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ABSTRACT: Sieving matrixes of poly(acrylamide) grafted with poly(N-isopropylacrylamide) (PNIPAM)
were developed in the framework of DNA sequencing by capillary electrophoresis. As a result of their
thermodynamic properties, PNIPAM side chains self-aggregate above a critical temperature, leading to
strong thermo-thickening effects in semidilute solutions. We report here a study of the transient network
formation, carried out in D2O by small-angle neutron scattering on the basis of a large set of responsive
copolymers tailored with PNIPAM grafts of different sizes (Mw ) 10 000, 20 000, and 35 000 g/mol) and
various graft densities (5, 7, 10, 14, and 18% w/w). For most of the aqueous solutions, a correlation peak
is observed at finite scattering vectors when the temperature is increased above a critical value. The
intensity of the scattering peak rises with the size of the PNIPAM stickers, the graft density, the
concentration, and the temperature. Experimental data are fitted using a core-corona model, assuming
that only part of PNIPAM grafts (fPNIPAM, mass fraction) participate in the aggregation process (dry
micelles). Under these assumptions, the five-parameter model allows a realistic description of the thermally
induced association with core sizes ranging between 70 and 100 Å and fPNIPAM varying between 18 and
50%, depending on the primary structure of the copolymers. Comparison between matrixes confirms that
physical networks based on responsive aggregation are good candidates for DNA sequencing even if they
display antagonistic properties arising from (1) an increase of the resolution due to the matrix gelation
(especially for large DNA fragments) and (2) a dispersion of DNA fragments during separation due to
specific interactions between hydrophobic domains and DNA, which results in a loss of resolution.

1. Introduction

Microphase separation in aqueous macromolecular
solutions can lead to rich and complex rheological
properties, and it proved to be very interesting for
numerous applications in polymer science, in particular
oil recovery, paint industry, drug delivery systems, and
more recently biotechnologies (analysis, diagnostic, cell
biology, etc.). Thermo-thickening polymers in particular
(leading to an increase of viscosity with temperature)
have attracted attention in the past decade as a result
of their original behavior, which is opposite to the
behavior of conventional liquids. Many applications can
be envisioned, in which thermoassociating copolymers
could be used to adjust the viscosity of the aqueous
fluids. Although various thermoassociating systems
have been reported in the literature,1-4 a number of
them such as methylcellulose or poly(N-isopropylacry-
lamide) (PNIPAM) give turbid solutions upon gelation.
This signifies the presence of large heterogeneities on
a micrometer scale, which could be detrimental to some
applications. One possible strategy to obtain more
homogeneous transient networks consists of preparing
macromolecular architectures combining a water-soluble
polymer backbone and responsive blocks or side chains

having a LCST (lower critical solution temperature) in
water.5-8 Among LCST polymers, PNIPAM was exten-
sively studied mainly because its transition temperature
around 32 °C allows a responsive behavior in the
vicinity of room and body temperatures. Previously
reported macromolecular systems involving PNIPAM as
responsive stickers include poly(acrylic acid) grafted
with PNIPAM9 and PNIPAM grafted with poly(ethylene
oxide) (PEO).10-11 Those grafted copolymers form mi-
celles with “core-shell” structures in aqueous solutions
above their transition temperatures. 12

As described in a previous article, we developed a new
family of thermo-thickening polymers based on poly-
(acrylamide) (PAM) grafted with PNIPAM.13 These
copolymers consist of a water-soluble PAM backbone
grafted with relatively small PNIPAM side chains. The
synthesis of such copolymers (i.e., copolymerization of
acrylamide (AM) with PNIPAM macromonomers bear-
ing a single acrylic function at one end) leads to
copolymer chains with a reasonable polydispersity
(around 2) and allows for an independent control of the
average molecular weights of the grafts and backbone
and the grafting density.

When PNIPAM chains are incorporated into a mac-
romolecular structure, they form micellelike aggregates
at a temperature higher than the transition tempera-
ture T* (>LCST) to minimize their contact with solvent.
This results in a strong increase of the viscosity from
∼100 mPa‚s to ∼10 000 mPa‚s (Figure 1). Influence of
the graft size and graft density on rheological behavior
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and transition temperature has been studied previ-
ously.13 Keeping a constant graft density, that is,
identical AM/PNIPAM mass ratio, T* increases strongly
with the graft size up to molecular weights of 15 000
Da and then becomes graft-size independent. Indeed,
it has been shown that shorter chains present a smaller
enthalpic contribution to the free energy of solubiliza-
tion, and, therefore, their solvation is favored compared
to that of bigger chains.7 It has also been observed that
T* decreases with increasing graft density, that is, the
amount of PNIPAM in a copolymer.13 The same trend
has been observed with PNIPAM-PEO.11 The ampli-
tude of the thermo-thickening is rather independent of
the product of the graft size and graft density. This
suggests that the overall interaction strength increases
with an increasing graft size and an increasing grafting
density.

P(AM-g-PNIPAM) copolymers are electroneutral and,
thus, less sensitive to pH or salt concentration than
charged thermo-thickeners. Aqueous solutions of these
copolymers are clear upon gelation. Although they were
specially developed for the use as sieving media for DNA
sequencing by capillary electrophoresis, they can prob-
ably be interesting for other applications as well. For
instance, the thermo-thickening properties of P(AM-g-
PNIPAM) could be very useful for lab-on-a-chip applica-
tions because aqueous solutions of such copolymers can
be easily injected into small diameter channels thanks
to the thermal switching between low- and high-viscos-
ity states through a modest increase in temperature
(∼20 °C).

