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Abstract The crowding agent induced phase transition of amphiphilic block copolymers in solution was explicitly
considered. The influence of the size and the volume fraction of the crowding agent on the phase separation of amphiphilic
diblock copolymers is investigated by using self-consistent field theory (SCFT) method. The concentration of the disorder to
order transition of the block copolymer decreases when the size of the crowding agent is larger than that of the solvent. The
higher volume fraction of the crowding agent will induce the transition of the block copolymer from disorder to order state at
a lower concentration. The relation between the size and the volume fraction of the crowding agent is elucidated. When the
size of the crowding agent is larger, its volume fraction of the disorder to order transition of the block copolymer will be
lower. The conformation of the crowding agent considered as a polymer chain is also studied and compared.
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INTRODUCTION

Amphiphilic block copolymers in solution can self-assembly into various complex microstructures, such as rod-
and sphere-like micelles and vesicles. It has attracted much attention both experimentally and theoretically!' ™.
In the microstructure formation of amphiphilic block copolymers, the property of the solution plays an important
role. Discher and Eisenberg!'” intensively studied polymer vesicles and observed the phase transitions by
varying the solvent concentration. The solvent size effect is investigated in polymer solutions'®2" where the
strengthened depletion effect by middle sized solvents occurs. Spontak er al?'! theoretically studied the
nanoscale solvent driving the interfacial segregation and central accumulation of the ABA triblock copolymer.
Li and Jiang!" studied the solvent size on the self-assembly of amphiphilic diblock copolymer, where the
solvent size and the interaction parameter between the solvent and the hydrophobic block were considered.
Huber and co-workers?? carried out an experiment on a polystyrene-silsesquioxane-toluene model system,
where silsesquioxane (SILS) serves as a sub-colloidal or nanosized solvent.

From these work, we can see that the solution properties (component, size and interaction, efc.) are very
important for the organization of polymers. The component with large molecular weight is always called
crowding agent, which can also influence the protein folding and aggregation™ ). As we know, the
confinement and the crowding are two factors for the properties of biomolecules, such as, protein folding!**>*),
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self-assembly of amphiphilic molecules®®. The crowding agent can have profound effects on a number of
processes of biological importance, such as macromolecular crowding induced self-association of
polynucleosome chains®”), protein aggregation and amyloid fibril formation'**. Zhou!*>"*>*3% has done much
work about the macromolecular crowding effect on the protein folding. Zheng™ used Monte Carlo method to
study the crowding effect on the self-assembly of the amphiphilic molecules. The conformation of a linear
polymer chain is also studied as a function of the concentration of a macromolecular crowding agent F70 by
neutron scattering”" **. Hong and Gierasch®¥ studied the macromolecular crowding remodeling the energy
landscape of a protein and showed that the protein favored a more compact unfolded state in the crowded
condition. How macromolecular crowding influences protein folding by effects on both unfolded state ensemble
and unfolding kinetics is also elucidated. Even the macromolecular crowding induced elongation and
compaction of single DNA molecules confined in a nanochannel was considered®". The volume fraction
occupied by the macromolecular crowding agent can be as large as 0.413>3% In recent years, the hydrophihilic
homopolymer or hydrophobic homopolymer''**"! is used to study the vesicle or micelle formation theoretically.
In these systems of mixtures of block copolymer and homopolymer , the size effect of the homopolymer is
studied'® ** 1. The self-assembly behavior of amphiphilic block copolymer/nanoparticle mixture in dilute
solution is studied by self-consistent field theory, where the nanoparticle is considered by the density functional
theory*”.

