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ABSTRACT: Microgels of poly(N-isopropylacrylamide) (PNIPAM) have the ability to change size in response
to temperature. PNIPAM microgels with 0.25 wt % cross-linker content were used to investigate the molecular
dynamics of the polymer chains in the swollen and collapsed states. The study was performed using incoherent
elastic (IES) and quasielastic neutron scattering (IQNS), and pulsed field gradient NMR spectroscopy (PFG—NMR).
From IES the volume transition is characterized by a sharp increase of the elastic intensity at the transition
temperature. Using IQNS, a diffusive motion of the polymer chains was identified with self-diffusion coefficient
D=1.1+0.2 x 107" m?%s at 290 K which decreases down to D = 8.6 £ 0.1 x 107! m?s when the microgel
deswells at 327 K. With PFG—NMR spectroscopy we measured two diffusion coefficients in the swollen state
that are associated with regions of high and low cross-linking content in the microgel. IQNS and PFG—NMR
spectroscopy measurements demonstrate that in the swollen state the polymer is behaving as if it is in solution
whereas in the collapsed state it resembles as a solid material.

Introduction

Microgels are cross-linked polymeric networks with a size
typical for colloidal particles. When many of those particles
form a complex system, features coming from their individual
soft nature and from their collective colloidal character become
apparent. Since the pioneering work of Pelton et al.,' there has
been a great interest in the synthesis of smart microgels, which
can undergo the volume phase transition by external stimuli
such as temperature, pH, ionic strength, or the action of external
fields.>> Due to its stimuli responsive property, this sort of
materials are promising colloidal systems for cutting edge
applications such as drug delivery, chemical separations, etc.
Among others PNIPAM microgels are interesting thermosen-
sitive colloidal systems, showing a volume phase transition*>
from swollen to collapsed states at around 307 K. This property
has prompted increased scientific interest for the potential
applications to nano and biotechnology.®™""'

The mesh structure of PNIPAM microgels was studied using
small angle neutron scattering and dynamic light scattering by
our team. A heterogeneous core—shell model with most of the
cross-linkers placed at the core region was proposed.'? A body
of later literature supports the proposed core—shell model."*"
However, dynamical studies in gels and microgels are not so
numerous.'®'® A theory for the dynamics of the gel fiber
network in the swollen state together with experimental results
in polyacrylamide gels was presented by Tanaka et al.'® The
dynamics of PNIPAM gels in the swollen state has been
investigated by dynamic light scattering and it was found that
the collective diffusion coefficient increases by increasing the
polymer volume fraction and by swelling.'” More recently,
swelling and deswelling kinetics of PNIPAM macrogels with
3 wt % cross-linking content was investigated.'® However, the
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influence of the volume transition on the dynamics of the
microgel network has not yet been investigated. In this paper,
we report on the dynamics of the PNIPAM microgel network
in the swollen and the collapsed states using incoherent neutron
scattering and pulse field gradient NMR.

Experimental Section

Materials. PNIPAM microgels were prepared by radical po-
lymerization of an emulsifier free aqueous solution of N-isopro-
pylacrylamide at 75 °C using and N,N'-methylene bis(acrylamide)
as cross-linker and ammonium persulphate as initiator.'® Following
this method, we obtained spherical microgels with narrow size
distribution that present the typical PNIPAM volume phase transi-
tion at around 34 °C (see Figure 1). We have selected for our study
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Figure 1. SEM micrograph of dry PNIPAM microgeles (top left). The
diameter of the thermosensitive particles against temperature is shown
in top right part. The mean light scattering intensity (bottom left) and
the electrophoretic mobility (bottom right) of the colloidal particles,
from where the concentration range for single scattering and low particle
interaction was determined, are shown as function of particle concentra-
tion.
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a microgel with 0.25 wt % cross-linking density because it shows
a steep volume change in a narrow temperature range.

For neutron scattering and NMR experiments, samples were
prepared by dispersing the microgels in D,O to obtain contrast
between the polymer and the solvent. The concentration was kept
dilute (3 wt.-%) to diminish colloidal interactions as well as multiple
scattering. The technical aspects of the sample preparation had been
reported previously.'?

