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ABSTRACT: Various molecular parameters characterizing the solution properties of poly(N-n-propyl-
acrylamide) (PNnPAM) in water were determined over the molecular weight range of (13.3 to 159) × 104
at 10 °C by use of light scattering and viscosity measurements. PNnPAM molecules behave as highly
hydrated flexible coils. The Laplace inversion method of autocorrelation function of the scattered light
intensity ascertained the molecular weight dependence of molecular parameters. Thermal response of
PNnPAM molecules in water was studied concerning that the PNnPAM gel exhibits a unique and sharp
volume phase transition in contrast to poly(N-isopropylacrylamide) gel. Drastic decrease of the second
virial coefficient was observed in a very narrow temperature region near the theta temperature, which
was determined to be 22.54 ( 0.01 °C. Thermal response of PNnPAM molecules was discussed relating
to the excluded volume effect, the hydrophobic interaction, and the chain stiffness.

Introduction

Gels consist of three-dimensional polymer network
with cross-linking developed macroscopically. Thermo-
dynamic properties of gel are related to the structure
of cross-linking, the interaction between network poly-
mer and solvent, and the interaction between network
polymer and network polymer. It has been shown that
gels exist in two states, swollen and collapsed phases.1
The transition between these two phases is termed the
volume phase transition and has been an exciting
problem for polymer science. Transition is induced
reversibly by external conditions: temperature, solvent
composition, ionic strength, pH, and so on. Such
external conditions change the interaction of network
polymer-solvent and polymer-polymer, and those in-
teractions are classified into the van der Waals force,
the hydrogen bonding, hydrophobic interaction, and
electrostatic interaction.2 The combination of those four
interactions exhibits unique and complex phase behav-
iors of gel, for example, existence of multiple phases of
gels.3 Therefore, it is very important to examine the
characteristic nature of those interactions, and this
point can be clarified through the solution properties
of molecularly dispersed linear (or branched) polymers.
Aqueous gels have attracted special attention because

of the variety of interactions. The most typical one of
such gels is poly(N-isopropylacrylamide) gel (PNiPAM
gel). PNiPAM gel shows discontinuous volume change
with temperature change. It has been demonstrated
that the volume change results from the coil-globule
transition of the PNiPAM chain driven by the hydro-
phobic interaction. On the other hand, poly(N-n-pro-
pylacrylamide) gel, PNnPAM gel, the homologue of
PNiPAM gel, shows very different phase behavior from
PNiPAM: lower transition temperature, pronounced
swelling ratio at the transition point, and much sharper
discontinuous transition.4 It has been predicted by
Tokita et al. previously that PNnPAMmolecules should
be stiffer than PNiPAM.5 Solution properties of PNiPAM
have been studied well before, and PNiPAM molecules
are flexible in water at apart from the transition
temperature as much as, e.g., polystyrene.6 The struc-

ture of main chain of PNnPAM is a C-C bond and
should not be so stiff intrinsically. Therefore, the
difference must result from the side chain n-propyl
group. Relating to this point, a two-stage coil-to-globule
transition observed in polystyrene in cyclohexane should
be noteworthy; that is, the crumpled globule is firstly
formed and then it shrink to a compact globule.7 In this
mechanism, crumpling may cause the increase of stiff-
ness. Hydrophobic interaction between side chain n-
propyl groups in PNnPAMmolecules will enhance such
crumpling and cause a stiffer chain resulting in a sharp
discontinuous volume change.
In this paper we present the studies of characteriza-

tion of PNnPAM in water compared to PNiPAM, the
evaluation of molecular weight distribution by use of
the Laplace inversion of the correlation functions,8 and
the thermal response of PNnPAM polymer chains. In
the study of characterization we focus our attention on
the intrinsic characteristics of polymer chains excluding
the effect of polydispersity of molecular weight. Ther-
mal behaviors of the chain dimensions are discussed
relating to the hydrophobic interaction, the excluded
volume effect, and the chain stiffness.

