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Abstract

Using a molecular theory for dilute PEO-b-PNIPAm solutions, we first take the formation of
hydrogen bonds between copolymer monomers and water molecules into account, which enables
us to study the impact of temperature on PEO-b-PNIPAm self-assembly effectively by quanti-
tatively describing the different change of water affinities of two blocks. With the increase of
temperature, hydrogen bonds between PNIPAm and water break down dramatically, resulting in
the hydrophobic character of PNIPAm while PEO remains hydrophilic. Amphiphilic copolymers in
the aqueous surrounding can aggregate into various structures: micelle and vesicle. According to
the equilibrium criterion of the excess grand potential under the condition of the grand canonical
ensemble, we find both structures are stable and can coexist. Theoretically calculated potentials
of mean force of aggregates further verify the coexistence of micelle and vesicle, although the low
critical solution temperatures of different aggregates are different under this circumstance. Phase
diagram as functions of temperature and the weight fraction of PEO (fpgo) is obtained, which
shows different regions of micelle, vesicle and their coexistence. It implies the appearance of two
types of micelle-vesicle transition: spontaneous and temperature-induced. Since PEO-b-PNIPAm
as a thermoresponsive material has a broad range of applications, a systematical investigation of
the phase behavior is very useful not only for the scientific interests but also for the practical

applications.
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I. INTRODUCTION

Much attention has been paid on stimuli-responsive materials, since the responsive
properties are relevant to many biotechnological and biomedical applications.! One essen-
tial character of these materials is that they can undergo dramatic changes of physico-
chemical properties in accord with small variations in the environmental conditions, such
as changes in pH, ionic strength, and temperature.?® Poly(ethylene oxide)-block-poly(N-
isopropylacrylamide)(PEO-b-PNIPAm) block copolymer is one of the famous thermo-
responsive materials for the critical temperature around the temperature of human body
and the reversible self-assembling behavior. It is soluble in aqueous environment when
temperature is low. As the temperature is increased, PNIPAm becomes hydrophobic and
the phase separation shows the low critical solution temperature (LCST). Above LCST,
copolymers form aggregates. Interestingly, there are rich structures of PEO-b-PNIPAm ag-
gregates. Generally speaking, nanoscaled micelle and vesicle structures are two categories.
Tenhu and co-workers studied the aggregation of PEO-b-PNIPAm in water by fluorescence
spectroscopy and light scattering. They reported that the shape and size of the aggregates
are tunable.” It implies PEO-b-PNIPAm may be a good candidate as the carrier for drug
delivery systems. On the other hand, some literatures pointed out the possible coexistence

10-12 a11d others observed the micelle-vesicle transition under different

of different aggregates,
conditions.'31% Obviously, a rich phase behavior is one of the important characters of PEO-
b-PNIPAm. However, systematic experimental studies of PEO-b-PNIPAm phase behavior
are rare. In this respect it is necessary to clarify the phase behavior of PEO-b-PNIPAm
solutions before a wide variety of applications.

In the perspective of theoretical modelings, several works based on the mean-field
approximation!®!”*® have been proposed to study the phase behavior of the copolymer
solutions. It has been verified that micelle and vesicle can coexist in binary copolymer
mixtures.'® Unfortunately, most of these works focused on the structures of copolymer ag-
gregates at fixed temperatures. Changes on the structures aroused by the continuous change
of temperature have not been accomplished. One challenge in the modelling is how to de-
scribe the change of intermolecular interactions between water molecules and copolymer

monomers due to the change of temperature. This is important because solvent affini-

ties of each of the blocks are significantly different as temperature is changed. A previous
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work!? using Flory-Huggins parameters to reflect the effective interactions between solven-
t and different copolymer blocks, which is not enough to describe the thermo-responsive
polymer systems because of lacking a clear relationship between temperature and effective
interactions. Another challenge is how to reflect the conformational change of copolymers
trigged by elevated temperature. Within the frame of the mean-field approaches, the way to
overcame the challenges is to include as much molecular detail on intra and intermolecular
interactions as possible since the end structure of stimuli-responsive polymer systems is dic-
tated by a subtle interplay among all kinds of interactions and the conformational entropy
of macromolecules.