Methods. The study of the molecular dynamics was performed
using elastic and quasielastic neutron scattering. In a neutron
scattering experiment, neutrons are scattered by the atomic nuclei
changing momentum and energy. The momentum transfer, AQ,
contains information about the spatial distance which is important
for the scattering process, and the energy change, Aiw, provides
information about the time scale of motions in the sample. The
outcome of the experiment is the scattering function S(Q,w) that
describes the probability of the momentum and energy transfer
between neutron and sample. Thus, S(Q,w) contains information
about the sample structure and dynamics.

Several experiments have been undertaken to measure S(Q,w)
in a dynamical range as large as possible: (i) Time-of flight
experiments measure the flight time between the scattering event
and the detection at a scattering angle 26, the time-of flight data
are then converted to S(Q,w). The energy transfer is in the order
of magnitude 0.1—250 meV that is typical of liquids. (ii) Back-
scattering experiments define and analyze the neutron energy with
very high resolution using both monochromators and analyzer
crystals at Bragg angle 6 = 90° (OE/E ~ cot 0 df). The energy
transfer is on the order of microelecronvolts, and the measured
intensities are converted easily to S(Q,w). With the time-of-flight
instrument we measured the dynamics of water and in the
backscattering spectrometers we measured the polymer dynamics.
We have used two backscattering spectrometers to improve data
fitting.

The experiments were carried out at the Institute Laue Langevin
(ILL) in Grenoble, France, using the cold neutron backscattering
spectrometers IN10 and IN16, and the time-of-flight spectrometer
IN5.2° When measuring on IN10, the analyzed neutron wavelength
was kept always fixed at 6.271 A using Si(111) crystals, while the
incident neutron wavelength was set using two different mono-
chromators. For “fixed energy window” scans centered at zero
energy transfer (elastic scans) the incident wavelength was equally
set to 6.271 A by an equivalent Si(111) crystal. Thereby, an energy
resolution of 1 ueV fwhm was obtained. The quasielastic measure-
ments were performed by varying the lattice spacing of a KC1(200)
monochromator crystal through controlled heating and cooling®®?'
and adjusted to cover an experimental energy transfer range of —6
ueV < E < +16 ueV. With this setup, an energy resolution of
about 2 ueV fwhm was achieved. Measurements were carried out
at seven scattering vectors covering the Q range between 0.5 and
2 A=! where Q is the momentum transfer defined by Q = 4 sin6/
A, being 26 the scattering angle. To better define the dependence
of the quasielastic width with the scattering vector in the swollen
state we have used the high flux spectrometer IN16 (AE ~ 1 ueV)
in which measurements can be performed at 20 detectors covering
approximately the same Q range as in IN10. The dynamics of the
water was investigated using the time-of-flight spectrometer INS
which covers an energy transfer range of —2 meV < E < +2 meV
with resolution ~100 ueV at 5.0 A incident wavelength and 8500
rpm chopper speed.

Quasielastic spectra were recorded at 290 and 327 K for every
Q. The geometry of the sample holder was double wall hollow
cylinder which was sealed to avoid D,O evaporation during the
measurements. The thickness and concentration of the sample was
selected to yield a transmission of about 85%. Standard ILL
procedures and programs were used for corrections (empty cell),
normalization and quasielastic peak fit.

Diffusion ordered spectroscopy (DOSY) was applied to separate
the diffusion coefficients of water and PNIPAM. 'H solution-state
NMR measurements were preformed using pulsed field gradient
(PFG—NMR) technique on a Bruker AVANCE AV-500 MHz
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instrument.>®> '"H NMR were collected using 1.25—2.5 ms sine
shaped gradient pulses ranging from 0.0067 to 0.3203 Tm™' in 16
to 32 square spaced increments, with sample temperature of 298
K. Diffusion times were between 60 ms and 1 s. The gradient length
and diffusion time were adjusted to achieve ~95% signal suppres-
sion at maximum gradient strength. PFEG—NMR can only measure
diffusion constant of polymers in solution. In our case, the
attenuation of the PFG—NMR intensity was measured only in the
swollen state of the microgel since in the collapsed state no signal
was detected.