Experimental Section

Materials. PNnPAM was polymerized from N-n-propyl-
acrylamide in benzene with azobis(isobutyronitrile) as an
initiator. The monomer was synthesized from N-n-propyl-
amines and acryloyl chlorides by a standard method and was
used after thorough purification by recrystallization. The
details of polymerization method are described elsewhere.9 The
fractionation of PNnPAM samples was carried out following
the procedures for PNiPAM,10 and seven fractions (sample code
A to G) were chosen for the present study from the several
fractions thus separated. Distilled and deionized water, the
resistivity of which was 18.3 MΩ cm, was used as a solvent.
Special attention was paid to preparing the sample solutions
so that the temperature does not exceed the transition tem-
perature.
Light Scattering. We used a homemade light scattering

photometer, and both the homemade digital correlator (240
channels) and ALV-5000/E multiple-tau digital correlator were
used for the correlation function measurements.11 Scattered
intensity measurements and the correlation function measure-
ments were carried out simultaneously. A vertically polarized
Ar ion laser (Uniphase, 2104-20SL) operated at a wavelength
λ0 of 488.0 nm was used as the incident beam. The output
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power of the laser beam was controlled at about 10 mW in
order to avoid inducing the transition of PNnPAM molecules
by the local heating in the sample cell. Vertically polarized
scattered light was detected by a photomultiplier tube using
the photon-counting method. A cylindrical cell having a 10
mm outer diameter was placed in a thermostated silicon oil
bath, the temperature of which was controlled within 0.01 °C.
Scattered light intensities at the scattering angle over 25-
135° were measured for the static light scattering and the
correlation functions measured over 30-60° for the dynamic
light scattering.
Optical purification of the sample solutions was achieved

by ultracentrifugation and filtration through membrane filters.
Both were carried out in a cold room (∼5 °C) in order to avoid
the formation of aggregates. The specific refractive index
increment, dn/dc, of PNnPAM in water at 10 °C was measured
using a homemade Brice-type differential refractometer and
was 0.178 cm3/g.
Viscosity. AUbbelohde type capillary viscometer was used

to obtain the intrinsic viscosity [η]. The flow time of water at
10 °C was about 1500 s. The Huggins plot, the Fuoss-Mead
plot, and the Billmeyer plot were combined to determine [η].

Data Analysis
A Zimm plot was employed to obtain the weight

averaged molecular weight, Mw, the second virial coef-
ficient, A2, and the radius of gyration, Rg.
The autocorrelation functions of scattered light in-

tensity, G(2)(τ), obtained by the homodyne mode were
analyzed by the cumulant expansion and CONTIN
methods.12,13 G(2)(τ) has the following form related to
the normalized electric field correlation function, g(1)(τ)

where A is a baseline and â is a machine constant
relating to the coherence of detection. Generally g(1)(τ)
is expressed by the distribution function G(Γ) of the
decay rate Γ as

where ∫G(Γ) dΓ ) 1. That is, g(1)(τ) is the Laplace
transform of G(Γ). g(1)(τ) is expanded by the cumulant
expansion

where Γh (average decay rate) and µ2/Γh2 (normalized
variance) are related to G(Γ) by

The third cumulant method was used to retrieve a
reliable average decay rate Γh in this work.
If the fluctuation of the scattered light intensity comes

only from the translational diffusion motion of respec-
tive polymer chain, decay rate is expressed by a function
of concentration C at the limit of zero scattering angle
as

with q being the momentum transfer vector, (4πn/λ0)
sin(θ/2), and θ being the scattering angle. D0 is the
translational diffusion coefficient. The hydrodynamic
radius Rh is given by the Stokes-Einstein equation, Rh

) kBT/6πη0D0, where kB is the Boltzmann constant and
η0 is the solvent viscosity. Moreover, G(Γ) is related to
the molecular weight distribution by

where W(M) denotes the weight distribution function
of molecular weight, M. The conversion from Γ to M
and the evaluation of the scattering function, P(M,q),
need the experimental determination of the relation-
ships of Rg and D0 with M. It should be noted that the
experimental molecular weight and squared radius of
gyration obtained by Zimm plots are the weight aver-
aged molecular weight Mw and z-averaged squared
radius of gyration 〈Rg

2〉z, respectively, and the experi-
mental translational diffusion coefficient obtained by
correlation function measurements is the z-averaged
value 〈D0〉z. Therefore, the relationships of Rg and D0
(or Rh) with M for the monodisperse case can be
obtained by the self-consistent analyses of the molecular
weight distribution by the Laplace inversion of the
correlation function. This Laplace inversion is known
to be an ill-posed problem in nature mathematically,14
and various methods have been proposed to overcome
such an ill-posed problem.15 The CONTIN 2DP (ALV-
CONTIN) method was used in the present work to
examine the molecular weight distribution.

