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1. Introduction

Colloidal suspensions have been used very successfully as
model systems to understand the fundamentals of phase transi-
tions in condensed matter [1-6]. Colloidal interactions, including
tunable interactions [7-9], that are “soft” in the sense of being
describable by longer-ranged interaction forces than the hard-
sphere interaction, are crucial to accessing information about
phase transition kinetics. Among systems that exhibit multiple
modes of tunability are colloidal microgels.

Microgel  colloidal  suspensions, such as  poly(N-
isopropylacrylamide) (or PNIPAM) in water, are aqueous polymer
solutions that are intermediate between branched polymers and
macroscopically crosslinked systems [10,11]. It is, however, very
productive to think of them as “soft” colloidal suspensions
[12,13]. They can be uncharged [12] or charged [14], with a hydro-
dynamic size that is sensitive, as highlighted in a recent review
[15], not only to temperature, pH, ionic strength, and concentra-
tion, but also pressure [16] and external electric fields [17].

While the macroscopic properties of microgel colloidal suspen-
sions has been studied extensively in the last two decades (see, for
example, a recent review [18]) and can have rich phase behavior
[19,14], the internal structure and dynamics remains a question
of active interest [20-24], especially their dependences on cross-
link density [25]. There has been a renewed interest in achieving
a quantitative understanding of the microgel swelling-deswelling
behavior as a function of temperature [26-29]. In particular, it
has been noted [28] that a gel-swelling theory such as the classic
Flory-Rehner theory, originally developed to describe rubber elas-
ticity [30], presents a challenge: it is hard to infer much from fits of
experimental swelling curves to theory because of the number of
fit parameters (seven in total) available to match the experimental
monotonic decrease of hydrodynamic radius as a function of
temperature.

We were motivated to begin the current study in order to study
the internal microscopic dynamics of microgels as a function of
crosslink density by deuterium NMR, using deuterated PNIPAM
while studying macroscopic dynamics via rheology and dynamic
light scattering. We found, however, that using both protonated
and deuterated PNIPAM, and employing the techniques of rheology
and DLS, we could also achieve robust fits with a reduced set of free
parameters, and make definitive statements about water and poly-
mer content of microgel particles as a function of temperature, as
well as evaluating key gel-swelling parameters in the context of
Flory-Rehner theory. This is the focus of the current work.

2. Background
2.1. Dynamic light scattering and Flory-Rehner phenomenology

Gel-swelling theories [26,27,31] such as the classic Flory-
Rehner theory write down the elastic and mixing contributions
to the osmotic pressure IT, and set the total osmotic pressure to
zero in order to obtain an expression for the temperature depen-
dence of the either the particle size Ry or, equivalently, the poly-
mer volume fraction, ¢, in each microgel “particle”, using the
relation
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where Reiapse and ¢eonapse are reference polymer hydrodynamic
radius and polymer volume fraction in the collapsed state. ¢ is sen-
sitive to environmental conditions such as temperature T, pH, and
microgel concentration C.

The mixing contribution to the osmotic pressure [25,28,32] is
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where N, is the Avogadro number, vy, is the molar volume of the
solvent, and y is the Flory-Huggins solubility parameter. While
typically has an explicit temperature dependence, in the microgel
literature it is found that one needs to add a phenomenological ¢
dependence in order to fit data. The form that has been used for y is

% =05—A(1-0/T)+ C¢ + D¢? (3)

where A is related to the second virial coefficient and 0 is the theta
temperature, which can be constrained to the linear polymer value.
C and D are phenomenological fit parameters.

The elastic contribution to the osmotic pressure within the par-
ticle is written as
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where N, is the number of polymer chains in the network (in
each microgel particle) and Vo and ¢, are the volume and polymer
volume fraction of the microgels in the reference state. The refer-
ence state was originally thought to be the preparation state where
the crosslinking was performed because any deviation from that
state would induce elastic stress on the polymer network. [30]
The microgel synthesis is carried out at 70 °C. At this temperature,
the polymer is in the collapsed state, and it would be reasonable
to equate ¢y and ¢ qapse- However, the reaction is completed while
the synthesis mixture is stirring and cooling back to room temper-
ature. It is thus unclear what ¢, should be.

Indeed, as discussed in a recent review of gel swelling theories
[26], “this reference state is not well-defined for gels prepared in
the presence of solvent, and its determination is still a controver-
sial issue”. Lopez and Richtering [28] showed, convincingly, that
it is preferrable to implement fits of Flory-Rehner theory to exper-
imental results without assuming that ¢ = ¢ojiapse: and by limiting
parameter values as much as possible. Moreover, the parameters
A, C, and D in Eq. 3 should typically be of order unity. This is the
philosophy adopted here. Thus, in terms of the hydrodynamic
radius measured by DLS, as a function of temperature T, the (by
now, semi-phenomenological) Flory—Rehner fit equation is
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coupled with Eq. 1 for ¢. In Eq. 5, we further use, following Lopez and

Richtering the relation th;‘/i",’(;"olﬂf ~ 0.35¢,f, where fis the molar frac-
0NA
tion of crosslinker which is related to crosslinker to monomer weight

ratios, mgs/Myipan, that are controlled at synthesis (see Section 3.1).