The volume phase transition of the particles was monitored by
measuring its colloidal size with dynamic light scattering (DLS).
We employed a Malvern Instruments 4700 experimental device
equipped with a 5 mW helium—neon laser (A = 632.8 nm) set to
a scattering angle of 40°. The temperature was controlled to a
precision of +0.1 °C using a Peltier temperature-control system,
aided by external water circulation. The mean diffusion coefficient
was derived from the intensity autocorrelation function using
cumulant analysis and converted into mean particle size via the
Stokes—FEinstein equation.

Electrophoretic mobility measurements were performed for
sample control with a Malvern Zetasizer-Z, based on the principles
of laser Doppler electrophoresis, equipped with a Peltier thermo-
couple (precision of £0.1 °C). The cell temperature was determined
with an external calibration to ensure precise temperature measure-
ments. The dispersions are sufficiently dilute to ensure simple
scattering. Since the probability for multiple scattering events
increases with the particle—solvent refractive index difference, we
perform intensity —concentration experiments for deswollen particles
and select the solid content from the linear region to be ¢ ~ 0.02
wt %.

Theory. Dynamics in polymeric systems result from the super-
position of vibrations, rotations, and translational motions.>> 2
However, these motions are difficult to isolate, identify and properly
characterize, even in chemically simple polymers, due to their
different time and length scales. One way to extract information
consists in differentiate between faster motions (vibration-like) and
slower motions (diffusion-like). The time scales of these motions
are sufficiently distinct from each other and, if the motions are
uncoupled, features characteristic of different motions appear in
separate regions of energy transfer (w) in IQNS spectra. Further-
more, any rotational motion is generally very fast on the time scale
of translational motions forming a low intensity flat background
that can be separated when using high resolution spectrometers like
IN10 or IN16.

The diffusive translational motion of the polymer chain in water
is retarded because the drag friction between the network and water.
The equation for the displacement r of a point in the microgel whose
average location was x obeys the linear equation'®

p(8 0 F = K04 X)) F — fd/ 9T 1)

The left-hand side represents the density p times the acceleration.
The first term in the rhs is the elastic restoring force (with elastic
modulus K) and the second term is the friction between the network
and the water. In microgels the inertia term is smaller than the
friction and elastic terms allowing us to write

0/ 307 = K/f)(0 0 xD)F )

The polymer undergoes a diffusive-like motion**> which is
characterized by a diffusion coefficient D = K/f. Taking into account
the above considerations, the analysis of the IQNS data was done
considering the molecular motion formed by the combination of a
faster motion characterized by the mean square displacement [#[]
given by the Debye—Waller factor, and a translational diffusion
motion characterized by the diffusion coefficient D. For Fickian
diffusion the dynamic structure factor is a Lorentzian function, with
half-width at half-maximum DQ?. Assuming that the faster and the
diffussional motions are uncoupled, the incoherent scattering
function can be written
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where ® is the convolution product in w. The mean square
displacement [42[}? can be obtained analyzing the Q dependence
of S(Q,0) at fixed temperature, and D can be derived from the fitting
of the quasielastic component of the IQNS patterns.

Results

Figure 1 shows a SEM micrograph of dry PNIPAM micro-
gels. The microgels present a well defined spherical shape with
low size dispersion.

We use DLS to follow the volume phase transition of the
PNIPAM microgels with increasing temperature. The disper-
sions were sufficiently dilute to ensure simple scattering. Since
the probability for multiple scattering events increases with the
particle-solvent refractive index difference, we perform inten-
sity—concentration experiments for deswollen particles and
select the solid content from the linear region to be ¢ ~ 0.02
wt %. This concentration also guaranties absence of interactions
between particles, as confirmed by measuring the electrophoretic
mobility versus particle concentration which is constant as
shown in the inset of Figure 1. The particles shrink continuously
with increasing T; this occurs due to the temperature dependence
of the Flory y parameter controlling the polymer solvency in
the surrounding medium. The maximum slope of the size-
temperature curve is located at 7; = (31.9 £ 0.2) °C, in
agreement with previous results. We note the high swelling ratio
of our system, D(Tswolien)/D(Tdeswollen) = 4, resulting from the
low polymer mesh cross-linking employed in the synthesis; this
allows higher swelling ratios with respect to those typically
reported for PNIPAM particles. Furthermore, the swelling
process is thermo-reversible which is characteristic for chemical
cross-linked polymer networks.

