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ABSTRACT:

Various molecular parameters characterizing solution properties of poly

(N-isopropylmethacrylamide) (PNiPMAM) (in the range of moledular weight from 13.0 to
252 x 10*) in water at 20°C were obtained by use of static and dynamic light scattering techniques.
The molecular weight dependence of these parameters is expressed by the power law relation and
compared with those for poly(N-isopropylacrylamide) (PNiPAM) in water. It was found that in
aqueous solution PNiPMAM molecules take more expanded structures than PNiPAM molecules
due to the presence of methyl group to the a-carbon.
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Polyacrylamide and its N-substituted poly-
mers have attracted much interest due to their
unique thermal response in aqueous medium.!
For example, aqueous solutions of poly(N-
isopropylacrylamide) (PNiPAM) show that the
phase transition takes place reversibly as a
function of temperature and almost inde-
pendently of molecular weight and concen-
tration in the experimental range (concentra-
tion lower than 1% and molecular weight
between 5x 10* and 8.4 x 10%).2 The phase
transition temperature of this series of N-
substituted polyacrylamide derivatives differs
strictly depending on the chemical structure
of the side chains.® Moreover, gels of polyac-
rylamide derivatives show a significant vol-
ume change with temperature and solvent
composition.*> Especially, the gel of PNiPAM
has been used as a standard gel for studying
various physicochemical behaviors of aqueous

t To whom all correspondence should be addressed.

gel,® and recently it was shown that the phase
transition of this gel can be classified into a
three dimensional Ising model system.” This
behavior of PNiPAM gels has attracted much
interest as a typical functional polymer sen-
sitive to thermal stimulation. Previously, we
reported the molecular characterisics of PNi-
PAM in water at 20°C using well fractionated
polymer samples and the relations between the
radius of gyration (R,), the hydrodynamic
radius (R,), and the intrinsic viscosity ([#]) and
molecular weights were determined.® At 20°C,
the polymer chain behaves as a much hydrated
chain and aqueous medium acts as a relatively
good solvent thermodynamically. Moreover, it
was found that the phase trasition occurs at
31°C being accompanied with the coil-globule
transition of single polymer chain of PNiPAM
molecule in water.® In these analyses, it was
clarified that the hydration and hydrophobic
interaction play important roles in the
thermodynamic behavior of this aqueous
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polymer solution as has been often observed
for the non-ionic water soluble polymers.!® A
phase change analogous to the PNiPAM
aqueous solutions has been observed for
methylcellulose, though the thermal response
is not so sharp as that of PNiPAM and is
accompanied by a significant retardation for
the rate of re-dissolution on cooling. This
hysteresis was attributed to the restricted free
rotation of the main chain consisting of
1,4-B-glucoside linkages. This type of thermal
response was observed for PNiPMAM aqueous
solutions too,2 and the phase transition
temperature was about 40°C, higher than that
of PNiPAM. Therefore, it is of interest to
investigate the effects of the substitution of
methyl group to the a-carbon of the main chain
of PNiPAM and the change of stiffness of
polymer chain. Indeed, the effects of methyl
group susbstitution to the a-carbon have been
observed on comparison of solution properties
of poly(methylacrylate) to those of poly-
(methylmethacrylate).!! The inverse of param-
eter 1 (A~! corresponds to the Kuhn’s seg-
ment length in case of worm-like chain mod-
el.) is 2.00nm for isotactic poly(methylacry-
late) and is 3.27 nm for isotactic poly(methyl-
methacrylate). Moreover, because PNiPAM
and PNiPMAM molecules have an isopropyl
group in every side chain similar to that of
valine and leucine of peptide chains, it is also
interesting to study the thermodynamic prop-
erties of these polymers as a model system for
simulating the thermal denaturation of proteins
and other biologically important polymers.

In order to study these points in more detail,
the overall structure of the polymer chain
including polymer dimension, and the relation-
ship of the size of polymer with molecular
weight or degree of polymerization were
determined by static as well as dynamic light
scattering applied for very dilute aqueous
polymer solutions.

Here, the power law relationships of static
and dynamical polymer size as well as the
intrinsic viscosity with the molecular weight
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and various molecular parameters characteriz-
ing PNiPMAM molecules in water at 20°C
were investigated for comparison with those of
PNiPAM.

EXPERIMENTAL

Materials.

PNiPMAM samples were polymerized in
water by the method of radical polymerization.
N-Isopropylmethacrylamide was prepared by
reaction of isopropylamide with cold methacryl-
ic acid chloride. The monomer was purified
by sublimation. It was polymerized in aqueous
solution with ammonium persulfate as the
initiator at 60°C to give high molecular weight
polymers. The fractionation of this product
was carried out by the phase separation
technique in a carefully water-freed acetone/n-
hexane mixture at room temperature. This is
essentially the same method as was used in the
preparation of PNiPAM samples.!? Eleven
fractions were selected for the present work.