In the present paper, we use a molecular theory to study the self-assembly of PEO-
b-PNIPAm solutions. The theory was previously used to study the thermodynamics and

1920 with the consideration of the conformation,

structural properties of tethered polymers
size, and shape of each molecule, and was shown to be in quantitative agreement with
simulations and experimental observations.??* Recently, the theory has been extended to

explicitly include hydrogen bonds between polymers and solvent,?425

where the polymer
solubility depending on temperature was well established. We aim to model the thermo-
responsive behavior of PEO-b-PNIPAm by including different abilities of two blocks to form
hydrogen bonds with water. Since the free energy aroused by hydrogen bonding is a function
of temperature, it makes us possible to study the change of structures of PEO-b-PNIPAm
aggregates induced by the continuous change of temperature. Here we focus on the stability
of different aggregates. Thermodynamic criteria is used to verify the coexistence of micelle
and versicle. Furthermore, a phase diagram as functions of temperature and the weight
fraction of PEQO is given, providing a comprehensive investigation of the self-assembly of the
dilute PEO-b-PNIPAm solutions.

The paper is organized as follows. First, we describe the molecular theory, focusing
on the formulism of hydrogen bonds between copolymer monomers and solvents. Second,
we present relevant results, concentrating on the stability and LCST of PEO-b-PNIPAm
aggregates. Moreover, a phase diagram is obtained. At last, we draw a conclusion on the

self-assembly of PEO-b-PNIPAm solutions and discuss some possible reasons in experiments

that may lead to the deviation of end-state structures from equilibrium states.
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II. MODEL AND THEORY

Systems interested here are PEO-b-PNIPAm solutions. Our purpose is the systematic
study on the self-assembly of PEO-b-PNIPAm under the influence of temperature and the
weight fraction of PEO. We consider only the case of dilute solutions where interactions
between aggregates are ignored. Although there are different shapes of aggregates depending
on the length of different blocks, here we just take the spherical aggregates into account for
simplicity. The extension to other geometries is straightforward but beyond the scope of the
present work. We use spherical coordinates where r denotes the radial distance from the

center of the aggregate. The Helmholtz free energy of the aggregate is given by:

S Sw
BF:—k_p+ﬁﬂnter_k_+/BUT€p+Bth (1)
B B

where = 1/kgT is the inverse absolute temperature.

The first term in Eq.(1) is the entropy of copolymer chains, which is written as:

_k‘ip - /pp(r)[z P(B,)In P(B,) + In py(r)v, — Ldmr®dr (2)
Br

where p,(r) is the density of copolymer and P(,) is the the probability distribution function

(pdf) of finding a chain in conformation J with the first segment at r. Eq.(2) accounts for

both conformational entropy and translational entropy of copolymers in the aggregate.
The second term of Eq.(1) represents the effective intermolecular interactions between

different species, which is

8 = [P22(6.)0ulr) + X216, 00)0l0) + X20,0) (onlrlami?dr (3

U w Vw

where Xwe, Xwn, Xen describe the strength of the water-PEO, water-PNIPAm, PEO-PNIPAm
effective repulsions. First two Flory-Huggins parameters determine the quality of the solvent
in the absence of hydrogen bonds, and the last reflects the different chemical character
between two blocks. (¢;(r)) represents the average volume fraction of monomers of type i
(1 = e PEO and i = n PNIPAm) at distance r from the center of the aggregate, and it is

given by

S oo(r) Zgl, P(ﬁr’)[ni(ﬁr’,T)dr]’Uz‘47T7”/2d7“/
(pi(r)) = - 1 2dr (4)

where n(f8,/,r)dr is the number of segments for a copolymer chain in conformation 8 with

the first segment at 7 attributed to the spherical layer from r to r + dr. v; is the volume

4
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of each segment of type i. The water volume fraction is given by ¢,,(r) = pw(r)vy, with the
density of water molecules p,(r) in the layer between r and r + dr.