G(2)(τ) ) A[1 + â|g(1)(τ)|2] (1)

g(1)(τ) ) ∫G(Γ) exp(-Γτ) dΓ (2)

g(1)(τ) ) exp(-Γhτ)[1 + (µ2/2!) τ2 - (µ3/3!)τ
3 + ...] (3)

Γh ) ∫ΓG(Γ) dΓ (4)

µ2/Γh
2 ) ∫[(Γ - Γh)2/Γh2]G(Γ) dΓ (5)

Γh/q2(q)0) ) D(C) ) D0(1 + kDC + ...) (6)

Figure 1. Typical Zimm plot of PNnPAM in water at 10 °C
(sample G).

Figure 2. Double-logarithmic plots of the radius of gyration
〈Rg

2〉z1/2 (9), hydrodynamic radius 〈Rh
-1〉z-1 (O), and second

virial coefficient A2 (0) of PNnPAM in water at 10 °C. The
solid lines for Rg and Rh denote the molecular weight depen-
dence for monodisperse samples obtained by the analyses of
molecular weight distribution. The slopes of the lines for Rg,
Rh, and A2 are 0.560, 0.556, and -0.16, respectively.

G(Γ) dΓ ∝
{W(M)MP(M,q)/[1 + 2A2W(M)MP(M,q)]} dM (7)
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Results and Discussion
Characterization of PNnPAM at 10 °C. One of

the typical Zimm plots is illustrated in Figure 1. Almost
linear behaviors of the inverse scattering functions were
obtained for all of the samples. Translational diffusion
coefficients and hydrodynamic radii Rh were determined
from the correlation functions by using the third cumu-
lant fitting. The numerical data characterizing the
solution properties of PNnPAM in water at 10 °C are
tabulated in Table 1. The normalized variances, µ2/Γh2,
determined from the correlation function measurements
are also listed. In the case of relatively narrow molec-
ular weight distribution, Mz/Mw ∼ 1 + 4(µ2/Γh2) holds.16
Our values of ca. 0.1 of µ2/Γh2 mean that our PNnPAM
samples are fairly monodisperse and polydispersity is
almost the same as (or less than) PNiPAM samples
studied previously. The molecular weight dependence
of 〈Rg

2〉z1/2, 〈Rh
-1〉z-1, and A2 are shown in Figure 2 by a

double-logarithmic plot. 〈Rg
2〉z1/2 and 〈Rh

-1〉z-1 are a
little larger than those of PNiPAM at 20 °C. Reasonable
linear relationships are obtained, and the power law
relations hold well for 〈Rg

2〉z1/2 and 〈Rh
-1〉z-1:

A2 values are positive ((3-4.5) × 10-4 cm3mol/g2) and
decrease weakly with the increase of molecular weight,
and force fitting gives the exponent of -0.16. The
exponents of 〈Rg

2〉z1/2 and 〈Rh
-1〉z-1 are the values

between the theta state and the good solvent states. An
averaged value of 〈Rg

2〉z1/2/〈Rh
-1〉z-1 for all of the samples

is about 1.5, typical for the flexible coils in the theta
state. These facts indicate that PNnPAM molecules in
water at 10 °C behave as flexible coils in a relatively
good to intermediate solvent state.
Magnitudes of kD are larger than those of PNiPAM.

