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We study the form factor of thermoresponsive microgels based on poly(N-isopropylacrylamide) at
high generalized volume fractions, {, where the particles must shrink or interpenetrate to fit into
the available space. Small-angle neutron scattering with contrast matching techniques is used to
determine the particle form factor. We find that the particle size is constant up to a volume frac-
tion roughly between random close packing and space filling. Beyond this point, the particle size
decreases with increasing particle concentration; this decrease is found to occur with little inter-
penetration. Noteworthily, the suspensions remain liquid-like for ¢ larger than 1, emphasizing the
importance of particle softness in determining suspension behavior. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4885444]

INTRODUCTION

Microgel particles are cross-linked polymer networks
with diameters in the nm- to um-range. They can change
size in response to variations in temperature,' hydrostatic
pressure,2 pH,3 salt concentration,* and external osmotic
pressure.’ This transition between swollen and deswollen
states is attractive for many applications.™ In addition, since
changes in the microgel size also induce changes in the sus-
pension volume fraction, this swelling transition has also been
exploited in fundamental studies related to phase transitions'”
and glass formation. !

The macroscopic behavior of the suspension is largely
determined by the particle concentration and by interparticle
interactions. However, the properties of the particles can also
play an important role. In fact, the elastic scale of emulsions
and foams is set by the value of interfacial tension and the
droplet or bubble size, which is the characteristic length scale
in these systems; it is the energy stored at the interfaces, when
the droplets are deformed at high packing fractions, that de-
termines the elastic response of these materials.'>~'* For dis-
ordered suspensions of hard spheres, whose interactions and
phase behavior are solely dictated by excluded volume, the
elasticity results from changes in the equilibrium configura-
tion of the particles when caged by their neighbors in the
glassy phase.!

Colloidal microgels are different from drops, bub-
bles, and hard spheres for two main reasons: (i) they are
compressible'®!” and (ii) can potentially interpenetrate to
some extent due to the presence of dangling polymer chains
at their periphery.'® They are, however, also potentially able
to change shape like drops and bubbles.'®!” A direct conse-
quence of these particularities is that the energetic penalty
for close interparticle approaches is not prohibitively large,
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hence allowing particle concentrations far beyond those that
can be typically reached with emulsions, foams, and hard
sphere suspensions. Perhaps not surprisingly, then, the rel-
ative viscosity of many microgel suspensions exhibits a
much more gradual increase at high volume fractions than
hard sphere suspensions.'!>*-?? For ionic microgels, this has
been explained in terms of ion-induced deswelling. With
increasing particle concentration the available volume for
ions outside the particles decreases while the associated
osmotic pressure increases; this can result in particle
deswelling at volume fractions well below random close
packing.>*2% Recent experiments, however, find no signifi-
cant ion-induced deswelling and a microgel size that only de-
creases at volume fractions above random close packing;'”-?’
the inhomogeneous monomer distribution inside these micro-
gels helps account for this difference in behavior.?’

For neutral microgels, deswelling at low volume frac-
tions was considered to understand the structural properties of
dense suspensions.?® However, recent experiments with glass-
forming microgel suspensions did not consider deswelling at
low volume fractions to interpret the measured fragility of a
microgel glass in terms of the single-particle stiffness.!’

In this paper we examine the rheology and structure
of neutral poly(N-isopropylacrylamide) (pNIPAM) microgel
suspensions with generalized volume fractions ranging from
dilute to overpacked conditions. We use small-angle neu-
tron scattering (SANS) to study the internal structure and the
single-particle size of these microgels and find no deswelling
up to generalized volume fractions, ¢, of approximately 1,
followed by shrinking with slight particle interpenetration at
higher ¢; this indicates that the particles are deswelling only
after they are in contact with each other. Rheology of the
suspensions confirms the relevance of particle softness: the
suspensions remain liquid-like for { above 1, supporting the
idea that it is the single-particle softness that is responsi-
ble for the behavior of concentrated suspensions of neutral
microgels.

© 2014 AIP Publishing LLC
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EXPERIMENTAL METHODS
pNIPAM microgel particles

We use hydrogenated and deuterated microgel particles
to determine the particle form factor by SANS, taking ad-
vantage of contrast variation with H,0/D,0 mixtures as
solvent. We synthesize the hydrogenated particles using the
NIPAM monomer C¢H;; NO (H-NIPAM), which has a molec-
ular weight of 113.16 g/mol, and the deuterated particles
using the monomer C,H,D;NO (D-NIPAM), which has a
molecular weight of 120.21 g/mol. Here, D represents deu-
terium, 2H. The deuteration level of the D-NIPAM is 64%.

