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Abstract: In this study, we compare the experimental static structure factors of
concentrated solutionsof amphoteric poly(𝑁-isopropylacrylamide) (PNIPAM)mi-
crogels with those of the polydisperse hard-spheremodel. We use zwitterionicmi-
crogels as model systems for amphoteric microgels with an equal amount of pos-
itive and negative charges located in adefined distance. Using small angle neu-
tron scattering (SANS),wemeasure the static structure factors, 𝑆M (𝑞), of a series of
zwitterionicmicrogelswith increasingamountof zwitterion, includinga reference
sample of pure PNIPAM. The experimental 𝑆M(𝑞) is compared with predictions
based on the Percus-Yevick approximation for hard spheres.We also comparewith
the PNIPAM reference samplemeasured for zwitterionicmicrogels. We findno sig-
nificant influence of the zwitterionic comonomer on the effective pair potential.
The PNIPAM and the zwitterionic microgels can be described by the hard-sphere
model for smaller volume fractions 𝜙

𝑇
≲ 0.4 only.
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1 Introduction
One class of colloidal particles, which during the past years gained a lot of in-
terest in soft matter science and in industrial applications such as printing [1] or
pharmaceutics [2], are microgels. These are intramolecularly crosslinked, spheri-
cal polymer networks swollen in a good solvent. They combine the properties of
macroscopic gels and of colloidal suspensions [3].

Poly(styrene) (PS) or poly(methylmethacrylate) (PMMA) microgels are often
regarded as nearly hard-sphere-like particles with a purely repulsive short-range
potential. Theyhavebeenused to investigate the crystallisationbehaviour and the
glass transition in concentrated suspensions [4–6]. The introduction of a short-
ranged attraction can be achieved by adding a short-chained, linear polymer to
the microgel suspension. This leads at first to the melting of the colloidal glass,
andwith increasing strength of the attraction to a “re-entrant” glass transition [7].
Bartsch et al. also found ahard-sphere-like behaviour of PS microgels well below
the colloid glass transition by amode-coupling theory analysis of dynamic light
scattering (DLS) data [8]. However, close to the glass transition, the behaviour dif-
fers from the hard-sphere model. Very low crosslink densities result in softness of
the particles. Shape fluctuations and deformations allow thus the particles to es-
cape from their cages. Recent theoretical-experimental studies [9–11] account for
the softness of the particle through theusage of an appropriate soft interaction po-
tential. One possible choice is the non-diverging, bounded Hertz potential which
describes the energy penalty of the deformation of two homogeneous spheres.
The potential is useful for microgels of low crosslinking density and/or small
size, which result in low deformation energies. However, for microgels of radius
𝑅 ≳ 50 nm, the energy cost for significant deformations is very high (~104𝑘

𝐵
𝑇)

resulting in an effective hard-sphere (HS) behaviour [12].
Poly(𝑁-isopropylacrylmide) (PNIPAM) microgels show an even more com-

plex colloidal behaviour due to their thermoresponsiveness in water. They ex-
hibit a volume phase transition (VPT) at 32 ∘C in aqueous solution [13–15]. Stieger
et al. showed with small angle neutron scattering (SANS) that PNIPAM micro-
gels in the swollen state have a different structure compared to homogeneous
spheres. This internal particle structure changes with temperature [16]. Below the
volumephase transition temperature (VPTT), PNIPAMmicrogels canbedescribed
as “fuzzy spheres”, and above the VPTT as ahomogeneous sphere. In a different
study, Stieger et al. could also show that the static structure factor, 𝑆(𝑞), of swollen
PNIPAM microgels can be successfully described by the hard-sphere model de-
spite of their inhomogeneous structure [17]. Eckert et al. found a similar behaviour
of 𝑆(𝑞) for low volume fractions of microgels [3]. While in [3] the collective dif-
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fusion coefficient and the hydrodynamic functions are not describable by the
HS model already for low volume fractions, an improved theoretical analysis by
Riest et al. [12] shows that the hard-sphere model is able to capture the dynamics
of microgels in the full fluid-like regime, provided that an appropriate model for
the internal particle hydrodynamics is used.