From the thermodynamic relation,17 kD is expressed by

where v is the partial specific volume of the polymer
and kf expresses the concentration dependence of the
friction coefficient f as f ) f0 (1 + kfC +...). kD represents
the dynamic interaction, that is, equilibrium interaction
manifested in A2 plus hydrodynamic interaction mani-
fested in kf. Therefore, the behavior of kD is important
to study the polymer-polymer interaction. Instead of
examining kD and kf themselves, the quantities ex-
pressed by volume fraction units are more convenient
for the study of the hydrodynamic interaction as18

with Vh ) (4π/3)Rh
3 and NA being Avogadro’s number.

kD,0 and kf,0 are then expressed by the interaction length
S normalized by the hydrodynamic chain size Rh. S is
defined as

Using S defined above, kD,0 ) 8(S/Rh)3 - kf,0 neglecting
a minor contribution of the partial specific volume of
polymer. The relationship of kD,0 as a function S/Rh is
plotted in Figure 3 together with those of PNiPAM at
20 °C. Various theoretical treatments for the relation
of kD,0 vs S/Rh have been reported, and the difference
between them comes mainly from the model for the
polymer-polymer interaction.19 Two theoretical curves
of Yamakawa (solid curve)20 and Akcasu-Benmouna
(dashed curve)21 are drawn in Figure 3. These two
theoretical curves correspond to a Gaussian nondraining
limit (low interpenetrating models). Data points locate
close to the theoretically predicted curves in accordance
with the good (to intermediate) solvent condition, simi-
larly to the case of polystyrene and poly(R-methylsty-
rene) in good solvents.22 The agreement with the
theoretical predictions is good, suggesting a low inter-
penetration due to the hydration of PNnPAMmolecules.
According to Pyun and Fixman,23 kf,0 is a measure of
coil interpenetration for flexible chains based on the
uniform density sphere model and kf,0 is ∼2 for fully
interpenetrating coils and is ∼7 for low interpenetra-
tion. Our averaged value of kD,0 is 1.8, and the averaged
value of kf,0 is about 6.5 correspondingly, as listed in
Table 1. This again means low interpenetration of
PNnPAM molecules in water.
Intrinsic viscosity as a function of molecular weight

is shown in Figure 4 and Table 1. The power law
relation holds well for [η] vsMw similarly to 〈Rg

2〉z1/2 and
〈Rh

-1〉z-1.

Huggins constants were in the range of 0.3-0.4. It
should be noted that the experimental [η] is the weight
averaged value. Although A2Mw/[η] of flexible coils in
good solvents has been observed to be about 1.0-1.2,
fairly larger values of 1.7-2.1, except for sample A (1.1),
were obtained in the present study.17 Such large values
of A2Mw/[η] have also been obtained for PNiPAM in
water.6 Because the relationship between kD,0 and S/Rh
agrees with the picture of flexible coils in Gaussian
nondraining limit as is shown in Figure 3, these
discrepancies may result from large A2 values and may

Table 1. Characteristic parameters of PNnPAM in water at 10 °C

sample
code 10-4Mw

104A2
(cm3 mol g-2)

〈Rg
2〉z1/2

(nm)
108〈D0〉z
(cm2 s-1)

〈Rh
-1〉z-1

(nm)
〈Rg

2〉z1/2
〈Rh

-1〉z
[η]

(cm3 g-1)
kD

(cm3 g-1)
kf

(cm3 g-1) kD,0 kf,0
S

(nm) S/Rh µ2/Γ2 Mw/Mn

A 13.3 4.25 15.0 16.2 9.78 1.53 52.0 25.2 87.1 1.42 4.91 9.1 0.93 0.10
B 19.9 4.12 21.6 11.1 14.3 1.51 33.8 129 0.91 3.49 11.7 0.82 0.07
C 39.3 4.49 26.2 9.28 17.1 1.53 101 68.0 284 2.12 8.85 19.0 1.11 0.05 1.10
D 60.6 3.60 35.0 7.85 24.4 1.43 123 313 2.03 5.17 23.6 0.97 0.07
E 73.3 4.58 38.8 6.03 26.3 1.48 155 159 512 2.54 8.17 29.0 1.10 0.06 1.12
F 141 3.32 58.0 4.17 37.0 1.57 258 177 758 1.95 8.37 40.3 1.09 0.09
G 159 3.04 60.8 3.74 42.4 1.43 274 192 774 1.59 6.40 42.4 1.00 0.07

a kD,0 and kf,0 are defined as kD,0 ) kDMw/NAVh and kf,0 ) kfMw/NAVh, respectively, with Vh ) (4π/3)Rh
3. NA is Avogadro’s number. S is

the thermodynamic interaction length defined as (4π/3)S3 ) (1/4)A2Mw
2/NA, and S/Rh expresses the reduced interaction length. Variance

was the representative value obtained by the third cumulant analyses of correlation functions.Mw/Mn was obtained by CONTIN analysis
of correlation function.