Many hydrophilic matrixes, such as PAM, cellulose
derivatives (methylethylcellulose, hydroxyethylcellulose,
etc.),14,15 poly(N,N-dimethylacrylamide) (PDMA),16 PEO,17

and poly(vinylpyrrolidone),18 have been used for DNA
separations by capillary electrophoresis. The matrixes
for DNA separations have been currently reviewed in
refs 19-21 while thermoresponsive and shear-respon-
sive polymer solutions with “switchable” viscosities were
described in ref 22. It has been shown that linear
polyacrylamide (LPA) based separation matrixes give
the longest read lengths in DNA sequencing.23-26 Un-
fortunately, the high-molecular-weight LPA solutions
required for long read lengths are very viscous, and their
injection into small-diameter channels remains quite
challenging. To overcome this challenge, several re-
search groups have developed either low or switchable
viscosity matrixes. The thermo-associative matrixes
used in capillary electrophoresis separations are, for
instance, PNIPAM grafted with PEO,27 mixtures of poly-
(butylene oxide) (PBO)-PEO-PBO,28 and triblock co-
polymers made of PEO and poly(propylene oxide) (PPO;
Pluronic F127).29-30 Pluronics form spherical micelles
with a hydrophobic core of PPO blocks and a hydrated
PEO shell. The structure of pluronics systems has been
studied by small-angle neutron scattering (SANS) and
numerical simulations employing a core-corona
model.31-35

In this work, we report SANS experiments performed
with aqueous P(AM-g-PNIPAM) solutions. Thanks to
the strong contrast in the scattering length density
(SLD) between hydrogen and deuterium, SANS is a
powerful method to probe the microstructure of hydro-
genated polymers in D2O solutions, and it has been used
with success in the past to study associative poly-
mers.32,35-37 To explore the influence of the primary
structure on the associating process, we studied the
transient network formation of copolymers tailored with
different graft sizes and different graft densities at
various temperatures (i.e., under and above the critical
temperature T*).

2. Material and Methods
Polymer Synthesis. The P(AM-g-PNIPAM) copolymers

were synthesized by radical aqueous polymerization and
characterized in our laboratory. The protocol is described in
ref 13. The molar masses and fractions of PNIPAM incorpo-
rated are given Tables 1 and 2.

Viscosity Measurements. Viscosity measurements were
performed with a Brookfield DV-III rheometer.

The influence of temperature was studied with a P(AM1500-
NIPAM10/10%) 3% (w/v) solution in water, 50 mM Na Tris
buffer, in 50 mM Na Tris buffer + 4 M urea, and in 50 mM
Na Tris buffer + 7 M urea. The shear rate was 10 s-1. Then,
influence of the shear rate was studied at three different
temperatures, under (20 °C), around (54 °C), and above (69
°C) the transition temperature (see section 4, Rheological
Behavior). We used a P(AM1500-NIPAM10/10%) 3% (w/v)
solution in water, and the shear rate was varied from 1 to 100
s-1.

Differential Scanning Calorimetry (DSC). The dehy-
dration of PNIPAM chains as the temperature increases has
been studied by DSC. In such experiments, the dehydration
process between PNIPAM and water gives rise to an endot-

Figure 1. Viscosity measurements, with a Brookfield DV-III
rheometer. (a) Viscosity versus temperature; heating rate 2
°C/min; P(AM1500-NIPAM10/10%), 3% in milli-Q deionized
water, 50 mM Na Tris, 50 mM Na Tris + 4 M urea, 50 mM
Na Tris + 7 M urea; shear rate ) 10 s-1; from eq 11. (b)
Viscosity versus shear rate at 24, 54, and 69 °C; P(AM1500-
NIPAM10/10%), 3% in milli-Q deionized water.

Table 1. Molar Mass Mw (g/mol) and Polydispersity Ip of
PNIPAM Macromonomers

name PNIPAM10 PNIPAM15 PNIPAM20 PNIPAM35

Mw (g/mol) 10 800 15 800 23 000 34 000
Ip (Mw/Mn) 5.7 4.2 4.9 5
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hermic peak in the LCST range. We compared the dehydration
enthalpy between PNIPAM grafted on a PAM backbone and
free PNIPAM chains. Two samples were analyzed: (i)
PNIPAM10 at 0.3% in milli-Q water and (ii) P(AM1500-
NIPAM10/10%) at 3% (w/v) in milli-Q water. We considered,
in the first case, free PNIPAM chains in solution and, in the
second case, PNIPAM grafted on the PAM backbone. In both
cases, the same amount of PNIPAM is analyzed.

DNA Separation. In section 4, we report separation
performances of P(AM1500-NIPAM10/10%). The influence of
temperature on peak dispersion and comparison of the matrix
with commercial matrixes are presented. These experiments
have been made with a single-stranded DNA (ssDNA) “ladder”
with fragments 100, 200, 300, 400, 500, 600, 700, 800, 1000,
1250, and 1500 bases long singly labeled with fluorescein
(BioVentures, Murfreesboro, TN). DNA samples were mixed
with formamide (50:50 v/v), heated 5 min at 95 °C, and rapidly
cooled on ice prior to their injection. The separations of the
DNA samples were performed on an ABI 310 instrument at
50 °C (except for the study involving the temperature’s
influence). P(AM1500-NIPAM10/10%) 3% (w/v) solutions were
prepared in 50 mM Tris-aminopropanesulfonic acid, 50 mM
Tris, 2 mM ethylenediaminetetraacetic acid, and 7 M urea
(denaturating agent).