Introducing weak acidic [18–21] or basic [22–24] comonomers into aPNIPAM
microgel leads to multisensitive microgels (temperature, pH, ionic strength).
A pH-induced swelling of the microgel is caused by the osmotic pressure of the
counterions [25]. PNIPAM-co-acrylic acid (AAc) microgels at pH < pK

a
, where

Coulomb repulsion is minimized, have been used as model system to investigate
the influence of weak attractive and soft repulsive interactions on the particle con-
centration indicating that H-bonding might be relevant [26–28]. Mohanty et al.
used the same system in a deprotonated state at intermediate pH to study the
phase behaviour [29]. They showed that the interaction potential is a screened
Coulomb potential. They further found a transition from a liquid to a face cen-
tred cubic (FCC) crystalline structure above 0.03 wt %. For higher concentrated
samples, an additional body centred cubic (BCC) crystalline structure occurred.
Furthermore, their experimental phase diagram fits to the theoretical predictions
for an ionic microgel by Gottwald et al. [30], with a re-entrant disordered state
at very high concentrations. Huang et al. investigated a cationic microgel sys-
tem of PNIPAM-co-allylamine and found the same phase transitions from liq-
uid to crystalline to a colloidal glass [31]. Recently, Holmqvist et al. published
a combined theoretical-experimental study of the structure and dynamics of neg-
atively charged PNIPAM-co-AAcmicrogels [32]. They show that the swelling of the
particles depends on the number density of particles, in addition to the depen-
dence on pH and salinity.

Amphoteric microgels contain both acidic and basic comonomers, and are
therefore interesting systems due to the presence of opposite charges [33–35]. Am-
photeric microgels swell in acidic and basic pH, and are collapsed at intermediate
pH,which is the so-called zwitterionic regime. The simplestway to synthesize am-
photeric microgels is to use a zwitterionic comonomer, e.g. sulfobetaine [35]. Be-
taines carry an identical number of opposite charges in awell-defined distance,
whichmakes zwitterionicmicrogels idealmodel systems of amphotericmicrogels.
One might expect, that the presence of opposite charges in the microgel network
influences the interactions between the particles.

In the present study, we investigate the equilibriummicrostructure of ampho-
teric microgels in concentrated, salt free suspensions. Using SANS, we measure
the angular dependent scattering intensity, 𝐼(𝑞), of a series of zwitterionic micro-
gels over a broad concentration range (0.2 wt % to 6 wt%). We determine the ex-
perimentally measurable static structure factor, 𝑆M(𝑞), and compare it with pre-
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dictions based on the hard-sphere model with polydispersity included. We have
used microgels with various amounts of sulfobetaine (0mol% to 3mol% in the
monomer feed) to study the influence of the amount of opposite charges on the
microstructure.

2 Experimental part
Chemicals: N-isopropylacrylamide (NIPAM, 99%) was purchased from
Acros Organics, [3-(Methacryloylamino)propyl]diemthyl(3-sulfopropyl) am-
monium hydroxide inner salt (sulfobetaine, 96%) from Sigma Aldrich. N,N’-
methylenebisacrylamide (BIS, +99%, Alfa Aesar) was used as a crosslinker.
Potassium persulfate (KPS, 99%) and sodium dodecylsulfate (SDS, 98%) were
purchased from Merck. Methacryloxyethyl thiocarbamoyl rhodamine B (MRB,
Polysciences) was used as fluorescence dye. Deuterated water (D

2
O, 99.9%) was

bought from Deutero. Bidistilled milli-Q-water was used for the synthesis.
Synthesis:Microgels were synthesized by free radical precipitation polymer-

ization [36]. The reaction was performed in 1 L of water in a 2 L-three neck flask
equipped with amechanical stirrer, reflux condenser and a nitrogen inlet. 1 L of
water was degassed with nitrogen. 80mL of degassed water were taken and kept.
Monomers, crosslinker, fluorescence dye (0.03 mmol) and SDS were added to the
reaction vessel, whereupon the weighting vessels were rinsed with 30ml of the
takenwater (structural formulas canbe seen in Figure 1). The solutionwas heated
up to 75 ∘Coilbath temperature andflushedwith nitrogen for at least 1 h. KPSwas

N
H

O O

N
H

O

N
H

N,N'-methylenebisacrylamide
(BIS)

N-isopropylacrylamide
(NIPAM)

N
H

N+

O

SO3
-

[3-(Methacryloylamino)propyldimethyl(3-sulfopropyl) 
ammonium hydroxide inner salt (sulfobetaine)

Figure 1: Structural formulas of the monomers NIPAM, sulfobetaine and the crosslinker BIS
used to synthesize zwitterionic microgels.
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dissolved in 50mL of the taken water and added to the solution with a syringe.
The reactionwas performed for 6 h under stirring at 250 rpm under nitrogen flow.
After 6 h the oil bath was removed, the nitrogen flowwas turned off, and the solu-
tion was allowed to cool down to room temperature over night and filtrated over
glass wool. The solution was cleaned by four cycles of centrifugation. Between
each centrifugation step the supernatant was replaced by water and the solution
was redispersed. After the fourth step of centrifugation, themicrogel solution was
freeze-dried.