〈Rg
2〉z

1/2 ) (1.98 × 10-2)Mw
0.560 (nm) (8)

〈Rh
-1〉z

-1 ) (1.44 × 10-2)Mw
0.556 (nm) (9)

kD ) 2A2Mw - kf - v (10)

kD,0 ) kDMw/NAVh (11)

kf,0 ) kfMw/NAVh (12)

(4π/3)S3 ) A2Mw
2/4NA (13)

[η] ) (1.69 × 10-2)Mw
0.678 (14)
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be correlated with a strong hydration and a unique
thermal behavior (excluded volume effect) of PNnPAM
molecules.
MolecularWeight Distribution. Laplace inversion

analyses were carried out for very dilute solutions of
samples C and E. Figure 5 shows the decay rate
distribution G(Γ) thus obtained. The distribution is
fairly narrow corresponding to the results of third
cumulant analyses. Molecular weight distribution was
calculated according to eq 7 and the resultant distribu-
tion functions of samples C and E are illustrated in
Figure 6. As noted above, the relations of Rg and D0
against M for monodisperse case are necessary. Be-
cause our samples are fairly monodisperse as suggested
by cumulant analyses, it was not so difficult to obtain
the self-consistent relations of Rg and D0 vsM. Indeed
those are not much different from eqs 8 and 9, and the
exponents should be the same as those of eqs 8 and 9.
After several iterations, the relations of

give reasonably good results. Weight averaged molec-
ular weight, and z-averaged radius of gyration and
translational diffusion coefficient were calculated from
the molecular weight distribution functionW(M). Those
values are listed in Table 2 together with Mz and Mn.
The agreements with the experimental results are good

enough. Molecular weight dependences of Rg and Rh
were determined excluding the polydispersity effect.
Numerical factors in the equations of Rg and Rh increase
ca. 3% and 1%, respectively, due to the polydispersity
(see eqs 8 and 9). The exponent values of 0.560 and
0.556 of Rg and Rh, respectively, correspond to a good
to intermediate solvent condition. The effect of poly-
dispersity for Rh is less than that for Rg as supposed by
the Schulz-Zimm distribution function.24

Thermal Response and Excluded Volume Effect.
Figure 7 shows the temperature dependence of the
second virial coefficients of sample G. A2 decreases with
increasing temperature corresponding to LCST-like
behavior. This LCST-like temperature dependence is
a characteristic of aqueous solution where the hydration
and hydrophobic interaction works effectively. A drasti-
cally sharp decrease of A2 was observed near the
temperature for A2 ) 0. The temperature for A2 ) 0,
theta temperature, was 22.54 ( 0.01. Temperature
dependence of 〈Rg

2〉z1/2 and 〈Rh
-1〉z-1 is shown in Figure

8. 〈Rg
2〉z1/2 shows a noticeable decrease in the very

narrow temperature range near (lower than) 22.54 °C.
Over the temperature 22.56 °C PNnPAM solution
becomes very unstable and aggregates easily. These
thermal behaviors of PNnPAM molecules are quite
different from those of PNiPAM molecules in water. In
the case of PNiPAM, 〈Rg

2〉z1/2 decreases gradually (very
weakly for the sample having the same Mw as the
present sample) with the increase of temperature, and
PNiPAM molecules are stable over ca. 1 °C above the
theta temperature.25,26

In order to study this unique thermal behavior of
PNnPAMmolecules, the relation between A2 and 〈Rg

2〉z1/2
was examined relating to the excluded volume effect.
The second virial coefficient is discussed in conjunction

Figure 3. kD,0 as a function of S/Rh. 9 stands for PNnPAM
at 10 °C, and 0 stands for PNiPAM at 20 °C. Solid and dashed
curves denote those predicted by Yamakawa theory and
Akcasu-Benmouna theory, respectively.