The separation performance is evaluated in terms of resolu-
tion Rs

38 [eq 1; peak spacing per base (PS) divided by the peak
width at half-height (PW)]. PS reflects the separation power
of the matrix and PW is related to the peak dispersion. Both
are expressed in length units (mm).

with

and

Rs can also be written as

SANS Experiments. SANS experiments were performed
at the Laboratoire Leon Brillouin, Saclay, France. The neutron
wavelength λ used was 12 Å, and the sample-to-detector

distance was set to 4.5 m. The corresponding scattering vector

was varied in the range 0.0034-0.0365 Å-1. θ is the scattering
angle.

The copolymer’s structural parameters, that is, the size of
grafts (10 000, 20 000, and 35 000 g/mol), and the grafting
density (5, 7, 10, and 18% w/w) were investigated in this study
(Tables 1 and 2). Samples were dissolved in D2O at room
temperature and transferred into 5-mm-thick quartz contain-
ers for SANS experiments. The copolymer’s concentration/
structure relation (3 and 5% w/v) was investigated on
P(AM1500-NIPAM10/10%) solutions, while the effect of tem-
perature (33 °C < T*, 59 °C ∼ T*, and 71 °C > T*) on the
copolymer’s structure was investigated on P(AM1500-
NIPAM10/5%) (see Table 3). Note that the second copolymer
has relatively short PNIPAM grafts and, consequently, its
viscosity transition temperature (59 °C) is significantly higher
than the LCST of pure, long-chain PNIPAM (32 °C).

To obtain the coherent scattering intensity of the copolymer,
the signal given by a pure D2O sample, used as background,
is subtracted from the scattering intensity of the copolymer
sample. The efficiency of the detector cell was normalized by
the intensity delivered by a pure water cell of 1-mm thickness.

Absolute measurements of the scattering intensity I(q) (Å-1)
were obtained from the direct determination of the incident
neutron beam flow and the cell solid angle.39

3. SANS Model
We consider a solution of a grafted copolymer, and at

studied concentrations (>overlap concentration), the
polymer chains are entangled. At a higher temperature
than the transition temperature T*, grafts become
insoluble and tend to aggregate. As a result, we have
an entangled polymer solution containing aggregates
that are linked to each other.

Compared to block associating copolymers that have
been studied several times,32-35 the literature is poorer

Table 2. Primary Structure of Grafted Copolymers: Incorporated Macromonomer, Graft Density (Mass %), Molar Mass
Mw (g/mol), and Polydispersity Ip

copolymer macromonomer graft density (mass %) Mw (g/mol) Ip

P(AM2000-NIPAM15/10%) PNIPAM15 10.11 1.8 × 106a 3.9
P(AM1500-NIPAM15/10%) PNIPAM15 10.14 1.4 × 106a 6.6
P(AM700-NIPAM15/10%) PNIPAM15 10.38 6.5 × 105a 5.5
P(AM1500-NIPAM10/10%) PNIPAM10 10.16 1.5 × 106 1.5
P(AM1500-NIPAM20/10%) PNIPAM20 10.19 1.5 × 106a 4.7
P(AM1500-NIPAM35/10%) PNIPAM35 9.15 1.0 × 106a 5.1
P(AM1500-NIPAM10/5%) PNIPAM10 5.26 1.5 × 106 1.6
P(AM1500-NIPAM10/7%) PNIPAM10 7.49 1.1 × 106 1.6
P(AM1500-NIPAM10/14%) PNIPAM10 13.93 2.3 × 106 1.7
P(AM1500-NIPAM10/18%) PNIPAM10 17.70 2.1 × 106 1.8
P(AM1500-NIPAM15/14%) PNIPAM15 14.46 1.3 × 106 2
P(AM1500-NIPAM15/18%) PNIPAM15 18.11 ∼1.3 × 106

a In PEO equivalents (calibration made with PEO standards).

Table 3. Experimental Parameters: Mass Concentration
of the Polymer Solution, Temperature, and Peak

Maximum Position qmax

copolymer
mass concen-
tration (%)

temp-
erature (°C)

qmax
(Å-1)

P(AM1500-NIPAM10/5%) 5 33 no peak
P(AM1500-NIPAM10/5%) 5 59 0.0057
P(AM1500-NIPAM10/5%) 5 71 0.0069
P(AM1500-NIPAM10/7%) 5 59 0.0066
P(AM1500-NIPAM10/10%) 5 59 0.0083
P(AM1500-NIPAM10/10%) 3 59 0.0066
P(AM1500-NIPAM20/10%) 5 59 0.0078
P(AM1500-NIPAM35/10%) 5 59 0.0066
P(AM1500-NIPAM10/14%) 5 59 0.01
P(AM1500-NIPAM10/18%) 5 59 0.0111

q ) 4π
λ

sin(θ2) (2)

Rs ) 1
4|∆µ

µav|N1/2 (1a)

|∆µ
µav| ) 2|tm1 - tm2

tm1 + tm2| (1b)

N ) 5.5( tm

$1/2
)2

) 5.5[(tm1 + tm2)/2
$1/2

]2

(1c)

Rs ) 0.59[(tm2 - tm1)/(N2 - N1)
$1/2

] ) 0.59( PS
PW) (1d)
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concerning graft copolymers.37,40 Reference 37 deals with
microphase separation in a semidilute solution of poly-
(sodium acrylate) grafted with PEO. The model used in
the strong segregation regime indicated that PEO
microdomains behave as polydisperse spherical micelles
organized in a simple cubic lattice.