Distilled water of liquid chromatography
grade, was purchased from Wako Pure
Chemical Industries, and used as supplied.

Intrinsic Viscosity

Intrinsic viscosities, [#], of all samples used
in this study were measured in water at
20.00+0.05°C in an Ubbelohde-type viscom-
eter. The flow times of the sample solutions
were long enough so that the kinetic energy
correction was negligible.

Light Scattering

The angular dependences and autocorrela-
tion functions of the scattered light intensity
were measured simultaneously by our light
scattering apparatus and 240 channels digital
correlator. The details have been described
elsewhere.!3 A vertically polarized 488.0nm
line of Ar-ion laser (NEC, GLG 3200) was used
as the incident beam, and vertically polarized
scattered light was detected using a photon-
counting method. The scattered light intensity
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was observed in an angular range from 20° to
150° at 5° intervals. A cylindrical cell with
10 mm outer diameter was placed in a silicon
oil bath regulated to 20.00+0.05°C. Optical
clarification of the sample solutions was
achieved by direct filtration through a
membrane filter, Nucleopore filter. The re-
duced Rayleigh ratio of the sample solution
was calculated using benzene as the standard.

The specific refractive index increment dn/dc
of PNiPMAM in water at 20°C was measured
using a Brice type differential refractometer
using Ar-ion laser at 488.0nm, and was
0.162cm3g ™1,

From the angular and concentration de-
pendences of the scattered light intensity, the
weight averaged molecular weight, M, the
radius of gyration, R,, and the second virial
coefficient, 4,, were obtained by the usual
method. 1415

The method of data analysis of the auto-
correlation functions of the quasielastically
scattered light intensity from the sample solu-
tions were essentially the same to the pre-
vious paper.® The hydrodynamic radius, Ry,
was obtained from the translational diffusion
coefficient, D,, according to the Stokes—Ein-
stein equation. Third cumulant expansion
method was used to obtain the average decay
rate or the first cumulant, I, as!'®:

g V(@ =exp[—T't+(u,/2)7* — (u3/3)°] (1)

where g*)(7) is the normalized field correlation
function, 7 is the delay time and u,/I'? gives
the normalized dispersion of the decay rate
distribution which relates to the molecular
weight distribution. The concentration de-
pendence coefficient of the translational
diffusion coefficient was obtained by

Dz(c)=Do(1+kpc+ ) 2

where Dz(c) is the z-averaged translational
diffusion coefficient at concentration of ¢ and
is determined by the extrapolation of I'/K? to
K—0 with K being the momentum transfer
vector.

RESULTS

One typical example of the Zimm plot for
PNiPMAM in water at 20°C (sample F) is
illustrated in Figure 1, where 1(0) is the
intensity of the light at a scattering angle of 6
and the intensity of depolarized scattered light
was negligibly weak and no correction was
made. The measured values of M, A4,, R,, and
[n] are summarized in Table I. Figure 2 shows
the molecular weight dependence of the second
virial coefficient and the following equation was
obtained:

c/1(8)

0
-125

1 1 L
100 -075 -050 -0
sin?(6/2) - 2660-¢

0 025 050 075 100

Figure 1. Typical example of Zimm plot of light scattering for poly(N-isopropylmethacrylamide) in water
at 20°C. The sample code is F. The unit of ¢/I(6) is arbitrary.
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Table I. Molecular parameters of poly(N-isopropylmethacrylamide) in water at 20°C.
M, A, D,
Sample x 10% x 104 Rg Rh 1% 10-8 [r’] kD kf,o Rg/Rh kf/['l]
code e e
cm’molg™  nm nm cm?s™! cmig™! cm3g!
A 252 1.6 76.2 50.4 4.25 178 276 42 1.51 3.0
B 187 2.1 74.5 42.0 5.11 172 226 5.6 1.77 3.2
C 184 1.4 67.7 39.6 5.13 162 192 3.9 1.71 2.0
D 124 1.7 51.1 30.5 7.03 138 180 43 1.69 1.7
E 115 2.0 55.4 30.3 7.08 126 135 5.3 1.83 2.6
F 111 1.7 46.5 279 7.69 125 141 4.8 1.67 1.9
G 99.3 1.7 46.0 27.6 1.76 112 84.6 4.6 1.67 22
H 94.4 1.7 46.3 28.8 7.44 108 61.7 4.1 1.61 2.4
1 87.5 1.8 41.5 249 8.61 103 94.9 49 1.67 2.1
J 422 20 29.9 18.2 11.8 60 19.7 4.1 1.64 25
K 13.0 3.6 15.0 8.4 25.5 32 20.7 6.3 1.79 23
) T ook -
-35F 1 = 2
< o0 © _8: - Rg 1
g > £
D 1L _
-40r . 9 1 Rh
\ \ N & L m A
— 7 Q Y
Log Mw 9 0
Figure 2. Molecular weight dependence of the second 50 55 — 60 65
virial coefficient of poly(N-isopropylmethacrylamide) in Log Mw

water at 20°C. The slope of the solid line is —0.25. The
unit of 4, is cm*molg™2.