Small Angle Neutron Scattering (SANS): A 6 wt% stock solution in D
2
O

was prepared by adding the solvent to freeze-dried microgel powder. For com-
plete dispersion, samples were equilibrated on a roll mixer, slightly centrifuged
and mixed at temperatures far below and slightly above the VPTT. More dilute
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samples were prepared by dilution of the stock solution and equilibration on the
roll mixer. Experiments were performed at the instrument D11 at the Institut Laue-
Langevin (ILL) in Grenoble, France. Awavelength of 𝜆 = 6 Åwith a polydispersity
𝛥𝜆/𝜆 of 9%was used.

Samples were measured at three sample-detector distances of 1.2m, 8m
and 39m to cover the entire available 𝑞-range of the instrument. The scatter-
ing intensity was detected on a 3He gas detector (CERCA) with a detection area
of 96×96 cm2 and apixel size of 7.5×7.5 mm2. NarrowHellma quartz glass cells
(type 110-QS) with 1mm sample thickness were used. The incoherent scattering
of water wasmeasured as secondary calibration standard at 8m sample-detector
distance. All data were corrected for transmission, empty cell scattering andback-
ground scattering to receive absolute values for the differential cross section.

Zwitterionic microgels were measured in a copper sample changer at 20 ∘C.
The sample temperature was measured inside a cell filled with water by an exter-
nal thermometer and adjusted by an external thermostat. Measurements at 39m
sample-detector distance had to be scaled by a factor of 1.5 so that they overlap
with the data from 8m sample-detector distance, as calibration with water is not
possible at this sample-detector distance. Sample N0 was measured at 24 ± 2 ∘C
without additional temperature control bymeans of thermostat. This corresponds
to an uncertainty in the particle size of about 3%, as estimated from the DLSmea-
surement of the particle hydrodynamic radius in the temperature interval 22 ∘C–
26
∘
C. Thus, the particle size in the measurement with sample N0 is practically

constant.
Dynamic light scattering (DLS): DLS samples were prepared by dispers-

ing freeze-dried microgels in D
2
O. To avoid multiple scattering, the samples

were highly diluted. The samples were filtrated through a 0.8 or 1 μm filter
to avoid dust contamination into cylindrical cells (Hellma, 540.110-QS, 75mm
high, 10mm outer diameter, 8mm inner diameter). All measurements were per-
formed on an ALV setup equipped with a 633 nm HeNe laser (JDS Uniphase,
35mW), a goniometer (ALV, CGS-8F), digital hardware correlator (ALV 5000), two
avalanchephoto diodes (Perkin Elmer, SPCM-CD2969), a light scattering electron-
ics unit (ALV, LSE-5003), an external programmable thermostat (Julabo F32) and
an index-match-bath filled with toluene. Allmeasurements were recorded pseudo
cross-correlated. Temperaturewasmeasured inside the index-match-bath and re-
garded as sample temperature.

All samples were measured at scattering angles of 30–140∘ in steps of 10∘

for 60 s. Temperature dependent measurements were performed in the range of
10–50 ∘C in 2 ∘C steps. Heating and cooling curves were recorded andmatch per-
fectly.
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The apparent diffusion coefficient, 𝐷app, was extracted using the method of
cumulants as proposed by Koppel [37]. At each temperature, the apparent mutual
or collective diffusion coefficient,𝐷, was determined by extrapolation of𝐷app to
zero angle [38]. The translational Stokes-Einstein equation [39] was used to de-
duce an effective hydrodynamic radius, 𝑅h, from the diffusion coefficient mea-
surement at high dilution where the concentration dependence of 𝐷app can be
neglected.

3 Theory and data analysis
In small angle neutron scattering, the experimentally measured scattering inten-
sity 𝐼(𝑞) is directly related to the differential cross section d𝜎(𝑞)/d𝛺. The differ-
ential cross section is independent of transmission and defined as the number
of scattered neutrons into an element of solid angle d𝛺 into the direction of the
scattering vector ⃗𝑞. The magnitude, 𝑞, of the scattering vector is

𝑞 =
4𝜋

𝜆
sin (

𝜃

2
) (1)

where 𝜆 is the neutron wavelength, and 𝜃 the scattering angle. The differential
scattering cross section corrected for incoherent flat background at large momen-
tum transfer for polydisperse, spherical colloidal particles of the same material
can be expressed for dominant single scattering as

d𝜎(𝑞)

d𝛺
∝ 𝐼(𝑞) ∝ 𝑛T𝑓

2(𝑞)𝑆M(𝑞) (2)

where 𝑛T is the total number density of particles in the scattering volume [40].
Here, 𝑆M(𝑞) is the so called measurable static structure factor, and 𝑓2(𝑞) is the
second moment of the particle scattering amplitudes taken with respect to the
size distribution function. The overline characterizes an average with respect to
this distribution function. The measurable structure factor describes the scatter-
ing amplitude averaged particle-particle correlations resulting from the interfer-
ence of scattered neutron waves. Note that for a polydisperse system, 𝑆M(𝑞) is not
a purely statisticalmechanical quantity but is influenced also by the intra-particle
scattering properties. Thus, 𝑆M(𝑞 → 0) is in general different from the isothermal
osmotic compressibility.

