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This paper d1scusse*s the conformational phase change of an isolated polymer chain Wthh is
capable of forming physical bonds with solvent molecules. On the basis of the mean-field
theory of Flory type, we derive a formula for the temperature dependence of the expansion’
factor of the chain. Our theory takes account of the extra mixing entropy change induced by
the solvation. We predict that the physical-bond formation between polymer and solvent
molecules causes a reentrant conformational change between coiled and globular state when . R
temperature is varied. We also show that the polymer chain exhibits a sharp collapse near the |
. © temperature as the temperatureis increased to the lower critical solution temperature of the
. polymer solution. This behavior,can be interpreted in terms of the breakup of the polymer—
solvents complex. The result is compared with the observed coﬂ—globule transition on poly

_ (N-isopropylacrylalmide) in water.

I.INTRODUCTION

The conformation of an isolated polymer chain in a di-
lute solution depends on the temperature and the solvent
conditions. In a good solvent region, a polymer is in a coiled
state, while in a poor solvent region a polymer has a globular
configuration. Many theoretical studies' have been con-
cerned with the conformational'change of a polymer chain in
terms of the self-excluded volume interaction: The mean-
field theory of Flory type has shown that the transition from
an extended coil to a compatct globule takes place near the ®
temperature as temperature is decreased to the upper critical
solution temperature (UCST). The mechamsm of the tran-
sition is similar to that of the gas—hquld transition. Such a
coil-globule transmon has been observed on polystyrene
(PS) in cyclohexane.>’

In contrast to the volume interaction, there is an impor-
tant case, where a specific interaction.such as hydrogen
bonding plays an important role in the conformatlon ofa
polymer chain. Typical examples are a globular protein
formed by intramolecular bndgmg and a nonionic poly-
mer in water.'>?® o

For poly: (N-isopropylacrylamide) (PNIPAM) in wa-
ter it has been reported that the radius of gyration of the
chain sharply decreases near the ® temperature as tempera-
ture is increased to the lower-critical solution temperature
(LCST).'®! The negative temperature dependence has also
been observed on the intrinsic viscosity.'*!” Such behavior is
in contrast to the usual coil-globule trans1t10n where a cham
gets swollen at high temperature. .

In aqueous polymer solutions, it is obvious that thé solu-
bility of the polymer chain is enhanced due to the hydrogen-
bond formation between polymer and water molecules. >
The theoretical understanding of these systems, therefore,
must incorporate the concept of hydrogen-bond formation

between unlike molecular species. - - e L
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- Many theoretical studies have focused on the LCST be- -
havior in polymer blends,?® polymer solutions,?"*? and mix-
tures of low molecular weight molecules,?® where the hydro-
gen bonds- bétween unlike molecular species play an
important role for the solubility. Recently, we have present-
ed‘a molecular theory-for the LCST behavior in polymer
solutions where solvation prevails.?? The theory showed that
the physical-bond formation, such as a hydrogen bond, be-
tween polymer and solvent molecules can be the major cause
of the mlSClblllty gaps. showmg closed- loop or hourglass
shape

In this paper we theoretlcally study ‘the conformational
change of a single-polymer chain capable of forming a phys-
ical bond with solvent molecules. On the basis of the Flory—
Huggins lattice theory we incorporate the idea of hydrogen
bonding. We calculate the expansion factor of the polymer
chain and predict that the physical-bond formation between
polymer and solvent molecules causes a reentrant conforma-
tional change when temperature is varied. We also examine a
possible mechanism for the negative temperature depend-
ence of the radius of gyration of the polymer chain. The
result is compared with the experimental data on poly
(N-isopropylacrylalmide) in water.'®

1l. FREE ENERGY OF A POLYMER—SOLVENTS :
COMPLEX

We consider a- smgle—polymer chain in a solvent. The
polymer chain is assumed to carry f identical functional
groups which do not interact each other but are capable of
forming physical bonds with the solvent molecules by rever-
sible pairwise association. The bonding energy considered
here is on the order of thermal energy, so that the bonding—
unbonding equilibrium is easily attained by thermal activa-
tion. In thermal equilibrium, the polymer chain is associated

‘with a certain number of solvent molecules. Hereafter, we
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call it the “polymer—solvents complex.”

