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Abstract

Hypothesis

Polyoxometalates (POMs) are metal oxygen clusters with a range of interesting
magnetic and catalytic properties. POMs with attached hydrocarbon chains show
amphiphilic behaviour so we hypothesised that mixtures of a non-ionic surfactant and

anionic surfactants with a polyoxometalate cluster as headgroup would form mixed



micelles, giving control of the POM density in the micelle, but which would differ in size
and shape from micelles formed by the individual surfactants. Due to the high charge
and large size of the POM, we suggested that these would be nonideal mixtures due
to the complex interactions between the two types of surfactants. The nonideality and
the micellar composition may be quantified using regular solution theory. With
supplementary information provided by small-angle neutron scattering, an
understanding of this unusual binary surfactant system can be established.
Experiments

A systematic study was performed on mixed surfactant systems containing
polyoxometalate-headed amphiphiles (K1o[P2W170610Si2(CnHzn+1)2], abbreviated as
P-W47-2Cn, where n = 12, 14 or 16) and hexaethylene glycol monododecyl ether
(C12EOQe). Critical micelle concentrations (CMCs) of these mixtures were measured
and used to calculate the interaction parameters based on regular solution theory,
enabling prediction of micellar composition. Predictions were compared to micelle
structures obtained from small angle neutron scattering (SANS). A phase diagram was
also established.

Findings

The CMCs of these mixtures suggest unusual unfavourable interactions between the
two species, despite formation of mixed micelles. Micellar compositions obtained from
SANS concurred with those calculated using the averaged interaction parameters for
PoW47-2Cn/C12EOe (n = 12 and 14). We attribute the unfavourable interactions to a
combination of different phenomena: counterion-mediated interactions between P2W47
units and the unfolding of the ethylene oxide headgroups of the nonionic surfactant,
yet micelles still form in these systems due to the hydrophobic interactions between

surfactant tails.
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Self-organised nanostructures, achieved by the self-assembly of amphiphilic
molecules, such as micelles, vesicles and emulsions, have been widely studied and
have many applications in the fields of supramolecular chemistry! and catalysis.? 3
Those nanostructures also provide an efficient way to build mesoscopic structures
from discrete particles. Polyoxometalates (POMs), inorganic metal-oxygen cluster
anions, are fascinating nanomaterials due to their diverse magnetic, catalytic,
chemical, and electronic properties.*” Their redox properties have been thoroughly
investigated® but the creation of structures in which the POM units are well-organised
within the nanostructures remains a challenge.

Hybrid POM-organic amphiphiles are promising candidates to achieve such
organisation of POM units in the system. They also provide new supramolecular
structures to further exploit their remarkable properties and support the manufacturing
of nanofunctional materials for extensive applications in electronic device fabrication
and in catalysis.®'" Therefore, the development of suitable methods to modify POM
frameworks with organic groups through electrostatic interactions and covalent
linkages have been a focus of interest in this field. Due to the strong stabilities of
covalent linkages compared to electrostatic interactions, studies have endeavoured to
functionalise the POM cage through building covalent bonds to organic groups,'>' to
achieve well-organised nanostructures. Interesting self-assembled amphiphilic
structures have been detected, such as vesicles,'>'” cylindrical micelles'® or

emulsions.'8



In our previous work, we attached double hydrocarbon chains onto a Dawson-type
polyoxometalate, [P2W17061]'% ions (P2W17), producing P2W17-2C surfactants, with
P-W17 as the headgroup and 2C,, standing for the double hydrocarbon chains of length
n =12, 14, 16 or 18. The micelles formed by these surfactants have shown redox
properties in water and the potential to functionalise mesostructured materials.'® This
previous study evidenced that these micelles bear a quite high surface charge arising
from the multiply charged nature of the POM headgroups, which results in unusual
self-assembly behaviour. This has motivated us to investigate the mixed systems of
P2W17-2C surfactants with commercial nonionic surfactants to understand the
interactions between the highly charged POM-headed surfactant (P2W17-2C,) and
other species. Due to the high negative charge of the P,W17-2C,, headgroups, large
repulsive interactions or co-precipitation are expected to occur if mixed with an anionic
or a cationic surfactant. We have therefore chosen to investigate mixtures of a
commonly used polyethylene oxide-headed nonionic surfactant, C12EQOs, with the
P2W47-2Cy surfactants. The investigation of these mixed systems with controllable
molecular composition and architectures will provide a fundamental understanding of
unusual mixed systems. These mixtures may also find applications in the synthesis of
functional mesostructured materials by tuning the surfactants ratio, and hence the

P-W17 concentration in the prepared materials.

In this paper, we present the measured CMC values of the mixed systems, alongside
SANS measurements on mixed micelles of P2W47-2Cn with C12EOe. For these
experiments, the surfactant composition of the solutions was varied at a fixed overall
surfactant concentration. By measuring the CMCs of the mixtures, we could derive the
micellar interaction parameter using the regular solution theory?® and hence a

theoretical micellar composition. By fitting the SANS data, we derived the geometries



and the aggregation numbers (Nagg) of the mixed micelles. The mole fractions of
C12EQOs in the micelles were determined by isotopic substitution, compared with our

predictions. We hence showed this system behaves as a nonideal mixing.