T—

2.2. Relating the “watery colloid” to microgel rheology

In a suspension of reference volume V, there are N microgel
(colloidal) particles. An isolated microgel particle suspended in
water consists of only PNIPAM polymer and water, thus
V = Vyartice + Vinedium,» Where Viice is the total microgel particle
volume and Veqium iS the total “medium” volume: this refers to
only the water outside the particle. The microgel particle volume
fraction can be defined as

Vparticle 1 ( 6)

= % .
Vparticle + Vmedium 1 + Vmedmm
particle

D, =

The total volume of water in the system (inside and outside the par-
ticle) is independent of temperature and given by
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Vw = Vinedium + ¢wVpartice, Where ¢,,, the fraction of the colloidal
particle volume accounted for by water, is temperature dependent.
From this relation, one can say that the volume of the particle-
bound water is ¢,,Vparice. The PNIPAM volume per particle in the
system is presumed to be independent of temperature, and can be
defined as a factor vpoymer such that

1% V articl
Vpaymer = — 5y = (1= du) ~257 ™
where N is the total number of colloidal particles in the reference
volume V. This last identification is true even with particle overlap,
because Vpyipay is the total polymer volume. In Eq. (7), both the total
colloidal particle volume V,icie and the particle-bound water frac-
tion depend on temperature. Dividing the total water volume in the
system by the PNIPAM volume in the system gives
VW Vinedium + </)W

_ Vpanitle
1- d)w

VPNIPAM
The ratio of solvent volume to particle volume can then be written
as

Vmedium . |: Vw
VPNIPAM
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The concentration by weight of the sample s
C = Mpnipam/ (Mpnipam + My), Where mpypay and m,, are the experi-
mentally measured masses of PNIPAM powder and water. The den-
sities of PNIPAM and water are known and they have the values
Oonpan = 1.1 g/cm3 and p,, = 1 g/cm®. By converting masses to
density-volume products in the previous equation and rearranging,
we get Vi/Vonieam = (& = 1)(Ppaipam/ Pw)- The particle volume frac-
tion now can be expressed in terms of ¢,,, C, Ppypan» and p,, by
substituting the concentration-dependent form of V.,/Vpnpam,
above, into Eq. (8), and substituting the result into Eq. 6. The equa-
tion for the microgel particle volume fraction then becomes

P, — ! . (©)
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The (1 — ¢,,) factor can be replaced by the ratio of Jrlmer — Zoolmer

particle Vparticle ’
using Eq. 7, where we have defined a single particle volume
Vparticle = Vparticle/N- The quantity vpolymer/vparticle is the polymer vol-
ume fraction ¢ that was used in Section 2.1, so consistently,
¢ =1— ¢,. The single-particle volume, ¥parice, Only equals %nRZ
(obtained from DLS) in the absence of overlap. Using these defini-
tions, the microgel particle volume fraction can be expressed as [33]

(Dc _ Uparticle . (]O)
Upolymer [1 +(E-1) f’l’f;}%]

It should be noted that, when the concentration C <« 1, this reduces
to O, ~ (”"7") (”—W)C ~ kC. This is the form typically employed

Vpolymer / \ PPNIPAM
in the literature, but Eq. 10 is the more correct form. In the col-
lapsed phase, it is reasonable to assume that the viscosity of a dilute
microgel suspension behaves like that of an effective hard sphere
suspension. The relative viscosity 7, = #,/n, (where 5, is the
zero-shear viscosity of the suspension and #, is the viscosity of
the solvent, i.e.,, water at the same temperature) can be fit to the
phenomenological Krieger-Dougherty equation [34] for hard
spheres, 7, = (1 — ®./®!)">>%, where @ =0.63 is the packing
fraction at which the relative viscosity of hard spheres goes to infin-
ity [35], and is close to the ®,, = 0.64 maximum packing fraction
for a random packing of hard spheres. In the present work, this
hard-sphere equation is simply inverted to obtain the colloidal sus-
pension packing fraction ®. from a measured relative viscosity #,,;,

O = (1 - n,) >, (11)

to obtain an estimate of the volume fraction in this temperature
range. Using Egs. (10) and (11), we then obtain

¢ = Z/polymer _ 1 ) (12)
e @[ =1 2 (1 (- 1) o)
The left hand side of Eq. 12 is the polymer volume fraction ¢ inside
the microgel particle. The water fraction is ¢,, = 1 — Upolymer/ Vparticie-
The right hand side of Eq. 12 consists of the microgel concentration
C, which is controlled, the density of PNIPAM and water, which are
known, and #,,,, which is obtainable via fits to microgel rheology

experiments.
2.3. Viscosity and the cross equation

The Cross equation [36] describes a range of shear-thinning
behavior in gels, and is commonly used as a phenomenological
model to describe shear-rate dependent viscosities in microgel
particles [12,37,38]. The characteristic features of the Cross
equation,

]70 - ;/I'X)
e Tl (13)
are a limiting (“zero-shear”) viscosity, #,, at very small shear rates, a
limiting viscosity at very high shear rates, 7, a power-law shear-
thinning regime (with exponent m) and a characteristic timescale
7, which is the inverse of the shear rate required for onset of the
power law regime.

3. Experimental
3.1. Microgel synthesis

An example of microgel synthesis, following the procedures laid
out by by Senff and Richtering [12], is given below. First, 0.997 g of
the d3 NIPAM monomer (> 98% purity) and 0.0752 g of crosslinker
BIS (N,N’-methylenebis(acrylamide), 99% purity) were dissolved in
80 ml of distilled water (the uncertainty in measured masses was
+0.0005 g). Separately, 0.0235 g of SDS (sodium dodecyl sulfate,
98.5+% purity) surfactant was dissolved in 10 ml water. Non-
deuterated monomer (h-NIPAM, 97% purity) crosslinker BIS, initia-
tor KPS (potassum persulfate, > 98% purity), and surfactant SDS
were obtained from Sigma Aldrich Inc., Oakville, ON, Canada.
Deuterated monomer was obtained from Polymer Source Inc., Dor-
val, QC, Canada. The mixtures were transferred into a 250 ml
round-bottom flask. The mixtures were heated at 70°C and
degassed under a gentle nitrogen stream with a stirring speed of
270 rpm for 45 min. Finally, 0.0363 g of the initiator, KPS, dissolved
in 10 g of water, was added slowly to initiate the polymerization.
The reaction mixture was kept at 70 °C under gentle nitrogen gas
flow for 6 h to complete the reaction with a heater stirring speed
of 270 rpm. The reaction was stopped after 6 h by switching off
the heater. The stirring was maintained while the sample cooled
back to room temperature, and then continued overnight to keep
the particles from being trapped in the collapsed state after the
high temperature synthesis.