The excluded volume effect increases with the increasing of the crowding agent and the aggregation
concentration of the amphiphilic AB diblock copolymer decreases'*'!. The volume fraction of the crowding agent
is not explicitly considered. In many experiments, the volume fraction (concentration) of the crowding
agent®> ** is relatively easy to be considered, while the size of the crowding agent is seldom considered*> *.
Therefore, the relation between the volume fraction and the size of the crowding agent is not elucidated
previously. Continuing our previous work*!J, we explicitly consider the effect of the crowding agent on the self-
assembly of the amphiphilic block copolymer. We add the crowding agent into the amphiphilic block copolymer
solution, where the crowding agent deviates from the standard convention for polymer solutions of setting the
reference volume, p,' , equal to the volume of a solvent molecule, v;. The crowding effect of the crowding agent

is investigated in the real space implementation of the self-consistent field theory (SCFT), which is a good
method and has been widely used to consider the morphology and phase diagram of block copolymers in melts
or in solution™ ™). The size and the volume fraction of the crowding agent are considered, where the
conformation of the crowding agent is studied both implicitly and explicitly in this work.

METHOD

We study a mixture of n, linear AB diblock copolymers with ng solvent molecules and 7 crowding agent. Each
copolymer chain consists of N segments with compositions (average volume fractions) fy and fz (fs = 1 — fa),
respectively. We assume the mixture is incompressible, with each polymer segment occupying a fixed volume

p;" and each solvent molecule taking the volume vs. The crowding agent takes the volume vc. Thus, the total

volume of the system is V = n,N/py, + nsvs + ncvc, the volume fraction of the AB diblock copolymer is
Jfo = n,N/Vp, and those of the solvents are fs = ngvs/V and fc = 1 — f, — fs, respectively. The ratio of the size of the
crowding agent to polymer segment is gy = vcpy, which means that the ratio of the crowding agent to polymer
size is &= vcpy/N. Furthermore, we assume that the A and B segments have the same segment length a.

In the SCFT one considers the statistics of a single copolymer chain in a set of effective chemical potential
fields w;, where i represents block species A, B, solvent S or crowding agent C. These chemical potential fields,
which represent the actual interactions between different components, are conjugated to the segment density
fields, ¢, of different species i. The free energy of the system is given by
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where y; is the Flory-Huggins interaction parameter between species i and j, and & is the Lagrange multiplier
(which acts as a pressure). O, =Idrq(r,1) is the partition function of a single chain in the effective chemical

potential fields wa and wg. Q, = Idr exp(—wy(r)/N) and Q. = I drexp(—aw,.(r)) are the partition functions of the

solvent and the crowding agent in the effective chemical potential fields ws and wc, respectively. The
fundamental quantity to be calculated in mean-field studies is the chain propagator ¢(r, s), which represents the
probability of finding the end of a segment with contour length s at position r. ¢(r, s) satisfies a modified
diffusion equation using a flexible Gaussian chain model"®”

2
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where w = wy when 0 < s < f) and wg when f, <s < 1. The initial condition of Eq. (2) satisfies g(r, 0) = 1.
Because the two ends of the AB block copolymer are different, a second chain propagator ¢'(r, s) is needed
which satisfies Eq. (2), with the right-hand side multiplied by —1 and the initial condition ¢'(r, 1) = 1. The
density of each component is obtained by

V oer
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Minimization of the free energy with respect to density and pressure, /¢ = OF/6& = 0, leads to another four
equations.

W)=Y 7,N¢,(0)+50r)  (i.j=ABS.0) (7
2 Am)=I ®

If the crowding agent is considered as a polymer chain, the partition function of the crowding agent is
O = jdrqc (r,1), which means that the conformation of the crowding agent is considered explicitly. Then

. V C . . .
Eq. (6) is changed to ¢.(r) =ch— J.Op dsq.(r,s) q.(r, p. —s) to obtain the volume fraction of the crowding
C

C
agent.
We solve Egs.(3)—(8) directly in real space by using a combinatorial screening algorithm proposed by
Drolet and Fredrickson!***!. The algorithm consists of randomly generating the initial values of the fields wi(r).
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The diffusion equations are then integrated to obtain ¢ and ¢*, for 0 < s < 1. Finally, the right-hand sides of
Egs. (3)—(6) are evaluated to obtain new values for the volume fractions of the blocks A, B, the solvent S and the
crowding agent C, respectively. The numerical calculations were performed in three-dimensional space with L, X
L, x L. grid points in order to further explore the morphologies of the amphiphilic block copolymer. The grid
size Ax = Ay = Az = a. Periodic boundary condition is used along x-, y-, z-direction. All calculations have been
done with L,, L,, L. = 40-45, which is large enough (L >> R,) to avoid boundary effects. The simulation is
carried out until the phase is stable.