We follow a dispersion polymerization synthesis ac-
cording to previously published methods.”” All reagents
are bought from Sigma Aldrich, except for the D-NIPAM
monomer, which is bought from Polymer Source. For the
synthesis of the H-NIPAM particles, we add 2.218 g of NI-
PAM, 0.062 g (2.0 mol. %) of the crosslinker N,N'-methyl-
enebisacrylamide (BIS, C;H,)N,0,), 0.072 g of surfactant
sodium dodecyl sulfate (SDS), and 0.059 g of initiator ammo-
nium persulfate [(NH,),S,04] to 250 ml distilled and deion-
ized water at (70 & 2) °C. We allow the reaction to proceed for
14 h while stirring at 450 rpm. The dispersion is then cooled
to room temperature and aggregates are removed by filtering
the product through Watman paper (pore size 42.5 um). To
remove unreacted monomer, cross-linker, surfactant, and ini-
tiator molecules, we centrifuge the suspension at 70 000 rpm
(266 x 10° g) for 20 min at (20 & 2) °C. After removing the
supernatant, we resuspend the particles in distilled and deion-
ized water, and repeat the process twice. For synthesis of the
D-NIPAM particles, the procedure is the same, except that
the amounts are 1.414 g of D-NIPAM, 0.037 g (2.0 mol. %)
of BIS, 0.058 g of SDS, 0.058 g of ammonium persulfate, and
100 ml of distilled and deionized water; additionally, we al-
low the reaction to proceed for 22 h while stirring at 400 rpm
and perform each centrifugation cycle for 1 h at 100 000 rpm
(542 x10° g).

We determine the swelling behavior of the particles us-
ing dynamic light scattering (DLS), in which we measure
the time-dependent intensity fluctuations of light scattered
from the sample. The timescale of these fluctuations allows
us to determine the diffusion coefficient, D, of the particles;
we then calculate their hydrodynamic radius, R, from the
Stokes-Einstein equation, D = kzT/(6wn,Ry), with k, the
Boltzmann constant, T the temperature, and 7, the solvent
viscosity.>*3! We observe that the particles start to apprecia-
bly deswell at T = 32 °C, for the H-NIPAM particles in H,O,
and at T ~ 35°C, for the D-NIPAM nparticles in D,0 [see
Fig. 1]. The higher deswelling temperature for the suspension
in D,0 than for the suspension in H,O agrees with previous
observations.3?-34

Due to the softness of swollen microgel particles, the
relationship between polymer concentration, c,, and particle
volume fraction is not as straightforward as for hard particles.
Indeed, suspensions of microgels can be concentrated beyond
the highest possible volume fraction of hard particles since
microgels can deform and deswell as their concentration is
increased. As a result, instead of the volume fraction ¢, we

use a generalized volume fraction, { = an 4> Where n is the
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FIG. 1. Hydrodynamic radius, Ry, determined by DLS versus temperature
for H-NIPAM particles in H, O (filled circles) and D-NIPAM particles in D,O
(open circles).

particle number density and V), , is the volume of one particle
in a dilute suspension.

We define ¢, = kyc, , as the generalized volume frac-
tion of H-NIPAM microgels, where CpH is the weight fraction
of the H-NIPAM microgel suspension and k;; is a constant of
proportionality. To determine k,, we measure the viscosity of
dilute suspensions of H-NIPAM microgels in H,O at differ-
ent concentrations and fit the data to the Einstein-Batchelor
equation, 7 = 1,5, (1 +2.5¢ +5.9¢2), leaving ky as fit-
ting parameter. This procedure is, in principle, valid only for
dilute hard sphere suspensions. However, since microgels are
hydrodynamically opaque,® it is also applicable to suspen-
sions of microgel particles. From the fit, shown in Fig. 2(a),
we obtain ky, = 22.4 & 0.6. The generalized volume fraction
of D-NIPAM microgels, ¢, = kpc, p, is similarly obtained
from the viscometry of dilute suspensions of D-NIPAM mi-
crogels in D,O, as shown in Fig. 2(b). We obtain k,, = 51
=+ 1. All viscometry is carried out at 7 = (20.0 £ 0.1) °C. For
suspensions containing both H- and D-NIPAM particles, we
define the total generalized volume fraction as ¢ = kyc, y
+kpc, p-

In order to prepare the concentrated samples, we resus-
pend freeze-dried microgels in mixtures of H,O and D,0O at
the desired weight fraction. In order to facilitate mixing, we
heat the suspensions to deswell the microgels; this reduces the
volume fraction, appreciably decreasing the suspension vis-
cosity. Once mixed, we cool back to room temperature. This
allows us to obtain homogeneous suspensions with ¢ > 1.