Let R be the average radius of the occupied region, » the
number of segments on the chain, and m the number of sol-
vents bonded on the functional groups. Figure 1 shows an
equilibrium state of the chain in the solvent. The symbols @,
O, and — show the bonded solvents, the unbonded free sol-
vents, and functional groups on the chain, respectively. Our
theory is based on the lattice theory presently by Flory—-Hug-
gings.** We introduce the volume @ of an unit lattice. The
volume @ of a segment on the chain is assumed for simplicity
to be the same for a solvent molecule. The number ¥, of the
total latfice cells in the sphere of radius R is given N,

= V /a®,where V = (4/3)7R 3shows the total volume of the

sphere. The volume fraction ¢ of the chain in the sphere is
given by ¢ = a*n/V. Volume fraction of the bonded solvents
and the unbonded free solvents are then expressed as

¢b = P. -x¢»

$o =1—(1+ Px)¢, (2.1
respectively, where we have defined P=f/n and x=m/f
The value x (0<x<1) equals the number fraction of solvent
molecules bonded on the functional groups. Leta=R /R, be
the expansion factor of the chain, where R, = ay/n is the

radius of gyration. under the ideal state of the chain. The
volume fraction of the chain in the sphere is then given by

1/a3J_ (2.2)

We next cons1der the free-energy difference AF from the
reference state, where pure solvent molecules and a pure sin-
gle-polymer chain are prepared separately. The free energy
can be constructed by three terms:

AF= Fel +}7rea +AFmix’ (2.3)

where F; shows the free energy of the elastic restoring force
due to deformation of the segment distribution from the
ideal state. This free energy is given by +%°

BF, =3[{(a®—1) ~Ina], (24)
where f=1/k 3 T: T is absolute temperature and kg is the
Boltzmann constant. The second term F., in Eq. (2.3)

shows the free-energy change needed to form of a polymer—
solvents complex. In our model system, F,,, is given by

(2.5)

- BF, = mbajg ~In [

FIG. 1. Schematic drawing
of a polymer—solvents com-
plex confined in a spherical
region of radius R. The sym-
bols @, O and — show bond-
ed solvents, unbonded free
solvents, and functional
groups on the chain, respec-
tively.

where & f; is the local free-energy change of a single-bond
formation, and the second term in Eq. (2.5) is the combina-
torial entropy related to the number of ways to select m sites
out of f functional groups on the chain. By using Stirling’s
approximation, Eq. (2.5) can be expressed as

BF.., = nP[ﬁ6f0x+xInx + (1 —x)In(1 — x)].

(2.6)

The third term AF,;, in Eq. (2.3) describes the free-energy
change required in the process of mixing the constructed
polymer—solvents complex with the unbonded free-solvent
molecules. According to the lattice theory of Flory—Hug-
gins, the free energy AF, ;. is given by

BAF ;s = N.[¢oIn ¢ + y$(1 — )], 2.7

where the translational entropy of the polymer-solvenis
complex can be neglected.”* The parameter y shows the con-
tact interaction energy related to the dispersion force and
then takes a positive value.?® The negative interaction energy
between a solvent and a functional group is given through &f;
in Eq. (2.6).

Using Egs. (2.4), (2.6), and (2.7), the free energy AFof
our system is expressed as

BAF(ax) =3[4(a®*—1) —Ina]
+nPBSfox +xInx+ (1 —x)In(1 —x)]
+ n{(1/$)[1 — (1 + Px)¢]

xin[l — (1+P0)dl + x(1—§)},  (2.8)

where ¢ is uniquely related to « through relation (2.2).
When P =0 this equation reduces to the one studied by
many authors.' Next, we decide on the values of & andxm
thermal equilibrium.