The third term in free energy expression is the translational (mixing) entropy of water
molecules, which is given by

_i_: — /pw(r)[ln pu ()0 — 1]4mr3dr (5)

The fourth term in Eq. (1) represents the excluded-volume repulse interactions between

all the molecules, which is in the form of

BUpep = / Br(r) {$e(r)) + (6n(r)) + du(r) — Ldmr2dr (6)

where 7(r) represents the distance-dependent repulsive interaction field, which basically is
a Lagrange multiplier ensuring the incompressibility of the system. The packing constraint

of the whole system is

< Pe(1) > 4+ < Op(r) > +du(r) = 1. (7)

The last term in the expression of the free energy aroused by the formation of hydrogen
bonds between different segment and water, and water molecules themselves, which is given

by
BFw = > / 205 (M) [ () @i (1) + (1= 205(r) In(1 = @05(r)) = 205 (r) BAF]4mr?dr

+ / 2w (1)1 — Z ijp(:zi;( )] In[l — Z —ijp(:)(f; (T)]47T7“2d7’

— /pr (T)[Z Lwj (T)pj (T)] In 2pw (T)Uw 47T7”2d7“ (8)

- Puw(T) e

with 7 = e, n, w reflecting hydrogen bonds between water and different species.

The derivation of the different terms in Eq.(8) were discussed in our previous works®*?®
inspired by the work of Dormidontova.?® Here we point out their origins considering the
possibility of water-water, water-PEO and water-PNIPAm binding and take into account
that water can work as both hydrogen bond acceptor and donor while the PEO and PNIPAm
segments only serve as hydrogen bond acceptors. p;(r) is the number density of segments

of type j and z,,;(r) denotes the fraction of hydrogen bonds between donor provided by

water and acceptor j. AF ; is the intrinsic free energy of a single hydrogen bond, including

5
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the energetic gain and entropic loss: SAF,; = BAE,; — AS,;/kg with AS,; = —In((1 —
cos Ayj)/2). It should be noted that the intrinsic free energy of hydrogen bonding depends on
temperature, which implies the formation of hydrogen bonds controlled by temperature. It
is the competition between the different types of hydrogen bonds resulting in the amphiphilic
character of PEO-PNIPAm above LCST. The intrinsic free energy of water-water and water-
PEO hydrogen bonding is chosen as previous works.?*2¢ AFE,,,,/kg and AE,./kp are fixed
as 1800 K and 2000 K respectively. A, and A, equal to 7/4.75 and 7/8.35. According to
the data reported by Dixon et al.?”, we choose AE,,/kg = 2300K for the water-PNIPAm

.22, Therefore, for a

binding, and A, = 7/18.45 based on simulations done by Netz et a
certain temperature, AF,,, is larger than AF,,,, indicating the association of water-PEQO is
more favorable than the binding of water-PNIPAm. Moreover, water-PEO hydrogen bonds
become more prevailing with the increase of temperature.

The Helmholtz free energy given by Eq. (1) is useful for a closed system with fixed
numbers of molecules. However, in order to determine the phase behavior of PEO-PNIPAm
solution, we need to consider an open system where molecules are exchangeable inside and

outside the aggregate. This is accomplished by constructing a grand canonical system. The

grand potential of the system is

BW = BF — /47T7"2[pp(r)ﬁ,up + pu (1) By dr 9)
Here we consider copolymer and water can be exchanged with the fixed chemical potentials

fip and f.
To find equilibrium solutions, we minimize the grand potential with respect to different

variables. It turns out that the probability distribution function P(/3,) is expressed as:
1 / / ! /
P(3.) = a exp{—/ﬂw(r Vne(Bry 7 Ve + 1y (Bry 7 ) |dr —
/er/{ne(ﬁmr') I[1 — Zoe(r)] + 1 (By, 7 ) In[1 — ()]} —

e Xwn l ' i - /
/d?“ [Xv—mnn(ﬂmr )U”¢w(r ) T #((TTI))
Xwe

/

(B, T/)Un<¢n(r/)>¢w(r/) +
e (B 0 (r) 2Bt Vel Bn(r)) A+ A6 (Y (B Yen} (10)

w w Uw

The volume fraction of water is given by:

duw(r) = exp[Briw — BT(r)vw — Xwe(Pe(r)) = Xuwn (1) {dn(r)) — 2In(1 — z4u(r)) —
() — Tape (T) pe(T) B Zoon (1) pu(7)
2111(1 ww< ) pw(T’) Pw(T) )] (11)
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The density of copolymers is:

Pp(1)0w = qp, exp[Biy) (12)

Fractions of different types of hydrogen bonds are:

I 205 (r) = (1 = 24(r)) = BAF,; = In2py,(r)vy, +In[1 = > %] (13)

j
with j = e, n, and w.