After synthesis, the microgel suspension was purified in order
to remove un-reacted monomers and ionic impurities. First the
product of the synthesis was centrifuged using an ultracentrifuge
at 40,000-50,000 rpm for 45-60 min to sediment the microgel
particles. This centrifugation was carried out at 35 °C to ensure that
particles were in the higher density collapsed phase. After centrifu-
gation, the supernatant was removed and the remaining microgel
suspension was diluted with deionized water and redispersed by
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vortex and ultrasonication cycles. With the ultrasonic bath set at
30 °C, the diluted suspension was ultrasonicated for about 2 h in
total with additional vortexing for 1-2 min every 15 min. Follow-
ing redispersion, the sample was centrifuged again. This part of
the procedure was carried out 6 times in order to remove unre-
acted monomers. After this, the purified microgel suspensions
were dialyzed against deionized water for one week. Once the
microgel suspension was purified, the swelling transition (i.e. tem-
perature dependence of hydrodynamic radius) was characterized
using dynamic light scattering at dilute concentration. Finally,
the microgel suspensions were freeze dried and kept for future use.

This process was carried with h-NIPAM and d3-NIPAM and for
four different crosslinker-to-monomer ratios mgs/Mmypay. This
ratio can be related to the “crosslink density” (or more precisely,

the crosslinker molar fraction) f via f! =1 4 wss_ Mueau  yyith

My Nipam— Mpis
My gs = 154.17 g/mole, while My npay is 113.16 g/mole and
116 g/mole, respectively, for h- and d3-NIPAM. In the example
synthesis above, mpg;s/mypay = 0.0754 ~ 7.5 wt%, corresponding
to f =0.0524. A nearly identical synthesis for d3-NIPAM gave
f =0.0537. We thus use the value f = 0.053 + 0.001 for these syn-
theses of h- and d3-NIPAM. Average cross-link densities were
similarly calculated for protonated and deuterated samples
synthesized at other crosslinker-to-monomer mass ratios.

3.2. Dynamic light scattering

Dynamical light scattering (DLS) was carried out on a Zetasizer
Nano ZS (Malvern Instruments, Montreal, QC, Canada), which uses
a 633 nm He-Ne laser and a detector in a back-scattering geometry
(173°). DLS experiments were carried out in dilute suspensions
(0.04 wt%) and in deionized water. Measurements were carried
out from 5 to 45 °C with 2-3 °C steps. The hydrodynamic radius
Ry of the microgel particle as a function of temperature was
obtained from the DLS measurements. The mean hydrodynamic
radius, Ry, and its standard deviation were obtained from the auto-
correlation functions using the inbuilt software which applies a
cumulants analysis, i.e.,a nonlinear least squares fit of a polynomial
to the natural log of the autocorrelation function. The accuracy of
the obtained radii was cross-checked in test samples by direct fit-
ting of the raw autocorrelation functions. We verified the unimodal
character of all suspensions studied.

3.3. Rheology

The dynamic viscosity was measured using a Anton Paar Phys-
ica MCR 301 strain-controlled rheometer (Anton Paar Inc., Mon-
treal, QC, Canada) using the cone-plate CP50-1 configuration
with a 50 mm diameter and a 1° cone angle.

Samples for rheology were prepared using only the protonated
microgel powders and de-ionized water. After adding water to
powder, the mixture was stirred for 2 min and then placed in an
ultrasonic bath for 2 h. For each crosslink density, suspensions
were prepared at a range of concentrations from 1 to 12 wt%. A
sample quantity of approximately 600 pl was loaded into the
cone-plate system. Every experiment was preceded by testing of
a water sample for calibration. The measurements were carried
out from a shear rate y of 1072 or 10" s~! to a value of 10* s,
Each measurement was preceded by pre-shear at 5s~! of
0.5-1 min, and a waiting time of 1 min. The measurements were
typically repeated 3 times to check for steady-state behavior.

4. Results and discussion

The temperature dependence of the hydrodynamic radius, Ry,
for both non-deuterated (“h”) and deuterated (“d3”) synthesized

PNIPAM microgels is plotted in Fig. 1(a)-(d) for four different
crosslink molar fractions (f =0.011,0.053,0.092,0.127). While
the absolute particle size is somewhat sensitive to synthesis condi-
tions (such as surfactant concentration), the h-NIPAM microgel
particle (open red symbols) is systematically larger in Fig. 1(a-d)
than the d3-NIPAM microgel (solid blue symbols). Using the parti-
cle volume at 45 °C as reference, one can calculate a temperature-
dependent swelling factor

~ (Ru(T°O)\’
1~ (Riascr) "

which in the range of our observations (between 5 and 45 °C) has a
maximum value Sp.x = S(5 °C). The swelling factor S(T) (Fig. 1(e))
shows a systematic decrease with crosslink density f for both proto-
nated and deuterated PNIPAM syntheses, and is indifferent to the
particle size at synthesis.

It should be noted that some workers [25] report, instead, a

“de-swelling factor” B(T) = (Ru(Trer) /stollen)3 at a particular refer-
ence temperature T in the swollen state. Because the Ry vs tem-
perature curve is flatter in the collapsed state (at T = 45 °C) than
in the swollen state at (T =5°C), the swelling factor defined
above is a bit cleaner, but the two are simply related:
S(T) = B(T)Smax- This swelling factor S(T) can be obtained directly
from Eq. 14 and the Ry results shown in Fig. 1(a) and (b). It has
the largest range for the lowest crosslink density and it is system-
atically smaller with increasing f. This can be seen by plotting the
maximum swelling factor Spax as a function of f. It is seen (Fig. 1
(e)) that Smax = S(5°C) decreases roughly linearly from about 15
to 5 with increasing f (symbols). It should be noted that the swel-
ling factors reported in some previous work (e.g. Varga et al. [20])
are given in terms of particle diameter rather than volume, and
based on reference low/high temperatures of 25 °C/40 °C rather
than the 5°C/45°C used in this work. When these differences
are accounted for, the results are roughly consistent with those
reported here.