For non-dilute suspensions, 𝑆M(𝑞) is obtained experimentally by dividing the
scaled measured intensity, 𝐼(𝑞), of the non-dilute sample of number density, 𝑛T,
by the scaled intensity, 𝐼

0
(𝑞), of a reference sample at a sufficiently lower density
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𝑛
0

T where particle correlations can be neglected (i.e., where 𝑆
0

M(𝑞) ≅ 1). Thus,

𝐼(𝑞)/𝑛T

𝐼
0
(𝑞)/𝑛
0

T
=
𝑓2(𝑞)𝑆M(𝑞)

𝑓2(𝑞)𝑆
0

M(𝑞)
≈ 𝑆M(𝑞). (3)

It has been assumed here that the particle scattering amplitudes and the size dis-
tribution do not change with concentration.

The scattering amplitude, 𝑓(𝑞), characterizes the scattering properties of
a single spherical microgel particle. It arises from the interference of intra-
particle scattering sites and is related to the measurable form factor 𝑃M(𝑞). For
a polydisperse (multicomponent) system, the latter is given by

𝑃M(𝑞) =
𝑓2(𝑞)

𝑓2(𝑞 = 0)

(4)

and normalized such that 𝑃M(𝑞 = 0) = 1.
Although microgels exhibit spherical geometry on average, the particle scat-

tering amplitudes of PNIPAMmicrogels differ from that of homogeneously scatter-
ing spheres. The different reaction kinetics of the crosslinker BIS and NIPAM lead
to an inhomogeneous crosslink density inside the microgel, resulting in a fuzzy
surface.

In the present work, we use a scattering amplitudemodel by Stieger et al. [16]
depicted in Figure 2. In this model, the scattering amplitude of a crosslinked
microgel is related to that of a core-shell-like particle with core radius 𝑅 and
a shell of width 2𝜎surf. The amplitude is obtained from the convolution of the ra-
dial scattering length distribution of a homogeneous sphere of radius 𝑅box with
aGaussian function of constant width 1/𝜎surf, with the latter accounting for the
non-homogeneous cross-linking density. Explicitly,

𝑓(𝑞𝑅) = 𝑅
3 𝑗1(𝑞𝑅)

𝑞𝑅
exp (−

(𝑞𝜎surf)
2

2
) , (5)

where 𝑅 = 𝑅box +2𝜎surf, and 𝑗1(𝑥) is the first order spherical Bessel function. The
total radius in the scattering amplitude model is

𝑅HC = 𝑅 + 2𝜎surf. (6)

Here the subscript HC (hard core) denotes that this radius is used as the particle
excluded volume radius in our polydisperse correlation functions calculations.

The chemically produced microgels have a certain distribution of inner radii
𝑅, globally characterized by the mean radius 𝑅, and the relative standard devia-
tion, 𝑠

𝑅
, defined as

𝑠
𝑅
=

[𝑅2 − 𝑅
2

]

1

2

𝑅

= [𝑡 + 1]
−

1

2 , (7)
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Figure 2: Schematics of the scattering amplitude model taken from Stieger et al. [16] For more
details see Stieger et al. [16].
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where 𝑡 is a non-dimensional width parameter. For the size distribution function
𝑝
𝑠
(𝑅; 𝑅; 𝑠

𝑅
), we use the unimodal and skew-symmetric Schulz distribution func-

tion given by (see, e.g. [41])

𝑝
𝑠
(𝑅; 𝑅; 𝑠

𝑅
) = [

𝑡 + 1

𝑅

]

𝑡+1
𝑅
𝑡

𝛤(𝑡 + 1)
exp [−

𝑡 + 1

𝑅

𝑅] , (𝑡 > 0) (8)

with moments

𝑅𝑛 =

∞

∫

0

𝑑𝑅 𝑅
𝑛
𝑝
𝑠
(𝑅; 𝑅; 𝑠

𝑅
) =

(𝑛 + 𝑡)!