Rheology

We perform steady-state and oscillatory rheology with a
stress-controlled rheometer (Anton-Paar, Physica MCR 501),
using cone-plate geometry. The cone has a 25 mm diam-
eter and a 2° aperture and is roughened. The instrument
is calibrated to account for different sources of error: (i)
motor and air bearing noise due to imperfections in motor
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FIG. 2. Relative viscosity vs. microgel mass fraction for (a) H-NIPAM mi-
crogels in water and (b) D-NIPAM microgels in heavy water. Solid lines are
fits to the Einstein-Batchelor equation. The coefficients obtained from the fits
are k,; = 22.4 + 0.6 and k, = 51 £ 1. The measurements are performed at
T =(20.0 £0.1)°C.

operation and turbulence in the air bearing, and (ii) the effect
of inertia on stress. We make all measurements well above
the minimum torque limit of the instrument, 0.1Nm. The
oscillatory strain-controlled measurements are performed on
timescales longer than the feedback loop time of the rheome-
ter, ~1 ms. The temperature for all measurements is (21 +
2)°C. We perform linearity tests at 10 rad/s for strains in the
range [0.001,0.01] to ensure that oscillatory measurements
are made in the linear regime. We also note that although
glassy microgel systems display aging behavior,>** we do
not observe any history dependence in our measurements.

SANS

We use two methods to determine the particle form fac-
tor at high concentrations. (i) The “tracer” method is an ana-
log to a form factor measurement under dilute conditions: A
small amount of H-NIPAM particles is immersed in a “sea”
of D-NIPAM particles that are contrast-matched with the
H,0 / D,0 solvent. This allows for a direct measurement of
the form factor of the H-NIPAM particles, P(g), at arbitrar-
ily large ¢. (ii) The zero average contrast (ZAC) method*"*!
allows us to determine the form factor with a sample
corresponding to a 50/50 mol. % blend of H- and D-NIPAM in
H,0 /D,0 solvent with a scattering length density given by
the average scattering length density of the H- and D-NIPAM

J. Chem. Phys. 141, 034901 (2014)

in the sample. Under these conditions, the coherent inter-
particle scattering cancels out and only the form factors P (q)
and P, (g) contribute to the coherent scattering through the av-
erage form factor P, (q) = (Py(q) + Pp(q))/2.

An accurate knowledge of the coherent neutron scat-
tering length densities of H- and D-NIPAM particles is
needed to achieve the required contrast matching condi-
tions for the tracer or the ZAC method. If microgels are
suspended in a solvent that matches their scattering length
density, they will not contribute to the coherent scattering
of the sample. The scattering length densities (SLDs) of
H,0 and D,0 are well-known quantities, SLDy o = —0.56
x 107© A% and SLDj, , = 6.33 x 107 A=2*> The SLD
of an H,0/D,0 mixture is given by SLD i . = VH,0
x SLDHzo +Vp,o X SLDDZO, where Vi0 and Vp,o are the
volume fractions of H,O and D, O in the mixture.

In order to prepare samples with the right contrast match-
ing, we first estimate the microgel SLD using established
values for the scattering length of different elements*} and
the molecular formulas for H- and D-NIPAM and BIS, us-
ing 98 wt. % of NIPAM and 2 wt. % of BIS for each case,
and from estimates of their densities. The density of H-
NIPAM is o nipap = 1.100 g/cm®** We then calculate
the density of D-NIPAM by multiplying this value with the
ratio of the molecular weights of D- and H-NIPAM to ob-
tain ppy_nzpapy = 1.167 g/em’. With this information, we
obtain SLDy;_ypay = 0.838 x 107® A2 and SLDp_yipam
=498 x 107 A2,

We also measure the microgel scattering length densities
experimentally by suspending H- and D-NIPAM microgels
in different mixtures of H,O and D,O and looking for the
mixture resulting in no scattering; this corresponds to the so-
called matchpoint of the system. The number of neutrons scat-
tered into a solid angle element of the detector A2 in time At
at a given scattering wave vector ¢ is given by*

T
1(q) = DyAQAI —*

empty

dx
aD, e~ (@), (1)

where @, is the incident neutron flux or number of neutrons
per unit area and unit time that are incident on the sam-
ple, T, and T, are the transmissions of the sample and
empty cell, respectively, a is the illuminated sample area,
D, is the sample thickness, €(1) is the efficiency of the de-
tector at neutron wavelength A, and dX, /d2 is the differ-
ential scattering cross section per unit volume. The latter is
related to the differential scattering cross section per unit
mass as d%,,/d2 = (dZ, /d?)/c,, where ¢, is the sample
concentration in mass per volume. The differential scattering
cross section per particle can be further obtained as dX,,/dS2
= mp(dZm/dQ), with m, the mass of one particle. At zero
scattering wave vector,*’

d%
—g @ =0 =(Ap,5,m,)", )

where Ap, is the difference in scattering length density
between the particle and the solvent or the SLD con-
trast and 0, is the (dry) specific volume of the particles.
Combining Egs. (1) and (2) and factoring out a constant
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K=( emm/T W(®aDe(L)AQAT) gives
K
Ap, = [——=1(g =0). (3)
c;m,Up

Approximating ¥, ~ pp_l, where p), is the density of a single
microgel particle, and assuming that the volume of a single
particle does not change, which is true in the experiments for
determining the particle SLD matchpoint, Eq. (3) is further

simplified to
I(g =0)
Ap, o /%, @

where ¢ is the particle volume fraction.

