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Metallosurfactants comprising copper(II) (Cu(NO3)2) and zinc(II) (Zn(NO3)2) nitrate complexes of

2,5-dimethyl-7-hydroxy-2,5-diazaheptadecane were found to form stable oil-in-water

microemulsions—metallomicroemulsions—that could solubilise toluene in the presence of butanol.

A detailed contrast-variation scattering analysis, employing both neutrons and X-rays, in conjunction

with pulsed-gradient spin-echo NMR and simple phase diagram construction, demonstrated that

the system formed is that of a conventional microemulsion—a core comprising toluene, separated from

the aqueous phase by the surfactant and co-surfactant/co-solvent. This study further demonstrates the

versatility of metallosurfactants and the similarity of their physical chemistry behaviour to that of

conventional surfactants.
Introduction

Metallosurfactants may be defined as those materials in which

a transition metal ligand complex forms an integral part of the

amphiphilic structure, and are, in comparison to other surface

active materials, a relatively new and poorly explored class of

amphiphile. Despite this, they are an attractive subject for

study as they combine the physical properties of conventional

‘innocent’ surfactants with the redox,1 catalytic,2 photophysical3

and paramagnetic4 properties imparted by a transition metal ion.

The difference between metallosurfactants and those classical

amphiphiles is well illustrated in early work by Gr€atzel et al.5

where the exceptional emission quenching efficiency of micelles

of the CuII complexes of an amphiphilic cyclen (1,4,7,10-tetraa-

zacyclododecane) derivative for solubilised fluorophores5 was

found to be much higher than that of anionic micelles utilising

CuII as a counterion.6 This led Gr€atzel to describe this metal-

losurfactant as a ‘functional macrocyclic surfactant’.

Whilst metallosurfactants have been shown to follow many of

the expected behaviour patterns of conventional surfactants,

such as surface activity and self-association,7–9 the formation of

emulsified phases is to date unexplored. Microemulsions repre-

sent an important class of thermodynamically stable, self-

assembled structured fluids that find widespread use in a range of

applications due to their ability to compartmentalise water-

insoluble materials in the oil-like region of the microemulsion
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droplet.10 Microemulsions are formulated by mixing an appro-

priate ratio of surfactant and oil, often in combination with

a cosurfactant. Recently we showed that catalytic centres present

within the different regions of a conventional (sodium dodecyl

sulfate-based) microemulsion system allowed control over the

product distribution and extent of a hydrolysis/oxidation reac-

tion.11 Specifically, a manganese–Schiff base catalyst covalently

linked to an organic framework that constrained its activity to

the surfactant head group region of a microemulsion droplet,

was found to provide a more efficient mechanism to degrade

mustard gas that partitions between the oil and water phases,

compared with the same catalytic centre engineered to reside

predominantly in either the oil or water phase. The ability,

therefore, to localise metal ions at fluid interfaces is an important

facet of catalysis. Here, we show that metallosurfactants may be

employed directly to formulate microemulsions, and characterise

the resultant structures that form, using small-angle scattering

and pulsed-gradient spin-echo NMR.
Results and discussion

In the absence of any added metal salt, the stock solution of

50 mM 2,5-dimethyl-7-hydroxy-2,5-diazaheptadecane (C10)

formed a milky white but relatively stable (days) emulsion in

water. The solubility of this ligand in the presence of a series of

metal salts was very dependent on the metal salt employed. For

example, NiCl2 and CuSO4 led to significant amounts of insol-

uble material that could not be dissolved with reasonable vari-

ations in pH, temperature or ionic strength. However, Cu(NO3)2

and Zn(NO3)2 produced stable, clear micellar solutions (critical

micelle concentrations, CMC ¼ 2–3 mM9–11) with no solid

precipitate, and these were selected for further study.

The phase diagram of aqueous solutions of 25 mM Cu(NO3)2–

C10 and 25 mM Zn(NO3)2–C10 upon addition of toluene

(0 < [toluene] < 5 wt%) and butanol (0 < [butanol] < 10 wt%)
This journal is ª The Royal Society of Chemistry 2010
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Scheme 1 Pictorial representation of the intensity maps accessible in

a contrast variation small-angle neutron and X-ray scattering

experiment.