Il MINIMIZATION OF THE FREE ENERGY

For the chain to be in thermal equilibrium, we need to
minimize the free energy (2.8) with respect of a (or equiv-
alently ¢) and x%

(8AF /3a) 7 =0, (3.1)
(OAF /3x) 1 = 0. (3.2)

The physical meanings of the above equations are obvious.
Equation (3.1) keeps the balance among solvent molecules
existing inside and outside of the sphere: ‘

Apo = pto — 1" =0, (3.3)
where g and p,° are the chemical potential of an unbonded
free solvent in the sphere and of a solvent existing outside of
the sphere, respectively. Equation (3.2) is also equivalent to
the adsorption equilibrium condition:

Ho ==, (34

where u, is the chemical potential of a solvent molecule
bonded on the functional groups.
From Eq. (3.1) we obtain

BAuo =%<a2 —1)é+In[1— (1+ Pr)g]

+ (1 + Px)¢ + yd* =0.
Similarly, from Eq. (3.2) we obtain

(3.5)
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Px:,1+1-(1—P),1¢~JD"

24 (3.6)
where
D=[A —1— (14 P)ig]* +4A(1 — ¢), 3.7
and A is defined as ‘
A=exp( — fofs + 1). (3.8)

We now proceed to solve the coupled equations (3.5)
and (3.6). Substituting Eq. (3.6) into Eq. (3.5), weobtaina
formula for the temperature dependence of the expansion
factor of the polymer chain: ‘

%(a2-1)¢+1n¢0+ l—do+3F =0,  (39)
where
do=[A—1—(14+P)As+D]/21 (3.9b)

Temperature T'is given through A and y parameters, and ¢ is
uniquely related to the expansion factor « through Eq.
(2.2). Equations (3.9) provide complete information on the
chain conformation and the number of solvent molecules
bonded to the chain. Before solving them numerically, how-
ever, we will derive an approximate equation for Egs. (3.9)
which helps intuitive understanding of the underlying phys-
ics. L

When ¢ is small enough, we can expand Eq. (3.9b) in
power series of ¢:

do=1— (1+Pl)g- -, (3.102)
where

A=A/ +1). ~ (3.10b)
From Eq. (2.1) we obtain 1 + Px =1 + P, i.e,,

x=1. (3.11)

The value x(=m/f) isonly related to the free-energy change
Sf, of a single-bond formation and independent of #.

By substituting Bq. (3.10a) into Eq. (3.9a), the expan-
sion of the logarithmic term yields

1
‘“ﬁAﬂo = 7(1 — a2)¢ + Az(T)¢2 + A3(T)¢3' )
(3.12)

where the second and third virial coefficients are given by

A(T) =41+ PAY> — y
A;(T) = (1 + PA)3,

(3.13)
(3.14)

respectively. de Gennes® has suggested that the coefficient
Aj is increased by adding side groups on the chain. In our
theory, the coefficient increases upon increasing the number
fraction x of bonded solvent molecules, and x is given by Eq.
(3.11) as a function of temperature. From the condition
Ap, = 0, we then obtain a simple formula for the tempera-
ture dependence of the expansion factor:
743
__il_’*;f;’l_)_= ‘/‘,{[_;_(1_4. Pi)? —X]-

3a

5 _ o3

o (3.15)

This takes the same form as the familiar equation used in the
conventional theory of the coil-globule transition."* The
theta temperature @ for which 4, = 0 is given by
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¥(®) =4(1+ P1)% (3.16)
In the following we present the results of a detailed numeri-
cal calculation of Eq. (3.9).

IV. RESULTS AND DISCUSSION

~ For the numerical calculation of Eq. (3.9) we introduce
the reduced temperature parameter 7 by the definition

=1 - 0yT. (4.1)
In terms of 7, the y parameter can be expressed as
xX=4i—¢7 (4.2)

where 1, is a numerical amplitude and ®, is a temperature

which satisfies y(®,) = 1/2. The parameter y shows the
contact interaction energy related to the dispersion force and
then takes a positive value.”® Note that ®, is not a theta
temperature and ¥,k ®, gives the amplitude of the positive
interaction energy between a polymer segment and a solvent.