As in Hourdet et al.,37 the shape of the peak and its
small thickness suggest a short-distance potential in-
teraction and strong interactions.

Several models have been used to give the most
quantitative and accurate picture of the microstruc-
ture: (i) monodisperse PNIPAM-rich spherical micelles;
(ii) polydisperse PNIPAM-rich spherical micelles; and
(iii) core-corona (a PNIPAM-rich spherical core, sur-
rounded by a corona enriched in PAM). In all cases, the
results of the fits and mass conservation arguments led
us to assume that only a fraction fPNIPAM of grafts is
involved in the aggregation process. This hypothesis is
further explained in section 4.

In the case of spherical particles embedded in a
continuous medium, the SANS scattering intensity is
written as the product of a form factor, F(q), and a
structure factor, S(q) (eq 3). F(q) characterizes the form
and shape of the aggregates whereas S(q) describes the
interactions between the aggregates:

where Nm is the number of micelles per unit of volume
and ∆F is the contrast of the SLD. The different SLDs
(PAM, PNIPAM, and D2O) used to calculate ∆F are
reported in Table 4.

The Percus-Yevick (PY) theory of scattering from
individual spheres generally works well for short-ranged
potentials. For a hard sphere, the PY structure factor
is (eq 4)41

where φHS is the hard sphere volume fraction, RHS is
the hard sphere radius (interaction distance), and G is
a trigonometric function (eq 5):

where R, â, and γ are

The form factor describes the shape of the scattering
particles. Its expression depends on a given model.

(i) Monodisperse. For monodisperse PNIPAM ag-
gregates of radius Rm, the form factor is given by

where J1 is the first-order spherical Bessel function:

Using the previously described structure factor (eq 4)
and supposing “dry” micelles (negligible quantity of
water in the micelle), this model has three fitting
parameters: RHS, Rm, and fPNIPAM, the mass fraction of
grafts involved in the aggregation process.

(ii) Polydisperse. We considered the PNIPAM mi-
celle solution as a polydisperse solution of homogeneous
spheres with an average radius Rm and a Gaussian size
distribution ω(r). In that case, the form factor is given
by (eq 8)

where f(q, r) is the form factor of a sphere of radius r
(eq 6) and ω(r) is the Gaussian size distribution given
by eq 9 and the function of the polydispersity s:

In this model, the polydispersity (s) is an additional
parameter as compared to the previous model. So, this
model has four parameters.

(iii) Core-Corona. This model has often been used
to describe the micellar organization of triblock copoly-
mers, PEO-PPO-PEO (Pluronics).33,34 These copoly-
mer micelles can be viewed as consisting of a PPO core
with a PEO corona. The corresponding form factor
describes the scattering due to the hard sphere interface
between the core and the corona and between the corona
and the solvent. In our case, the presence of solvent was
allowed in the corona but not in the core:

where R1 and R2 are respectively the core and the corona
radii (see Figure 2) and F1, F2, and Fs are respectively
the SLDs of the core, the corona, and the solvent
(calculated from Table 4).

This model has five fitting parameters: R1, R2, RHS,
RAM,corona (volume fraction of PAM in the corona), and
fPNIPAM.

Table 4. SLD of PAM, PNIPAM, and D2Oa

name SLD (Å-2) name SLD (Å-2)

PAM 4.191 × 10-6 D2O 6.406 × 10-6

PNIPAM 1.36 × 10-6

a For polymers, the nitrogen protons were assumed to be fast-
exchanging so that the polymers are assumed to be bearing
predominantly -ND and -ND2 groups.

I(q) ) Nm(∆F)2F(q) S(q) (3)

S(q) ) 1/[1 +
24ΦHSG(2qRHS)

2qRHS
] (4)

G(A) ) R(sin A - A cos A)/A2 + â[2A sin A - (2 -
A2) cos A - 2]/A3 + γ{-A4 cos A + 4[(3A2 -

6) cos A + (A3 - 6A) sin A + 6]}/A5 (5)

R ) (1 + 2ΦHS)2/(1 - ΦHS)4

â ) -6ΦHS(1 + ΦHS/2)2/(1 - ΦHS)4

γ ) (ΦHS/2)(1 + 2ΦHS)2/(1 - ΦHS)4

F(q) ) [43πRm
33J1(qRm)

qRm
]2

(6)

J1(x) ) sin x - x cos x
x2

(7)

F(q) ) ∫Rm-5s

Rm+5s
f(q, r) ω(r) dr (8)

ω(r) ) 1
x2πs

exp[-
(r - Rm)2

2s2 ] (9)

(∆F)2F(q) ) [43πR1
3(F1 - F2)3

J1(qR1)
qR1

+

4
3

πR2
3(F2 - Fs)3

J1(qR2)
qR2

]2

(10)
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Knowing the core radius R1, the number of grafts per
aggregate Ngrafts (eq 11) and, thus, the number of
micelles per volume unit Nm (eq 12) can be determined:

Where VPNIPAM is the molar volume of PNIPAM (calcu-
lated from the molar volume of NIPAM), c is the
copolymer concentration (mass %), τw is the graft density
(mass %), MPINIPAM is the molar mass of PNIPAM, and
NA is the Avogadro number.

