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Abstract: Nanometer-sized anions (nano-ions) like poly-
oxometalates and boron clusters exhibit so-called super-
chaotropic behavior, which describes their strong bind-
ing to hydrated non-ionic matter in water. We show
here that nano-ions, at millimolar concentrations, dra-
matically enhance the viscosity and induce gelation of
aqueous solutions of non-ionic cellulose ethers (CEs), a
class of widely utilized polymers known for their
thickening and gel-forming ability. These phenomena
arise from an interplay of attractive forces and repulsive
electrostatic forces between CE-chains upon nano-ion
binding. The attractive forces manifest themselves as
aggregation of CE-chains into a physically crosslinked
polymer network (gel). In turn, the electrostatic repul-
sions hamper the viscosity increase and gelation. Super-
chaotropic nano-ion binding emerges as a novel and
general physical crosslinking motif for CE-solutions and
exceeds by far the conventional thickening effects of
classical salts and ionic surfactants.

Nanometer-sized anions (nano-ions), such as dodecabo-
rates and Keggin polyoxometalates (POMs), have recently
emerged as potent inorganic additives for aqueous non-ionic
soft matter systems.[1] Their sizes around one nanometer

combined with ionic charges typically from � 1 to � 6, place
nano-ions at the boundary between classical ions and
charged colloids, which results in fascinating solution
properties.[2] In water, due to their very low charge densities,
nano-ions are weakly hydrated and exhibit a strong
tendency to co-assemble with non-ionic matter.[1b,3] Co-
assembly of nano-ions was thus shown to occur with a host
of diverse non-ionic solutes including polymers,[4]

surfactants,[1a,3b] hydrotropes,[5] and aromatic molecules[6] as
well as with interfaces as provided by nanoparticles[2b,7] or
non-ionic surfactant-covered water surfaces.[3b,8] The chaot-
ropic effect, an enthalpic, water-mediated driving force that
arises from the favorable release of hydration water of the
nano-ion and the solute upon contact formation, lies at the
bottom of these nano-ion/solute co-assembly
phenomena.[3a,9] Nano-ion binding to hydrated organic
matter occurs typically in the micro- to millimolar range and
may even exceed the binding of classical hydrophobic
additives or surfactants.[1a,3a] Since nano-ion/solute co-assem-
bly is much stronger than for classical chaotropic ions, such
as SCN� or I� , nano-ions were termed superchaotropic
ions[3] in extension to the well-known Hofmeister series.[10]

Nano-ion co-assembly has thus opened novel pathways to
the formulation of hybrid organic/inorganic materials such
as foams[8] and inorganic supramolecular networks[11] as well
as catalytic[12] and drug delivery[13] applications.

The binding of a nano-ion to a solute typically elicits
pronounced changes in the solute’s solution behavior. For
example, the thermosensitive non-ionic polymer poly n-
isopropyl acrylamide (PNiPAM) displays a structural tran-
sition from polymer coils to co-assembled PW12O40

3� /
PNiPAM globules and sheets at millimolar concentrations of
PW12O40

3� accompanied by an increase of 20 K in the lower
critical solution temperature (LCST).[4a] These dramatic
effects on PNiPAM encouraged us to explore the impact of
superchaotropic nano-ions on the solution properties of a
group of widely applied non-ionic polymers: cellulose ethers
(CEs).

Non-ionic CEs, such as methylcellulose (MC), hydrox-
yethylcellulose (HEC), or hydroxypropylcellulose (HPC, see
Figure 1a) are an important class of water-soluble
polymers.[14] Derivatized from wood cellulose, the world’s
most abundant renewable resource, CEs are available at low
cost, and exhibit low toxicity and excellent biocompatibility.
Thus, CEs find application in drilling fluids,[15] cosmetics,[16]

foods[17] and pharmaceutics[18] due to their viscosifying
power[19] in solution, and in superabsorbent materials, as
drug carriers in pharmaceutical products and tissue
engineering[20] in the form of CE-based hydrogels.[20b,21] The
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solution viscosities of CEs exceed the ones of synthetic
polymers like polyethyleneoxide or polystyrene, owing to
the high stiffness of the cellulose backbone and the tendency
of hydrophobic patches—due to a heterogeneous degree of
substitution (DS) in commercial CEs—along CE-polymers
to aggregate.[14b,22] Gelation of CEs occurs at high concen-
trations for hydrophobic or low DS samples. Also, at low
concentrations, CE-gels can be formed by physical or
chemical cross-linking strategies. The former is based on
hydrophobic aggregation of CE-chains into a fibrillar net-
work typically above the LCST of the CE,[23] and thus
involves heating, while the latter requires synthesis and
yields room temperature hydrogels.[20b,21b] Given their signifi-
cance, fine-tuning of the solution, phase and rheological
behavior of CEs is highly desirable.