To experimentally determine the matchpoint, we mea-
sure the scattered intensity as a function of g and plot it
as a function of ¢? in a log-lin form. In this way, the data
scale linearly, as shown in Figs. 3(a) and 3(b) for H- and D-
NIPAM particles, and consistent with what is expected in the
Guinier regime.*® We then perform linear fits to the data to
obtain the intercept, /(g = 0), for different H,0-D,0 mix-
tures, normalize it with the particle volume fraction and plot
the square root of the result against the SLD of the mix-
ture [see Fig. 4]. We note that while Ap, changes sign for
samples above the matchpoint, /(¢ = 0) increases with Ap,
on both sides of the matchpoint [see Eq. (2)]. As a result,
the H-microgel point with SLD,; ... = —0.56 x 107° A2
and the D-microgel point with SLD, ;... = 6.33 x 1070 A=2
both had their signs manually reversed in Fig. 4. After tak-
ing this into account, we find a linear relation between
V1,(g = 0)/¢ and SLD, ;> as shown in Figs. 4(a) and 4(b)
for H- and D-NIPAM microgels, respectively. The roots of
the corresponding linear fits give the SLD, ;... at the match-
points, which are equal to the SLD of the particles. We find

1 (q) (arb. units)

s

1E3 |

1E-4

1 (q) (arb. units)

s

1E_5 n n n
0.000 0.001 0.002 0.003

g (hm”)

FIG. 3. Plots of the low-g region of I (q) versus ¢* for (a) H-NIPAM mi-
crogels and (b) D-NIPAM microgels, extrapolated to ¢ = 0. Proportions
of solvent are given in wt. % H,0 /wt. % p,0 8 follows: (a) 100/0 (black
squares), 54/46 (red circles), 32/68 (blue upward triangles), and 0/100 (ma-
genta downward triangles); (b) 96.5/3.5 (black squares), 75.6/24.4 (red cir-
cles), 39.0/61.0 (blue upward triangles), and 0/100 (magenta downward tri-
angles).
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FIG. 4. Plots of /I (¢ =0)/¢ versus the solvent SLD for (a) H-
NIPAM microgels and (b) D-NIPAM microgels. The H-microgel point
with SLD . = 056>< 107 A=2 and the D-microgel point with

SLD_. = 6.33 x 107% A=2 both had their signs reversed in order to ac-

mixture
count for the fact that the scattering contrast increases to either side of the

matchpoint with the same magnitude of slope. The lines are linear fits used
to determine the matchpoint, which corresponds to 1 (¢) =

SLDy nipam = (1.1 £0.8) x 1076 A=2 and SLDp_Nipam
=(5.2+0.6) x 107% A=2. These values agree with the cal-
culated SLD of both H- and D-NIPAM particles.

Using the experimentally determined scattering length
densities, we prepare the H,O / D,O mixtures for tracer and
ZAC experiments by matching the scattering length density
of the mixture to the D-NIPAM particles (tracer method) or to
a 50/50 blend of H- and D-NIPAM particles (ZAC method).

For the form factor measurements of our particles on the
SANS-I beam line at SINQ (Paul Scherrer Institut, Switzer-
land), we place the detector at a distance of 18 m from the
sample and use a wavelength of 8 A. To gain access to higher
g-values, we also use a second setting with a sample-detector
distance of 4.5 m. We collect the scattered intensity with a *He
area detector with 128 x 128 pixels and a pixel size of 7.5 mm
and use standard procedures to correct for dark counts, back-
ground scattering due to the quartz cuvettes, and the solvent.*’
The detector efficiency is calibrated using a H,O measure-
ment. For the analysis of the measured form factors, the g-
resolution of the instrument is taken into account. We cal-
culate the relative error in g, 8q/qg = SA/A + §6/6, from the
relative wavelength spread, A/A = 0.1, and the detector res-
olution at each scattering angle, §6/6, which depends on the
sample-detector distance and the lateral distance from the di-
rect beam position.