Important to note that the system can be viewed as the aggregate immersing in the bulk
solution, where copolymers are free and hydrogen bonds between different species still exist.
So that the chemical potentials of the molecules can be calculated from the bulk. We can
write down the free energy for bulk, which looks like Eq. (9) except all the variables are not

position dependent anymore and they are constant due to the homogeneous bulk system.

After minimization, we can get:

_ b b b b b b b _x?ueﬂg_mzmﬂg
Bitw = M@y, + XyePe + Xun@n +2I0(1 —2,,) +2In(1 — 27, )l (14)

Po Po
Pyl
5, =%, (15)
xb b
In xfuj —1In(1 — xfuj) — BAF,; = In2pb v, + In[l — Z 1;+P;] (16)

r
with 7 = e, n, and w. Here the superscript of 'b’ is assigned to be the bulk. With the input
of bulk concentration, fractions of hydrogen bonds and chemical potentials are known.
Thus, the unknowns in above equations are the position dependent repulsive fields and
fractions of hydrogen bonds. These quantities are determined by substituting Eqgs. (10)-(13)
into the packing constraint Eq.(7). In practice, we convert the integral equations into a set
of coupled nonlinear equations by discretizing the space, while details on the discretization,

numerical methodology and how the chains are generated can be found in the Appendix.

III. RESULTS AND DISCUSSIONS

In this section, we will present relevant results. Before showing the results, we should com-

ment on the choice of parameters used in all the calculations. In order to get a proper quan-

7
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FIG. 1: The volume fraction profiles of PNIPAm and PEO as a function of distance from the center
of (a)micelle and (b)vesicle. The insets are schemas of micelle and vesicle, respectively. Black lines
correspond to the volume fraction of PEO, and red lines are the volume fraction of PNIPAm.
The distributions are calculated according to the experimental condition? with the temperature
T = 38°C, the weight fraction of PEO fprpo = 0.077, and the concentration of bulk solution
Poutk = 2.3 % 1074 M.

titative theoretical evaluation compared with experimental data, Flory-Huggins parameters
are introduced to describe the complicated interactions in such multi-component system.
The effective interaction between water and PEO x,,. is chosen of the form x,. = B/T, with
B = 100K. Here we do not include an entropic-dependent term, as is done in general.?426
Xwn is chosen as what Afroze et al did in their experimental fitting,?® which is complex
because it also reflects the association among PNIPAm monomers with the increase of tem-
perature. X., is fixed as a small constant just for the chemical difference between two blocks
of the copolymer. The polymerisation of PEO-b-PNIPAm is fixed as 23 throughout this
paper for the following two reasons. First, we intend to obtain the nano-scaled aggregates,
which require short chain length of copolymers, as Li et al.1®3° did in their works. Second,
we assume all the aggregates are spherical. Numerical results show us that short copolymers
prefer to form the spherical aggregate.

In our numerical calculations, we use different initial guesses and get non-trivial self-
consistent solutions, implying different structures of PEO-b-PNIPAm aggregates shown in
Fig. 1. The origin of X axis represents the center of aggregates. Fig. 1(a) shows the micelle
structure with the core of PNIPAm and the shell of PEO. Fig. 1(b) presents the vesicle
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structure with PNIPAm inside and PEO outside the bilayer. It should be mentioned that
the calculations were carried on in the grand canonical ensemble, which means the number
of copolymers in aggregates are not fixed. Chemical potentials of copolymer in different
types of aggregates are same to the one of free copolymer in bulk solution determined by
the bulk concentration. It is important to note the aggregation number N,,4, of copolymers
in aggregates, which directly relates to the size of aggregates. Using the formula of Ny, =
[(pp(r) — pyur)dwr?dr, we find the aggregation number of micelle N,, = 69 and vesicle
N, = 153. From Fig. 1, we also can see the radius of the micelle is around 5nm and that
of vesicle is about 8nm. One interesting thing is that although differences on aggregation
number and size are distinct for two types of aggregates, the maximum volume fractions
of PNIPAm in Fig. 1(a) and (b) are similar at ¢,,., = 0.68. It means the extent of the
molecular packing within aggregates is similar. If they are used as drug carriers, it implies
that they have the similar permeability for drug particles passing in and out. This special
feature relates to their coexistence as we will show in the following.