Experimental Methods

Materials. Fully hydrogenated hexaethylene glycol monododecyl ether (h-C12EOQe,
purity > 98%) and deuterium oxide (D20, 99.9 atom% D, conductivity < 150 uS cm™)
were purchased from Sigma Aldrich and were used as supplied. P2W17-2C (n = 12,
14, 16 and 18, the length of the double hydrocarbon tails) were synthesised according
to an established protocol'® (synthesis details can be found in the supporting
information and the structure of the surfactant is illustrated in Sl Figure 1). All the
P-W17-2C, materials used in this paper had hydrogenated tails. Tail-deuterated
C12EQs (98 atom D%, purity > 98%) was provided by the STFC Deuteration Facility at
ISIS Neutron and Muon Facility at Didcot and is referred to by the abbreviation d-

C12EOs.

P.W47-2Cn (n = 12, 14, 16 and 18) were used as-synthesised without further
purification for SANS measurements. All hydrogenated surfactant solutions were
prepared in D20 and 70 mol% D20O. 70 mol% D->O was diluted from pure D>O using
ultrapure water (18.2 MQ-cm, from an ELGA PURELAB flex water purification system).

P2W17-2Cn/d-C12EOs mixtures were prepared in D20.

Critical Micelle Concentration (CMC) measurements. We have previously reported
the CMCs of the pure P,W17-2C,, surfactants (n = 12, 14, 16 and 18).'® The CMC of
the C12EOe in water was measured using a Du Nouy Ring (Attension Sigma 701

Tensiometer). The CMCs of the binary systems were measured by either conductivity



using a METTLER TOLEDO conductivity meter or by a pendant-drop method using a
Kruss DSA100 at Diamond Light Source. For P2W17-2Ch-rich mixtures, electrical
conductivity measurements give CMC values with more accuracy, whereas surface
tension measurements provide more accurate results for the C12EOe-rich mixtures.
Both conductivity and surface tension measurements were reproduced four times, and
the results are the averages of the four measurements. It is worth noting that the CMCs
for the P2W+17-2C18/C12EQOs mixtures were too low to be measured accurately using the

two techniques mentioned above, so are not included in this manuscript.

SANS Data collection. SANS experiments were performed on the LOQ?'" and
LARMOR?? instruments in Target Station | and Il, respectively at the ISIS Neutron and

Muon Spallation Source, Oxfordshire, UK.

The samples were measured in 1 cm wide, 1 mm path-length optical quartz cells at 25
°C, using a thermostat-controlled circulating bath. Samples were measured for 40 pA
(D20) and 80 pA (70 mol% D20) of neutron current on the LOQ instrument. For
experiments on LARMOR, mixtures containing P2W+17-2C,, with d-C12EQsin D2O were
measured for 20 pA.

The raw data were corrected for sample transmission and backgrounds from the
solvent, the sample cell and other instrumental background using standard workflows
in the Mantid software package.?® Scattering data were normalised against the
scattering from a partially-deuterated polystyrene blend of known molecular weight,
converting it to the differential scattering cross section d2/d<)(q) (in an absolute scale
of cm™).2* The output data are hence given in absolute scattered intensity, /(q) in cm-
1 versus the momentum transfer, g in A™".

SANS data from all samples measured were labelled using the molar ratio between
the two surfactants X= [P2W17-2C)/[C12EOs] = 3:1, 1:1 and 1:3, with the overall

6



surfactant concentrations [P2W17-2Ci] + [C12EOg] of 8 and 16 mM in aqueous solutions.
The corresponding mole fractions of P2W17-2Cn are 0.75, 0.5 and 0.25, respectively.
For P2W47-2Cn/C12EOe (n = 12 and 14) systems, measurements were made with both
surfactants fully hydrogenated and tail-deuterated C12EOs mixed with hydrogenated
P2W17-2Ci.

SANS Data analysis. SANS patterns were modelled using shape-dependent
approaches, either a core-shell sphere model?® or core-shell ellipsoid model,?® 27 using
the Sasview software (version 4.2.1). Polydispersity was not accounted for since good
fits were obtained for monodisperse models. Both models used here assume that the
thickness of the shell is constant at all points around the sphere or the ellipsoid. A
structure factor, the Hayter-Penfold Rescaled Mean Spherical Approximation
(RMSA),?® was used to account for the intermicellar interactions. RMSA is appropriate
for dilute solutions of charged spherical and ellipsoidal micelles with a small aspect
ratio®® 30 and gives a good fit to the data obtained. In this study, no external salt is
added into these studied systems, and the CMC values are very low compared to the
concentrations measured making the concentration of ions in solution negligible
therefore, the salt concentration is set to zero during the fitting.

SANS fitting was carried out through a simultaneous approach at two different solvent
contrasts, D20 and 70 mol% D20. The neutron scattering length density (SLD) of the
solvents was calculated to be 6.35x10° A-2for DO and 4.27x10% A2 for 70 mol% D>0.
Hence the solvent SLDs were always fixed in the fitting process. Similarly, during the
fitting of systems with hydrogenated surfactant mixtures, the micelle core SLDs (refer
to the values given in Sl Table 1), temperature (298 K) and the dielectric constant of
solvent (78.0 for D2O and 78.2 for 70 mol% D-0)3" were all held at the known values.

The minimum radius of the core of the micelles (Rmin), the shell thickness (t), the



micellar charge (Zm), the shell SLD, the ellipticity (e, for ellipsoids) and the volume
fraction of micelles (p) were the fitting parameters.

P-W47-Cn/d-C12EOs systems were treated differently while fitting. The parameters
which were known from the experimental details (SLD of solvent) and the ones
obtained from the fits of hydrogenated counterparts (Rmin, €, t and ¢) obtained from the
modelling results of the equivalent fully hydrogenated P2W17-2C/C12EOg system were
fixed. The core SLDs values were extracted from the fitting.