We selected A;B;; diblock copolymers (fa = 0.15) as a model polymer. The diblock copolymers are in
selective solvents including crowding agents. The interaction parameters are set to be the followings: yagN =
25, yasN =—-0.5, ygsN = 2.5. Therefore, the solvent is good for block A, i.e. block A is hydrophilic. The size of
the crowding agent is varied to consider the excluded volume effect on the self-assembly of the amphiphilic
diblock copolymer. The internal structure and the mechanism of the crowding agent are not treated explicitly.
But the conformation of the crowding agent can be included theoretically if the crowding agent is considered as
a polymer chain. We mainly consider the average size of the crowding agent ranging from pc = 1 to 10, which
means that pc is larger than 1. The volume fraction of the crowding agent is also considered. The present model
captures the essential features of the crowding agent with different size and volume fraction. In this work, we
only consider the disorder to order transition of the amphiphilic diblock copolymer which is determined by
comparing the energy difference and the density difference.

RESULTS AND DISCUSSION

Continuously varying the size and the concentration of the crowding agent in amphiphilic diblock copolymer
solution, the disorder to order transition will change, which means that the critical aggregation concentration can
be tailored. The interactions between the crowding agent and the block copolymer are the same as those between
the solvent and the block copolymer. The interaction between the solvent and the crowding agent is set to be
zero. It means that the crowding agent has the similar properties with the solvent and the only difference is the
molecular size. Therefore, we set the interaction parameters as yapN = 25, YasN = YacN = —0.5, yasN = yacN =
25, yscN = 0. We mainly consider the size, the volume fraction of the crowding agent, and the relation between
its size and volume fraction where the conformation of the crowding agent is considered both implicitly and
explicitly.

Size of the Crowding Agent

Figure 1 gives the concentration of the disorder to order transition of block copolymer as a function of the size of
the crowding agent. When the size of the crowding agent is equal to the solvent size, the disorder to order
transition of the amphiphilic block copolymer is ¢pDOT = 0.071, where the disorder to order transition
corresponds to the critical micelle concentration (CMC) in the selective solvent. The aggregation concentration
is higher when the size of the crowding agent is smaller. This result is also observed in Monte Carlo
simulation®®, where the aggregation concentration is higher than the bulk critical micelle concentration (CMC)
when size of the crowding agent is very small. When the size of the crowding agent is larger, the block
copolymer will aggregate at lower polymer concentration continuously. That is to say, the aggregate polymer
concentration decreases in solution with larger sized crowding agent. The result is in agreement with Zhou and
Shi’s work, where they considered the mixture of block copolymer and homopolymer and the size ratio of
homopolymer/copolymer is included”). We hold the view that the larger solvent has the larger depletion or
larger excluded volume interaction!"® *!), When the concentration of the crowding agent is high, the disorder to
order transition of the block copolymer easily occurs (lower polymer concentration), see the spheres in Fig. 1.
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Fig. 1 Disorder to order transition of the amphiphilic block copolymer as a function of the size of the
crowding agent with the volume fraction of the crowding agent fc of 0.1 (squares) and 0.3 (spheres)

Volume Fraction of the Crowding Agent

From the above result, we can see that the concentration of the crowding agent also affect the disorder to order
transition of the amphiphilic block copolymer. The effect of the volume fraction of the crowding agent was also
studied in some biosystems®* **. When the volume fraction of the crowding agent increases, the crowded
environment forms and the biomolecules have to adopt a compact conformation, therefore, the local
concentration of the biomolecules will increase. In this part, we intensively consider the volume fraction of the
crowding agent. The size of the crowding agent is set as pc = 2 and 4. The concentration of the amphiphilic
block copolymer for the disorder to order transition as a function of the volume fraction of the crowding agent is
shown in Fig. 2. When the size of the crowding agent is equal to the solvent size, the disorder to order transition
of the amphiphilic block copolymer is @,” 9T = 0.071. When more crowding agents are added into the system, the
concentration of the disorder to order transition of the amphiphilic block copolymer decreases. If the size of the
crowding agent is larger than the solvent size, the disorder to order transition occurs at a lower polymer
concentration, such as pc = 4 (spheres) in the figure.
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Fig. 2 Disorder to order transition of the amphiphilic block copolymer
¢pD OT a5 a function of the volume fraction of the crowding agent f (The size
of the crowding agent pc is 2(squares) and 4(spheres).)