Fig. 1 Small-angle scattering from 25 mM Cu(NO3)2–C10 in D2O:

(squares) neutron and (triangles) X-ray scattering.
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[ESI†], showed the sequence of phases expected for conventional

microemulsion systems—at low concentrations of both toluene

and butanol clear solutions are observed (Winsor IV) that

become opaque at well-defined [butanol] and [toluene],

i.e. microemulsion formation, leading onto a Winsor I phase

where the microemulsion coexists with excess toluene.12 It was

observed that a maximum of 2.5 wt% toluene could be dispersed

into a 25 mM surfactant solution in the presence of 5 wt%

butanol, but that the maximum [toluene] tolerated by the system

dropped with decreasing [butanol]. In the absence of butanol, an

emulsion is formed above 0.7 wt% toluene. In the absence of

toluene, the emulsion does not form until�9 wt% butanol. There

were no significant differences between phase boundaries

observed in the Cu(NO3)2 and Zn(NO3)2 cases, implying the

phase behaviour is insensitive to the metal ion (as found for the

CMC behaviour).

Preliminary characterisation of the resultant Zn(NO3)–C10

metallomicroemulsion system was undertaken using pulsed-

gradient spin-echo NMR (PGSE-NMR) [ESI†], to both select

microemulsion systems for scattering analysis and thereafter to

restrain the fitting protocols. No such approach was taken with

the Cu(NO3)2–C10 system as this is precluded by the para-

magnetic character of the copper ion. Analysis of the self-diffu-

sion data obtained for the Zn(NO3)2–C10 system within the

framework of the two-state mobility model, showed that the

toluene partitions heavily (>95%) into the surfactant phase,

causing an increase in the micelle size, forming microemulsion

droplets. Further, the butanol partitions approximately equally

between the continuous and dispersed phases, but causes no

significant change in the perceived dimensions of the surfactant

aggregates; presumably the butanol displaces some of the water

from within the head group region. In other words the butanol

behaves as a conventional co-solvent.

The focus here is to understand the formation and evolution of

the microemulsion structure with increasing concentrations of

both butanol and toluene, and therefore the scattering analysis

from the simple metallosurfactant is presented first, followed by

the binary metallosurfactant system i.e. in the presence of either

toluene or butanol, and finally, the ternary (microemulsion)

system (surfactant/toluene/butanol).

A number of contrasts have been invoked—Scheme 1—which

allow the separation and quantification of the location, parti-

tioning and dimensions of the various components and regions

within the microemulsion system to be quantified. In a neutron

contrast variation experiment, by matching the scattering power

(scattering length density) of one region of the self-assembled

structure to that of the solvent, the direct contribution of that

region to the scattering is negated. For example, in the ‘‘drop’’

contrast (Scheme 1, top left), there is no discrimination between

core and shell, whereas in the ‘‘shell’’ contrast, the scattering only

arises from the shell as the scattering length density of the core

(deuterated toluene) has been matched to that of the solvent

(D2O). The SAXS data provide an additional ‘‘contrast’’—

specifically an insight into the location of the metal—since the

X-ray scattering is dominated by the high electron density of the

metal atoms.

Fig. 1 shows the scattering from the simple metallosurfactant

(micellar) system. The neutron scattering data from the surfac-

tant-only system (h-surfactant in D2O) were fitted using the
This journal is ª The Royal Society of Chemistry 2010
FISH data analysis program.13 The data were best described by

a core–shell model in which the core radius was constrained to

the all trans-equivalent hydrocarbon chain length (Rcore ¼ 15 Å)

yielding a shell thickness (d) of 10 Å and an ellipticity (X) of 2, in

good agreement with previous data,9–11 see Table 1.

The SAXS data are somewhat more challenging to analyse due

to the presence of a strong upturn in scattering at low Q. The

solid line through the SAXS data is a fit, constrained by the

morphology extracted from the SANS analysis, but also includes

a Ornstern-like critical scatter contribution term as an attempt to

model this feature. Notwithstanding the poor fit at low Q, the key

features in the SAXS data, specifically the peak at Q ¼ 0.12 Å

and the inflection at Q ¼ 0.25 Å, are reproduced by adopting the
Soft Matter, 2010, 6, 2552–2556 | 2553
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Table 1 Parameters quantifying the micelle/droplet morphology extracted from an analysis of the SANS and SAXS data. For all systems, temperature
¼ 25 �C and where needed, the Schulz polydispersity index, s ¼ 0.2a

[Toluene] (wt%) [Butanol] (wt%) Solvent Radius/Å Shell thickness/Å Ellipticity

[Surfactant] ¼ 25 mM
0 0 D2O 15 (�1) (SANS), 15* (SAXS) 10 (�1) (SANS), 20 (�2) (SAXS) 2 (SANS), 2 (SAXS)
0.5 (H) 0 D2O 40 (�1) (SANS), 20* (SAXS) n/a 20* 1
0.5 (D) 0 D2O 20 20 (�1) 1
0 5 (H) D2O 17 (�1) (SANS), 17 < R < 21*