From neutron scattering measurements we obtain the double
differential scattering cross section d?0/(dQ2 dE), which is
proportional to the coherent S.on(Q,w) and the incoherent
Sinc(Q,w) scattering functions. The incoherent scattering cross
section of hydrogen is very large in comparison with the
coherent and incoherent scattering cross sections of other atoms
in the sample such as carbon, oxygen and nitrogen. For pure
PNIPAM the ratio oi,.(H)/0inc(polymer) is 0.9997. Accordingly,
from the measurements we obtain Si,.(Q,w) for the H atoms
and hence, we can infer the dynamics of the polymeric chain
to which the H atoms are attached. Nevertheless when the
objects of study are microgel dispersions in D,O, the incoherent
and coherent scattering signal of the solvent must be separated
from those arising from the sample. In principle, the backscat-
tering or time-of-flight instruments do not allow discrimination
between coherent and incoherent scattering and, thus, measure-
ments contain both contributions. However, the bulk liquid-
water coherent-scattering predominantly appears concentrated
at the intermolecular O—H peaks®* at ca. 1.8 and 3.3 A1 On
the other hand, the first crystalline peak of ice, the (110)
reflection, appears at Q = 1.597 A~! and the region below this
Q value is featureless.** Taking this into account, it was possible
to get rid of most of the water coherent scattering performing
the experiments placing the detectors at Q values below 1.5
A~ where no water structure is observed and the coherent
contribution is very small. On the other hand, the IQNS data
obtained from the few detectors left at Q higher than 1.5 Al
follow nicely the trend marked by the detectors at lower Q,
which seems to indicate a small coherent contribution in that
region too. However, the data are presented as S(Q,w) instead
of Sinc(Q,w) because some coherent scattering can contribute
at the higher Q values.
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Figure 2. Normalized elastic scattering function from IN10 spectrometer
(Q = 0.5 A™"), plotted in logarithm scale, for the heating and cooling
cycle of 0.25 wt % cross-linked PNIPAM microgels. The heating rate
was 0.4 K/min.
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Figure 3. Oscillations of the vibrational amplitude of the network
showing different behavior depending on the dispersion temperature.

Inelastic neutron scattering was employed to extract space-
and time-dependent information about the microscopic dynam-
ics.>>?” The elastic neutron-scattering function S(Q,0) was
measured as a function of temperature with IN10 using the so-
called “fixed elastic window” method.”> The elastic scans
provide an overview about the temperature dependence of the
molecular dynamics.

Figure 2 shows S(Q,0) measurements normalized to its value
at 190 K (S(Q,0)190k), well below the freezing temperature of
deuterated water, plotted on a logarithmic scale during a heating
and cooling cycle. The intensity linearly decreases with increas-
ing temperature up to 273 K.

Between 273 and 277 K, the intensity continues its linear
decrease but with a higher slope until 277 K where a pronounced
decrease is observed corresponding to the melting of D,O. The
steep decrease is attributed to the motions induced on D,O
molecules at the melting temperature that broadens the elastic
component with the corresponding shift outside the “fixed
energy window” and the subsequent drop of the elastic intensity.
The opposite trend is observed in Figure 3 at 306 K, corre-
sponding to the microgel volume phase transition temperature
where the intensity exhibits an steep increase during the heating
process. In most phase transitions, as it occurred at the melting
of D0, S(Q,0) decreases at the transition temperature which
indicates the onset of some molecular motions. On the contrary,
the increase of S(Q,0) observed at the volume transition indicates
that some polymer motions activated below the transition
temperature are hindered when the microgel collapses. For the
cooling process, the opposite behavior is observed at both
transitions respectively.