Figure 4. Molecular weight dependence of the intrinsic
viscosity [η] of PNnPAM in water at 10 °C. The solid line shows
the power-law relation of [η] ) 1.69 × 10-2 Mw

0.678. The
Huggins constants are in the range of 0.3-0.4.

Rg ) (1.92 × 10-2)M0.560 (nm) (15)

Rh ) (1.43 × 10-2)M0.556 (nm) (16)

Figure 5. Decay rate distribution G(Γ) of PNnPAM obtained
by the Laplace inversion of the correlation function: (a) sample
C; (b) sample E. Solid curves were drawn to smoothen the data
points to guide the eye.
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with the radius of gyration in terms of the interpenetra-
tion function. The interpenetration function, Ψ, is
defined by

The interpenetration function expresses the relation of
intra- and intermolecular excluded volume effect and
is described by the quantities determined experimen-
tally. The recent polymer solution theory based on the
two-parameter theory is given by Barrett’s theory27 for
Ψ and the Domb-Barrett equation28 for the expansion
factor Rg as

Here, z is the familiar excluded volume parameter and
Rg ) 〈Rg

2〉z1/2/〈Rg
2〉z1/2,θ with 〈Rg

2〉z1/2,θ being the radius
of gyration at the theta temperature. 〈Rg

2〉z1/2,θ was
obtained as 49.5 nm from Figure 8. Figure 9 shows the
experimental interpenetration function as a function of
Rg

3 together with the theoretically predicted curve of TP
theory by eqs 18 and 19. In Figure 9, the modified
Flory-Krigbaum-Orofino (FKO) theory defined as

was also drawn for the comparison, because the previous

analysis of PNiPAM was carried out using the FKO
theory. It should be noteworthy that TP theory of
Barrett and Domb-Barrett (eqs 18 and 19) has been
recognized to give a better agreement for the excluded
volume effect than the FKO theory.29

Clear deviation from the TP and FKO theories,
especially near Rg

3 ∼ 1, is observed. It seems that the
interpenetration function becomes saturated at Rg

3 >
1.5. Although the value (Ψ ∼ 0.25) at this region is
larger than the limiting value (0.24) of TP theory by eqs
18 and 19, the deviation is not unreasonable considering
the uncertainty piled up into Ψ. That is, thermal
behavior around the plateau region is consistent with
a flexible coil indicated by the solution behaviors
obtained at 10 °C.
The more critical issue is the systematic deviation at

Rg
3 < 1.5, and these data points correspond to the region

where A2 and 〈Rg
2〉z1/2 show sharp decrease. Recently,

Yamakawa and co-workers proposed quasi-two-param-
eter theory (QTP theory) of the excluded volume effect
based on the helical wormlike chain.29,30,31 According
to their theory, the interpenetration function is not a
function of z alone but depends on both the solvent
condition (B) and chain stiffness (λ). Here, B expresses
the strength of excluded volume dependent upon the
local structure of polymer chain. λ is the stiffness
parameter and (2λ)-1 can be approximated to the
persistence length.30 A2 includes both of the contribu-
tion of the chain stiffness and the end (of the chain)
effect. Only for sufficiently long chains does the end
effect vanish. The chain stiffness modifies both of the
intra- and intermolecular excluded volume effects, and
the behavior of the interpenetration function reflects the
effects of the chain length (molecular weight) and the
chain stiffness as well as the solvent condition. In fact,
it has been experimentally observed that the interpen-
etration function against Rg