We can construct a dimensionless and normalized particle vol-
ume increment

Vnoﬂ‘n(T) :(S(T)f‘l)/(smax*])a (15)

that is zero at T =45 °C and unity at T =5 °C. One observes (for
both h- and d3-PNIPAM) that the temperature dependence of this
particle volume increment, V,,(T), collapses onto a single curve
in the swollen phase. This is shown in Fig. 2(a) and (b). While iden-
tifying a transition temperature for microgel suspensions is often
challenging, this data collapse in the swollen phase allows us to
unambiguously assign a transition temperature in the region where
one first observes deviation from the data collapse. A choice of
Vnorm(T) = 0.2 appeared to be a good indicator of the transition tem-
perature at all crosslink densities, and for both protonated (h) and
deuterated (d3) PNIPAM. Even if this indicator is somewhat arbi-
trary, it certainly allows a systematic comparison of transition tem-
peratures between samples at different crosslink densities. As
shown in Table 1, with increasing crosslink density, there is a sys-
tematic increase in transition temperature for both protonated
and deuterated PNIPAM.

It would be interesting to examine the DLS results presented
above from the point of view of gel-swelling theories [26,27] such
as the classic Flory-Rehner theory. However, it has been pointed
out [28] that the results of fits are only meaningful if the parame-
ters are properly constrained. We thus postpone this discussion
until after a presentation of rheology results, from which we can
independently obtain estimates of the polymer volume fraction
¢ = Upolymer/ Uparticle iNside a microgel particle.
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Fig. 1. The hydrodynamic radius Ry as a function of temperature for both the h-PNIPAM (red, open circles) and the d3-PNIPAM (blue, solid circles) syntheses obtained from
DLS measurements for four crosslink densities (a) f = 0.011 (c) f = 0.053 (c¢) f = 0.092 (d) f = 0.127. (e) The maximum observed swelling factor (at T = 5 °C) Spax as a function
of crosslink molar fraction f for both h- and d3-PNIPAM microgels. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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Fig. 2. Vpom as a function of temperature for both (a) the h PNIPAM and (b) the d3 PNIPAM syntheses obtained from DLS measurements. The dashed horizontal line at
Viorm = 0.2 was used to find the transition temperature.

4.1. Rheology concentrations, of h-PNIPAM suspensions. The viscosity # as a
function of shear rate y shows a strong non-Newtonian, shear-

Shown in Fig. 3 are the results of steady shear rheology mea- thinning behaviour at all but the highest temperatures. In the
surements in a microgel suspension at a single crosslink density, range of shear rates probed (1072 < < 10*s1), we observe a
f=0.092, and particle concentration, C=8wt%. Similar experi-  Jow-shear-rate plateau above T = 20°C, while for T < 20°C the

ments were carried out for all crosslink densities, at chosen particle slopes, on a log-log plot, all seem comparable with no plateau. It
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Table 1

The swelling factors, Spayx, and the transition temperatures, Tans, as function of crosslink density for both non-deuterated (h) and deuterated (d3) microgels. There is a systematic
variability of 0.5 °C in the reported transition temperature values upon varying the threshold.

h-PNIPAM syntheses

d3-PNIPAM syntheses

mgjs/Myipam (WE%) f Smax Tirans (°C) Smax Terans (°C)
15 0.011 17 (1) 323 (1) 16 (1) 33.5 (1)
75 0.053 8.5 (8) 33.6 (1) 11 (1) 35.6 (1)
136 0.092 5.7 (5) 346 (1) 6.4 (6) 35.7 (1)
19.5 0.127 4.0 (4) 34.8 (1) 3.9 (4) 37.7 (1)
1000
f=10.092 and C=8 wt% flow curves O 5°C
100 ’ L 8°C
A 10°C
v 12°C
m 10 'v < 15°C
. Y o
© 1 OO 2 ! DDT‘ T 3 E? 18 C
e TRl : < 20°C
= FOHHHAOONN00000 & 22°€
0.1 < 25°C
/1 27°C
0.01 I 30°C
< 32°C
T LENSLNL S B | LSRR REL | LI PR | LENE L BLRLEY | T TR LIRS R |
102 10" 10° 10_11 10° 10° 10*
(s )

Fig. 3. The viscosity versus shear rate at all temperatures for the microgel sample (h-PNIPAM) of f = 0.092 and C = 8 wt%.

is thus reasonable to consider a power-law model for shear thin-
ning, such as the phenomenological Cross model (Eq. (13)), which
displays a plateau, #,, of the viscosity at low shear rates (corre-
sponding to a linear relationship between stress and shear strain
rate at low y), followed by a power-law shear-thinning regime at
intermediate ), and ultimately a plateau, 7, at high y. The range
of the power-law regime, with power-law exponent m, is deter-
mined by the time constant 7 in Eq. (13).

At low temperatures, we cannot extract a zero-shear viscosity,
but at intermediate and high temperatures, we can. However, even
at low-temperatures, we can obtain a lower bound on the power
law from the apparent power law. The best-fit power laws are quite
different at different temperatures. At low temperatures, we obtain
power laws of Mypparent = 0.89 (see Appendix Fig. A.1). At high tem-
peratures, nearly Newtonian behaviour is observed (i.e., no power-
law regime at all). At intermediate temperatures, a power law of
m ~ 0.65 is obtained from fits to the Cross model (see Appendix
Table A.1).

We are most interested in values of the zero-shear viscosity 7,
at all temperatures for which they are obtainable. The correspond-
ing concentrations (and temperatures and crosslink densities) are
indicated in green in Appendix Table A.1. Given that the low-
shear-rate plateau implies a linear stress-shear rate relationship
at low 7, one should obtain consistent values of 7, from the Cross
equation fit to # vs. y and from a linear fit to the stress as a function
of 7 (at low enough p). This is indeed the case, as shown in Fig. 4,
for observations made on samples prepared at two different con-
centrations for each of the 4 crosslink densities (the full table of
1, is shown in Appendix Table A.1, where linear fits alone are
denoted with “L” while Cross fits are denoted with a “C”). The fitted
power laws for the 4 crosslink densities, remarkably, give values of
m that range between 0.6 and 0.69, significantly less than the val-
ues of Mypparent Observed at low temperatures where it is not possi-
ble to extract a zero-shear viscosity. We conclude that this

intermediate-temperature shear-thinning regime is qualitatively
different from the low-temperature gel regime, likely related to
the partial collapse of the microgels.