Knowing Nm, φHS is easily determined thanks eq 13:

4. Results and Discussion
Rheological Behavior. The rheological behavior of

these grafted copolymers has been previously studied
in our laboratory, and results are given in ref 13.
Influence of graft density, graft size, and molecular
weight and influence of the solvent (water, buffer, with
or without urea) have been reported in this first article.
The main conclusion is that this kind of copolymer
presents a strong viscosifying effect, which should be
due to the self-association of the hydrophobic parts
(PNIPAM grafts) at high temperature. One can also
notice that the solvent has a strong influence on the
rheological behavior. Indeed, when adding buffer or urea
(denaturing agent, necessary for ssDNA separation), the
transition temperature is shifted to smaller values
(Figure 1a).

To complete this study, we report here the variation
of viscosity versus shear rate at different temperatures
(T < T*, T = T*, and T > T*). At low temperature, the
copolymer solution behaves as a classical unassociated
system (Figure 1b) and viscosity does not depend on
shear rate. For a temperature higher than T*, the
viscosity seems to be shear-dependent as it is shown for
69 °C. It results probably from the competition between
self-assembling of PNIPAM grafts under heating and
stretching of the system under shearing.

Results from SANS Experimental Data. We in-
vestigated the structural properties of copolymers with
different graft sizes and graft densities by SANS experi-
ments. The presence of a correlation peak at a high
temperature signaled the aggregation of LCST stickers,

while the peak shape implied that the interactions
between side chains were strong and repulsive. From
Figure 3a,b we can see that the peak height increases
with increasing graft density and graft size. This means
that in both cases more PNIPAM is involved in ag-
gregates. For a given size of the side-chains, the higher
is the number of grafts in the copolymer chain, the
higher is the probability for a PNIPAM chain to
encounter in its vicinity a critical number of PNIPAM
grafts to form a micelle and, thus, to get involved in an
aggregate (entropic effect). This argument, however,
seems to play against the increase of the peak intensity
with graft length (because longer grafts are less numer-
ous). We, thus, conclude that, in this case, the increase
in aggregated fraction is controlled by the micellization
enthalpy, which rules over the unfavorable entropic
effect.

Concerning the copolymer with larger grafts (35 000
g/mol), no peak appears anymore in the q range explored
but a strong scattering increase is observed at small
values of q. This may be due to the heterogeneity of the
sample: probably, these long grafts lead to a more
complex structure, and the micelle model becomes
irrelevant. Actually, these copolymers also lead to the
poorest separation properties in electrophoresis, con-
sistent with an increase in heterogeneities at large
scales.

For P(AM1500-NIPAM 10/10%), two concentrations
have been studied, 3% (w/v) and 5% (w/v; concentrations
used for DNA separation by capillary electrophoresis;
Figure 3c). At 5%, the peak is higher, which means more
PNIPAM chains are involved in aggregates.

The effect of temperature has been studied with
P(AM1500-NIPAM10/5%) (Figure 3d). At 35 °C, that
is, under the association temperature T*, there is no
aggregate and no diffusion peak is observed. At 59 and
71 °C, a scattering peak the height of which increases
with temperature demonstrates that aggregation is now
effective. This shows that aggregates are either more
numerous or larger (or both) at higher temperatures.

Hypothesis Resulting from DSC Experiments.
The transition temperature T* of the copolymer solution
determined by using the maximum of the endothermic
peak from DSC (T ∼ 47 °C; see Figure 4b) compares
quite well, considering the relative smoothness of the
transition, with the value of 52 °C obtained from the
rheological behavior (Figure 1). It can also be noticed
that this temperature is somewhat higher that the one
obtained in similar conditions with free PNIPAM mac-
romonomers in solution (40 °C, Figure 4a). This shows
that the difference between the temperature transition
of the grafted macromonomer and the critical temper-
ature of long PNIPAM chains (32 °C) is partly due to a
finite-size effect and partly due to the attachment of the
macromonomer onto a hydrophilic moiety. Such effects
are well-known, for instance in the case of PEO-PPO
block copolymers (pluronics).

Another important piece of information is that the
total dehydration enthalpy of free PNIPAM macromono-
mers is about 15 times greater than the dehydration
enthalpy of the same PNIPAM chains once incorporated
in the copolymer (4 kJ/mol PNIPAM compared to 0.4
kJ/mol PNIPAM; Figure 4). Qualitatively, this result
would be compatible with the two following assump-
tions: (i) PNIPAM cores are highly hydrated and (ii)
only a fraction of the grafts are involved in the aggrega-

Figure 2. Model for core-corona micelles. We consider a dry
PNIPAM core and an hydrated PAM corona. fPNIPAM is the
mass fraction of grafts involved in the aggregation process.