3 for the variation of the
molecular weight exhibits a maximum opposing to the
monotonous behavior predicted by the two-parameter
theory (atactic- polystyrene29 and atactic-poly(methyl
methacrylate)38). The more the stiffness increases, the
more the interpenetration function increases more than
the TP curve.
This suggests that PNnPAMmolecules are fairly stiff

at least near the theta temperature. λL is roughly
estimated to be <100 from the curves for atactic-
polystyrene29 and atactic-poly(methyl methacrylate)38
calculated by Yamakawa, where L is the chain contour
length. In our case of Mw ) 159 × 104, contour length
can be evaluated to be 3500 nm assuming 0.25 nm for
monomer unit length of C-C bonding (ML ) 452 nm-1,
ML denotes the molar mass per unit contour length).
Then, (2λ)-1 becomes ca. 18 nm for λL∼ 100. This value
is too large for the ordinary chemical structure of
PNnPAM.
In fact, the combination of L ) 3500 nm (sample G),

d (diameter) ) 1.5 nm, and (2λ)-1 ) 1.2 nm gives Rg,θ )
40.4 nm and Rh,θ ) 25.1 nm assuming Schulz-Zimm
distribution with a distribution parameter of Mw/Mn )
1.2. Rg and Rh were calculated using the equations for
wormlike chain (KP chain).32-34 This value of Rg,θ is
quite comparable to the value of PNiPAM evaluated
before (〈Rg

2〉z,θ/Mw ) 10.3 × 10-18 cm2 mol/g for PNn-
PAM and 9.8× 10-18 for PNiPAM),6 and λB ) 0.26 gives
Rg ) 63.9 nm, Rh ) 39.8 nm assuming the expansion
coefficient of Rh being the same as Rg

35, and [η] ) 274
cm3/g. These values are in fairly good accordance with
the experimental results of sample G at 10 °C. Rg, Rh,

Figure 6. Molecular weight distribution W(M) of PNnPAM:
(a) sample C; (b) sample E. W(M) is expressed as the weight
fraction in arbitrary units.

Ψ ) A2Mw
2/4π3/2NA〈Rg

2〉z
3/2 (17)

Ψ ) (z/Rg
3)(1 + 14.3z + 57.3z2)-0.2 (18)

Rg
2 ) [1 +10z + (70π/9 +10/3)z2 + 8π3/2z3]2/15×

[0.933 + 0.067 exp(-0.85z - 1.39z2)] (19)

Ψ ) ln(1 + 5.73z/Rg
3)/5.73 (20)

Rg
5 - Rg

3 ) 1.276z (21)
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and [η], except for [η] of samples A and C because of
the inapplicability of the Yamakawa-Yoshizaki theory,34
were evaluated for all other samples using ML ) 452
nm-1, d ) 1.5 nm, (2λ)-1 ) 1.2 nm, and λB ) 0.26, and
the calculated values showed the agreement within 10%
with the experimental ones at 10 °C. The value of (2λ)-1
) 1.2 nm is quite comparable with typical flexible
polymers, e.g., polystyrene.30 The value of λB seems
reasonable considering the good to intermediate solvent
condition; for example, λB∼ 0.4 was obtained for sodium
hyaluronate in aqueous NaCl solution ((2λ)-1 ∼ 4 nm).36
Therefore, QTP theory describes well the behavior at
the plateau region, and PNnPAM molecules behave as
sufficiently flexible coils with excluded volume effect at
∼10 °C.
The discrepancy near the theta point can be eluci-

dated by the idea that PNnPAM chains shrink by local

hydrophobic interaction (for example, lining-up of the
n-propyl side chains) resulting in the increase of chain
stiffness. If L ) 1100 nm, diameter ) 6 nm, and (2λ)-1
) 6 nm are assumed, Rg,θ ) 50.3 nm, Rh,θ ) 32.0 nm,
and λL ) 92 are obtained. These values of Rg,θ and Rh,θ
agree with the experimental results of 〈Rg

2〉z1/2,θ ) 49.5
nm and 〈Rh

-1〉z-1,θ ) 32.4 nm. λL ) 92 is consistent
with the prediction of the interpenetration function by
QTP theory. Of course, there may exist other choices
for L and λ, and a definite evaluation of these quantities
is difficult at present. However, it is manifest that L
must be less and (2λ)-1 must be larger than those at 10
°C. That is, the PNnPAM chain shrinks, its effective
chain diameter becomes enlarged, and the chain be-
comes stiffer as the temperature approaches the theta
temperature. In fact, the ratio 〈Rg