Herein, we study the effects on solution rheology and
structure of the inorganic nano-ion salts H4SiW12O40,
Na2B12Br12, H3PW12O40, (NH4)6H2W12O40 and the organic
nano-ion salt NaBPh4 (all nano-ions shown in Figure 1b) on
the non-ionic CEs MC, HEC and HPC. We present the
system of HPC with the superchaotropic nano-ion SiW
(SiW12O40

4� , in its acidic form HSiW, H4SiW12O40) as a
representative system. Data on the other CE/nano-ion
systems are given in the Supporting Information and will be
discussed at the end of the paper. The acidic HSiW was used

to ensure pH<3 in order to avoid decomposition of the
plenary α-Keggin POM cluster, which takes place at pH>4
in water.[25] The used HPC has 3.8 HP units per monomer
and a degree of polymerization of N=230.[26] Concentrations
of HPC are expressed as molarity of the monomer
throughout the paper.

First, we studied the effects of HSiW on the viscosity of
HPC-solutions. Steady shear experiments on HPC in water
reveal Newtonian fluid behavior. Upon addition of HSiW,
shear thinning arises at high shear rates especially at high
HPC- and HSiW-concentrations. The zero-shear viscosities
h0 were extracted from the flow curves as detailed in section
S2 and are shown as relative viscosities hr ¼

h0
hwater

in Figure 1c.
We find that millimolar concentrations of SiW produce
dramatic effects on the viscosity of HPC-solutions. At the
overlap concentration c* of HPC (c*�26 mM[26]�1% w/w),
the viscosity rises four-fold to a maximum at c(HSiW)=

0.75 mM and then decreases. At HSiW-concentrations
above 10 mM, a second viscosity increase is observed. For
HPC-concentrations above the overlap, c(HPC)=5c*=

130 mM=5% w/w, a similar viscosity trend occurs upon
HSiW-addition. However, the viscosity increases rapidly by
a factor of 100 toward the viscosity maximum at 7 mM
HSiW with respect to the HPC-solution without added
nano-ion. The magnitude of the viscosity peak decreases

Figure 1. a) Chemical structure of HPC. b) Chemical structures of the used nano-ions: Keggin POMs SiW12O40
4� , PW12O40

3� , H2W12O40
6� , the

dodecaborate B12Br12
2� and the organic ion BPh4

� .c) Relative viscosities of HSiW and SDS in water, in HPC-solution at the overlap concentration
c*(HPC)=26 mM and at c(HPC)=5c*=130 mM. Lines are guides to the eye. d) Proposed thickening mechanism for SiW compared to the
thickening mechanism with SDS gleaned from literature.[24] SDS and HSiW are similar in the initial step of the co-assembly, where SDS or SiW
adsorb to the polymer chain causing hydrophobic association of the polymer and inducing electrostatic repulsion (polyelectrolyte behavior). At
higher concentrations, SDS and HSiW differ substantially: SDS co-micellizes with the polymer and causes solubilization of the network, while SiW
induces crosslinking (red ovals) into a rigid network (gel).
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monotonically with HPC-concentration and becomes indis-
cernible at c*/5, see Figure S2a. As the addition of HSiW
has virtually no effect on the viscosity of water, see
Figure 1c, HSiW seems to alter HPC-solution viscosity by
affecting HPC-HPC interactions.