Experimental data were in good accordance with either the core-shell spherical model
or core-shell ellipsoidal model with a core composed of the hydrophobic tails of the
surfactant and a shell due mostly to the hydrophilic headgroups. Rmin was always left
free to vary during the fitting procedure while the core SLD was fixed to the value
expected for saturated hydrocarbon chains for the fully hydrogenated binary surfactant
systems during the data analysis process. Consequently, the shell can be formed only
by the solvated P.W17 and ethylene oxide headgroups but also by any counterions
associated with the micelles and possibly part of the hydrocarbon chains due to the
roughness of the shell-core interface. Due to the complexity of potential components

in the shells, we did not attempt to evaluate the hydration of the shell in the analysis.
Results

CMC Determination. The CMCs of the P,W47-2C,, surfactants have been reported
previously by our group and are presented in S| Table 2.'® The CMC value of C12EQs
obtained from surface tension measurements (Sl Figure 2) was found to be 0.085 +
0.05 mM, which is consistent with the value reported in the literature.3> The CMCs of
the P2W47-2C/C12EOe systems with various compositions were measured and are
plotted in Figure 1. The surface tension and conductivity data used to determine these

values can be found in the supporting information (see Sl Figures 3, 4 and 5). CMCs



of P2W47-2C18/C12EOs could not be accurately determined and are not reported since
either the electrical conductivities of the surfactant solutions were too low or the
change of the surface tension values with the addition of the surfactants was within
the error of the measurement. The surface tension measurements for the three other
P-W47-2Ch (n = 12, 14 and 16) suggest the presence of small amounts of impurities in
these PoW17-2C, surfactants, causing a slight dip below the average final surface
tension at the point of the CMC (for example, P2W17-2C12/C12EOs with X = 1:1, see Sl
Figure 3b). The impurities may come from the excess of unreacted long-chain
trichlorosilane molecules which were not completely washed out during the post-

synthesis purification steps.

Table 1. P2W17-2Cn degree of ionisation in P2W17-2Cn:C12EOe = 3:1 mixtures and pure P2W17-2Cn
systems (n=12, 14 and 16)

Tail Length  3:1 P2W17-2Cn:C12EOs  P2W+17-2C"°

n=12 0.61 +0.05 0.53 + 0.04
n=14 0.45+0.05 0.44 +0.03
n=16 0.40 + 0.04 0.29 +0.03

The degree of ionisation of the P2W47-2C, molecules in the P2W17-2Cy-rich mixtures
were calculated using conductivity data3® and are listed in Table 1. These are higher
than those of pure P,W17-2C,, systems.'® We hypothesise that for the mixed systems,
the insertion of nonionic surfactant molecules between the P2W17-2C, molecules in
the micelles increases the distance between anionic P2W+17 headgroups, reducing the
electrostatic repulsion between them. Consequently, more counterions are able to
dissociate from the surfactant headgroups compared to the pure P2W17-2C, systems.
For the 1:1 and 1:3 systems however conductivity could not reliably be used to
determine the critical micelle concentrations, so the degree of ionisation of the P2W17-

2Chin these solutions could not be determined.



The experimental CMC values of the mixtures with three different compositions are
summarised in S| Table 2 and Figure 1. The CMC values decrease as the solution
composition becomes increasingly nonionic-rich. This is consistent with trends seen
in anionic-nonionic commercial surfactant mixtures that have been reported by
others.3* Mixtures containing longer-chain P>W17-2C, also have lower CMCs

compared to their shorter-chains counterparts with the same mixing ratio.3®
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Figure 1. CMC values for mixtures (A) P2W17-2C12/C12EQOs (B) P2W17-2C14/C12EOe (C) P2W17-
2C16/C12EQs as a function of C12EQs mole fraction in the mixture. The dashed line is the CMCs in the
case of ideal mixing calculated using equation: 7/CMCigeas = X/CMCa + (1-x)/CMCs», where CMCa and
CMCy is the CMC of C12EOe and P2W17-2Ch, respectively, x is the mole fraction of C12EQs. CMCs for

P2W17-2C18/C12EQs could not be measured accurately so it is not shown here.

The experimental CMCs of the mixtures, plotted as a function of P.W17-2C, mole
fraction in Figure 1, are compared to the dependence of the CMCs predicted for ideal
mixing (dashed line). Comparison of the experimental results and the CMCs estimated
if the two surfactants are demixing into separate micelles are displayed in Sl Figure 6.
The experimental results follow neither the ideal mixing nor the demixing behaviour.
The deviations from ideal mixing in mixed systems can be understood by using regular
solution theory,?% 36 expressed in terms of a single intermicellar interaction parameter,

called B. The value of B is related to the CMC of a mixed surfactant solution (CMCinix)

via:
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1 _ X1 + 1-X1
CMC,,, fCMC, f,CMC,

(1)

where x1 is the mole fraction of surfactant 1, and CMC; and CMC: are the critical
micelle concentrations of surfactant 1 and surfactant 2 separately. The activity
coefficient f; and f, are expressed as a function of B, f1 = exp[B(71-x1)?] and f, =
exp[B(x1)?]. B was calculated from the CMChrix for each mixture using Equation (1). The
obtained B value for each given composition and the averaged value 8 for each
specified system are listed in combined with the isotopic substitution method to

determine the micellar composition in order to compare with the values of Table 2.