RESULTS AND DISCUSSION
SANS of dilute suspensions

We determine the form factor under dilute conditions for
both H-NIPAM nparticles suspended in H,O and D-NIPAM
particles suspended in D,O. The results are qualitatively sim-
ilar to each other and similar to what has been previously re-
ported for other pPNIPAM-microgel suspensions,*®*’ with the
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FIG. 5. Measured form factors of dilute samples (open squares) and corre-
sponding fits (lines) to Egs. (6) and (8). The samples are (a) H1 and (b) D1
from Table I. The first point in each measured form factor is slightly lower
than its actual value due to incomplete masking of the beamstop. We accord-
ingly perform our fits giving less statistical weight to this first point.

scattered intensity monotonously decreasing with g, as shown
in Fig. 5. We analyze the results using the model introduced
by Stieger et al.?®*%:3% This model treats a microgel particle as
a spherical core with a certain fuzziness at its periphery essen-
tially arising from the inhomogeneous distribution of cross-
linker within the particle. This is modeled in real space as
a convolution of a compact sphere with a Gaussian generat-
ing the fuzzy shell. The core radius, R, and the width of the
Gaussian, o, are treated as fitting parameters, and the effec-
tive particle radius is obtained as Rg,ng = R, + 20. The form
factor is given by

3(singR, — qR.cosqR,) @) \T
P(g) = 3 exp| — .
(qR.) 2
&)
Polydispersity in the core, o, is taken into account with
a Gaussian size distribution such that the average form factor

is obtained as

1
P(g)= ———— [dR.VX(R.)P,(q, R.
(Q) \/Eo‘p <RL)(V2>/ c ( L) l(q c)
(R,—(R.)*
<o () ©
) 1 (R. — (R)*
h(V?) = —/dR.V2 R. (——)
with (V*) Pznop(Rc) V7(R,)exp 207 (R )2

(7
where (R,) is the average radius of the core and V(R)
=47 R3 /3. Furthermore, we consider the particle inhomo-
geneity at length scales much smaller than the particle size
due to the fact that the particle is made of cross-linked poly-
mer chains. We take these inhomogeneities into account by
including an additional term,

Ichain(o)
1+ (E g2

with I, .. (0) the zero-g intensity of this contribution and &
the correlation length or mesh size of the polymer network.>!
We emphasize that since the cross-linker concentration is spa-
tially inhomogeneous within the particles, £ is an estimate of
the average mesh size. From the amount of cross-linker used
in the particle synthesis, we estimate & ;; ~ (3.6 &= 0.5) nm and

Linain(@) = ®)

J. Chem. Phys. 141, 034901 (2014)

&p ~ (5.4 £ 0.7) nm using the relation
§=(NN Vp,d/Nxflink)lB’ )

where N is the number of particles and N,_j;, the number of
cross-linker molecules. We estimate the number of particles
from the calculated volume fraction of the total reaction yield
in dilute conditions (using the conversion determined by
viscometry) and the measured size of the particles. We note
that it is difficult to determine & from fitting the SANS data,
as I, ,;,(q) gives rise to a shallow decaying background that is
noticeable at g-values beyond the steep decay of the scatter-
ing intensity.”® As a result, we will fix a value of £ = 10nm
for dilute measurements in our fits; this value represents
the order of magnitude of the estimated and freely-fitted &.
In concentrated samples, when ¢ > 1, we obtain the value
of Rg,ys and hence the particle volume V, = 4 R vs/3
by fitting the form factor with & as a free parameter.
However, we take as the representative value of £ the one
obtained from the dilute value, 10 nm, after considering a
proportional decrease due to particle deswelling. Hence, for
> 1,6 =1/0)" x 10 nm.

With these considerations, we fit our data to the equa-
tion I(q) o P(q) + I ,n(q)- From the fits, we obtain values of
Rg s that are in good agreement with the radii obtained from
DLS, as shown in Table I. The polydispersities are found to be
0, =0.14 and 0, = 0.15 for H-NIPAM and D-NIPAM sus-
pensions. The measured fuzzy periphery, o, of the D-NIPAM
particles is smaller than that of the H-NIPAM particles, as also
shown in Table I. This could result from different reaction ki-
netics associated with kinetic isotope effects: The different
vibrational modes in the molecule depend on the mass of the
nucleus of the constituent atoms. Since the electron cloud is
coupled to the nuclei, the difference in vibrational motion re-
sults in associated differences in the electron cloud that can
affect how polymerization proceeds. As a result, the reaction
rate can depend on the type of nuclei in the molecule.’>33
Moreover, these differences are enhanced due to the fact that
H hydrogen bonds are more stable than 'H bonds.’* Since the
distribution of polymer and cross-linker in a microgel parti-
cle is determined by their reaction rate constants, these differ-
ences will change the detailed properties of the final microgel
obtained.

SANS of concentrated suspensions

In highly concentrated samples, the pNIPAM particles
must respond to the reduction of available volume per par-
ticle. Their softness and the high osmotic pressure in over-
packed suspensions suggest that the particles deform and
shrink once they can no longer fit into the available space,
but it is not obvious whether interpenetration of the particles
occurs. We study the response of the pNIPAM particles in
highly packed conditions with eight tracer samples and six
ZAC samples with different polymer concentrations as listed
in Table I. To obtain the form factor from a SANS mea-
surement, the proper background must be subtracted. For the
tracer method, this background consists of D-NIPAM parti-
cles in H,O / D,0 matching the scattering length density of
those particles, while for the ZAC method the background
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TABLE I. Sample details and structural parameters obtained from fits to SANS measurements using the model given by Eqgs. (6) and (8) and shown in Figs. 5
and 6. The lengths Ryans> R 0 and & are given in nanometers. Tracer and ZAC samples are listed as 7o, with o = 1,...,8 and ZAC«, with
o = 1,...,6. All measurements were carried out at 7 = 20°C.