The effects of HSiW on CE-solution viscosity are
reminiscent of the effects of ionic surfactants on non-ionic
polymer solutions, which also cause a viscosity maximum.[24]

To draw a direct comparison with the effects of HSiW, we
measured the viscosity of water and of HPC-solutions at c*
and 5c* upon addition of the ionic surfactant sodium
dodecylsulfate (SDS, C12H25SO4Na). At c(HPC)=c*=

26 mM, SDS-addition also causes a viscosity maximum, see
Figure 1c (blue empty symbols). The viscosity maximum is
located at c(SDS)=7.5 mM and for c(SDS)>15 mM the
viscosity even drops below that of the pure polymer
solution. At c(HPC)=5c*=130 mM, the same trend occurs
though the viscosity maximum appears at c(SDS)=50 mM,
see Figure S2b. This viscosity trend with SDS-concentration
is due to the formation of a pearl necklace structure of SDS-
micelles along the polymer above the critical aggregation
concentration, shown schematically in Figure 1d.[24] The
hydrophobic interaction of the alkyl chain of SDS and the
polymer acts as the driving force for the assembly. The
viscosity increase is assigned to an interplay of electrostatic
repulsion and hydrophobic attraction that arise between
polymer chains upon adsorption of SDS. As the polymer
becomes saturated with SDS, aggregated chains are solubi-
lized, SDS-micelles form in solution and electrostatics are
screened, which causes a subsequent decrease in the solution
viscosity.[24b,e] In comparison to SDS, HSiW causes the

viscosity peak at much lower concentrations and induces
stronger viscosifying effects by nearly two orders of
magnitude (Figure 1c dark symbols).

Furthermore, at c(HPC)=5c*=130 mM and for c-
(HSiW)>30 mM, rigid gels were formed, see inversion
tests[27] in Figure 2a. The transition between viscous solution
behavior (downwards flowing) and gel behavior (no flow
upon inversion) occurs at 30 mM<c(HSiW)<40 mM. The
gels are initially optically clear and become bluish opales-
cent at c(HSiW)>50 mM and turbid for c(HSiW)>
100 mM. The turbid samples are heterogeneous liquid
mixtures containing gel-like lumps. In stark contrast, SDS
does not induce gelation of HPC as it solubilizes HPC at
high SDS-concentrations.[24b,e] Frequency sweeps of viscous
HPC/HSiW-solutions and gels allowed for an evaluation of
the elastic and energy dissipating properties, see Figure 2b.
At 30 mM HSiW, the loss modulus G’’ exceeds the storage
modulus G’, which indicates typical solution behavior. In
turn, at 60 mM HSiW, the storage modulus exceeds the loss
modulus characteristic for gels. Addition of up to 70 mM
HSiW, results in a dramatic increase in the storage modulus
with a power law of G0 / c7:38 at 0.1 s� 1, see Figure 2c. For
c(HSiW)>80 mM, G’ deviates from this power law presum-
ably because of the increasing heterogeneity of these
samples. The G’ of gelled samples, is virtually independent
of frequency, see Figure 2b and Figure S16, as expected for
well-formed networks. HPC/HSiW-gels therefore behave
like an ideal elastic material and G’ corresponds to the shear
modulus G. Using the theory of rubber elasticity[28] and
assuming that all chains participate in the network, we
calculated the number of HPC-monomer units between

Figure 2. a) Inversion tests of 130 mM HPC with HSiW-concentration. Gels are formed above 30 mM HSiW. Above 100 mM, the samples were
turbid and contained gelled lumps b) Frequency sweeps of 130 mM HPC at 30 mM HSiW (solution) and 60 mM HSiW (gel). c) G’ at 0.1 s� 1 and
Ncl, the number of HPC-monomer units between cross-links, as a function of HSiW-concentration. The grey lines represent power law fits. Empty
symbols represent turbid samples.
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cross-links Ncl ¼
kBTc
G with kB the Boltzmann constant, T the

temperature and c the concentration of HPC. Addition of
HSiW thus leads to a decrease in Ncl from 104 to 102 (squares
in Figure 2c). For the highest G’, considering a cross-link
functionality of four, we find 1.3 cross-links per polymer.