Table 2. The calculated 8 values, considering the errors, are roughly constant over the
range of compositions studied for each mixed system, which is consistent with the
report on mixtures within the regular solution approximation.®” Additionally, the mixed
micelles were probed using SANS, combined with the isotopic substitution method to

determine the micellar composition in order to compare with the values of Table 2.

Table 2. The calculated interaction parameters S for the systems studied.

P2W17-2Cn:C12EOs B (n=12) S (n=12) B (n=14) g (n=14) B (n=16) B (n=16)

31 39209 26+1.0 22+06
1:1 40+08 44*08 44,08 37%08 353,05 3006
1:3 54406 43+05 36+06

11
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Figure 2. SANS data (I(q) versus q) and fits for h-P2W17-2Cn/h-C12EOs with n= (A) 12 (B) 14 (C) 16 and
(D) 18 at a total concentration of 8 mM in D20, given on a log-log scale. The insets correspond to the

same scattering data plotted on a linear scale.

SANS structural characterisation. SANS data modelling gives information about the

microstructure of these micellar systems. Figure 2 and Figure 3 show the SANS data

and their fits for the hydrogenated-P2W17-2Cn/hydrogenated-C12EQOs (h-P2W17-2Cn/h-

C12EO6) mixtures in D20 for the three mixing ratios and at a total surfactant

concentration of 8 mM and 16 mM respectively. The same samples in 70 mol% D>O

were also measured as another contrast to constrain the structure fitting (see Sl Figure

7 and 8). The fits are in good agreement with the experimental data collected. Fitted

parameters are given in Table 3.
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These graphs show plots of SANS data on both a linear (inset) and log-log scale. The
use of a linear scale on x-axis highlights the scattering caused by intermicellar
interactions. After comparing the three patterns in each of the sub-graphs in Figure 2
(B) (C) (D) and Figure 3 (A) (B) (C) (D), a peak arises in the linear scattering patterns
at a position between q = 0.025 and 0.035 A", due to the interactions between micelles.
This peak shifts to lower q values and becomes sharper for solutions progressively
richer in the nonionic surfactant. This indicates a greater micellar repulsion is present
in solutions with a higher C12EOs composition. This is further demonstrated by the
micellar surface charge parameter Zm extracted from data fitting listed in Table 3. This
effect becomes more prominent as the hydrophobic tails of P2,W17-2C,, become longer.
For P2W47-2C12/C12EOe mixtures at 8 mM (Figure 2A), there is no significant increase
in the peak intensity or shift observed in the scattering patterns, nonetheless the trend

13



is still weakly observed from the values extracted from the fits. However, this increased
repulsion between micelles becomes much more pronounced in the P2Wi7-
2C18/C12EOs mixtures (Figure 2D).

As seen from Table 3, the volume fraction values, ¢, obtained for the 1:3 solutions are
lower than those found for the 3:1 solutions, but Nagg increases (except for the P2W17-
2C14/C12EOe mixtures which have a very small variation in Nagg among 3 ratios). The
volume fraction differences are supported by the fact that the single-tailed nonionic
surfactant has a smaller molecular volume compared to that of P2W17-2C,. It is also
seen that the ellipticity (¢) of the micelles increases with the C12EOg content in these
mixtures at a given concentration. The fitted shell thickness (t) varies between 12 and
17 A which are comparable to the dry P.W+7 headgroup size which lies in the range of
12-18 A.38

When the total concentration of surfactant in solution was increased to 16 mM without
changing the mole fractions, the micelles elongate slightly compared to those formed

at 8 mM (see the micellar ellipticities listed in Table 3).

Table 3. Fitted model parameters for P2W17-2C,/C12EOs mixed micelles at concentrations of 8 mM and
16 mM.

P2W17-2Ch: Nagg Zm (e) Zp (e) Rmin € 0] A(AZ) t (A)
CiEOs  (#3) (1)  (#25%)F  (A)x1)  (£0.3)  (£0.002)  (+5)  (+1)
8 mM P2W+17-2C12/C12EOe mixtures