Sample ¢, Wt. % ¢ Rp; 5 (dilute) Ryans (R.) 20 o, &
HI1 0.39 0.08 149+7 146 £3 104 £ 1.0 41.6 £2.0 0.14 £ 0.02 10.0
D1 0.24 0.12 136 £ 6 132+3 109 +£1.2 27+19 0.15+£0.03 10.0
Tl 1.25 0.55 149 +£3 105+ 1.0 444420 0.15 £ 0.01 9.93
T2 2.08 0.97 148 £3 104 £ 1.0 44.0+2.0 0.15 £ 0.01 9.85
T3 2.44 1.15 145+£3 102 £ 1.0 432+£20 0.15 +£0.01 9.67
T4 2.67 1.28 139+ 5 103+ 1.5 364+ 3.0 0.16 £ 0.01 9.21
TS 2.93 1.41 132+5 101 £ 1.5 31.0£3.0 0.16 £ 0.01 8.78
T6 5.56 2.73 1156 89.7+2 25.6 4.0 0.19 +£0.02 7.65
T7 6.06 3.01 11245 949+ 15 17.0 £ 3.0 0.18 £ 0.01 7.32
T8 7.10 3.54 104 £3 90.7 £ 1.0 13.0£2.0 0.17 £ 0.01 6.66
ZAC1 0.92 0.36 157+ 6 117 £2.0 40.0 £ 4.0 0.21 £0.03 10.0
ZAC2 1.76 0.69 158 £5 116 £ 1.5 42.0£3.0 0.21 £0.03 10.0
ZAC3 2.24 0.88 149 +£3 111+ 1.0 37.8 £2.0 0.20 £ 0.03 9.84
ZAC4 4.13 1.55 131+3 98 +£ 1.0 33.0+£2.0 0.20 £ 0.03 8.73
ZAC5 4.98 1.87 131 £3 100 £ 1.0 314 +£2.0 0.20 £ 0.03 8.74
ZAC6 5.84 2.19 109 +£3 82+ 1.0 26.8 £2.0 0.20 £ 0.03 7.22

is given by the H,O /D,0O mixture that contrast-matches a
50/50 mixture of H- and D-NIPAM particles. These back-
grounds are measured in separate measurements to subtract
them from the tracer and ZAC measurements.

The measured form factors are similar to those deter-
mined in dilute conditions, even if now the generalized vol-
ume fraction is close to and even larger than 1. The fits to the
form factor model are equally good also, as shown in Fig. 6.
The characteristic length scales of the particle, (R.) (trian-
gles) and 20 (diamonds), and the overall size Rq g (circles),
obtained from the fits of the tracer experiment, all decrease
for ¢ 2 1, as shown in Fig. 7. Deswelling thus begins when
¢ ~ 1. The decrease in Ry, is mostly due to a reduction of
the corona thickness, 20, which decreases by almost 65% as ¢
increases from 1.0 to 3.6. The decrease in core radius is com-

g (nm’) q(nm’)

FIG. 6. Representative measured form factors of concentrated samples (open
squares) and corresponding fits (lines) to Egs. (6) and (8). The samples are (a)
T2, (b) T7, (c) ZAC2, and (d) ZACS from Table I. As with the dilute samples,
the fits are performed giving less statistical weight to the first point.

paratively small; it is only reduced by about 13% for the same
increase in ¢{. The near-constant core size reflects the larger
stiffness of the particle core due to the increased cross-linker
concentration near the particle center.>

The ZAC measurements are consistent with this, as
shown in Fig. 7. However, due to the difference in o between
H- and D-NIPAM particles, we do not expect the ZAC re-
sults to be as accurate as the tracer results, as both H- and
D-NIPAM particles contribute to the form factor obtained
with the ZAC method. Even if the smaller periphery of the D-
NIPAM particles may indirectly influence P(q) in the tracer
experiment, there is no direct contribution to Py(g) from the
D-NIPAM particles. By contrast, in the ZAC experiment, the
particles directly and equally contribute to the measured form

—— — .
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FIG. 7. Particle size from tracer (black) and ZAC (red) samples versus gen-
eralized volume fraction ¢. The total radius Rg,\g (circles), the core radius
(R,) (triangles), and the fuzzy surface thickness 20 (diamonds) are shown.
Lines are guides to the eye.
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FIG. 8. Particle volume, Vg,\q, as determined from tracer (black squares)
and ZAC (red circles) samples as a function of effective volume fraction
¢. The lines show particle shrinkage according to oz ~! (dashed line) and
ocg ~08220.05 (50lid line).