We further split the local free-energy change 87, of a hydro-
gen-bond formation into two parts:

; Baf;) = _3850 - 1n(lo/e), . 4.3)

where s, is the entropy loss 8s, = kj In(A,/e) and 8¢, the
absolute value of the bonding energy ( — 8g, < 0).2>?’ Sub-
stituting Eq. (4.3) into Eq. (3.8), the parameter A is ex-
pressed as

A=Ayexpiy(l — 1, - (4.4)

where y=08¢,/ky ®, We then have five parameters charac-
terizing our system: », the number of segments on a chain;
P=f/n, the number fraction of functional groups on a chain;
Ao=exp(dsy/kg ), the entropy parameter for a single-bond
formation; y=08¢,/kz®,, the dimensionless bonding ener-
gy; and y the unperturbed polymer-solvent interaction pa-
rameter. In Figs. 2 and 3 we have ¢, =1 (y = 1/2 — 1),
P=1l,and y=3.5. '

Figure 2 shows the expansion factor ¢ (—) and the
number fraction x (- - -) of bonded solvents plotted against
the temperature parameter 7. We take 72 = 10° and the en-
tropy parameter A, is varied from curve to curve: (a)

FIG. 2. Expansion factor & (~—) and number fraction x (-~ -) of bonded
solvents are shown against the reduced temperature 7 for # = 10°. The en-
tropy parameter A, is varied from curve to curve: (a) A, =0.002, (b)
Ao =10.003, (c) Aq = 0.005.

0.1, 1 January 1991
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Ay = 0.002, (b) A, =0.003, and (c) 4, = 0.005. The frac-
tion x becomes larger as A, is increased at a fixed 7. The
calculated values of x increase from zero to unity w1th de—
creasing temperature, while the expansion factor exhibitsre-
markable changes. The curves L, and L, show the expansion
factor « against 7 when we take x =Oand 1in Eq. (3.15),
respectively. The values of & saturate to the curve L, at high
enough temperaturé where the chain is in a coiled state and
to the curve L, at low enough temperature where the chain is
in a globular state with bonded solvent molecules. At the
intermediate temperature, the behavior of  is stron gly relat-
ed to the local entropy loss 8s, = kg In(A,) for a bond for-
mation. In this temperature region, the value of x sharply
increases with decreasing temperature. - When the entropy
loss is large, as in the case (a), the chain remains in the
globular state. As A, is increased, we find that the expansion
factor sharply "increases with decreasing temperature:as
shown in case (b). This behavior is an intrinsie character in
the systems where the hydrogen-bond formation takes place
between polymer segments and solvent molecules. In case
(c), however, the sharp conformational change disappears.
Figures 3(a)—3(c) show the expansion factor @ and the
number fraction x plotted against 7. The entropy parameter
Ao is changed from Fig. 3(a) to Fig. 3(c). The curves are
shown for various values of the number of segments. We find
the abrupt change in the behavior of @ near ® temperatures.
The ©® temperatures are calculated from Eq. (3.16): (a)
T (@) = —0085 (b).7 (@)= —0.158, —0.768,
— 1.328;and (c) 7 (®) = — 1.42. The second virial coeffi-
cient against 7 was reported in Ref. 22. As n— o, the tem-
perature derivative of @ becomes discontinuous at the ®
temperatures. The behav1or is characteristic of a second-or—
der phase transition. The value of @ at the ® temperatures is
larger than unity.’ Although the second virial coefficient
vanishes at the ® temperatures, the third- and all higher-
order virial coefficients take positive values. In F1g 3{a) we
find an abrupt condensatlon from an extended coil to a com-
pact globule takes place near the ® temperature as tempera-
ture is decreased. At the lower-temperature side @ exhibits a
maximum and a minimum as a function of temperature.
When 4, = 0.002 we have, for lower molecular weight, a
closed-loop coexistence curve, and the lower coexistence
curve showing an upper critical solution temperature
(UCST), and for high molecular weight, an hourglass shape
of phase diagram.?* In Fig. 3(b) we find the second-order-
like reentrant coil-globule transition. In the globular region
at the higher-temperature side, we have a closed-loop coexis-
tence curve on the temperature-concentration plane.?” The
value of  at the lower @ temperature is larger than that at
the higher ® temperature. The reason is clear becausé the
value of the third virial coefficient 4, is increased with in-
creasing x (or decreasing temperature). The bonded solvent
molecules extend the distribution of the polymer ségments.
Near 7(®, ) = — 0.76, which corresponds to the @, tem-
perature for a lower critical solution temperature (LCST) of
the polymer solution, & sharply decreases with increasing
temperature. This behavior has been observed on poly. (V-
isopropylacrylamide ) in water.'® As the entropy parameter
A, increases further, the sharp reentrant coil-globule phe-