3:1 94 4 0.07 16 2.9 0.011 80 15

1:1 125 6 0.23 15 3.6 0.007 64 13

1:3 148 9 1.93 15 3.8 0.008 54 14
16 mM P2W17-2C12/C12EOs mixtures

3:1 88 4 0.13 16 3.0 0.035 86 16

1:1 92 4 0.21 14 3.3 0.026 73 14

1:3 139 9 1.09 17 4.5 0.020 59 15
8 mM P2W17-2C14/C12EOs mixtures

3:1 49 5 0.14 16 1.7 0.016 109 16

1:1 74 9 0.23 18 1.9 0.010 84 13

1:3 69 11 1.15 15 2.1 0.007 74 13
16 mM P2W17-2C14/C12EOs mixtures

3:1 28 8 0.40 14 2.1 0.021 128 12

1:1 64 9 0.34 17 1.9 0.014 86 11

1:3 61 11 2.02 14 2.9 0.012 77 13
8 mM P2W17-2C16/C12EOs mixtures

3:1 51 5 0.13 21 1 0.011 112 14

1:1 51 6 0.26 17 1.7 0.008 101 13

14



1:3 110 8 0.37 17 2.7 0.007 70 14
16 mM P2W17-2C16/C12EOs mixtures

3:1 61 5 0.14 21 1 0.035 113 17

1:1 63 5 0.19 16 2.2 0.017 104 13

1:3 108 4 0.1 16 34 0.022 69 16
8 mM P2W17-2C18/C12EOs mixtures

3:1 55 8 - 21 1 0.011 - 14

1:1 72 9 - 22 1 0.0096 - 14

1:3 129 12 - 18 3.1 0.0074 - 13
16 mM P2W17-2C18/C12EOs mixtures

3:1 72 8 - 23 1 0.025 - 13

1:1 94 9 - 24 1 0.017 - 12

1:3 132 11 - 18 3.3 0.014 - 12

2 Rmin, the minimum radius of core; Rmax, the maximum radius of core; €, Rmax/Rmin (ellipticity); o,
volume fraction; SLD, Neutron scattering length density; t, Shell thickness; Nage, aggregation
number; Zm, charge per micelle; Zp, charge per P2W17-2Cn molecule; A, averaged area per molecule.
b for this parameter the error is estimated at 25% of the value.

A phase diagram concerning the shapes of the micelles compared to their
compositions was obtained from the SANS modelling results and is given in Figure 4.
C12EOe is known to form rod-like micelles in water, measured using three different
techniques reported in the literature.3® Once mixed with P,W17-2C,, the micelle shape
depends on the mixing ratio and the hydrophobic tail length of P.W17-2C,. For
compositions rich in P2W17-2C1g or P2W17-2C+6, more globular micelles were formed.
For nonionic-surfactant rich compositions, more elongated ellipsoidal micelles were

favoured.
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Figure 4. Phase diagram of binary P2W17-2Cn/C12EOQs mixtures at 8 and 16 mM, n, the carbon atom
number in the hydrophobic P2W17-2Ch tails is given on the y-axis and the x-axis corresponds to the
C12EOes mole fraction.
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Micellar composition. The interaction parameters, [, calculated from the
experimental CMC values, indicate antagonism in mixed micelle formation. In the
analysis of SANS data from the h-P2W17-2C/h-C12EOs systems, the composition of
the micelles cannot be calculated from the shell SLD obtained by the fitting of the

SANS patterns, due to the complexity of shell composition discussed before.

To evaluate the mixing mole fractions of the two surfactants in the micelles and the
deviations from ideal mixing, the fully hydrogenated C12EOs was replaced by tail-
deuterated C12EOe (d-C12EQOeg) in the mixtures without changing the mole fractions or
total surfactant molar concentrations. Through the fitted core SLD in the partially
deuterated mixtures, the micellar compositions in these systems were calculated. The
SANS data and their fits are given in S| Figure 9 and 10. Results from the SANS-
derived C12EOs mole fractions in P2W47-2C,/C12EQOe (n = 12 and 14) systems obtained
at both concentrations with three mixing ratios are shown in Figure 5 (markers) and
are compared to the theoretical curves for ideal (solid line) and non-ideal (dashed line)
mixing. The micellar compositions at non-ideal mixing conditions were calculated
using £ listed in combined with the isotopic substitution method to determine the

micellar composition in order to compare with the values of Table 2.

Table 2 according to the pseudo-phase-separation model based on regular solution
theory.3”- 40 The relationship between the micellar composition and the total surfactant

concentration was proposed by Bauduin®” and is given as:

-(C-A)+((C-A)?*+4Cx,A)/?
yi= oA

(2)

where 4 = f,CMC, — f,CMC; in the case of non-ideal mixing. y1 is the mole fraction of
surfactant 1 in the micelle, f1 and f2 are activity coefficients which are expressed as

discussed above. C is the overall concentration of the surfactants.
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Figure 5. d-C12EOs micellar mole fraction extracted from SANS fitting (markers), ideal mixing (solid line)
and non-ideal mixing (dashed line) for the (A) P2W17-2C12/C12EOe system and (B) P2W17-2C14/C12EOe
system at a total surfactant molar concentration of 8 mM and 16 mM.

As seen in Figure 5, at these mixing ratios studied for the two systems, positive
deviations from ideal mixing are observed in SANS fitted results (markers), as
expected from the positive B values. They are much closer to agreement with the
results obtained from the non-ideal mixing with the given interaction parameters. The
nonionic-rich mixtures represent the smallest departure from the non-ideal mixing.
When the two surfactants have equivalent mole fractions, the SANS fitted micellar
compositions show the largest deviation from the non-ideal mixing conditions in both
systems. The standard deviations of the micellar compositions are small but increase
when the nonionic surfactant ratio increases.

The differences between the micellar composition from SANS fitting and non-ideal
mixing theory can be explained by taking into account of the errors in the SANS fitting
on one side, and the uncertainties in the measurements of the CMC values used to
extract 8 on the other. Moreover, as illustrated in Figure 5, the composition of the
micelles is found to differ with the overall surfactant concentration, becoming closer to

ideal at higher concentration as expected.
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P2W17-2C16/d-C12EOs and P2W17-2C+s/d-C12EOs systems were not measured using
SANS. However, the results discussed above have shown that the interaction
parameter can be used to predict the micellar composition. Therefore, the averaged
interaction parameter (f = 3.02) for the P,W17-2C16/C12EQOg System was used to predict
the micellar compositions for the P2W17-2C+16/C12EOe mixtures (see Table 4). It could
not be calculated for P2W17-2C18/C12EQOs systems using interaction parameters as the
CMCs could not be measured. The obtained mole fractions considering the
unfavourable interactions are called corrected mole fractions in the following

discussion and are labelled as [M]cor (Where M represents P2W17-2C,, or C12EOs).