𝑡!(𝑡 + 1)𝑛
𝑅
𝑛

, (9)

for 𝑛 ∈ {0, 1, . . .}.
For smaller polydispersities, the Schulz distribution can be well approxi-

mated by aGaussian distribution function centred at 𝑅 = 𝑅. In accordance with
experimental observations, only the particle core of radius 𝑅 and thus 𝑅HC is
treated as polydisperse, whereas the shell width 2𝜎surf is kept constant.

For calculating themeasurable static structure factor in Equation (2) for a size
polydisperse system, we employ a𝑚-component histogrammatic approximation
of the continuous Schulz distribution (see [40]) so that

𝑆M(𝑞) =
1

𝑓2(𝑞)

𝑚

∑

𝛼,𝛽=1

(𝑥
𝛼
𝑥
𝛽
)
1

2𝑓
𝛼
(𝑞) 𝑓
𝛽
(𝑞) 𝑆
𝛼𝛽
(𝑞). (10)

Here, 𝑥
𝛼
are the molar fractions of components 𝛼 ∈ {1, 2, . . ., 𝑚} with respective

excluded volume radii𝑅
𝛼
. The values of the histogrammatic distribution {𝑥

𝛼
, 𝑅
𝛼
}

aredeterminedby enforcing the equality of thefirst2𝑚moments of thehistogram-
matic representation of the Schulz distribution (see [40] for details).

Therefore,

𝑓𝑛(𝑞) =

∞

∫

0

𝑑𝑅 𝑝
𝑠
(𝑅; 𝑅; 𝑠

𝑅
)𝑓
𝑛
(𝑞, 𝑅) =

𝑚

∑

𝛼=1

𝑥
𝛼
𝑓
𝑛
(𝑞𝑅
𝛼
) (11)

with∑𝑚
𝛼=1
𝑥
𝛼
= 1.

The𝑚(𝑚 + 1)/2 partial structure factors are related to the partial total corre-
lation functions, ℎ

𝛼𝛽
(𝑟), by

𝑆
𝛼𝛽
(𝑞) = 𝛿

𝛼𝛽
+ 4𝜋𝑛T(𝑥𝛼𝑥𝛽)

1

2

∞

∫

0

𝑑𝑟 𝑟
2
ℎ
𝛼𝛽
(𝑟)

sin(𝑞𝑟)

𝑞𝑟
. (12)

For size polydispersities 𝑠
𝑅
< 0.3, it is sufficiently accurate to use a𝑚 = 4 compo-

nent histogrammatic representation.
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To calculate the 𝑆
𝛼𝛽
(𝑞)’s for amixture of hard spheres of radius distribution

{𝑅
𝛼
}, we employ the analytic Percus–Yevick solution for the Laplace transform,

𝐻̃
𝛼𝛽
(𝑠) =

∞

∫

0

𝑑𝑟 𝑟 ℎ
𝛼𝛽
(𝑟) 𝑒
−𝑠𝑟 (13)

of 𝑟ℎ
𝛼𝛽
(𝑟) provided by Blum and Hoye [42]. Using this solution, the 𝑆

𝛼𝛽
(𝑞)’s are

obtained in a straightforward way from the imaginary part as

𝑆
𝛼𝛽
(𝑞) = 𝛿

𝛼𝛽
+

4𝜋(𝑛
𝛼
𝑛
𝛽
)
1

2

𝑞
𝐼𝑚 [𝐻

𝛼𝛽
(𝑠 = 𝑖𝑞)] . (14)

The total volume fraction, 𝜙T, of the polydisperse hard-sphere system is given by
the third moment of the excluded volume radii distribution as

𝜙T =
4𝜋

3
𝑛T𝑅
3

HC. (15)

The polydisperse Percus–Yevick hard-sphere solution is known to be decently
good for volume fractions 𝜙T ≲ 0.3 and lower polydispersities 𝑠

𝑅
≲ 0.15. At any

rate, it is only applicable to fluid-like systems. For 𝜙T ≥ 0.3 where the (multi-
component) Percus–Yevick (PY) approximation becomes less accurate, the so-
called decoupling approximation for 𝑆M(𝑞) can be used for analytic simplic-
ity [40, 43]. This approximation allows for the usage of the Verlet–Weis corrected
Percus Yevick solution for monodisperse hard spheres, with the size polydisper-
sity accounted for in the scattering amplitudes only. Thus, the ℎ

𝛼𝛽
(𝑟)’s are ap-

proximated by the total correlation function, ℎid(𝑟), of an ideally monodisperse
system of same volume fraction 𝜙T and total number density 𝑛T as those of the
actual polydisperse system. Explicitly,