FIG. 3. Expansion factor & (—) and number fraction x (- - -) are shown
against the reduced temperature 7. The entropy parameter 1, is changed
from.(a) to (¢): (a). 4, =0.002, (b) 4, =0.003, (¢) Ay==0.005. The
curves are shown for various values of the number of segments. The @ tem-~
peratires are calculated: from Eq. (3.16); (a) (@)= —0.085; (b)
(@) = — 0,158, -~ 0.768, - 1.328; and (¢) 7(®) = — 1.42. The value
of @ at the ® temperatures is larger than unity. In (b), the value of o at the
lower © temperature is larger than that at the higher ® temperature.

nomena disappears as shown in Fig.3(c). At the higher-
temperature side, @ exhibits a maximum and a minimum as a
function of temperature. As temperature is “decreased

_further, the chain collapses into a globular state near the ®
' temperature, where the y parameter dominates the system.

In Fig. 4 we predict two possible types of reentrant coil-
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FIG. 4. Expansion factor & (—) and number fraction x (- - -) are shown
against temperature for the parameters ¢, =1, P=1, y=6: (a) ¥,

=10"%, @;=710 K (y= =05+710/T); (b) A,=1.6X10"4,
®,=373K (y = — 0.5+ 373/7). The curves are shown for various val-
ues of the number of segments. We predict two possible types of reentrant
coil-globule phenomena in the realistic temperature region.

globule phenomena in the realistic temperature region for
several values of n. In Fig. 4(a) the polymer chain is in a
coiled state between @ ; = 25 °Cand ®, = 50 °C, where ®,
and ®, are the theta temperatures for the UCST and LCST,
respectively. In Fig. 4(b) the polymer chain for higher mo-
lecular weight is in a globular state between ®, = 25 °C and
®, = 55°C. As n is increased, the reentrant coil-globule
phenomena becomes sharper. Similar results can be derived
for different values of the parameters @, and 1, We there-
fore have the possibility to observe these phenomena. The
behavior of Fig. 4(b) is also similar to the reentrant phenom-
ena of nonionic gel, where the reentrant volume transition
takes place when the ratio of water to dimethy! sulfoxide in
the solvent is varied.?®*

In Fig. 5 the expansion factor is plotted against tempera-
ture for several values of P. As the number of functional
groups on a polymer chain is increased from zero to a finite
value, the polymer chain becomes more swollen. When
P==2, we have a reentrant coil-globule phenomena. We
then predict that the reentrant phenomena can be derived by
adjusting the number of functional groups on a chain.

Finally, we examine a possible mechanism for the nega-

2
o -
1
0 10 1 1 | 1 1
© 20 40 60 80

Trecl

FIG. 5. Expansion factor & (—) is shown against temperature for #; = 1,
y=6,A4=7X107%,®, =373 K, and n = 10°. The curves are shown for
various values of the number fraction P of functional groups on the chain.
When P = 2, we find a reentrant coil-globule phenomena.

tive temperature dependence of the radius of gyration of the
polymer chain such a poly (N — isopropylacrylamide) or
polymethacrylic acid in water.