A,=59%x10"3 M, 2% (cm*molg™2) (3)

The molecular weight dependence of the radius
of gyration and intrinsic viscosity are shown
in Figure 3. Reasonable linear relationship are
seen in the double logarithmic plots and the
power law relations are obtained by the least
squares method:

R,=1.58x10"2/7,%% (nm)
[7n]1=9.66 x 1073 A1, °-68

@
(cm’g™Y) (5)

The results of Dy, kp, and Ry, as well as kg o,
k¢/[n], and R,/R, are shown in Table L. &, is

calculated from the equation according to the
Pyun and Fixman theory!”:
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Figure 3. Radius of gyration, R,, hydrodynamic radius,
R,, and intrinsic viscosity [#n], of poly(N-isopropyl-
methacrylamide) in water at 20°C plotted as a function of
molecular weight. The slopes of R,, Ry, and [n] are 0.58,
0.57, and 0.68, respectively. The unit of R, and R, is nm
and that of [] is cm? g~ 1.

kf=2A2MW_kD_5
kr,o = kaw/NA(4nRh3/3)

(6)
0

where ¥ is the partial specific volume of the
polymer, N, is Avogadro’s constant, and k;
is the concentration dependence coefficient of
the friction coefficient, f(c), defined in the
following equation:

J)=fo(l+kec+- ) ®)
The diffusion coefficient plotted against the
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Figure 4. Double-logarithmic plot of the translational
diffusion coefficient, D,, against molecular weight for
poly(N-isopropylmethacrylamide) in water at 20°C. D, is
obrained using the Stokes-Einstein equation from the
correlation function measurements. The slope of the solid
line is —0.57. The unit of Dy is cm?s™1.

molecular weight is shown in Figure 4 and the
following equation was obtained:

Do=2.02x10"*M, %% (cm?s™ ') (9)

The hydrodynamic radius obtained from the
translational diffusion coefficient is shown in
Figure 3 and the following equation was
obtained:

R,=1.06x 102 #1,°-57 (10)

The typical value of u,/I’? for PNiPMAM in
water was about 0.2 and is very close to our
previous results for PNiPAM, the M, /M, of
which were about 1.3.

(nm)

DISCUSSION

The exponents of R, (v,) and R, (v,) against
the molecular weight have been discussed
experimentally and theoretically.!®® The
theoretical value in the asymptotic limit of the
excluded volume effect is 0.6 in the Flory’s
theory in contrast to 0.588 in the renormaliza-
tion group theory for both exponents.2° There
seems to remain some controversy about the
consistency of v, and vy.2! The present results
show that both of v, and v, are almost same

and very close to the theoretical values. The
phase transition temperature is about 40°C and
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Figure 5. Relationship of radius of gyration, R,, and
hydrodynamic radius, R,, with weight averaged degree of
polymerization for poly(N-isopropylmethacrylamide) (Q)
and poly(N-isopropylacrylamide) ([J) in water at 20°C.
The data of poly(N-isopropylacrylamide) are from our
previous results. The unit of R, and R, is nm.

the experimental temperature, 20°C is fairly
below so that water is considered a sufficiently
good solvent in this condition. This is suggest-
ed also in the molecular weight dependence of
the second virial coefficient. Comparing the
exponents with those of PNiPAM (v,=0.54
and v, =0.54), the present results are a little
larger.

Relationships of the radius of gyration and
hydrodynamic radius with the degree of
polymerization of PNiPMAM as compared
with those of PNiPAM in water at 20°C are
shown in Figure 5. As is clearly seen, both the
radius of gyration and hydrodynamic radius
of PNiPMAM are larger than those of
PNiPAM. It was confirmed that the increase
of the radius of gyration is more sensitive than
that of the hydrodynamic radius. This cor-
responds to the increase of the ratio of R,/R,, of
PNiPMAM compared with that of PNiPAM.
The average value of R /R, of PNiPMAM is
1.69 in contrast to 1.38 of PNiPAM. This ratio
is related to solvent permeability in the polymer
chain and/or chain distribution.?2-?3 For linear
chains in good solvents, this ratio has been
deduced on the basis of the blob model.?42%
Akcasu et al. reported that this ratio should be
in a range from 1.5 (at the @ condition) to 1.86
(in good solvent).2® The present result is in this
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range, though the ratio of PNiPAM is a little
lower than that predicted at the @ condition.
(This lower value observed for PNiPAM
aqueous solution might be attributed to the
effects of hydration and the resultant increase
of effective hydrodynamic interaction.) There-
fore, in this respect too, it is suggested that
PNiPMAM molecules take more expanded
conformation than that PNiPAM molecules.