ℎ
𝛼𝛽
(𝑟) ≈ ℎid(𝑟; 𝜙𝑇;𝑅

∗

HC) (16)

where
𝑅
∗

HC = (𝑅
3

HC)
1

3

= 𝑅HC [1 + O (𝑠
2

𝑅
)] . (17)

The measurable structure factor, 𝑆
𝐷
(𝑞), in the decoupling approximation is then

given by
𝑆M(𝑞) ≈ 𝑆𝐷(𝑞) = [1 − 𝑋(𝑞)] + 𝑋(𝑞) 𝑆id (𝑞; 𝜙T; 𝑅

∗

HC) (18)

where 𝑆id(𝑞; 𝜙T; 𝑅
∗

HC) is the static structure factor of the ideally monodisperse sys-
tem [40].

The function𝑋(𝑞) in the decoupling approximation incorporates the scatter-
ing amplitude polydispersity and reads [40]

𝑋(𝑞) =

[𝑓(𝑞)]
2

𝑓2(𝑞)

. (19)
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Note that 0 ≤ 𝑋(𝑞) ≤ 1.
As shown in [44], the principal peak height of the Verlet–Weis (VW) corrected

hard-sphere structure factor at wavenumber position 𝑞
𝑚
is up to 𝜙T ≲ 0.54 given

to a good approximation by

𝑆id(𝑞𝑚) ≈ 1 + 0.644 𝜙T 𝑔
CS
id (2𝑅

∗

HC; 𝜙T), (20)

where 𝑔CSid (2𝑅
∗

HC; 𝜙T) is the Carnahan Starling contact value of the hard-sphere
radial distribution function. According to MD simulation results by Rintoul and
Torquato [45, 46],𝑔CSid (2𝑅

∗

HC; 𝜙T) applies also to the metastable fluid branch of the
hard-sphere phase diagram for volume fractions up to the melting point value
0.54.

A comparison of the decoupling approximation result with the polydisperse
Percus Yevick solution for 𝑆M(𝑞) is presented in Figure 3. For illustrative pur-
poses, the calculations have been performed for a system of homogeneously scat-
tering spheres of mean radius 𝑅 and polydispersity 𝑠

𝑅
= 0.105 at volume frac-

tion 𝜙T = 0.25. Polydispersity leads to a smearing out of the maxima andminima,
and to a reduction of the principal peak height compared to the monodisperse
system characterized by 𝑆id(𝑞) [41]. The decoupling approximation overestimates
the measurable structure factor at low 𝑞 values, and it has amore pronounced
first minimum than the polydisperse PY solution. Yet, the principal peak form of
𝑆M(𝑞) is nicely reproduced in the decoupling approximation, for the considered
lower 𝑠

𝑅
values.

We mention that an analytic extension of the polydisperse PY solution for
𝐻̃
𝛼𝛽
(𝑠), valid for higher volume fractions, has been provided by Santos et al. [47].

Figure 3: Comparison of the decoupling approximation 𝑆
𝐷
(𝑞) (solid line) of 𝑆M(𝑞) with the

polydisperse PY solution for homogeneous scattering spheres of mean radius 𝑅, polydispersity
𝑠
𝑅
= 0.105 and volume fraction 𝜙T = 0.25 (dashed line). Further shown is the VW-PY structure

factor 𝑆id(𝑞) of an ideally monodispers system (dotted line, see Equation (18)).
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For simplicity, however, and since the considered 𝑠
𝑅
values are rather small, we

restrict ourselves to the usage of the decoupling approximationwith VW-PY input
for 𝑆id(𝑞).

4 Results and discussion
We have synthesized a series of zwitterionic microgels with increasing amount of
sulfobetaine. The amount of sulfobetaine was varied from 0mol%, which is the
reference system PNIPAM, to 3mol% in themonomer feed. The crosslinking ratio
of 1 : 20, which is themolar ratio of crosslinker tomonomer, was kept constant for
all samples to achieve a similar volume swelling ratio 𝑆 for all samples. The sur-
factant SDS was used to stabilize the particle surface during the synthesis, and
to produce small particles which can be analysed by small angle scattering tech-
niques. The monomer feeds of the microgels are summarized in Table 1. Detailed
information about the physicochemical properties of these particles in dilute so-
lution and the role of sulfobetaine during the synthesis in the presence of SDSwas
obtained in a differentwork by Schmid et al. [48] andwill be published elsewhere.