4742 Rubio Retama et al.

PNIPAM MICROGELS T 327 (K)f

Q1.96
0005 0000 0005 0010 0015
Energy transfer (meV)

Figure 4. Quasielastic neutron scattering spectra as a function of Q
for 0.25% cross-linked PNIPAM microgels at 327 K.

The spatial scale of the vibrational motion of the scattering
particles (mostly hydrogen), the root of the mean square
displacement [Z*[¥?, can be obtained analyzing the Q depen-
dence of Sinc(Q,0) at fixed temperature

5,(0.0  _
Sinc(Q’ 0) 190K

The temperature dependence of AZ?0O= WX(T)O— @*(190
K)Uis shown in Figure 3.

Figure 3 reveals that in the temperature range from 190 up
to 260 K AlZ*Uremains nearly constant since the solvent is
frozen and the faster motions are absent. Nevertheless at 260
K we observe an increase in A[4’[] which reaches a steep
increase at 278 K related with the gain of freedom of molecular
motions after the melting of the solvent. Such increment in Ald*(]
reaches a maximum of 5 A2 at 282 K. From 282 to 306 K,
increments in the temperature provoke an increase in the A>L]
which is a normal “Debye—Waller” behavior. However, when
the temperature is around 306 (above the LCST of the
PNIPAM), the linear behavior of A@?Ovs T disappears; the
amplitude exhibits a steep decrease reaching similar levels to
the frozen network. This fact indicates that in the collapsed
state the faster motions of the polymeric chain are hampered
and the system behaves like-solid material.

We have investigated with IN10 the IQNS at 290 and 327
K, below and above the volume transition temperature respec-
tively. At 290 K the quasielastic signal appeared only at the
two detectors placed at low Q. For Q > 0.86 A1 the signal
could not be measured due to the increase of the noise/signal
ratio. On the contrary, as is shown in Figure 4, at 327 K the
intensity is much greater and was measured over the seven
detectors of the IN10 spectrometer.

In Figure 5, we show the quasielastic component for Q =
0.5 A1 at the two selected temperatures together with the fitting
result obtained using the expression given by eq 3 and the
resolution function. Experimental data are represented by points
and the result of the fitting by continuous lines. The result of
the fitting was improved by introducing a flat background whose
value is determined from the data of the tails of the curve. The
flat background indicates that other motions in the millielec-
tronvolt region such as water or polymer rotational motions are
activated.

As was stated before, a possible contribution to the polymer
incoherent scattering signal could arise from the water incoherent
scattering. In our experiments the oiy,o(NIPA)/oinc(total) is 0.54
and the rest of the incoherent signal comes from D,O.
Nevertheless, the D>O dynamics is about 2 orders of magnitude
faster than the polymer dynamics. To prove that the dynamics

—JEm -Easnber @

Macromolecules, Vol. 41, No. 13, 2008

70
Q=050A"
60_
s T327(K)
50 < T290(K)

— Resolution function

0.547, o)

s@Q

T T T T
-0,005 0,000 0,005 0,010 0,015

Energy transfer (meV)

Figure 5. The S(Q,w) function clearly shows the different dynamics
of the 0.25 wt % cross-linked PNIPAM network in the swollen (290
K) and collapsed (327 K) states. The solid lines through the points
represent the fitting results with equation 3. The solid continuous line
corresponds to the resolution function.
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Figure 6. Quasielastic neutron scattering spectra recorded in IN5 at
Q0 = 0.45 for 0.25 wt % cross-linked PNIPAM microgels at 290
and 330 K.

of DO can be experimentally distinguished from the polymer
dynamics we have performed measurements in INS. The energy
range of IN5 permits to observe the contribution of water and
polymer to the incoherent scattering and because the different
timescales of solvent and main polymer dynamics the solvent
contribution can be removed. This assumption was confirmed
by the measurements of the 0.25 wt % cross-linked PNIPAM
microgels solution at 290 and 330 K performed in INS. As can
be seen in Figure 6, at 290 K water gives a quasielastic
contribution in the energy range of the meV that broadens as
the temperature increases up to 330 K. In Figure 6, one can
observe that the scattering of the sample is the result of two
components, the dynamics of the water molecules and the
polymer dynamics. At 330 K, the microgel is in the collapsed
state producing a narrowing in the polymer scattering contribu-
tion around the elastic peak compared with those obtained at
290 K whereas the D,O contribution widens due to the
increment in the mobility of the water molecules.