Ngrafts )
4/3πR1

3

VPNIPAM
(11)

Nm )
fPNIPAMcτwNA

MPNIPAMNgrafts
(12)

ΦHS ) (43πRHS
3)Nm (13)
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tion process. These two hypotheses will be reconsidered
later, in light of the models used to fit quantitatively
the neutron scattering data.

Comparison between Three Different Models
Used To Fit SANS Data (Figure 5). Rather extensive
literature exists on the SANS of block copolymer solu-
tions, and in particular detailed core-corona models
convincingly described the scattering of short diblock
or triblock solutions.33,34 The block copolymer system
studied here is unfortunately more complex. As in the
triblock polymer solutions, we can reasonably assume
the presence of micellelike NIPAM aggregates with
repulsive interactions. The intermicellar space, however,
is more delicate to model. In the previously studied case
of monodisperse “pluronic” triblock aggregates, the
presence of well-defined hydrophilic “tails” made the
hypothesis of a well-defined “corona” with uniform
density of hydrophilic polymer reasonable. In our sys-
tem, one can still assume that the chemical cross-link
between the hydrophobic NIPAM blocks and the hydro-
philic backbone plays the role of an attractive potential,
leading to a high density of PAM surrounding the
micelle. In contrast with pluronics systems, though, in
our case the space between coronas is not void of PAM
and the concentration of PAM in the water phase
probably follows a rather complex and continuous
distribution. No theoretical model is presently available
for this distribution, so we decided to approximate it as
a the combination of a spherical corona with a high
density of PAM surrounding the micelle, floating in a
continuous solution of polymer at a lower density.
Actually, this approximation is probably not more
dramatic than those previously used for pluronic sys-
tems because detailed models of polymer “brushes” show
that the density profile is parabolic and not square, even

for layers of monodisperse end-grafted polymers. This
“core-corona” frame contains four independent geo-
metrical parameters, the micelle diameter, the corona
diameter, the hard core diameter, and the number
density of micelles. Leaving all molar fractions of the
two solutes PAM and NIPAM in the three compart-
ments (hydrophobic core, corona, and continuous phase)
totally free adds six more free parameters, but mass
conservation reduces this number to four, knowing the
polymer concentation and NIPAM/PAM molar fraction
in pure polymer. Eight is an unrealistically high number
of fitting parameters so that further assumptions are
necessary to increase fit significance. It seems reason-
able to further assume that the fraction of PAM in the
hydrophobic core and the fraction of NIPAM in the
corona are negligible. We are, thus, left with a six-
parameters fit, involving a continuous phase with water,
PAM, and NIPAM, micelle cores with hydrated NIPAM,
and micelle coronas with hydrated PAM at a concentra-
tion different from this in the continuous phase.

This model can lead to satisfactory fits of most curves,
but the fit is not robust to starting parameters, and
equivalently good fits to the same curve could be
obtained with quite diverse parameters sets. We con-
clude that six parameters are still too demanding on
the fitting process, considering the quantity of data
available, and the level of correlation between param-
eters in the phase space. We, thus, tried several further
simplifications to reduce the number of parameters to
five. As demonstrated in the following, assuming in
addition that the core of the micelle is not hydrated does
not significantly reduce fit quality but leads to a very
stable and consistent fit, whereas all other five-
parameter fits led to a poor fit or nonphysical fitting
parameters.

Figure 3. I(q) (in Å-1) versus q. Experimental data (normalized) in D2O; influence of (a) graft density, 65 °C, 5%; (b) graft size,
65 °C, 5%; (c) concentration, 65 °C; and (d) temperature, 5%.
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In the following part, we will use fPNIPAM as the mass
fraction of grafts involved in the aggregates, and we will
consider these as dry PNIPAM micelles or “cores”.
Figure 5 shows the best-fit results with the different
micellar models. The data shown correspond to
P(AM1500-NIPAM10/18%), 5% (w/v) in D2O, 59 °C.
The core-corona model fits very well the experimental

data, whereas the monodisperse model does not fit the
data at all (it underestimates the peak height and its
position is shifted to smaller q). The polydisperse model
fits the experimental data rather well except for larger
values of q. However, despite rather similar fit quality
as compared to the core-corona model, the polydisperse
model does not yield as consistent and physically
reasonable best-fit parameters. In particular, the poly-
dispersity is rather high and often larger than the
average sphere radius. But, knowing PNIPAM side
chains are themselves rather polydisperse, this pos-
sibility definitely cannot be excluded.

Anyway, in regard to the DSC results, we restrict the
following discussion to the core-corona model, which
seems the most satisfactory for our set of data.

SANS Data Analysis with the Core-Corona
Model Considering a Dry Core and Only a Frac-
tion of PNIPAM Grafts Participating in Micelles
(Table 5). This model adjusts quite well the experi-
mental data, especially for the copolymers with longer
grafts and higher graft density, that is, for well-
structured media (Figure 6). It allows us to determine
for each copolymer the following fitting parameters: the
core radius Rcore, the corona radius Rcorona, the hard-
sphere radius RHS, the volume fraction of PAM in the
corona RAM,corona, and the mass fraction of PNIPAM
involved in aggregation fPNIPAM (Figure 7).