The appearance of aggregates is at the temperature higher than LCST. Here we try to
use a thermodynamic quantity to capture the appearance of phase transition. According to
the Gibbs-Duhem relationship'®, we get the aggregation number of the aggregate Ny, =
—(;—:p)uw, where the excess grand potential of aggregate, fe = W — Wy, reflects the
excess free energy for the formation of aggregate. For a stable aggregate at the temperature
higher than LCST, the aggregation number N,4, is necessarily positive, which means that
the excess grand potential should be a decreasing function of the chemical potential of
copolymer. It is the case that Fig. 2(b) and (d) present. On the other hand, Se keeps at
zero when the temperature is lower than LCST, shown by Fig. 2(a) and (c). Therefore,
LCST of micelle is 36°C' and that of vesicle is 38°C' for dilute the PEO-b-PNIPAm solution
with the weight fraction of PEO fppo = 0.077. The difference on LCST for different
aggregates originates in the molecular character, i. e., the ratio of PEO and PNIPAm. It
determines the inherent geometry during the formation of the aggregate in the aqueous
surrounding. As temperature is increased above LCST, hydrogen bonds between water and
copolymer monomers tend to break down further, which in turn makes PEO-b-PNIPAm
molecules more flexible and helps the formation of different structures. The excess grand
potential of aggregate can also be defined as € = N4, f, where f is the excess free energy

per molecule of forming the aggregate. Although the excess grand potentials of micelle and
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FIG. 2: The excess grand potential as functions of the bulk concentration and the chemical potential
of copolymer for two aggregates with different temperatures. Temperatures lower (a) and higher

(b) than the LCST of micelle. Temperatures lower (c) and higher (d) than the LCST of vesicle.

vesicle are very different, €,, = 3491.7kgT and €, = 7656.6kgT, the excess free energies per
molecule for these two structures are very similar: f,, = 50.6kgT and f, = 50.0kgT. The
negligible difference on the free energy per molecule, less than 1kgT, implies the possibility
of the coexistence between micelle and vesicle.

The existence of LCST is the sign of PEO-b-PNIPAm changing from water soluble
molecule to amphiphilic copolymer. To quantify this change, we turn to fractions of hy-
drogen bonds between water and two blocks of the copolymer. To better visualize the
change on the solvent affinity of two blocks, we draw the difference of hydrogen bond frac-
tions, that is, Az;; = 23¥°¢ —23°¢. Owing to T' = 35°C lower than LCST, PEO-b-PNIPAm

35°C

35OC . .
o and xp) @ With the increase of temperature,

is water soluble with high values of x

hydrogen bond fractions decrease reflected by the negative values of Az, and Az,,. The

10



Page 11 of 19 Soft Matter

0.0 . 0.0 .
-0.1 201
b X
<02 <02
AXWe AXWe
0.3 e Ax 03} e A
(a) Mo 031 (b) AX,,
0 5 10 15 0 5 10 15

r(nm) r(nm)

FIG. 3: The differences of hydrogen bond fractions as a function of distance from the center of
aggregates: (a)micelle and (b)vesicle. The black line with squares and the red line with cycles
correspond to the difference of the hydrogen bond fractions of water-PEO and water-PNIPAm.

Parameters are same to Fig.1.
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FIG. 4: The potential of mean force for micelle and vesicle as a function of the distance from the
center. The black line with squares and the red line with cycles correspond to micelle and vesicle

respectively. Parameters are same to Fig.1.

decrease is significant inside of aggregates, as both Fig. 3(a) and (b) show. Furthermore,
water-PNIPAm hydrogen bonds break down more than water-PEO bonds, originating from
the weaker intrinsic free energy of hydrogen bonding between water and PNIPAm. It is the
reason that PEO-b-PNIPAM is thermo-responsive amphiphilic copolymer.

To further verify the inherence of the micelle-vesicle coexistence, it is instructive to look

at the expression of the copolymer chemical potential. For the aggregate it is given by

11
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FIG. 5: Phase diagram of PEO-b-PNIPAm solutions as functions of the weight fraction of PEO
and temperature at the bulk concentration of p, = 2.5 * 107#M. B represents the homogeneous
bulk solution. M reflects the micelle structure. V is the vesicle structure. M & V indicates the
coexistence region of micelle and vesicle. Lines with squares and circles represent the LCST of

PEO-b-PNIPAm solutions with the formation of micelle and vesicle respectively.