Table 4. [C12EOeg]cor of P2W17-2C16:C12EOs mixtures at 8 mM and 16 mM with three different C12EQs
mixing mole fractions.

i [C12E06]cor
C12EOs mole fraction
8 mM 16 mM
0.250 0.265 + 0.050 0.257 £ 0.048
0.500 0.550 + 0.098 0.525 + 0.098
0.750 0.804 +0.132 0.779 £ 0.115

Aggregation number, surface charge and area per molecule. The aggregation
numbers, Nagg, Were calculated from the volume of the core divided by the
corresponding tail volume per surfactant (Vii). Vi can be calculated using the
equation:

Vil = Vacn X [P2W17-2Cn]cor + Vei2 X [C12EOs]cor (3)
where [P2W17-2Cn]cor and [C12EOe]cor are corrected mole fractions of P.W17-2C, and
C12EQes in the micelles respectively (calculated in the Micellar Composition section
below), Vacn and Vci2 are the estimated tail volume of each surfactant, therefore are
the volume of the double-C,H2n+1 tails and C12Hzs tail estimated via Tanford equation.*!
Consequently, the charge number of each P2W47-2C, molecule, Z,, was calculated

according to the obtained aggregation numbers and corrected P>W17-2C, mole
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fractions. Values of Z, (refer to Table 3) increase with nonionic species present in the
mixtures.

The micellar surface charge (Zm) of our systems are found to be smaller than those
found in SDS/C12EQs systems (which range between 8 and 21e)*? even if the POM
headgroups could be potentially highly charged (monovalent SDS versus hexavalent
POM headgroups). The RMSA structure factor used for fitting, utilises the pair potential
between two spherical colloids within a linearization approximation taking the Debye—
Huckel form. This method, however, becomes inadequate to describe highly charged
objects for which the electrostatic energy of a micro-ion near the colloid surface largely
exceeds kgT (thermal energy).*® The obtained “surface charge” Zn, in that case, is the
charge at a surface far from the actual surface of the micelles, therefore the bare
surface charge is replaced by an effective or re-normalised quantity.*? This explains
the relatively low surface charge in our systems given by SANS modelling.

However, the re-normalised charges obtained still can be compared for discussion.
With a given mixture containing P2W17-2C+2 or P2W17-2C14, the charge per P2W17-2C,
surfactant molecule (Zp) becomes larger when more C12EOs molecules are present in
the mixtures, suggesting the P.W17-2C, molecules become more ionised as they are
diluted by the C12EOes molecules within the micelles. This is consistent with the
discussion above on the degree of ionisation values obtained from conductivity
measurements. For the longer-tailed counterpart, P2W17-C16, the trend is not as
obvious. Comparing the absolute ionisation values among different P2W47-2Cy
surfactants in the given mixtures, longer-tailed P2W47-2Cy are less ionised. This is
similar to what has been observed for the singular P,W17-2C, surfactant systems,®
and also for single tail quaternary ammonium surfactants.** and sodium alkyl

sulfates.4®
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The average area per molecule (A) values are listed in Table 3, estimated using the
surface area of the mixed micelle divided by its corresponding aggregation number.
The dry P2W17 headgroup has a cross-sectional area (Ap2w17) around 120 A2, and the
cross-sectional area for EOg group (Aeos) lies in the range of 46 to 58 A2.46 Estimated
area per molecule values (Acor) are listed in Sl Table 3, calculated using the corrected
mole fraction of each component:
Acor = Apaw17 X [P2W17-2Ch]cor + Aeos * [C12EOs]cor (4)

A and Acor give similar results if the uncertainties are included. It is also seen these
values decrease with the C12EOs component, giving larger packing parameters,*’- 48
which contributes to the formation of more elongated micelles. This is also reflected
by the increasing ellipticity values obtained from SANS fitting.

Discussion

The experimental CMC values of binary mixtures are found to be higher than those
calculated for ideal mixing which implies that non-ideal mixing is present for these
systems. They are found to decrease rapidly with an increase in the nonionic
surfactant concentration in the mixtures because the CMC of the P2W47-2C;
component is much higher than that of the C12EQe."® 32 Positive B values were
obtained, indicating an unfavourable interaction between the two types of surfactant
molecules. These interactions are different from those reported for other
anionic/nonionic binary surfactant systems where normally attractive interactions
between surfactants were found.34 37, 49-52

For anionic/nonionic binary surfactant systems, in general it has been suggested that
the insertion of nonionic surfactant molecules between the ionic surfactant molecules
reduces the electrostatic repulsion between the ionic headgroups allowing the

formation of micelles at a lower concentration.®? Furthermore, for mixtures of an
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anionic surfactant with CrEOn nonionic surfactant (m: the number of methylene groups,
n: the number of ethylene oxide groups), the negatively charged headgroups interact
with the slightly positively charged ether oxygen atoms,*-%! i.e. oxonium ions, present
in the polyoxyethylene groups at several points on the micelle surface. For example,
a synergistic effect between surfactant molecules have been reported for sodium
bis(2-ethyl hexyl) sulfosuccinate/C12EQs4 and SDS/C1EOsmixtures.3* 37 In both
systems, the experimental CMC values are lower than those expected in the case of
ideal mixing. NaDS/C+12EO12 and Mg(DS)2/C12EO12 have also been reported to have
attractive interaction between surfactant molecules.>? The Mg(DS), turned out to have
weaker interactions with nonionic surfactants in comparison to NaDS due to strong
condensation of the Mg?* counterions onto the micelles.