Effect of Graft Density. The number of grafts per
aggregate decreases with increasing graft density (90
Å for a graft density of 5%, mass %, and 70 Å for 18%),
and so does Rcore). In contrast, micelles are more
numerous as the graft density increases (1.5 × 10-10

micelles/Å3 at 5% compared to 2.2 × 10-9 micelles/Å3

at 18%), and so the hard-sphere radius decreases.
Finally, the mass fraction of PNIPAM involved in
aggregation increases with increasing graft density
(fPNIPAM ) 18% for a graft density of 5% and 40% for a
graft density of 18%, mass %).

Effect of Graft Size. First of all, the mass fraction of
PNIPAM involved in aggregation increases with graft
size (27% for 10 000 g/mol compared to 50% for 35 000

Figure 4. DSC measurements; measure of the exothermic
activity: temperature is increased (1 °C/min); (a) PNIPAM10,
0.3% (w/v) in milli-Q water; (b) P(AM1500-NIPAM10/10%),
3% (w/v) in milli-Q water.

Figure 5. Fitting of the experimental I(q) (in Å-1) with monodisperse, polydisperse, and core-corona models, supposing the core
is dry and only a fraction of grafts participate in the aggregation. Copolymer P(AM1500-NIPAM10/18%), 5% (w/v) in D2O, 59 °C.

5688 Barbier et al. Macromolecules, Vol. 37, No. 15, 2004



g/mol). Indeed, polymer chains get less soluble as their
size increases. Because the graft density, that is, mass
fraction of PNIPAM, remains constant here, there are
less grafts per chain when the graft size increases. As
a result, the density of micelles decreases and the hard-
sphere radius increases.

Effect of Concentration. The 3% and 5% solutions have
been analyzed by SANS. With varying concentration,
fPNIPAM remains rather constant, but the number density
of micelles increases from 3.5 × 10-10 at 3% to 8.4 ×
10-10 at 5% [example given with P(AM1500-NIPAM10/
10%) at 59 °C]. As a result, RHS decreases from 390 Å
at 3% to 310 Å at 5%.

Effect of Temperature. Experiments have been done
with P(AM1500-NIPAM10/5%) at 33, 59, and 71 °C.

At 35 °C, there is no aggregate and no peak. Above T*,
PNIPAM grafts form micelles and the mass fraction of
grafts involved in the aggregation process increases with
temperature, from 18% at 59 °C to 29% at 71 °C. As a
result, the number density of micelles increases and,
thus, RHS decreases.

Copolymer Structure and Sieving Performances.
In a previous article,13 the optimal copolymer structure
used as a medium for ssDNA separation was found to
have a small graft size and graft density [P(AM1500-
PNIPAM10/10%) at this time]. So, in regard to SANS
experiments, performances get better when hydrophobic
PNIPAM microdomains are minimized (smaller graft
size or graft density). Indeed, the size of the domains
increases with the graft size (Rcore increases) and the
number of domains per unit volume increases when the
graft density increases (Nm increases with graft density).
In both cases, there is more PNIPAM involved in
aggregation (fPNIPAM increases). Subsequently, the poor
sieving properties of the copolymers with high fPNIPAM
may be due to hydrophobic interactions between micro-
domains of PNIPAM and ssDNA molecules, resulting
in a dispersion of the sample zone during the separation
process. Recently, Albarghouthi and Barron did show
that an increased hydrophobicity of the sieving matrix
is detrimental to the separation performance.19 Here,
the same trend seems to be observed, although extrapo-
lation from a homogeneous matrix to a matrix with a
hydrophilic network and hydrophobic domains was not
obvious from the start. Increasing the copolymer’s
hydrophobicity by varying the temperature confirms
this result. Indeed, the electrophoretic resolution is
better in the transition range, in which the hydropho-
bicity of PNIPAM is still moderate (Figure 8). Above T*,

Table 5. Core-Corona Model Resultsa

copolymer Rcore (Å) Rcorona (Å) RHS (Å) Ngrafts Nm fPNIPAM (%) RAM,corona

P(AM1500-NIPAM10/5%) 90 290 398 177 1.52 × 10-10 18 0.072
P(AM1500-NIPAM10/5%); 71 °C 86 273 345 157 2.70 × 10-10 29 0.076
P(AM1500-NIPAM10/7%) 83 265 406 139 2.32 × 10-10 16 0.074
P(AM1500-NIPAM10/10%), 3% 75 244 387 103 3.56 × 10-10 23 0.066
P(AM1500-NIPAM10/10%) 70 213 310 86 8.35 × 10-10 27 0.085
P(AM1500-NIPAM20/10%) 90 230 359 85 7.44 × 10-10 47 0.130
P(AM1500-NIPAM35/10%) 98 248 276 73 5.57 × 10-10 50 0.216
P(AM1500-NIPAM10/14%) 69 194 273 81 1.74 × 10-9 36 0.104
P(AM1500-NIPAM10/18%) 71 191 252 89 2.22 × 10-9 40 0.112
a Rcore, core radius; Rcorona, corona radius; RHS, hard-sphere radius; Ngrafts, number of grafts per micelle; Nm, number of micelles per

unit of volume; fPNIPAM, mass fraction of graft involved in aggregation; RAM,corona, volume fraction of AM in the corona. When not stated
otherwise, the polymer solution is 5% and temperature is 59 °C.

Figure 6. Fitting of the experimental I(q) (in Å-1) with the
core-corona model: (a) varying graft density; (b) varying graft
size.