The temperature dependence of the zero-shear viscosity 7,
depends strongly on concentration, C, and crosslink density, f. For
example, for a concentration C = 6 wt%, the viscosity #, reaches
a value of 1Pa.s at 30°C for f =0.011 (Fig. 4(b)), at less than
25 °C for f = 0.053 (Fig. 4(d)), and at 5 °C for f = 0.092 (Fig. 4(e)).
In order to examine these complex dependences, it is typical to
examine the behaviours in terms of a relative viscosity 1,,; = /1
(normalizing with respect to the solvent viscosity at the same tem-
perature), and an effective colloid volume fraction @, (to be distin-
guished from the polymer volume fraction ¢inside the microgel
particle). This is the focus of the next section.

4.2. Water and polymer content in soft microgel particles

For each crosslink density, Eq. 12 was applied to calculate
¢ = Upolymer/ Uparticle from relative viscosity (#,,;) measurements for
samples in the collapsed state. Then, vparice = %‘an; was used to
obtain the factor vpgymer. Fig. 5(a) shows the average polymer vol-
ume in a particle, (¥poymer), as a function of the particle volume
Uparticle fOT €ach of the crosslink densities f in the collapsed state:
the relationship is linear with a y-intercept of zero, indicating that
in the collapsed state, ¢ = Vpolymer/ Vparticle (Fig. 5(b)) is independent
of crosslink density, and has a mean value of 0.40 +0.04. This
value, interestingly, is consistent with the value ¢ = 0.44 inferred
by Lopez and Richtering [28]. The water volume fraction,
¢ =1—¢ ~ 0.6, is higher than a previous estimate for the frac-
tion of “bound water” inside the microgel particle, previously esti-
mated to be about 40% by volume [39]. Since not all the water
inside the particle need be “bound” or surface-associated, this is
also consistent.
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Fig. 4. The zero-shear viscosity, 1, (in units of Pa.s) obtained by both Cross and linear fits, versus temperature for the eight samples of microgels at cross-linker densities f and
sample concentrations C given by (a) f=0.011, C=4.5 wt% (b) f=0.011, 6 wt% (c) f=0.053, C=4.5 wt% (d) f=0.053, 6 wt% (e) f=0.092, C=6 wt% (f) f=0.092, 8 wt% (g)
f=0.127, C=8 wt% (h) f=0.127, C= 12 wt%. The results from Cross fits and linear fits are plotted in black circles, and red squares, respectively. Error bars, calculated from
standard deviations from the mean value, are plotted but not visible because they are smaller than the symbols. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

Using the polymer volume fraction at 45 °C (Fig. 5)) and the tem-
perature dependence of the microgel particle size Ry (Fig. 1), we can
estimate both the polymer volume fraction ¢ and the water volume
fraction ¢, = 1 — ¢ as a function of temperature. Note that the total
polymer volume per particle, ¢poiymer, iS temperature independent;
all of the temperature dependence comes from the temperature
dependence of ¥parice,» Which in the dilute limit can be assumed to
be spherical, Vparticie(T) = g‘nRH(Tf. We see (Fig. 5(c)) that the frac-
tion of water is large: ¢, =1- ¢ ~ 0.6 in the collapsed state
(T = 45 °C), while ¢ ~ 0.4, The values of ¢ decrease dramatically,
and those of ¢,, concomitantly increase, as temperature is lowered
through the transition. At T = 5 °C, ¢ ranges from 0.02 to 0.09 with
increasing f, while ¢,, ranges from 0.98 to 0.91 with increasing f.

Given (¥poymer) as a function of crosslink density, one can also
self-consistently, using Eq. 10, obtain an “effective” packing

fraction @, ¢ for all sample concentrations and crosslink densities.
This is, of course, a fictitious packing fraction anywhere outside of
the dilute system/collapsed state region, but is a useful quantity to
assess deviations from the hard-sphere paradigm. The relative vis-
cosity 7,., = 1/1, is plotted as a function of ®.. in Fig. 6 for all
microgel samples at all crosslink densities, f = 0.011, 0.053, 0.092
and 0.127 (i.e., mgs/Mppam = 1.5, 7.5, 13.6, and 19.5 wt%). It is seen
in Fig. 6 that all datasets are in agreement with hard-sphere beha-
viour (as exemplified by the Krieger-Dougherty relation, or “KD
line”), not just for the samples at the highest temperature, but
for all samples and conditions corresponding to @ . < 0.4. Beyond
this packing fraction, it is observed that the lowest crosslink den-
sity f = 0.011 deviates the most from hard-sphere behaviour while
the highest crosslink densities f= 0.092 and 0.127 are the closest to
the KD line.
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Fig. 6. Dependence of the relative viscosity on the effective volume fraction @ e,
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4.3. Gel-swelling and DLS

We are now ready to examine our dynamic light scattering
results at low concentrations in the context of gel-swelling phe-
nomenology, as promised earlier. We fit the DLS results for the
hydrodynamic radius Ry for both h- and d3-PNIPAM and all 4

crosslink densities. In order to carry out this fit robustly, we use
Eq. 5, which has numerous fit parameters, A, C, D, 0, ¢,, along
with the parameters in Eq. 1 to convert ¢ to the observed Ry, i.e.,
Deotiapse AN Reoiiapse. We adopt the following criteria:

1. the polymer concentration in the collapsed state is held at
d)collapse =04.

2. the 0 temperature is held (following Lopez et al. [28]) at the lin-
ear polymer chain value, 303.8 K for h-NIPAM [40] and based on
our results (Table 1), approximately 1.2 K higher for d3-NIPAM,
thus 305 K.

3. ¢y is not constrained to be ¢gyjapse-

4. the molar fraction of crosslinker fis set to its known value for
each crosslink density (see Table 1).