We performed equivalent rheological measurements
using 100 mM NaCl in water as the solvent and found that
gelation is strongly facilitated and ensues already at
10 mM<c(HSiW)<15 mM, see Figure S17. Correspond-
ingly, the cross-linking effect is enhanced in 100 mM NaCl
as shown by much higher G’ and lower values of Ncl

(triangles in Figure 2c) compared to in water. Up to 7.6
crosslinks per HPC-polymer were formed in 100 mM NaCl
by addition of HSiW. The gel strength compared to water
increases by a factor of 1000 in 100 mM NaCl as inferred
from the differences in G’-values. Notably, the power law
exponent in NaCl of G0 / c7:58 remained close to the one
without NaCl (G0 / c7:38) implying a similar gelation process
regardless of the presence of NaCl. In analogy to the
enhanced gelling in NaCl, in HPC-solution in 100 mM NaCl
the viscosity increases upon HSiW-addition to higher values
than in salt-free water, see Figure S3. Since NaCl has no
impact on the rheological properties of bare HPC-solutions
(Figure S15), NaCl affects the gelation and viscosity of HPC
only in the presence of HSiW. By contrast, addition of NaCl
to the SDS/HPC-system leads merely to a slight shift of the
viscosity peak, see Figure S2b.

In order to elucidate the thickening mechanism of
HSiW, we investigate the solution structure in the HPC/
HSiW-solutions with Small Angle Neutron Scattering
(SANS), Small Angle X-ray Scattering (SAXS) and Cryo-
genic Transmission Electron Microscopy (Cryo-TEM).
Cryo-TEM images show a polymer mesh regardless of the
amount of added SiW, see Figure 3a and section S3. The
SANS and SAXS measurements further allow for a probing
of the system at the nanometer-scale. The SAXS-data are
discussed in section S4 as they yielded equivalent insights as
SANS-analysis. The SANS profiles of HPC (c=c*=26 mM)
in absence and in the presence of HSiW are shown in
Figure 3b. In the SANS-measurements we used D2O as the
solvent instead of H2O in order to maximize contrast with
the hydrogenated HPC, minimize incoherent scattering and
to render SiW neutron-transparent. Thus, only the HPC-
polymer or the HPC/SiW-assemblies produce scattering,
while free SiW-ions cannot be observed.

The SANS-profiles, see Figure 3b, of 26 mM HPC (with-
out HSiW) show a monotonic increase towards low q, which
is the typical scattering of semi-rigid polymers. A fit using a
cylinder form factor (grey line in Figure 3b, model fitting
details in section S10) revealed a cylinder radius of 0.47 nm,
corresponding to the expected radius of a single HPC-chain.
Thus, HPC-polymers are individually dispersed and non-
aggregated. Upon addition of 1 mM HSiW (green triangles),
the scattering at high q increases significantly and a
correlation peak appears at q*=0.27 nm� 1. The appearance
of this correlation peak indicates increased local ordering of
the HPC mesh at 1 mM HSiW and corresponds to a mesh
size of 23 nm. At q>q*, the intensity scales with a q� 1-
dependence indicating one-dimensional shape (cylindrical)

of the scattering object. Fitting with a cylinder form factor in
this q-region (solid lines in Figure 3b), resulted in an
increased radius of the cylinder of 1.2 nm, which signals
SiW-induced aggregation of HPC-chains. Upon further
addition of HSiW, the cylinder radius grows to 1.3 nm at
10 mM HSiW and to 1.7 nm at 30 mM HSiW. Additionally,
the effect of 100 mM NaCl on the scattering of 26 mM HPC
+1 mM HSiW was studied (red circles). The intensity at
high q (form factor region) remains unchanged, while the
correlation peak disappeared. The disappearance of this
correlation peak is gradual with NaCl-addition, see section
S4.2, and indicates electrostatic screening. Therefore, ad-
sorbed SiW-ions cause electrostatic repulsions between
HPC-chains that become screened upon addition of NaCl.
At 1 mM HSiW in water, the HPC/SiW-aggregate can thus
be considered as a polyelectrolyte with tetravalent ionic
moieties (the charge of SiW is � 4) along the chain. A scaling
law of q*/ c0:44 (section S4.3) further confirms this polyelec-
trolyte behavior as it is in good agreement with the
theoretical scaling prediction of q*/ c0:5 for semi-dilute
polyelectrolytes.[29]

Electrostatic repulsion induced by ion adsorption is a
common phenomenon, which is weak for classical chaot-
ropic ions[30] and more pronounced for superchaotropic ions
like SiW as shown on non-ionic surfactant self-assemblies
(micelles,[1a] bilayers[1a] and foams[8]) as well as PNiPAM-
polymer.[4a]