factor, in addition to any indirect effects caused by the in-
teractions between particles. Additionally, for the ZAC mea-
surement, the solvent composition was determined from the
experimentally determined matchpoints of both the H- and
D-NIPAM particles, whereas for the tracer measurements, the
solvent was determined only from the matchpoint of the D-
NIPAM particles. This means that the SLD contrast between
the H-particles and the solvent in the tracer experiments is
between 3.3 and 4.7 A=2, while between the D-particles and
the solvent the contrast is between 0 and 0.6 A~2. Follow-
ing Eq. (4), the maximum possible contribution to the scat-
tered intensity from the D-particles would be about 4% of
the scattered intensity from the H-particles. However, tak-
ing the same uncertainties into account for the ZAC experi-
ment gives a maximum difference in scattered intensity be-
tween the H- and D-particles of at least 300%. Thus, we are
very confident about the accuracy of the contrast matching
for the tracer measurements, but not so much for the ZAC
measurements.

To quantify how the particle volume decreases with ¢,
for ¢ > 1, we plot Vp versus ¢ for tracer (black squares)
and ZAC (red circles) samples in Fig. 8. The ZAC data
are included for comparison only. A fit to the tracer data
at ¢ > 1 without constraining the exponent gives V
¢ ~082£005 (50lid line) as best fit. However, constraining the
volume to follow ¢! also describes the data reasonably
well (dashed line). This may indicate that the particles are
interpenetrating somewhat to fit into the available volume,
in addition to deswelling, which is the dominant effect in
our system. Furthermore, the particle volume is found to
stay constant within the accuracy of the measurements for
¢ < 1. Apparently, the microgel particles maintain a con-
stant size as the osmotic pressure of the suspension in-
creases and are only forced to shrink when they are in close
contact with their nearest neighbors, consistent with recent
results.!7-?7

J. Chem. Phys. 141, 034901 (2014)

1 ; ; ——
[ m ¢=1405 _10E %
¢=1.151 g ‘l,%!%"f
v (=0974 B 4 e tE
L | 6 E gﬂl
n [ ] [ ] [ %
= . 0.1 TR
LI 10
L] al  (rad/s)
@ LI
© | |
e
o n
01} -
v i v
,,,,,,,,,,,,,,,,,,,,,,,,,,,, S S
VY vy v Y 1
1

o (rad/s)

FIG. 9. G”/w versus frequency for { = 0.974 (blue downward triangles), ¢
= 1.151 (green upward triangles), and { = 1.405 (black squares). The in-
set shows G’ (open squares) and G” (closed squares) for ¢ = 1.405; though
all samples are liquid-like, the sample at { = 1.405 has an appreciable con-
tribution from G’. Lines are best fits to the data for frequency-independent
viscosity.

Rheology of concentrated suspensions

Our SANS results clearly show there is no concentration-
induced deswelling for our particles until { ~ 1. We also do
not observe crystal formation within the ¢-range explored;
this could result from suspension polydispersity,>® although
particle softness®’ and possible differences in structure of the
fuzzy periphery of H- and D-particles could also play a role.
To explore whether the system is a liquid or a glass, we first
perform oscillatory rheology in the linear regime, where both
the elastic and viscous moduli, G’ and G”, respectively, are
independent of the applied strain. For { = 0.79 and ¢ = 1.15,
G” > G’ indicating the liquid-like character of these sam-
ples. Indeed, for a liquid, the viscous modulus G” = nw, and
so G’/w is a constant irrespective of frequency, as shown in
Fig. 9. However, at ¢ = 1.41, the viscous modulus is no
longer linear in w, as also shown in Fig. 9, and the elas-
tic modulus G’ is now measurable and close in value to
G”, as shown in the inset of Fig. 9. Hence, the sample ex-
hibits viscoelastic behavior in the probed frequency range at
this ¢.

We also perform steady-state rheology and determine the
suspension viscosity, 1, as a function of shear rate, y, for dif-
ferent {. We observe an increasing shear thinning behavior as
¢ increases, as shown in Fig. 10. The data are well described
by the Cross model,*®

770_7700

je 10
L+ (Fy o

NN =
where 7, and 7., are the zero-shear-rate and infinite-shear-
rate viscosities, respectively, y, is a critical shear rate corre-
sponding to a viscosity that is halfway between n, and 1,
and n is a parameter controlling the sharpness of the transi-
tion. From the fits to the data, we obtain the values of these
parameters, except 1,,. Since we do not have enough data
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FIG. 10. Viscosity plotted as a function of shear rate for different values of ¢.
Solid lines are the fits to the data using the Cross model. The volume fractions
are ¢ = 1.405 (black squares), { = 1.275 (red circles), ¢ = 1.151 (green
upward triangles), ¢ = 0.974 (blue downward triangles), and ¢ = 0.547 (cyan
diamonds).

points at high shear rates, the fits are insensitive to the value
of 1., which as a result cannot be determined without signif-
icant error. This is clearly reflected in the fact that the error in
¥, increases with decreasing ¢.