In order to discuss the intrinsic chain
stiffness apart from the excluded volum effect,
the direct estimation of the unperturbed chain
dimensions is most suitable. However, at the
present stage, the @ temperature is not yet
known. It is expected therefore, that the
approximate evaluation of those can be
achieved by use of the well founded theoretical
frame work of the excluded volume effect, the
(modified) Flory—Krigbaum-Orofino theory,?3
through the interpenetration function, ¥,
because the relationships of the second virial
coefficients and the radii of gyration with
temperature of PNiPAM in water was well
predicted by such a theory. The interpenetra-
tion function is defined by

¥ =A,M*/4n* >N R,> (11

The (modified) Flory—Krigbaum—Orofino the-
ory expresses that

¥ =In(1+5.73 Z/a,)/5.73
a’—a’=1276Z

(12)
(13)

where Z is the excluded volume function
and o is the expansion factor of the radius
of gyration. By this method the unperturbed
chain dimension of PNiPMAM was estimated
and R,*/M,=17x10"""cm’molg™! and
R, 0*/P,=22x10"" cm’ averaging over all
samples, P,, being the weight averaged degree
of polymerization. On the other hand, for
PNiPAM R, (*/M,,=0.98 x 10~ cm*mol g ™!
and R,,*/P,=1.1x10""cm? R,?/P, of
PNiPMAM is twice as large as that of
PNiPAM. This again suggests that the
conformation of PNiPMAM is stiffer. Further-
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more, the characteristic ratio C, was esti-
mated, definition of C_, was described in the
previous paper.® The length of monomer unit
is related to the shift factor M|, defined by the
mass per unit contour length of the polymer
chain.!! By use of M, values of isotactic
poly(methyl methacrylate) and isotactic poly-
(methylacrylate), 335nm~! and 334nm~!,
respectively,’! the characteristic ratio is esti-
mated to be 15 for PNiPMAM and 10 for
PNiPAM. If we assume the mean length of
monomer unit to be 0.25nm as is commonly
adopted for vinyl polymers, these are evaluated
as 21 for PNiPMAN and 11 for PNiPAM. Both
numerical values are comparable with those of
flexible linear polymers. This means again that
PNiPMAM and PNiPAM are flexible poly-
mers but PNiPMAM is stiffer than PNiPAM.
The larger value of C, of PNiPMAM
compared with PNiPAM results from the
effective increase of the restriction of the free
rotation due to the change of hydrated
structure around the polymer chain originated
by the presence of methyl group introduced to
a-carbon of the repeating unit of the main
chain. Because, the difference of the character-
istic ratios of polystyrene and poly(x-methyl-
styrene) or poly(methyl acrylate) and poly-
(methyl methacrylate) is not so large,?® and the
observed relatively large difference of the
characteristic ratios between PNiPMAM and
PNiPAM could not result from the restricted
free rotation by the steric hindrance alone. The
effect of the change of hydrated structure
in PNiPMAM is consistent with the higher
value of the phase change temperature for
PNiPMAN compared with PNiPAM in
aqueous solution.

Another important finding is the value of k;
or k¢ o. According to Pyun and Fixman, k;
is a measure of coil interpenetration for a
flexible chain and is large as about 7 in the case
of low interpenetration and 2.23 for fully
interpenetrating coils.'” For PNiPAM k; , was
5.3 in water and 3.1 in tetrahydrofuran. It is
known that k; , of nonpolar polymer in organic
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solvent is about 3.27 In the present case of
PNiPMAM in water, k¢, was 4.7 and this is
very close to the result of PNiPAM in water.
This suggests that PNiPMAM molecules might
be hydrated extremely as was noted in
PNiPAM aqueous solution at low tempera-
tures. The values of k¢/[#n] seem to be
independent of the molecular weight and 2.4
on the average. This is larger than the reported
value by Wales et al. for flexible polymers.?8
But the theoretical treatment of this parameter
is not well established, and detailed discussion
should be open to future works.

In conclusion, molecular parameters char-
acterizing PNiPMAM in water at 20°C were
obtained and analyzed in terms of polymer
solution theories. It is concluded that PNiP-
MAM molecules in water at 20°C are hydrated
flexible coils and the conformation of the
polymer chain expands more than PNiPAM
molecules and the hydrated structure around
the polymer chain should be modified com-
pared with PNiPAM due to the presence of
methyl group to a-carbon of the repeating unit
of the main chain.
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