The favourable mixing of nonionic surfactants with either anionic®* 3% 52 or cationic®®
54 surfactants has been frequently reported. Such synergism is mainly attributed to the
screening of electrostatic repulsions between the ionic components introduced by the
ethoxylated chains of the nonionic surfactant coil. Reports of an unfavourable mixing
between ionic surfactants and nonionic surfactants in mixtures are uncommon.>® We
have not found any previous reports of an unfavorable interaction between anionic
surfactants and nonionic surfactants in mixtures. An antagonism between alkylediyl-
a-w-bis(alkyldimethylammonium) dibromide, a dichain cationic surfactant, with
different tail lengths and a nonionic surfactant, polyoxyethylene(23) lauryl ether (Brij35)
has been reported by Akbas.®® In that case, the antagonism was attributed to a greater
amount of Brij35 in the mixed state since they obtain a higher  value when the mole
fraction of Brij35 was increased. Compared to the reported favourable mixing,3* 35 52
found for mixed systems containing ionic surfactants and nonionic surfactants with a

lower repetition number of EO in the hydrophilic headgroup, crowding of the large
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hydrophilic headgroup of the Brij35 on the micelle surface may contribute to the
unfavourable mixing. Our mixed POM-2C,/C12EOs systems were found to exhibit
similar antagonistic behaviour, which increases with increased amounts of the
nonionic species, even though the nonionic surfactant (C12EOs) used has a smaller
headgroup than Brij35. The largest antagonistic interactions were obtained between
P,W17-2C12 and C12EQs (averaged B value: § = 4.4 + 0.8). The interaction becomes
less prominent when the P>2W17-2C, component bears a longer hydrocarbon chain
length. The smallest 3, 3.0 + 0.6, was found in P2W17-2C16/C12EQOs mixtures, giving
the smallest absolute deviations between the measured CMC values and those
predicted for ideal mixing, compared to P2W17-2C,/C12EOs (n = 12 or 14) systems. A
similar phenomenon of the effect of tail length on the interaction was also reported for
the C12EO23 and alkanediyl-a-w-bis (alkyldimethyl ammonium) dibromide system
discussed above. The antagonistic interaction parameters of that system decreased
from 3.584 to 0.087 when the number of carbons in the chain of the cationic surfactant
increased from 12 to 16.%

The principal interactions in the surfactant mixing are:®” (1) electrostatic interactions
between headgroups, (2) ion-dipole attractions between ionic and nonionic
headgroups, (3) steric interactions between bulky groups, (4) van der Waals
interactions between hydrophobic groups, and (5) hydrogen bonding among
constituent surfactant molecules.

In an anionic-nonionic surfactant mixed system, the micelles are stabilized primarily
through the contact of hydrocarbon chains of both surfactants, termed hydrophobic
interactions. It is apparent that when our P2W17-2C, is present with the nonionic
surfactant, the unfavourable interactions between the two kinds of molecules are

strong, therefore giving a positive B value, despite the hydrophobic interactions which
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drive the formation of mixed micelles. Several effects may induce unfavourable
interactions: first and foremost, bare POMs are known to self-assemble in solutions
driven by counterion-mediated electrostatic interaction.®® 5° The tendency of the P2W17
headgroups to assemble possibly hinders the aggregation of the two kinds of
surfactant molecules to some extent. Secondly, POMs and their K* counter-ions are
both considered to compete with the hydration of the polyethylene oxide head in the
C12EOs. POMs are considered as “super-chaotropes” due to their large size and
delocalized charge.% 8" They therefore disrupt the adjacent water molecules that bond
to the polyethylene oxide headgroup through hydrogen bonds. K* ions (introduced by
P2W17-2Cy), are termed as “structure makers”, which means that water molecules
surrounding them are more organized compared to pure water.®? These could result
in a lower hydration of the EOe groups located between P2W47-2C, molecules. The
reduced hydration in EOe group may contribute to the antagonistic mixing behaviour
of the two components in the micelles. Moreover, unfavourable mixing behaviour is
could also be caused by the structures of the two hydrophilic headgroups. Ethylene
oxide chains usually behave as Gaussian coils*® 4% 63 and maintain a characteristic
size unperturbed in a saturated adsorption layer instead of forming extended chains
into the solutions. The energetically favourable coil configuration is smaller (10.29 A,
calculated from the equation in reference*® 64) than the P2W17 headgroup (around 12
A).38 In these mixed micelles, the EOs groups may be forced to take on a configuration
away from their most energetically favourable conformation, which may also contribute
to the observed antagonistic effect.

The B value differs among systems containing P.W+7-2Cn with different alkyl chain
lengths. The variations can be attributed to the effects of alkyl chain symmetry and

asymmetry, which has been studied for cationic and anionic surfactant mixed
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systems.®> In the case of a system with high alkyl chain symmetry (P2Wi7-
2C+12/C12EQes), packing of the surfactants tails is favoured and therefore, strong
unfavourable interactions between headgroups occurs. For two surfactants with
different alkyl tail lengths, a dense packing is sterically unfavourable. Therefore, 3
decreases with increasing difference between tail lengths. This is corroborated by the
larger Acor values found for P2W17-2C14/C12EOe and P2W47-2C16/C12EOs systems
compared to those of the mixtures containing P2W17-2C 2.