The main conclusion of the study in INS is to show that the
contribution of the solvent to the incoherent scattering appears
as a constant background at the 15 ueV window of IN10 and
IN16 spectrometers.

From the fitting with a Lorentzian function in Figure 5, we
obtained the half-width at half-maximum I'(Q). To better define
the Q dependence of the IQNS signal in the swollen state we
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Figure 7. Half-width at half-maximum of the Lorentzian quasielastic
component measured in IN10 (black circles) and in IN16 (white squares)
spectrometers as a function of Q? for the microgels in the swollen (290
K) and collapsed (327 K) states.

Table 1. PNIPAM (0.25% Cross-Linked) Experimental Diffusion
Constant Calculated from IQNS and PFG—NMR Measurements

PNIPAM 0.25 wt %
cross-linking

D (swelled)
(10~ m?/s)
T =290 K
D (collapsed)
(10713 m?/s)
T=327K

IQNS PFG—NMR

1.1+£02 4.09 £ 0.05
0.47 £0.05

8.6+0.1

have repeated the measurement in the high flux spectrometer
IN16. In Figure 7, we represent together the values of I" versus
0? obtained at 327K and at 290K in both spectrometers; IN10
and IN16.

The relaxation time of the polymer network can be expressed
I' = DQ?. In the swollen state we obtained D = 1.9 4 1.0 x
107" m?/s using the data from IN10 and D = 1.1 £+ 0.2 x
107" m?/s using the data from IN16 whereas in the collapsed
state we obtained the same value, D = 8.6 & 0.1 x 10713 m?/s,
with both spectrometers. In the swollen state, we have selected
the D value obtained with IN16 due to the large uncertainty of
the value derived from IN10 because the lack of experimental
points. The polymer diffusion coefficients are summarized in
Table 1. The variation of D follows an opposite tendency to
most solids and liquids for which D increases when temperature
is raised. The values of the diffusion coefficient are of the same
order of magnitude as those measured in PNIPAM macrogels
using different techniques.'®

As we have pointed out before, the microgel solutions are
dilute and the incoherent cross section of PNIPAM is similar
to that of the HDO. Diffusion ordered NMR spectroscopy
(DOSY) permits to read separately the diffusion coefficients of
the polymer and HDO. Figure 8B shows the diffusion peaks of
the different 'H in the polymer chain positioned between 0.6
and 5.0 chemical shift in ppm with log D around —11. On the
contrary, the diffusion peak for the HDO molecule is well
resolved and appears separated from these peaks and positioned
at 4.75 ppm with log D around —8.8. The assignment of the 'H
lines of backbone and side-chain protons refer to the monomer
scheme given in Figure 8A. The proton on the amino group
can not be identified due to the fast exchange with the water
deuterons, so that the signal is buried in the HDO resonance.”®

We have selected the 'H of the methyl group at 0.95 ppm to
perform PFG —NMR spectroscopy for an accurate determination
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Figure 8. (A) 'H DOSY scan spectra and the chemical structure of
NIPAM. The assignment of the 'H lines refers to the monomer scheme
given in the figure. (B) DOSY display of the PNIPAM microgels
(calculated with CONTIN) in the swollen state (290 K).

of the diffusion constant. There are many papers on diffusion
of polymer gels by PFG—NMR.>*? By use of a gradient,
molecules can be spatially labeled, i.e., marked depending on
their position in the sample tube, and if they move during a
certain time (the diffusion time, A) a second gradient is used
to decode their new position. The intensity attenuation of the
NMR signal depends on the gradient parameters (g, 0, 7) and
the diffusion time A

ln(ll) = —Dy*g6X A — 013 — 112) )
0

where I is the observed intensity, I is the intensity in the absence
of gradient pulses, D the diffusion coefficient, y the gyromag-
netic ratio of the observed nucleus, g the gradient strength, 0
the length of the gradient, and 7 the time between bipolar
gradients.®® The plot of In[I/Iy] against (ygd)? (A — /3 — 1/2)
gives a straight line with a slope of —D if the diffusion of probe
molecules is in a single diffusion component.