We find that the values of 1, compare well with the oscil-
latory results, as shown in Table II. The exponent » is around
1, with no clear ¢ dependence. From y,, we estimate the
advective timescale, 1/y,, and obtain a critical Péclet num-
ber:

67 n, R}
Pe, = 1 ls5aNs (11)
' kT

that compares the ratio between the diffusive timescale,
R§ ans/ D, and the advective timescale, with D the diffusion
coefficient calculated according to the Stokes-Einstein equa-
tion.

In general, colloidal suspensions shear-thin when
Pe. 2 1. However, as the particles begin interfering with
one another hydrodynamically, the diffusion coefficient is
not well-described by the Stokes-Einstein equation and shear
thinning occurs at lower and lower Péclet numbers as the vol-
ume fraction increases.”® This is exactly what we observe:

J. Chem. Phys. 141, 034901 (2014)

n, (Pa-s)

FIG. 11. Zero-shear-rate viscosity versus ¢. The line is a fit to the Vogel-
Fulcher-Tammann function.

The value of Pe, indeed decreases with increasing ¢, indi-
cating an increasing interaction between the particles.

Interestingly, the ¢-dependence of the zero-shear-rate
viscosity is well described by a Vogel-Fulcher-Tammann
function,® no = Aexp[B¢/(¢, — ¢)], where ¢, sets the ap-
parent divergence of 7,, B controls the growth of 7, on ap-
proach to ¢, and A is the suspension viscosity for low values
of ¢ (see Fig. 11). This empirical function describes the ¢ de-
pendence of the viscosity of microgel suspensions near their
glass transition!! and, with 1/¢ exchanged for temperature, it
also provides a good description of the 7' dependence of the
viscosity for supercooled molecular liquids on their approach
to the glass.®® From the fit, we find A = (3.1 £ 0.6)107> Pas,
which is of the same order as the viscosity of water, B = 3.6
£ 0.7, and ¢, = 2.4 & 0.2. We emphasize that similar re-
sults are obtained, if models other than the Cross model are
used to describe the viscosity dependence with shear rate to
extract the zero-shear-rate viscosity; we have confirmed this
using the model by Carreau,®’ Powell-Eyring (see Ref. 62),
and Johnson (see Ref. 63).

Note that in contrast to some other systems with soft par-
ticle interactions,®* our microgel suspensions remain liquid-
like well above ¢ = 1, corresponding to where the microgel
particles begin to appreciably deswell. This high mobility at
high ¢ emphasizes the importance of single-particle softness

TABLE II. Values of 5, y,, and n for several tracer samples determined by fitting the flow curves in Fig. 10 using Eq. (10). For comparison, we also list the
viscosities determined from oscillatory measurements for samples displaying purely liquid-like behavior; these values represent another way of measuring the
zero-shear-rate viscosity. Also listed are Péclet numbers calculated according to Eq. (11) at the critical shear rate using R, as the particle radius. Viscosities are

given in units of 1073 Pas and ¥, in units of s7L

Sample ¢ 1, (Cross) 1, (Oscillatory) Y, Pe, n

TS 1.41 600 £ 19 1.13 £ 0.05 (1.44 £0.24) x 1072 0.76 £ 0.06
T4 1.28 197 £3 37+£0.6 (5.6 +1.5) x 1072 1.38 £0.20
T3 1.15 97+3 123 £ 24 6.3 +0.7 (1.07 £0.21) x 107! 1.6+0.3
T2 0.97 413+£20 66 + 12 21+13 4+3)x 107! 1.0+04
Tl 0.55 8.8+04 15+8 86 + 80 1.7+£1.6 13+1.2




034901-9 Gasser et al.

and supports the conclusion that the slower viscosity increase
with concentration, as compared to that of hard sphere sus-
pensions, could be traced back to the intrinsic softness of the
individual microgel particles.

CONCLUSIONS

The presented form factor data show that our pNIPAM
microgel particles cross-linked with 2 mol. % BIS keep their
fully swollen size up to generalized volume fractions ¢ =
1 in spite of the increasing osmotic pressure of the suspen-
sion: only at ¢ 2 1 are they forced to shrink, with some
interpenetration. Our rheology further confirms that particle
softness is responsible for the persistent liquid-like behav-
ior of our suspensions above ¢ = 1, where the suspension
is in overpacked condition. To the best of our knowledge,
the presented form factor data give the first direct determi-
nation of the form factor of microgel particles under highly
packed conditions. Our results allow for an improved inter-
pretation of scattering data obtained at { = 1, which has been
hampered by the unknown change of the form factor in these
conditions.
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