5. The term containing the parameter D, which is the highest
order term, is omitted from the reported fit based on an obser-
vation that the quality of fits carried out with D included were
insensitive to its value.

6. 8 datasets - 4 crosslink densities, h- and d3-PNIPAM, each with
an identical number (17) of sampling temperatures - are fit
using a global fitting routine.

The collapse curves, and the Flory-Rehner fits, are shown in
Fig. 7. The fits are reasonably good, but more importantly with so
many fit parameters, they are robust. There is a noticeable over-
shoot in the Flory-Rehner fit at the lowest crosslink density (which
has the largest change in swelling factors at the collapse transition,
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and this overshoot is significantly diminished at higher crosslink
densities. The overshoot represents the possibility of multiple
hydrodynamic radii for a single temperature, and is not seen
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samples. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Next, we examine in Fig. 8 the dependence of the fit parameters
on the crosslink density, for both h-PNIPAM and d3-PNIPAM sam-
ples. The parameter A (Fig. 8(a)) varies between —0.4 and —1.1, and
is most negative, i.e. has a larger magnitude of interparticle inter-
actions, at intermediate f. The parameter C changes only a little
across all datasets: C varies between 0.4 and 0.5 with a small
increase with crosslink density. The fitted value of the hydrody-
namic radius at collapse (Fig. 8(c), symbols) shows an increase
with f, and is somewhat higher than the raw value for Ry (Fig. 8
(c), dotted lines) obtained at the highest temperature (T = 45 °C)
for each sample. The increase in Reojiapse is NOt monotonic. It is pos-
sible that the absolute particle size is sensitive to small but uncon-
trolled variations in the synthesis conditions. The ¢, parameter
exhibits a steady increase with f, rising from 0.02 to 0.06, with
not too much difference between the h-PNIPAM and d3-PNIPAM
samples. This implies that the ratio ¢apse/Po ranges from 20
(for the lowest f) to 6.7 (for the highest f). This number is directly
comparable to the swelling factors plotted in Fig. 2, and suggests
that ¢, is more representative of the polymer volume fraction at
low temperatures.

This point is worth examining in a bit more detail. The result
that ¢ < ¢conapse implies that there are many temperatures where
¢ > ¢y, and the elastic contribution to the osmotic pressure
(shown in Eq. 4) can be positive as well as negative. There is a par-

ticular value (Ry, T), corresponding to ¢ /¢, = 2*/%, where this term
is zero. At higher temperatures (smaller Ry), this term is positive,
while at lower temperatures (larger Ry) this term is negative.
Fig. 9 shows the crossover temperature T (left axis) and the
corresponding particle size at crossover relative to the collapsed
state, R cross/Reonapse (Tight axis), as a function of crosslink molar
fraction f. The crossover temperature, where the elasticity term is
zero, decreases a little (but systematically) with increasing cross-
link density. Moreover, the T curve for d3-NIPAM is shifted
up by roughly 1-3 K from that for h-NIPAM which is the difference
in the 0 temperature for the two polymers. Ry cross/Rcoliapse, ON the
other hand, decreases from a value of 2 to a value of 1.4 with
increasing crosslink density for both h-NIPAM and d3-NIPAM.

5. Conclusions

In this work, we have first used rheology to obtain the real poly-
mer volume fraction ¢, in the collapsed state, of microgel particles
at four different crosslink densities. We find this polymer volume
fraction to be ¢ yyapse = 0.40 = 0.04, independent of crosslink den-
sity. We couple this with dynamic light scattering determinations
of particle hydrodynamic radius Ry as a function of temperature T,

and obtain the polymer and water volume fractions as a function of
temperature.

While the above assumes uniform, spherical microgels, the
microgel density is in principle not uniform; e.g., recent super-
resolution microscopy [24] clearly shows a core-shell morphology.
Our rheological determination of ¢ is still reasonable however
because the analysis is based on high temperatures for which the
particle is in the collapsed state and the particle density is more
uniform. We find consistency between particle molecular weights
calculated using our knowledge of the collapsed particle size and
those determined from static light scattering (see Appendix A.4
and Fig. A.3).

Using the polymer volume fraction, we then calculate an effec-
tive particle packing fraction @, ¢, a collective suspension property
distinct from the polymer volume fraction ¢, which is a single-
particle property. The implicit assumption is that the particles
are hard-sphere-like. We find, self-consistently, that the relative
viscosity #,,; = 11,/1, for all crosslink densities collapses onto a sin-
gle curve that is in agreement with hard-sphere behavior (the
Krieger-Dougherty line) provided the suspensions are dilute
enough, i.e., for ®..¢ < 0.4. Above @ . = 0.4, all microgels (see
Appendix A.4 and Fig. A.3) deviate from hard-sphere behavior, with
the microgels at the lowest crosslink density deviating most.

Again using the polymer volume fraction at collapse, we are
able to obtain robust fits of T versus Ry in the context of the
Flory-Rehner theory for gel swelling. The key advantage in our
approach is that we are able to constrain ¢gapse, and globally fit
8 datasets corresponding to 4 crosslink densities for protonated
h-PNIPAM and deuterated d3-PNIPAM microgels. It is interesting
to examine the sensitivity of the fit parameters to crosslink density
and deuteration. Reiapse is distinct from the other parameters in
that it is the particle size at collapse, while the others relate to par-
ticle properties. The parameter C, which is a phenomenological
term, shows only a very weak increase with crosslink density f
(and is identical for protonated and deuterated PNIPAM). The other
terms, which are physically meaningful, all show dependences. The
reference polymer volume fraction ¢, shows a clear increase with f,
and is very similar for protonated and deuterated variants. The
remaining two parameters are sensitive to both f and deuteration.
The A term, which is related to the second virial coefficient, is most
negative at intermediate f, while the microgel size Rcoiiapse ShOWs an
increasing trend with f.