Initially, to calibrate the equipment, the self-diffusion coef-
ficient of HDO in D,O was measured at 17 and at 54 °C and
compared with literature values. Figure 9 shows the plot of In[//
Iy] against (ygd)? (A — 6/3 — 1/2).

It is seen from these plots that the experimental data lie on
a straight line. At 17 °C a value of D = 2.03 £+ 0.05 x 107 m?
s7! was obtained that agrees well with the value previously
reported.®* At 54 °C, a value of 3.62 % 0.05 x 107° m?s~! was
obtained.

For microgels, it is well-known that a fraction of the water
is bound to specific sites within the polymer network and as a
consequence the diffusion coefficient of HDO should decrease.*
The diffusion coefficient of HDO in a dispersion of PNIPAM
microgels in D,0 (3 wt %) was measured at 17 °C and a value
of 1.78 & 0.05 x 107° m? s~! was obtained. The observed
reduction of the HDO diffusion coefficient is a direct confirma-
tion of the influence of bound water in the experimental value
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Figure 9. '"H PFG—NMR of HOD in D,0 used for calibration. "H NMR
were collected using 1.25—2.5 ms sine shaped gradient pulses ranging
from 0.0067 to 0.3203 Tm'~ in 16 to 32 square spaced increments.
Diffusion times were between 60 ms and 1s. A typical Stejskal-Tanner
plot of the experimental peak areas at 17 °C (O) and at 54 °C (H). The
solid lines represent linear least-squares fits to the data.

Table 2. Water Diffusion Coefficients Calculated from
PFG—NMR Measurements in Pure Water and in an Aqueous
Dispersion of PNIPAM (3 wt %)

PFG—NMR HDO in dispersion of
measurements HDO in D,O PNIPAM in D,O
D (102 m¥s) T=290 K 2.034+0.05 1.78 4+ 0.05
D (10" m¥%s) T=327 K  3.6240.05

of the diffusion coefficient (see Table 2). The HDO—NIPAM
interactions impose a restriction on the mobility of the HDO
molecules, decreasing the HDO diffusion coefficient in the
microgel dispersion.

The plot of I/l (in logarithmic scale) for PNIPAM
microgels in the swollen state against (ygod)> (A — 6/3 —
7/2) consists of two straight lines with different slope as
shown in Figure 10.

This means that the polymer diffusion has two components:
a slow diffusion component and a fast diffusion component.
The diffusion coefficients for both components, determined from
the slopes are on the order of 107! m?%s and are given in the
second column of Table 1.

The slow diffusion component may be assigned to the
microgel regions with higher cross-linker content, predomi-
nantly placed in the particle core, where the polymer chain
suffers the partial-restriction effect imposed by the cross-
linkers. On the contrary, the fast diffusion component would
be associated with regions with lower cross-linking content,
where the diffusive motion of the polymer chain is less

restricted. In this scenario, the diffusion coefficient, calculated
from IQNS, represent an average value because neutrons can

not differentiate H nucleus placed in both portions of the
microgel.

Conclusions

The dynamics of the polymer chains in a PNIPAM microgel
has been studied by IQNS and PFG—NMR. From IQNS
measurements two motions were identified: (i) a faster motion
of Debye—Waller type which shows up as a sharp steep in
S(Q,0)) at the volume phase transition; (ii) a diffusive-like
motion with a diffusion coefficient that decreases when the
temperature increase and the microgel collapses. Moreover, two
diffusion components in the swollen microgels were identified.
It can be said that the slow and fast diffusion components can
be assigned to microgel regions with high and low cross-linking
contents respectively. In the core of the microgel, patches with
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Figure 10. Plot of I/l against (ygd)* (A — 8/3 — 1/2) for PNIPAM
0.25% microgels at 290 K in the swollen state.

high cross-linking content would be predominant forming the
microgel core observed by SANS. Thus, the slow and fast
diffusion coefficients measured with PFEG—NMR would be the

dynamic counterparts of the core—shell structure observed by
SANS.
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