2〉z1/2/〈Rh
-1〉z-1, which

relates to the segment distribution, shows a slight
increase with the increase of temperature. If the chain
shrinks with its conformation (stiffness) unchanged, this
ratio must decrease contradicting to the experimental
observation.
Because the increase of hydrophobic interaction will

cause more compact conformation of polymer chain, this
physical picture is reasonable enough. The essential
role of hydrophobic interaction is ascertained by the fact
that the transition temperature increases by about 1
°C in the solution of heavy water, because hydrogen
bonding is stronger in heavy water than in ordinary
water. A slight systematic deviation of the interpen-
etration function for PNiPAM is observed as shown in
Figure 9, too. It is possible that the same situation as
discussed above for PNnPAM might be present in
PNiPAM, too. The elongated structure of the n-propyl
group of PNnPAM is more suitable for a conformational
change than the case of the isopropyl group of PNiPAM.

Table 2. Results of CONTIN Analysis of Molecular Weight Distribution of Samples C and E at 10 °C and at the
Scattering Angle of 30°

sample C 10-4Mz 10-4Mw 10-4Mn Mz/Mw Mw/Mn 〈Rg
2〉z1/2 (nm) 108 〈D0〉z (cm2/s) µ2/Γh2

CONTIN 41.2 37.3 33.9 1.10 1.10 26.8 9.35 0.031
experimental 26.2 9.28 0.05
ratio 0.95 1.02

sample E 10-4Mz 10-4Mw 10-4Mn Mz/Mw Mw/Mn 〈Rg
2〉z1/2 (nm) 108 〈D0〉z (cm2/s) µ2/Γh2

CONTIN 84.0 74.4 66.3 1.13 1.12 40.0 5.98 0.038
experimental 73.3 38.8 6.03 0.06
ratio 1.02 1.03 0.99
a D0 of the experimental values were determined by the third cumulant analysis. The experimental equatios of Rg ) (1.92 × 10-2)Mw

0.560

and Rh ) (1.43 × 10-2)Mw
0.556 were obtained by the CONTIN analyses.

Figure 7. Temperature dependence of the second virial
coefficient of sample G (Mw ) 159 × 104). A drastically steep
decrease of A2 near the theta temperature is clearly observed.
The theta temperature was determined to be 22.54 °C.

Figure 8. Temperature dependence of 〈Rg
2〉z1/2 and 〈Rh

-1〉z-1
of sample G. At theta temperature 〈Rg

2〉z1/2,θ ) 49.5 nm and
〈Rh

-1〉z-1,θ ) 32.4 nm.

Figure 9. Relationship between the interpenetration function
Ψ and the expansion coefficient Rg

3: 9, PNnPAM; ], PNiPAM.
Solid and dashed curves denote the predicted curves by the
TP theory and the FKO theory, respectively.
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The increase of hydrophobic hydration, structuring of
the surrounding water molecules neighboring the n-
propyl side chain, is agreeable with the large value of
molar heat of the transition observed in differential
scanning calorimetric measurements.37 An increase of
the chain stiffness results in the enhanced discontinuous
volume phase transition of PNnPAM gels.

Conclusion
Various molecular parameters characterizing the

solution properties of PNnPAM in water at 10 °C were
obtained and the molecular weight dependence of Rg and
Rh were ascertained by the molecular weight distribu-
tion obtained by the Laplace inversion of correlation
function. PNnPAMmolecules in water at 10 °C behave
as expanded and hydrated flexible coils in a good to
intermediate solvent condition. Its conformational struc-
ture is almost the same as PNiPAMmolecules in water
in the stable state.
The temperature dependence of the chain dimension

near the theta state shows a unique behavior, and the
discrepancy from the conventional excluded volume
theory was observed. These phenomena are well ex-
plained by the idea that the conformational change of
polymer chain in quality occurs approaching the theta
temperature: the chain stiffness of PNnPAMmolecules
increases at close to the theta temperature. This idea
explains well the characteristics of the volume phase
transition of PNnPAM gel in water.
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