The Flory-Rehner hypothesis (see chapter XI in Flory’s classic
text [30]) is that the thermodynamics of polymeric gels can be split
up into two independent contributions, the mixing contribution
and the elastic contribution; this assumption is also common to
other more recent approaches (see [26]). Moreover, each gel has
a unique reference volume fraction ¢,, which corresponds to the
volume occupied by the polymer when crosslinks were introduced
into the system. Given the conditions of synthesis (see Section 3.1)
most of the crosslinking proceeds at 70 °C, i.e., in the collapsed
state. It should be noted, however, that crosslinking could continue
to occur while cooling slowly to room temperature (20 °C).

It is thus not consistent with the above hypothesis that one
obtains a ¢, that varies from 0.02 to 0.06 with increasing crosslink
density. These low values of reference volume fraction correspond
with temperatures less than 10 °C; for example, ¢ at T =5 °C (i.e,,
in the swollen state) is numerically comparable to the fitted value
of ¢, shown in Fig. 8(d). It has been pointed out [26] that several
groups have inferred different reference states: some find low-
temperature reference states [41,42,28] (with ¢, ~ 0.03-0.07)
while many obtain much higher ¢, (see Table A.1 in [28] for a list).
The latter (i.e., higher ¢,) is consistent with the original hypothesis
of Flory and Rehner that ¢, corresponds to the volume occupied by
the polymer when crosslinks were introduced.
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We thus look at the behavior of the elastic term of the Flory-
Rehner theory (Eq. 4) which is crucial for fitting the collapse curves.
We find, interestingly, that it changes sign at a crossover tempera-
ture between 293 K and 306 K (depending on crosslink density
and deuteration). This range of crossover temperatures is close both
to the final temperature of the synthesis and to the § temperature. In
particular, there is a systematic shift between crossover tempera-
tures of protonated and deuterated PNIPAM that is very close to
the difference in 0 temperature. We do not understand these depen-
dences at this time, but hope that it will provoke more thought.

In future, any theory that quantitatively captures the collapse
curves should capture these systematic dependences on solvent
quality. In addition, one could learn more, experimentally, about
¢, by tracking Ry during the synthesis (as done by Gao et al.
[43]). Ongoing work in our group focuses on the study of internal
polymer dynamics in d3- and d7-PNIPAM microgel colloids as a
function of temperature and pressure, using deuterium NMR.

Appendix A. Results of the fit to the cross equation

A.1. The power law, Mapparent

The apparent slope Mapparent = —fjﬁgg’f; at a given shear rate, is

related to the Cross exponent m by.

0 _ (1o = 1) (70)" m
0g7) | (. +255) (1+ GO™)°

1+(7)"

d(logn)

mapparent = - d( (A])

When 7, > 1, (y7)" and j7 > 1, the term in square brackets is
unity, and otherwise it is less than 1. It can be seen that for a given
temperature, Mapparene depends on the range of the shear rate over
which it is calculated.

In Fig. A.1(a), the slope Mapparenc is plotted for windows of
increasing 7, while Fig. A.1(b) plots the maximum value of
Mapparent fOI €ach curve. It is seen that at Mapparent ~ 0.89 for
T < 15°C but decreases with increasing temperature. We have
no a priori reason, apart from simplicity, to expect the power law
m to be independent of temperature, because the particle softness
is expected to be temperature dependent. For all data that exhibit
distinct low and high temperature plateaus in #, we can fit to the
Cross model. For reasons of simplicity we constrain m for a given
sample (i.e., for a given f and C) to a single value for all tempera-
tures in this regime, and fit for #,, #_ and 7.

slope over 10 points window

th .
n - window

A.2. Table of fit parameters

For completeness, a list of all the fitted zero-shear viscosities,
1o, are tablulated in Table A.1 for all the temperatures where there
was a plateau in viscosity when approaching zero shear rate. Tem-
perature and sample concentration conditions where Cross fits
were possible, i.e., where samples exhibited a zero-shear plateau,
followed by shear-thinning and a high-shear plateau, are high-
lighted in green in the table and indicated by “C” in the type of
fit. In regimes where Newtonian behaviour was observed (indi-
cated by “L” in the fit column), a simple linear fit of stress versus
strain rate was carried out to obtain #,.

A.3. Flory-Rehner fits

In this work, we found that the fitted value for the reference
volume fraction ¢, was much lower ¢,j,ps.. We examine this point
by setting ¢ = ¢conapse- The resulting fit (Fig. A.2) is poor, and the
fitted values of ¢¢qpapse aNd Reoiiapse are unphysical.

A.4. Particle molecular weights

The microgel particles are assumed, for the purposes of this
study, to be uniform in density profile. We check consistency of
this result by comparing molecular weights calculated from the
hydrodynamic radius at collapse for h-PNIPAM microgels with that
obtained from static light scattering. For the calculated molecular
weight we use

My, = 103 X pPNlPAMNA(47[/3)Riollapse¢collapse

(in units of g/mole), where N, is the Avogadro number and
p =1.1x10° kg/m3 is the density of PNIPAM polymer. Peollapse 1S
set to 0.4.

The molecular weight is also obtained from static light scatter-
ing experiments for h-PNIPAM microgels, Static light scattering
(SLS) studies (Photocor Ltd., Russia) were carried out at a wave-
length of 633 nm. Experimental are carried out at a very low sam-
ple concentrations in order to avoid particle interactions. In our SLS
studies, the scattering intensity of the microgel suspension pre-
pared at low concentration is measured as a function of scattering
angle (theta) between 15 and 130° in the swollen state at 20 °C.
The excess of scattering intensity is measured with respect to sol-
vent (deionized water). The absolute scattering intensity, the
excess Rayleigh ratio (cm1) is deduced using a toluene as a refer-
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Fig. A.1. (a) The slope test results with the 10 points window width, for all temperatures. This is done for the microgel sample of f= 0.092 and C = 8 wt% steady flow data. (b)
The apparent power law exponent (from the slope test results) for the microgel sample of f=0.092 and C =8 wt%, as a function of temperature: Mapparent i constant (with a

value Mypparent ~ 0.89) for T < 15 °C, and decreases at higher temperatures.
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Table A.1

The obtained #, values, along with the type of fit that was used to determine them (“L” for linear fit, and “C” for Cross fit) for all the 16 samples at
different f, C, and T (°C). The #, values as a function of temperature are listed as well, in the first Section to the left. For the samples were Cross fits had
been used, highlighted in green, the m values as obtained by the Cross fits are listed.

