chains are
segregating. In contrast, Cps increases, indicating that when the
solvent molecular size i1s very large, the solvent molecules tend to
dissolve individual polymer coils rather than polymer monomers.

In order to present a clear description of the effects of & on
microscopic structures of the polymer solutions, four schematic
illustrations are included in Figure 3.

In region I (£ > 1), R, decreases and Cpp g increases with the
decrease of £ implying the shrinkage of polymer coils. The slight
increase of Crpper With decreasing £ suggests that polymer chains are
slightly aggregated and solvent molecules are excluded from the
polymer coils at the same time. Cpy slightly decreases as £ decreases
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due to partial exclusion of the solvent molecules from the interior of
the polymer coils, but the polymer chains are still swollen {Ilg) or
partially swollen (TLa).

In region II (& = 1), B 15 very small and Cip g 15 very large,
implying that a great portion of the conformation entropy of the
polymer chains is lost and the polymer chains are shrunk coils. Cpg has
a minimum, corresponding to the minimum of the mixing enthalpy,
because most of the solvent molecules are excluded from the domains
formed through polymer aggregation. Chpage., exhibits a maximum,
suggesting large scale aggregation, which may lead the solution to
undergo microphase separation instead of macroscopic phase
separation (Mo inflexion points for free energy ws. concentration
suggest that there is no macro-phase separation in the systern), ie
some rather than all of the polymer chains are heavily aggregated.
This aggregation, induced by solvent of medium size, can lead to a
high local monomer density of the polymer and the self-assembly of
polymer chains. Our results support the speculation by Zhou et al. that
this kind of self-assernbly of polymers is driven by entropy, which is
in contradistinction to the result about aggregation of polymer chains
driven by enthalpy. In our original aim to describe medium-sized
solvents, we propose that the term medium-sized solvent 15 defined as
a solvent whose linear length approaches the ideal roct-mean-square
end-to-end distance of the polymer chain (W & N*®), Le £% 1, instead
of the traditional expression of 1 << Ny << IV,

Comparing the results in region I with those in region I (£ <<
1), both Ry and Chpger. remain almost the same, indicating that the
polymer chains adopt similar conformations. However, Copiwe
decreases significantly while (33 becomes much larger than that in
region II, suggesting that the polymer coils shrink and segregate, and
must be emwrapped by the large solvent molecules. Furthermore,
according to the transition from region I to regicn I, it can be seen
that the packing fraction of the polymer coils decreases significantly,
which qualitatively agrees with the results reported by Bolhuis ef i,
where the colloid packing fraction tends to zero for increasing
polymer length (decreasmg £ in this workh) i non-interacting
polymers and colloids mixture, with a presupposition to consider the
polymer chains as penetrable colloids and the solvent molecules as
polymer chains.

Conclusion

Increasing the solvent molecular size leads to shrinkage of the
polymer chains and increase of the cnitical overlap concentrations. The
root-mean-square radius of gyration of polymer chains (Rg) 15 less
sensitive to the variation of polymer concentration in solutions of
larger solvent molecules. In addition, the dependency of R on
polymer concentration under normal solvent conditions and solvent
molecular size is in good agreement with scaling laws When the
solvent molecular size approaches the ideal end-to-end distance of the
polymer chain, an extra aggregation of polymer chains ocours, and the
solvent becomes the so-called medium-sized solvent. When the size of
solvent molecules is stmaller than the medium size, the polymer chains
are swollen or partially swollen. However, when the size of solvent
molecules is larger than the medium size, the polymer coils shrink and
segregate, enwrapped by the large solvent molecules.
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