Figure 6 shows the comparison of the theoretical calcu-
lations with the experimental values of a. The open circles
show the data of poly (N-isoprophylacrylamide)
(PNIPAM) in water.'® The molecular weight of PNIPAM
is M, = 8.4X10% The ®, temperature for the LCST is
30.5 °C. The phase diagram for M, = 10° has the LCST at
about 31 °C.'? The parameters used the same values with
Fig. 3(b). We use R,, == 78 nm and @, = 535 K for a best fit.
We can estimate the number of segments as 7 = 7.4 X 10* by
using the molecular weight 113 of a repeating unit on the
polymer. The curves are shown for various values of the
number of segments. At the low-temperature side the fit of
theoretical curves to the experimental data is very good. At
the high-temperature side, however, the data fit the theoreti-
cal curves for larger values of n. Similar behavior can be
derived for different values of the parameters. Our theory
incorporates only the hydrogen-bond formation between

PNIPAM /water
©=303.5 K
M, =8.4x108

-
e~ -

L 0
10 20 30 40 50
T [%1]

0 1

FIG. 6. A comparison of theoretical (solid curves) and experimental (open
circles) values of the expansion factor a. Data were taken from Ref. 18. The
curves are shown for various values of the number of segments in our nu-
merical calculations.
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polymer and solvent molecules. We must examine further
the other aggregation phenomena such as the intramolecular
bridging and the intermolecular aggregation of the globular
chain.

Our analyses demonstrate that the chain is swollen at
the low-temperature side. The entropy of the system is de-
creased by hydrogen-bond formation between PNIPAM
and water. However, the decrease in entropy is compensated
by the swelling of the chain. As a result of this, the chain is
more swollen as temperature is decreased. From a theoreti-
cal point of view, the chain recollapses at low enough tem-
perature and reswells at high enough temperature as shown
in Fig. 2(b). The number of water molecules bonded on the
chain is given by m = nPx. From Fig. 6 we obtain approxi-
mately dx/dT= —3.75X10~3, and can then estimate
dm/dT ="~ 375 for n = 10° and P = 1. The number of wa-
ter molecules which have changed from the bonded state to
the unbonded one is proportional to #. We therefore have a
sharper comformational change as the number of segments
isincreased. The mechanism of the transition of PNIPAM in
water is different from the usual one, such as PS in cyclohex-
ane. The latter is well known a§ the “excluded volume-in-
duced” coil-globule transition. The former, however canbe
classified as the ‘solvation-induced” one.

V. CONCLUSION

We have theoretically studied the comfomational
change of a single-polymer chain capable of forming a phys-
ical bond with solvent molecules. Our theory takes into ac-
count the mixing entropy change induced by solvation. Main
conclusions obtained through this study are as follows:

(1) Based on the mean-filled theory we have derived a
formula, Eq. (3.9), and the approximate one, Eq. (3.15), for
the temperature dependence of the expansion factor of the
single-polymer chain,

(2) The physical-bond formation between polymer and
solvent molecules can be a major cause of the reentrant con-
formational change of the chain when temperature is varied.

(3) At the @ temperature the chain is more swollen than
the ideal state. The value of the expansion factor at the lower
©® temperature is larger than that at the higher ® tempera-
ture.

(4) The reentrant coil-globule phenomena can be de-
rived by adjusting the number of functlonal groups on the
chain.

(5) The chain suddenly collapses near the ®, tempera-
ture as temperature is increased to the LCST. This behavior
is referred to as the solvation-induced coil-globule transi-
tion.

The concept of solvation is also an important factor for
other complex fluid systems, including thermal denatur-
ation of protein and nonionic gels in water.

For nonionic PNIPAM gel in water,® it has been re-
ported that the gel collapses at the high-temperature side.
This behavior is in contrast to the ionic gels which swell at
high temperature. The mechanism for nonionic gels will also
be explained in terms of solvation along our theory.
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