Bup(r) = Inp,(r) + BU(r). While for the bulk solution, it is Su). For the equilibrium,
however, the copolymer chemical potential of aggregate is equal to that of the bulk solution.
Therefore, the physical meaning of SU(r) is the work required to bring a copolymer from
the bulk solution to the aggregate at the position of r, which is called the potential of mean
force. From our theory SU(r) is equal to —Ingg.. This quantity reflects the potential felt
by the copolymer in such environmental condition including all the effective interactions
between the copolymer and other molecules in the system. It is known that free PEO-
b-PNIPAm molecules in the bulk would aggregate when temperature is increased above
LCST. Meanwhile they feel the steric repulsion during the course of aggregation due to
local crowding. All these factors compete resulting in the final aggregate with the specific
structure, size and aggregation number. Although Fig. 4 shows different shapes of SU(r)
for micelle and vesicle, an important common feature is that both cases have the similar
minimum about U,,;, = —7.5kgT residing at the most condensed inner of aggregates. This
implies that the similar driving forces result in the micelle and vesicle structures. The
coexistence of micelle and vesicle is proved.

So far we have discussed the effect of temperature on the self-assembly of PEO-b-PNIPAm

solutions. Another important factor is the weight fraction of PEO,?! which basically deter-

12
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FIG. 6: (a)Aggregation number (b) the radius of aggregates as a function of weight fraction
of PEO for PEO-b-PNIPAm solution with the bulk concentration of p, = 2.5 * 1074M and at
the temperature of T' = 42°C. Lines with squares and circles represent micelles and vesicles

respectively.

mines the proportion of hydrophilic and hydrophobic part of the copolymer. Fig. 5 provides
the phase diagram of dilute PEO-b-PNIPAm solutions. The border between the bulk and
the solution with micelle or vesicle structure is the LCST of the solution. It shows the LCST
shifts to higher temperature as the weight fraction of PEO increases, just as many experi-
ments reported.®? It is worth noting that when temperature is a little higher than LCST,
PEO-b-PNIPAm aggregates have the specific structure according to fpgro, which relates
to the inherent molecular geometry. The coexistence of micelle and vesicle would happen
when the temperature is much higher than LCST, where copolymers are more flexible be-
cause of less hydrogen bonds with solvents. According to the phase diagram, spontaneous
micelle-vesicle transition can happen in the coexistence region, while temperature-induced
micelle-vesicle (or vesicle-micelle) transition can be observed for specific PEO-b-PNIPAm
solutions when temperature is increased from just above LCST to much higher than LCST.
Moreover, all the transitions are reversible.

For the practical applications of nano-sized aggregates, PEO-b-PNIPAm has the advan-
tage of size controllable. Choosing a high temperature at 7' = 42°C within the coexistence
region in the phase diagram, we intend to see the impact of fpgo on the size of aggregates.
Fig. 6 gives the aggregation number and the radius of aggregates changing with fppo. As

the length of PEO-b-PNIPAm is fixed, PNIPAm block becomes shorter and shorter with

13
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the increasing of fpgo. In order to keep similar condensed packing within aggregates, ag-
gregation numbers should be increased, as Fig.6 (a) shows. It, of course, gives rise to the
size of aggregates seen in Fig. 6(b). However, N,,4, shows the nonlinear rising behavior,
while 7 is almost the linear increase. This provides a good guide for the precisely controlling

aggregation size.

IV. CONCLUSIONS

We particularly formulate the hydrogen bonds between water-PEO and water-PNIPAm
for PEO-b-PNIPAm solutions within the frame of the molecular theory, which makes a
systematic study of the self-assembly of thermo-responsive copolymers possible. Fractions
of hydrogen bonds between water-PEO and water-PNIPAm quantitatively reflect the am-
phiphilic character of PEO-b-PNIPAm above LCST. When the temperature is higher than
LCST, we find both micelle and vesicle structures are stable according to the criterion of the
excess grand potential. The micelle-vesicle coexistence is further proved by the analysis of
the potential of mean force of aggregates. A phase diagram as functions of temperature and
the weight fraction of PEO is obtained, which shows different regions with different struc-
tures, especially a large region of coexistence of micelle and vesicle. It indicates the existing
of two types of reversible transition: spontaneous and temperature-induced micelle-vesicle
transition.