Relation between the Size and the Volume Fraction of the Crowding Agent

In this part, we consider the relation between the size and the volume fraction of the crowding agent. The
crowding agent has the same interaction as that of the solvent, i.e., YN = 25, yasN = yacN = —0.5, yasN =
JecN =25, yscN = 0. The only difference is the molecular size. Here, we consider two polymer concentrations,
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J»=0.04 and 0.05. Figure 3 gives the disorder to order transition of the volume fraction of the crowding agent as
a function of the size of the crowding agent. From the figure, we can see that the concentration of the disorder to
order transition of the crowding agent will decrease with increasing the size of the crowding agent. It means that
the disorder to order phase transition can occur when adding less larger or more smaller molecular sized
crowding agent. This phenomenon is in agreement with Zhang’s work, where the third component (here we
called it crowding agent) is considered as hard particles!*”’. The transition easily occurs in solution with higher
polymer concentration (see the spheres in Fig. 3). Analyzing the curves, we can obtain the scaling about the
relation between the size pc and the volume fraction fc, fc o< pc"ﬁ (B ca. 1.2), see the inserted lg-1g figure in
Fig. 3. Here, we can see that S is greater than 1, which probably shows that the crowding agent with larger size
has a stronger excluded volume effect on the self-assembly of the amphiphilic block copolymer.

The conformation of the crowding agent is also considered explicitly. The results are also shown in Fig. 3.
The similar result is obtained. The difference is that a little higher concentration of the crowding agent is needed
with the same size of the crowding agent and vice versa under this consideration. This means that the excluded
volume effect is a little weaker when the crowding agent is considered as a polymer chain in the model.
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Fig. 3 Volume fraction of the crowding agent for disorder-to-order transition of the
amphiphilic block copolymer as a function of the size of the crowding agent at yapN
=25, yasN = yacN = =0.5, yasN = yscN = 25, yscN = 0 (The hollow squares and
circles represent the result from the explicit consideration of the conformation of the
crowding agent.)

Figure 4 shows the volume fractions of the crowding agent for the disorder to order transition as a function
of the size of the crowding agent for f, = 0.05 at case (1) yasN = 25, yasN = yacN = 0.5, xasN = yacN = 25,
ZscN = 0 (squares) and case (2) yapN = 25, yasN = —0.5, yssN =yacN = JacN = 25, yscN = 0 (circles). The
difference is the interactions between the crowding agent and the block copolymer. In case (1) yacN = —0.5,
ZacN = 25 while in case (2) yacN = yscN = 25. The case (2) is relatively unfavorable, i.e., the crowding agent
has the repulsion interaction with the block copolymer. From the figure, we can see the disorder to order
transition in the case (2) can occur early. This means that the polymers easily aggregate in a non good
environment with a lower polymer concentration. It is in agreement with our previous study!'®. The explicit
conformation consideration shows the same behavior with the above case. It confirms that the excluded volume
effect is a little weaker when the crowding agent is considered as a polymer chain.
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Fig. 4 Volume fraction of the crowding agent for disorder to order transition of the amphiphilic

block copolymer as a function of the size of the crowding agent for f, =

0.05 at case (1) yagN =

25, xasN = yacN = —0.5, xasN = yacN = 25, yscN = 0 and case (2) yapN = 25, yasN = -0.5,
ZasN =xacN = yacN = 25, ¥scN = 0 (The hollow squares and circles represent the result from the
explicit consideration of the conformation of the crowding agent.)