First, the angular dependent scattering intensity, 𝐼(𝑞), was measured in the
dilute regime for all samples inD

2
Owell below the VPTT (Figure 4). The zwitteri-

onic microgels were measured at 20 ∘C, and the PNIPAM sample at 24 ± 2 ∘C. The
scattering curves were fitted according to the model of Stieger et al. [16]. The fits
represent the data over the entire 𝑞-range very well. The slight deviations in the
high-𝑞 region can be due to small errors in the treatment of incoherent scattering.
The important fit parameters are summarized in Table 2.

The mean excluded-volume radius 𝑅HC was calculated from these fitting pa-
rameters using Equation (6).

Secondly, a series with increasing mass fractions in heavy water in the range
of 1 wt%–6 wt%was prepared for all samples. The scattering curves of the differ-
entmass fractionsweremeasuredandnormalized to themass fraction 𝑐according
to Equation (3).We neglect the difference in density betweenmicrogel and solvent
so that the particle density 𝑛T is determined by the mass fraction. Figure 5 shows
the normalized angular dependent scattering intensity, 𝐼(𝑞)/𝑛T, at 20

∘
C and at

24 ± 2
∘
C in the case of sample N0. All scattering curves overlap in the high-𝑞-

regime, indicating only minor errors in the mass fractions within the series. The
most pronounced effect on 𝐼(𝑞)with increasingmass fraction occurs at low 𝑞. The
scattering intensity, 𝐼(𝑞), is reducedbyapproximately twoorders ofmagnitude for
all samples in the small 𝑞 limit.
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Figure 4: Scattering curves of samples N0 (a), N1 (b), N2 (c) and N3 (d) in D
2
O at 20 ∘C (sample

N0 was measured at 24 ∘C ± 2 ∘C). The concentration is about 0.2 wt%. Solid lines represent fits
according to the form factor model of Stieger et al. [16] given in Equation (5). Large error bars in
the intermediate 𝑞-range are due to the low statistics at the border of the detector.

Table 2: Parameters obtained from fitting the scattering curves for samples N0–N4 in D
2
O at

20
∘
C (sample N0 was measured at 24 ± 2 ∘C) according to the form factor model of Stieger

et al. [16] given in Equation (5). Note that 𝑅̄HC = 𝑅̄ + 2𝜎surf. For completeness, we also list values
for the effective hydrodynamic radius, 𝑅

h
, determined using low-𝑞 DLS.

sample 𝑅 [nm] 𝜎surf [nm] 𝑠
𝑅
[%] 𝑅HC [nm] 𝑅h [nm] 𝑅HC/𝑅h

N0 54.2 13.1 13.5 80.4 921 0.874
N1 50.7 14.1 10.5 78.9 90 0.877
N2 42.6 12.7 17.5 68.0 81 0.840
N3 39.9 10.3 17.0 60.5 78 0.776

1
𝑅h in D2O at 24 ∘C.

This indicates an increased correlation between the particles with increasing
mass fraction, as indicated by smaller 𝑆M(𝑞) values. For sample N0, the scatter-
ing intensity decreases continuously in going from 0.2 wt % to a concentration of
5 wt%, and increases then again. The zwitterionic microgels, however, show all
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Figure 5: Normalized scattering curves of samples N0 (a), N1 (b), N2 (c) and N3 (d) in D
2
O at

20
∘
C (sample N0 was measured at 24 ± 2 ∘C) at various concentrations as indicated.

a similar behaviour, with the scattering intensity decreasingmonotonically in go-
ing from 0.2 wt% to 6 wt%.

Next, the experimental static structure factor, 𝑆M(𝑞), has been deduced using
Equation (3), with results presented in Figure 6. The structure factor peak posi-
tion, 𝑞

𝑚
, is shifted to higher 𝑞-values with increasing concentration, for all con-

sidered samples.
This is indicative of a lowering inter-particle distance with increasing mass

fraction, since for lower polydispersities the centre-to-centre distance,𝑑, of neigh-
bouring particles scales inversely with the structure factor peak position as

𝑑 ∼
2𝜋

𝑞
𝑚

. (21)

The experimental peak height, 𝑆M(𝑞𝑚), determined from 𝐼(𝑞) has the same trend
in its concentration dependence as 𝐼(𝑞 → 0).

We fit the experimental 𝑆M(𝑞) using the decoupling approximation approach
in conjunction with the Verlet–Weis approximation. The only fitting parameter is
the total volume fraction in Equation (15). The values for 𝑠

𝑅
and 𝑅HC are deter-
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Figure 6:Measurable static structure factors, 𝑆M(𝑞), of samples N0 (a), N1 (b), N2 (c) and N3 (d)
in D

2
O at 20 ∘C (sample N0 was measured at 24 ± 2 ∘C) for different concentrations as indicated.

The lines are guides to the eye.

mined from the low concentration fits of𝑓2(𝑞) and are kept constant in the 𝑆M(𝑞)
fits. See Table 2 for their values. Results are presented in Figure 7.