Figure 3. a) Cryo-TEM micrograph of 26 mM HPC+10 mM HSiW.
b) SANS-profiles of 26 mM HPC in bare water and with 1 mM, 10 mM
and 30 mM HSiW as well as in the presence of 100 mM NaCl at 1 mM
HSiW. Full lines and pointed lines represent form factor and peak fits,
respectively. Intensities are in absolute scale. Experimental errors are
smaller than the used symbols.
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Notably, in Figure 3b, at 10 mM and 30 mM HSiW the
correlation peak is absent, presumably due to the presence
of excess HSiW that causes a screening effect similar to
added NaCl. Consequently, polyelectrolyte behavior of
HPC/HSiW occurs only at intermediate HSiW-concentra-
tion and affects the viscosity trends shown in Figure 1b in a
non-monotonic way. In order to extract a parameter for the
strength of the induced electrostatic repulsion, the correla-
tion peak was fitted with a Lorentzian function, which
provides an estimate of the peak width, see section S10.1.
The sharper the peak, the higher the order in the HPC-
network and the stronger is the electrostatic repulsion
between chains. A comparison of the peak widths obtained
from SAXS and SANS data sets (section S4.4) with the
viscosity trends of HSiW reveals that the peaks are the
sharpest and thus the electrostatic repulsion (polyelectrolyte
behavior) is strongest at the viscosity minimum in Figure 1b,
see Figure S11. However, even when the polyelectrolyte
behavior is absent, the viscosity increases with HSiW-
concentration. Consequently, the viscosity increase must be
due to attractive interactions between HPC-chains caused
by adsorbed SiW-ions that induce aggregation of HPC-
chains into a network structure (gel), as shown schematically
in Figure 1d. A similar effect was previously observed for
PEO oligomers, where the nano-ion PW12O40

3� induced
attraction between chains causing precipitation of PEO into
a well-defined crystal structure, where each nano-ion is
enveloped by two PEO-chains.[31]

1H NMR experiments further enabled to correlate the
crosslinking effects with the strength of the interaction of
SiW with HPC at the molecular level. The 1H NMR spectra
of HPC display a signal of the ether (� CH� O) hydrogens at
3.58 ppm and 3.97 ppm and a singlet at 1.3 ppm of the
methyl group (� CH3) in HP, see section S5. These 1H NMR
signals shift downfield upon addition of HSiW. The shifts
Dd show saturation behavior at millimolar concentrations,
see Figure 4. These shifts are due to the interaction of SiW

with the polymer that can be modelled using a Langmuir
type equation:[32]

Dd ¼
DdmaxKAc
1þKAc

where Ddmax is the maximum shift at saturation in ppm, c the
HSiW-concentration in molL� 1 and KA the adsorption
constant in Lmol� 1 denoted as M� 1. Fit parameters to the
NMR-data are collected in Table S1 in section S5.

We thus observe the highest adsorption constant at the
CH3-group (KA=245 M� 1) indicating the strongest interac-
tion of SiW with CH3 compared to the ether groups with
significantly lower KA-values (KA=187 M� 1 or KA=

197 M� 1). These differences in binding affinities of SiW
reflect slight differences in hydrophobicity of the individual
chemical moieties on the polymer. Thus, the CH3-group in
HPC is the most hydrophobic one, which enables a slightly
tighter binding with the superchaotropic SiW compared to
the more hydrophilic ether groups. In comparison, the
adsorption of classical chaotropes like SCN� to non-ionic
polymers (PEO, PNiPAM) features adsorption constants
typically between 1 and 10 M� 1.[32b,33] The adsorption con-
stants of SiW with HPC, as shown herein, are 20 times as
high, which illustrates a much stronger interaction for SiW
than for classical chaotropes. This high adsorption constant
underpins the superchaotropic nature of SiW and its high
affinity towards neutral soft matter. Interestingly, recent
supramolecular binding studies of SiW to γ-cyclodextrin
(CD) yield binding constants in the order of 10000 M� 1,[9]