The phase behaviour of the individual di-alkyl chain surfactants, P2W17-2C, have been
previously reported by us'® and that of the nonionic surfactant, C12EQs, is well
established.®® P,W17-2C, surfactants have a relatively large headgroup (ca. 12 A in
length with an area per molecule around 120 A?),38 which favours the formation of
globular or ellipsoidal micelles in water, depending on the tail length. The addition of
the nonionic surfactant C12EQOs, which tends to form rod-like micelles in water, into the
P2W17-2Cn system therefore induces the elongation of the mixed micelles. On addition
of C12EQOs to the solution of P2W17-2C+2, the nonionic surfactant molecules incorporate
into the ionic surfactant micelles, leading to a modest increase of the elliptical ratio
from 2.9 to 3.8. However, the micelles also grow considerably in size, and aggregation
number and the resulting increase in total micelle charge leads to an obvious shift in
the micelle interaction peak in the scattering pattern as the nonionic content increases.
The phase behaviour and the microstructure of ionic and nonionic molecules mixtures
have been studied in the literature.®* 42 Most of them also report the growth of micelles
upon addition of nonionic surfactant to charged surfactant molecules in solutions. A
similar shift of the micelle interaction peak has also been reported for SDS/C12EOs
and SDS/ C12EOs mixtures which have been studied by Penfold et al*?> For

SDS/C12EOe mixtures, the elliptical ratio increased from 1.3 to 2.4 when the C12EOe
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mole percent increased from 20% to 90%. Sodium bis(2-ethyl hexyl)sulfosuccinate
(AQT), an anionic surfactant which is double-tailed, similar to P2W47-2C, surfactants,
was also mixed with C12EQs but shows favourable aggregation.3* Similarly, more
elongated micelles were formed in the nonionic rich mixtures in this system. The
differences in interaction type between the AOT/C12EOs system and our systems
cannot be explained in terms of molecular geometry since both anionic surfactants are
double-tailed as monomers (although the branched tails in AOT are much shorter than
the linear chains in the P2W17-2C,). Consequently, the counterion-mediated
electrostatic interactions and counterion condensation onto the micelles must play a
crucial role in the aggregation of molecules into micelles at equilibrium in our systems.
As reported in Table 3, there is an increase in the micellar surface charge with the
increase of the nonionic surfactant mole fraction. This appears to occur because the
P2W47-2C» molecules ionise more when more nonionic surfactant molecules are
inserted into the micelles. This is also suggested by the calculated Z, values. The
modest increase in surface charge observed for our system is the opposite to the
results that have been found in SDS/C12EQs, SDS/C12EQ6*? and sodium bis(2-ethyl
hexyl) sulfosuccinate/C12EQ. mixtures,3* which give a decrease in surface charge with
the increase of nonionic surfactant content. This may be due to the fact that the P2W17
headgroups bear more ionisable counterions which can respond when C12EQOe is
mixed into the micelles, than SDS which has only one counterion per molecule.
Additional interactions, arising from counterion-mediated electrostatic interactions,
which do not usually exist in other systems, may also affect the overall micellar
charges.

In summary, this study reported an antagonistic binary surfactant system P>Wi7-

2Cn/C12EQes. This antagonism, as discussed above, may be attributed to a few different
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interactions: counterion-mediated interactions between P2W+7 units, the large size and
delocalized charge of P2W17, and the unfolding of the ethylene oxide headgroups, but
is moderated by packing caused by hydrophobic interactions between surfactant tails.
The interactions become less favourable when the two components have the same
hydrophobic tail length. The increasing mole fraction of the nonionic component
induces the formation of more elongated micelles. Increased shielding of the P2W47
headgroups by the nonionic surfactant also increases the degree of P2W+7 ionisation
in the mixed micelles.

Conclusion

Previous studies report a synergistic interactions between ionic and nonionic
polyethylene oxide surfactants, which arises due to electrostatic attractions between
headgroups in the mixed surfactants, in addition to hydrophobic interaction between
tails.34 35 52 |n contrast, this study reports an antagonistic effect in mixtures of P2W17-
headed surfactants and C12EOs. Data from SANS, tensiometry and conductometry
were used to study and quantify the unfavourable interactions between the two
surfactant species and determine the micellar compositions of the mixtures. An
unfavourable interaction was previously observed for Brij35/alkylediyl-a-w-
bis(alkyldimethylammonium) dibromide, which similarly increased with increasing
amount of Brij35 and decreased as the tail length of the ionic species increased.® This
was ascribed to crowding of the large polyethylene oxide headgroups of the Brij35 at
the micelle surface. In our system, although part of the antagonistic effect may be
attributed to the unfolding of the ethylene oxide headgroups in the mixed micelles,
other contributions to unfavourable mixing include the counterion-mediated attractive
interactions between P2W17 units and the large size and delocalized charge of P2Wi7.

However, formation of mixed micelles still occurs due to the hydrophobic interactions
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between surfactant tails. This study could provide a fundamental reference for the
study of unfavourable mixing systems, especially those containing surfactants that
have highly-charged headgroups, a large size difference between the mixed surfactant
components and nonionic components where the optimal headgroup conformation is
detrimentally affected by the presence of the other species. Despite the unfavourable
mixing, these mixed micelles, are stable and hence can be envisaged for use in
several applications. For example, taking into account the remarkable photocatalytic
properties of polyoxometalates,®® the tuneable micellar composition, through changing
the mixing molar ratio, can be used to form supramolecular catalysts with tailored
properties. Another example would be their use as templating agents for the synthesis
of functionalised mesoporous materials with customised polyoxometalate loadings

and spacing within the pores as designer photocatalysts.
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