For values 𝜙T ≤ 0.4, the theoretical fits based on the (polydisperse) hard-
spheremodel describe the experimental structure factor data for all samples quite
well.

At higher volume fractions 𝜙T > 0.4, theoretical and experimental data de-
viate significantly from each other for all considered samples. The experimental
principal peak positions, 𝑞

𝑚
, are shifted to higher 𝑞-values compared to the the-

oretical predictions. This indicates a lower centre-to-centre distance 𝑑 (see Equa-
tion (21)). The PNIPAM basedmicrogels can achieve this either by deswelling and
thus lowering the particle size, or by overlapping. The latter mechanism appears
reasonable at high volume fractions owing to the inhomogeneous structure and
lower polymer density on the particle surface. The former mechanism leads to
a visible change in the scattering curve, in particular regarding the locations of
the local minima. It should be noticed here that the form of 𝐼(𝑞) is changed not
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Figure 7:Measurable static structure factors, 𝑆M(𝑞), of samples N0 (a), N1 (b), N2 (c) and N3 in
D

2
O at 20 ∘C (sample N0 was measured at 24 ± 2 ∘C) at various concentrations as indicated. The

lines are theoretical structure factors based on the hard-sphere pair potential and the
decoupling approximation combined with the PY-VW solution for 𝑆id(𝑞).

only through the changing form factor at high concentrations, but also through
the changing 𝑆M(𝑞).

The temperature responsiveness, and by this the particle sizes of PNIPAMmi-
crogels in aqueous solution, are altered by the solvent quality. The solvent quality
is determined by the strength of the hydrogen bonds between water molecules
and NIPAM. These should not depend on the particle concentration, which ren-
ders a shrinking of the particles as rather unlikely. Contrast variation experiments
of amixture of deuterated and protonated PNIPAM microgels can provide infor-
mation on the particle form factor in concentrated solutions, and on the particle
shrinking or overlapping. This will be the topic of a future investigation.

There is no visible influence of the zwitterionic comonomer, since the hard-
sphere structure factors describe all scattering data equally well for the four con-
sidered systems. We conclude thus that at low volume fractions, the hard-sphere
potential suitably describes the (effective) pair interactions between pure PNIPAM
(N0) microgels, and between the zwitterionic microgels.
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It is also noticeable that for all samples, 𝑆M(𝑞 → 0) decreases monotonically
with increasing 𝑛T. A significant increase of 𝑆M(𝑞) in the low-𝑞-regime with in-
creasing 𝑛T is an indicator for the existence of (effective) attractive forces between
the particles. For an example relevant in this context, Baxter [49] uses an attrac-
tive surface adhesion potential in addition to the hard-sphere potential, leading
to a𝑆M(𝑞) which increases with concentration in the low-𝑞-regime.

On first sight, one might expect an attractive contribution to the pair poten-
tial due to the incorporation of the zwitterionic comonomer. However, the purely
repulsive hard-sphere potential is sufficient to describe the static structure factors
of the zwitterionic microgels even up to 𝜙T ≈ 0.4. At very high volume fractions,
however, where the microgels can overlap, the experimental data do not show
evidence for attractive forces between the zwitterionic microgels. This absence of
attraction can be due to two possiblemechanisms: First, the rather low amount of
incorporated charges is not sufficient to cause attraction. Secondly, the formation
of internal salt between the sulfonate headgroup and the quaternary ammonium
group of sulfobetaine is more favourable than intermolecular salt formation.

5 Conclusion
In this study, we have investigated the influence of opposite charges in a PNIPAM
microgel network on the equilibrium microstructure. We have used a series of
zwitterionic microgels with increasing amount of zwitterionic comonomer, and
determined the measurable static structure factors using SANS.We compared the
experimental data with apure PNIPAM reference sample, and with the classical
hard-sphere system predictions. The measurable static structure factors can be
well described by the hard-spheremodel up to 𝜙

𝑇
≈ 0.4. We find no significant in-

fluence of the zwitterionic comonomer on the effective pair potential, for the 𝑆M(𝑞)
of all zwitterionic microgels is also well described by the hard-sphere model up
to 𝜙T ≈ 0.4. At higher volume fractions, the experimental data of all samples de-
viate significantly from the hard-sphere model. In this high concentration range,
the microgels are likely to overlap or deswell. We conclude that in concentrated
solutions, zwitterionicmicrogels with equal amounts of charges behave, similarly
to pure PNIPAM, as effective hard spheres for 𝜙T ≤ 0.4.
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