50 times as high as for HPC determined here. As both HPC
and γ-CD consist of repeating glucose units and are thus
chemically similar, this large difference in binding affinity
seems to arise from the differing geometry of the binding
site in the host molecules as topography (local curvature)
affects the hydrophobicity of the host interface.[32b,34] For γ-
CD, the concave cavity is known to be hydrophobic and
contain “high energy water”,[35] which is released favorably
into the bulk upon binding. Thus, γ-CD binds SiW more
tightly than HPC, around which hydration water is not
subjected to geometric constraints. Additionally, the binding
sites in HPC are rather undefined, while in γ-CD the well-
defined cavity allows for a good size-match[9] with SiW
further facilitating binding. Notably, binding affinities to γ-
CD and functionalized Hydroxypropγl-CD (the macrocyclic
equivalent to HPC) are expected to be similar,[36] which
points at the insignificance of chemical differences between
HPC and γ-CD for the binding in comparison to their
topographical differences.

We further found that upon adsorption of SiW to HPC,
a fraction of H+-counterions (up to 1 H+ per 2 SiW) might
co-adsorb as shown by pH-measurements, see section S6.

The other superchaotropic ions PW12O40
3� , B12Br12

2� and
BPh4

� also produced viscosity peaks (all below 10 mM), see
section S7, and induced the gelation of HPC solutions, see
section S8.1. In comparison, the classical salts NaCl and
NaSCN (weakly chaotropic due to the high charge density
of the anions compared to superchaotropes) did not produce
any effects on HPC solution viscosity (section S7) owing to

Figure 4. 1H NMR shifts of the three main HPC-signals as a function of
HSiW-concentration. The lines indicate Langmuir model fits (all with
R2>0.985) that yield the adsorption constants KA. The error bars
represent an error propagation of reading uncertainties in the peak
positions.
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their low binding affinity to non-ionic matter.[3b] Further-
more, methylcellulose and hydroxyethylcellulose solutions
formed gels upon addition of the superchaotropic nano-ions
SiW12O40

4� and PW12O40
3� , respectively, see section S8.2.

The viscosifying and gelation mechanism can therefore be
generalized to other superchaotropic ions as well as CEs.
The concentration range needed to viscosify or gel a CE-
solution, in turn depends on the CE/nano-ion pair, see
section S9. Among the tested nano-ions, PW12O40

3� emerged
as the strongest gelling agent followed by SiW12O40

4� , BPh4
�

and B12Br12
2� . By contrast, the Keggin POM H2W12O40

6� , a
weakly chaotropic nano-ion,[9] did not induce any effects on
viscosity (section S7) or structure (section S4.1) of HPC-
solutions in line with its weak binding to γ-CD.

In conclusion, we demonstrate that the interaction of
superchaotropic nano-ions with non-ionic CEs is a universal
phenomenon that leads to a dramatic thickening—much
stronger than for classical salts and ionic surfactants—of
CE-solutions into gels. The adsorption of the nano-ion to
the CE occurs at millimolar concentrations and causes an
interplay of attractive and repulsive forces between CE-
chains. The attractions arise because the nano-ion minimizes
its contact area with water by surrounding itself with CE-
chains, which leads to chain aggregation and crosslinking
into a polymer network (gel), see Figure 1d. However,
repulsive forces (polyelectrolyte behavior) arise at inter-
mediate nano-ion concentrations, where adsorbed nano-ions
repel electrostatically. Thus, CE-chains become repulsive,
which hampers their aggregation and correlates with a
decrease in solution viscosity. When the repulsive electro-
statics are screened by addition of electrolyte or excess
nano-ion, the thickening effect of the nano-ion is enhanced,
and gelation of the CE is facilitated.

The physical crosslinking of CEs at room temperature
into optically clear hydrogels by superchaotropic nano-ions
provides a novel and facile alternative to conventional heat-
induced physical and chemical crosslinking strategies. The
crosslinking of neutral polymers by simple addition of
superchaotropic nano-ions extends the “physical cross-link-
ing toolbox” for the formation of macromolecular networks,
which commonly involves electrostatic approaches such as
ion bridging with multivalent ions (also nano-ions[37]), hydro-
gen bonding or hydrophobic interactions. Since superchao-
tropic nano-ions span from POMs, which have interesting
and tunable catalytic[38] and electronic[39] properties, to the
toxicologically benign dodecaborates[13,40] with uses in
pharmaceutics,[40a] we expect nano-ion/CE-hydrogels and
solutions to be promising candidates for novel hybrid smart
materials that exploit synergisms between the nano-ion and
the CE.
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