Water 7=0.001 7=0.053 /=0.092 7=0.127
T Ns clT Mo fit cqrT Mo fit c|rT Mo fit cqrT Mo fit
(°C)| (mPa.s) |(wt%)|(°C)| (mPa.s) (wt%) | (°C) | (mPa.s) (wt%) | (°C) | (mPa.s) (wt%) | (°C)| (mPa.s)
5 | 1.55(8) 5| 16(1) L 5| 44(2) L 5| 2.7(1) L 5| 2.6(1) L
8 | 1.43(7) 8 | 12(1) L 8 | 4.0(2 L 10| 2.1(1) L 8 | 23(1) L
10 | 1.36 (7) 10| 11(1) L 10| 3.4(2) L 15 | 151 19(1) L 10| 2.1(1) L
12 | 1.28 (6) 12| 9.2(5) L 12| 33(2) L 20| 15(1) L 12| 1.9(1) L
15 | 1.18 (6) 15| 7.2(4) L 15 15 2.7 (1) L 25| 1.3(1) L 15| 1.7(1) L
18 [ 1.09(5) | 1.5 | 18| 5.5(3) L 18| 2.4(1) L 30| 1.1(1) L 15 | 18| 1.6(1) L
20 | 1.03 (5) 20| 4.7(2) L 20| 2.1(1) L 5| 19(1) L 20| 1.4(1) L
22 | 0.97 (5) 22| 4.0(2) L 22| 1.9(1) L 8| 14(1) L 22| 1.3(1) L
25 | 0.90 (4) 25| 3.1(2) L 25| 1.7(1) L 10| 11(1) L 25| 1.2(1) L
27| 0.85 (4) 27| 2.5(1) L 30| 1.4(1) L 12| 9.4(5) L 27| 1.1(1) L
30 | 0.78 (4) 30| 2.1(1) L 15 |30 (2) E2 064 15| 7.2(4) L 30| 1.1(1) L
32 | 0.74 (4) 27 |23 (1) E2| C [0.62 18 |19 (1) E1 ('1) a5 | 18] 56 (3) L 5| 8.1(4) L
351068(3)| , . [30] 49(2) | C (1) 20| 66(3) 120 4.8(2) L 8 | 6.6(3) L
38 | 0.63(3) 35| 1.3(1) L 45 | 22| 21(1) L 22| 4.1(2) L 10| 6.0(3) L
38] 1.1(1) L 25| 7.8(4) L 25| 3.1(2) L 12| 5.3(3) L
30 [ 12 (1) E2[C/0.60(1) 27| 4.9(2) L 27| 2.7(1) L 15| 4.4(2) L
6 |32] 7.1(4) L 30| 2.6(1) L 30| 2.2(1) L 45 | 18| 3.6(2) L
35| 1.3(1) L 22 [40(2) E3 0.66 32| 1.8(1) L 20| 3.2(2) L
g [32] 31 (2) L 25 |16 (1) E1 ('0) 5 |67 (3)E2| C 067 22 2.9(1) L
35| 1.5(1) L 6 |27 43(2) 10 |41 (2)E1| C ) 25| 2.4(1) L
30| 5.2(3) L 6 15| 80(4) |C 27| 2.2(1) L
32| 2.7(1) L 20| 19(1) L 30| 2.0(1) L
g [30]46(2) L 25| 7.3(4) L 5 [25(1)E4| C
32| 1.7(1) L 30| 4.3(2) L 8 |75(4)E2| C
20 [16 (1) E2| C 10 |18 (1) E2| C |0.69
0.68
22 |25(1)E1| C ) 12 [60(3)E1| C | (0)
g [25] 4202 |C 15 |17 (1) E1| C
27| 15(1) L 8 |18] 59(3) | C
30| 5.6(3) L 20| 30(2) L
32| 35(2) L 22| 20(1) L
25| 9.9(5) L
27 | 6.6(3) L
30| 4.4(2) L
27 [20(1) E2| C [0.65
12 | 30| 50(2) [ c|(1)
32| 8.8(4) L
ence sample whose Rayleigh ratio is, Repene = 1.35 x 10 cm™! at
633 nm. The excess Rayleigh ratio R(#) of microgel suspension at
different concentrations can be calculated using
320 f=0.053
R((}) = (Isus(()) - Isol((}))/ltul(())[(nsolvent/ntoluene)z]Rtoluene- (A3)
310 Isus, Iso and I, are the scattering intensity of suspension, solvent,
and toluene reference. Ngpen: = 1.3314 and neene = 1.49 are the
refractive index of the solvent and toluene, respectively, at 20 °C.
g 300 Under weak particle interactions, the weight-average molecular
[ weight, M,, is related to excess Rayleigh ratio, R(0) is given by the
290 expression [44]
force Oeoiapse = Po
fitted: KC/R(0) = 1/M,, + (R;/BMW)(lannﬁalvem/f) sin2(9/2), (A.4)
280 Recoliapse = 128+7 nm
S SIS where K = 4xn?,,, (dn/dc)*/(#*N,) is an optical constant, C is the
v2 ' I I NN N NN rpicr_ogel cpncentrationin_g/ml,dl}/dC =0.167 ml/gm is therefrag—
40 60 80 100 120 tive index increment of microgels in the swollen state [45] and N4 is
the Avogadro number.
Ry (nm)

Fig. A.2. Carrying out a fit with ¢ = dcoapse Vields a poor fit, and unphysical values
of both d)co]lapse and Rcol]apse-

The comparison of molecular weights from the two methods is
shown in Fig. A.3. The agreement suggests that assuming uniform
spheres is reasonable.
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Fig. A.3. Comparison of molecular weights obtained from calculation (based on
assuming a uniform sphere) and from static light scattering measurements, for h-
PNIPAM microgels at all crosslink densities.
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