It should be noted that our study is based on the thermodynamic equilibrium. Although
some experiments''2 have reported the coexistence of micelle and vesicle in copolymer solu-
tions, the structure of vesicle is not easy to be observed in experimental conditions compared
with micelle. One main reason is that the aggregation number of vesicle usually is large,
which may lead to a rather long time to achieve the thermal equilibrium state. Therefore,
the end state is easily trapped into a nonequilibrium metasable state. On the other hand, the
role of kinetics 33 has been reported in many amphiphilic molecules self-assembly systems,
which also is an important factor determining the final structure of aggregates. Of course,
other factors, such as compositional fluctuations and interactions between aggregates, would
affect the final structure of solutions.

With regard to the modelling, this is a successful try for us to quantitatively reflect the

copolymer character transforming from soluble to amphiphilic at LCST by introducing hy-

14
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drogen bonds between water and different blocks. It is useful for thermo-responsive systems.
Of course, there are many different types of responsive materials intrigued by other stimuli,
such as pH, salt, light, and so on. Although various mechanisms are involved, the idea of
modeling is similar, including as much detail on intra and intermolecular interactions at the
molecular level as possible. At this stage, we always turn to simulations based on the atomic
level for much molecular information, then move to the theoretical coarse-grained modelling
which enables us to investigate systems in large time and size scales in the comparison of
experiments. Therefore, the theoretical modelling works as a bridge linking microscopic
simulations and macroscopic experiments.
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V. APPENDIX

Here we present an outline of the numerical method used to solve the equations derived
from the molecular theory. This is done by dividing the r-axis into parallel spherical layers
of thickness §. Functions are assumed to be constant within a layer; hence integrations can
be replaced by summations. The ith layer is defined as the region between (i —1)§ < r < id.

The packing constraints, Eq. (7), in a discrete form for layer i is:
< De(i) > + < Pp(i) > +0,(1) = 1. (17)

The volume fraction of PNIPAM and PEO equals

S pi (i) 25, P(By)ny (B, i)v;do (i)
dv(7)

< ¢;(i) >=

15
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where dv(i) = 3w8%[i® — (i — 1)?] is the volume of ith layer. Here the discretized probability
distribution functions P(f,) is

imaz

P(p) = ; H exp{—B7(i)[ne (8,1 )ve + 1 (i 1 o] —

7

Q{He(ﬁu V[l = Zye(i)] + 1 (B l)ln[l—an(i')]}—
[Xng D (B Yontrali) + 8ann<z2/)) o (Bis 1 Vo)) (i) +

(B oed () 3 me(Bi# oel0n(i) + 20l a8 e} (19)

w w

n(
i)

Volume fractions of water is given by:

Suli) = exPlBita — BT(00 — Xae(6e(8)) = Xum(6)(6n(i)) — 21n(1 = Tuui)) —
iy Zwe(Dpe())  Tun(D)pali)
21 = 2uwn(®) = = ORI (20)

Fractions of hydrogen bonds are:

) = 2001 = 2y 1 = 35 LB () (21)
j
with 7 = e,n and w. These coupled equations are solved self-consistently.

The chain model for PEO-b-PNIPAm is the three-state RIS model?*. In this model, each
bond has three different isoenergetic states. The conformations are generated by a simple
sampling method and all the accepted conformations are self-avoiding. We generate 10°
independent conformations with the first segment at the first layer, and then transfer them
to every layer throughout the system. In our calculations, we divide r into n=>50 layers,
and thus there are 5 x 10¢ different conformations for PEO-b-PNIPAm. The same set of
conformations has been used in all the calculations presented in this paper. Each segment
of PNIPAM has the volume of v, = 0.16 nm?,which was chosen according to the partial
specific volume of PNIPAM in water,? and for PEO and water are v, = 0.065 nm?,v,, = 0.03
nm? as we use before?*?6. The layer thickness was o = 0.6nm. The interaction parameter
Xwn () = (goo+902T) + (g10+ 912T) D (i) + (goo + g22T) ¢2 between water and PNIPAM comes

from the experiment of Afroze et al?’, where g;; (1,j=0, 1, 2) are constants.
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A theoretical predication of the micelle-vesicle coexisting of PEO-b-PNIPAm solutions
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