Figure 7. Mass fraction of PNIPAM involved in the aggrega-
tion process (fPNIPAM) versus graft density. Results from the
three different models: monodisperse, polydisperse, and core-
corona.
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sieving performances decrease with increasing temper-
ature, that is, when micelle density and fPNIPAM are more
important. Despite this limitation, P(AM-g-PNIPAM) is
an interesting matrix for DNA separation. In particular,
it leads to sieving performances significantly better than
those of POP5 (the matrix used in Applied Biosystems
machines), which has a similar viscosity at room tem-
perature, and for larger DNA fragments (>1250 bases)
it is better than PAM with a similar molecular weight.
As compared to CEQ separation gel I (Beckman Coulter),
a matrix based on high-molecular-weight PAM with a
very high viscosity, the resolution obtained with P(AM-
g-PNIPAM) is lower for fragments smaller than 800
bases and better above 800 bases (Figure 9). We
conclude that, for large DNA fragments, the positive
effect of the thermo-thickening of the matrix is more
important than the detrimental effect of DNA/matrix
hydrophobic interactions. The opposite is true for small
DNA fragments. This observation is consistent with the
previous finding,42 showing that large polyelectrolytes
can deform weak matrixes more easily than smaller
ones and reduce selectivity, so that the influence of the
matrix strength on resolution increases with DNA size.

5. Discussion and Conclusion

In this paper, a SANS study on the aggregation
behavior of PAM grafted with PNIPAM has been
reported. In particular, we investigated the influence
of graft size, graft density, polymer concentration, and
temperature on the size (70-100 Å) and the number
density of the aggregates (1.5 × 10-10 to 2.2 × 10-9

micelles/Å3). We correlated the structural data with the
copolymers’ sieving properties for DNA sequencing.
Several micellar models were used to fit the experimen-
tal results, and only the core-corona one yielded
reasonable agreement with physically significant pa-
rameters for all data. The presence of a corona, inspired
from the models developed for and applied with success
to Pluronic triblock copolymers, may be questioned in
our present system in which all the micelles are con-
nected by a continuous PAM network. Nevertheless, we
think that this corona reflects an increase of the PAM
concentration in the vicinity of the micelles as a result
of the attachment of PAM to the PNIPAM grafts (in
average, the junction points play the role of an attractive
force between PAM and the micelles). This conclusion
is also consistent with the observation that the electro-
phoretic mobility of DNA in aggregated P(AM-g-
PNIPAM) is higher than in long-chain PAM solutions
at a given concentration, suggesting that the medium
is more “open”.

We also assumed that the core of the micelles is
totally dry and contains only a fraction of PNIPAM
chains. The opposite assumption (“wet” micelles con-
taining all the PNIPAM) was not consistent with the
data, but this does not rule out the possibility of a
combination of a wet core and nonmicellized free
PNIPAM, in particular in the transition zone in which
PNIPAM is only moderately hydrophobic. Some ele-

Figure 8. Separation of ssDNA (100-1500 b ladder) with
P(AM1500-NIPAM10/10%), 3%, TTE, 7 M urea, 0.2% PDMA.
Influence of the temperature on peak spacing and peak
width: 200 V/cm, 50 cm length to detector, 75 µm capillary. Figure 9. Separation of ssDNA (100-1500 b ladder) with

P(AM1500-NIPAM10/10%), 3%. Comparison of resolution at
equal-separation-time, state-of-the-art, commercial matrixes
(PO5 and CEQ) and with a PAM 3% (106 g/mol). All separa-
tions performed at 50 °C.
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ments of the data actually suggest that it may be the
case. In particular, the DSC results (Figure 4) lead to a
dehydration enthalpy of 0.4 kJ/mol, which would cor-
respond to 6-7% of totally dehydrated micelles (when
compared to the pure PNIPAM case), whereas the SANS
data in the same conditions lead to a higher number, of
about 23% of PNIPAM involved in micelles. This dis-
crepancy would suggest that the PNIPAM in the mi-
celles is actually not fully dehydrated. Unfortunately,
we were not able to include this possibility into our
fitting, because combining wet micelles and incomplete
incorporation of PNIPAM into the micelles would have
led to a six-free-parameters fit. Considering the accuracy
of the data, and the strong coupling between some
parameters in the fit, this was beyond what one could
reasonably and consistently extract from the data.
Despite this limitation, the rather good fit obtained with
the model assuming dry micelles and free PNIPAM
(much better than obtained, e.g., with wet micelles and
no free PNIPAM) suggests that the structural param-
eters obtained within this model are reasonably close
to reality. In this model, the mass fraction fPNIPAM of
grafts involved in aggregates varies from 18 to 50%
depending on the copolymer. As expected, fPNIPAM is
highest at high temperatures and for a copolymer with
a higher graft size or density.

Concerning the use of P(AM-g-PNIPAM) as a matrix
for DNA separation, this SANS study is consistent with
the detrimental effect of the hydrophobic microdomains
on the separation performances for medium-sized DNA.
We expect that increased hydrophobic interactions
between aggregates and DNA leads to a peakdispersion
and, consequently, to loss in separation. However, for
larger fragments, this negative effect is overcompen-
sated by the increase in resolution due to matrix
gelation, and rather promising performances were
obtained in comparison with commercial matrixes.
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