Energy Analysis

1497

The size of the crowding agent, its volume fraction, even the interaction between the crowding agent and the
blocks contribute to the depletion effect!'®). In general, the energy can be spitted into two parts by internal free
energy Ui, and entropic free energy —7.S, which are shown as below
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Then F = Uy, — TS. The first one, Eq. (9), represents the interfacial free energy and the second one,

Eq. (10), the sum of the entropic free energy. In Fig. 5, the energy distribution of the system is given as a
function of the size pc (a) and the volume fraction fc (b) of the crowding agent. Before the disorder to order
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Fig. 5 Energy variation of the system as a function of (a) the size of the crowding agent p¢ at fc = 0.3, f, =
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2, f, = 0.05 with yagN = 25, yasN = ¥acN

=—0.5, ysN = yscN = 25, yscN = 0 (The hollow squares, circles and triangles represent the result from
the explicit consideration of the conformation of the crowding agent.)
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transition, the energy is constant. When the phase transition occurs, there is a sharp energy change, which is in
agreement with other disorder to order transition of block copolymer in solution'*" " **. The interfacial free
energy and the entropic free energy contribute to the phase transition after the phase separation of the diblock
copolymer occurs.

In Fig. 5(a), we only change the size of the crowding agent. So the transition is from the excluded volume
effect of the crowding agent. This excluded volume effect widely exists in many bio-systems, which can be used
to separate bio-molecules. The crowding agent with the larger molecular size has the larger excluded volume
effect on the polymer, which will make the local concentration of the polymer higher than the average
concentration, so the block copolymer will aggregate at the lower concentration with larger molecular size of the
crowding agent. The crowding agent with the larger size will gain more translation entropy to lower the total free
energy. It dominantly contributes to the total free energy of the polymer solution. The free energy corroborates
the simple physical origin of the depletion interaction’®*!. Figure 5(b) presents the energy as a function of the
volume fraction of the crowding agent. The similar results are obtained. The depletion effect will become
stronger when the volume fraction of the crowding agent is higher.

The explicit conformation consideration shows the similar behavior. From the figure, we can see that the
interfacial free energy is almost the same. The difference is the entropic free energy, which is the cause of the
difference of the disorder-to-order transition in Figs. 3 and 4. Due to considering the crowding agent as a
polymer chain, the data in the curve of Fig. 5(a) is not enough because the polymerization of the crowding agent
as a polymer is an integer. Therefore, we can fix the polymer concentration and the size of the crowding agent,
and continuously change the volume fraction of the crowding agent to accurately obtain the disorder to order
transition curve in Figs. 3 and 4. From these figures, we can see energy changing by varying the volume fraction
or the size of the crowding agent.

CONCLUSIONS

In this paper, we study the effect of the crowding agent on the self-assembly of the amphiphilic block copolymer
by using the self-consistent field theory. The crowding effect of the crowding agent is intensively studied by
continuously varying the size and the volume fraction of the crowding agent. When the polymer concentration is
low, the disordered phase is stable. The block copolymer will aggregate by adding the crowding agent with
larger size into the solution, which means that the aggregation concentration decreases in solution having
crowding agent. The aggregation concentration of the amphiphilic block copolymer will also decrease with the
increasing of the volume fraction of the crowding agent when the size of the crowding agent is larger than the
solvent size or that of the polymer segment. Due to the crowding agent with larger molecular size depleting the
block copolymer, the CMC of amphiphilic AB diblock copolymer will decrease. At the fixed polymer
concentration, the disorder to order transition can occur with larger size or higher volume fraction of the
crowding agent. The same result is obtained if the conformation of the crowding agent is explicitly considered.
The higher concentration of the crowding agent is evaluated at the fixed polymer concentration and the same
volume of the crowding agent, which is due to the entropic free energy difference. If the size of the crowding
agent is large, we only need to add less crowding agent into the system to cause the disorder to order transition.
The relation between the size and the volume fraction of the crowding agent is also elucidated. This finding is
very useful for understanding the excluded volume effect/crowding effect in biomolecules.
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