(SAXS)
10 (�1) (SANS) 10* 1

0 5 (D) D2O 17 (�1) n/a 1
0.5 (H) 5 (H) D2O (drop) 26 (�1) n/a 1
0.5 (D) 5 (D) D2O (shell) 24 (�1) 7 (�1) 1
0.5 (D) 5 (H) D2O (shell) 40 (�1) n/a 1
0.5 (H) 5 (D) H2O 10 (�1) 10 (�1) 1
[Surfactant] ¼ 150 mM
0.5 (D) 0 H2O 16 10* 1
1 (D) 0 H2O 17 10* 1
1.5 (D) 0 H2O 19 10* 1
Excess (D) 0 H2O 21 10* 1

a The data have been analysed in terms of solid ellipses, polydisperse spheres and polydisperse core–shell models as detailed in the text. Where
a parameter is fixed or constrained, this is indicated by an asterisk. These standard data fitting approaches are discussed in ref. 14. The SANS
Toolbox available from www.ncnr.nist.gov/staff/hammouda/the_SANS_toolbox.pdf.
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SANS derived morphology of the micelle. These characteristic Q

values correspond to length scales of approx. 50 and 25 Å,

respectively, consistent with the fitted major and minor radii.

The slight difference in shell thicknesses, Table 1, obtained from

these two techniques merely reflects the relative sensitivities to

different components in the system. What is clear, however, is

that the metal ions are located throughout the shell, as thinner

shells, for any value of Rcore, did not reproduce the observed

features.

Fig. 2 presents the contrast study for the binary systems i.e. the

metallosurfactant in the presence of d- and h-toluene (Fig. 2a)

and d- and h-butanol (Fig. 2b) in D2O. The respective contrasts

are again represented in Scheme 1.

Addition of 0.5 wt% h-toluene to the surfactant in D2O—

Fig. 2a—causes a slight change in the morphology of the
Fig. 2 (a) Small-angle scattering from 25 mM Cu(NO3)2–C10 in D2O/0.5 w

(triangles) X-ray scattering. (b) Small-angle scattering from 25 mM 1 in D2O

and (triangles) X-ray scattering.

2554 | Soft Matter, 2010, 6, 2552–2556
structures, and it is more appropriate to use a model for poly-

disperse spheres than an ellipse. Where required by the various

contrast sets, an additional term was incorporated to account for

a core–shell morphology. It was also necessary to include a small

degree of polydispersity, s/Rbar ¼ 0.2 where s is the width of

a Schultz size distribution centred around Rbar.

The data and fitting protocol are not sensitive to the precise

value of s, indeed any variation in s results in a small, coupled

change in the radius. Therefore, convention dictates that a small

constant value for s is adopted, s ¼ 0.2, as is typical of several

other microemulsion systems.

Quantifying the difference in size between the elliptical and

spherical structures is complicated by the shape change and

cannot be based solely on the change in radius. However,

calculation of the volumes of the scattering bodies allows the
t% toluene; (squares—filled deuterated; open hydrogenous) neutron and

/5 wt% butanol; (squares—filled deuterated; open hydrogenous) neutron

This journal is ª The Royal Society of Chemistry 2010
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Fig. 3 (a) Small-angle scattering from 25 mM Cu(NO3)2–C10/5 wt%

butanol/0.5 wt% toluene/D2O; neutron (squares—filled deuterated

butanol and toluene; open hydrogenous butanol and toluene) and X-ray

scattering (triangles). (b) Small-angle neutron scattering from 25 mM

Cu(NO3)2–C10/5 wt% butanol/0.5 wt% toluene/H2O; (filled squares—

deuterated butanol and deuterated toluene; open squares—deuterated

butanol and hydrogenous toluene). (c) Small-angle scattering from

150 mM Cu(NO3)2–C10/d-toluene/H2O (circles—0.5 wt% d-toluene;

squares—1 wt% d-toluene; triangles—1.5 wt% d-toluene; inverted

triangles—excess d-toluene).
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ellipse to be described in terms of an equivalent spherical radius.

For these two systems addition of 0.5 wt% toluene to the

surfactant solution causes a doubling in volume of the observed

structure. Given the caveats above, this corresponds to an

increase in effective spherical radius from 30 to 40 Å, consistent

with the reduction seen in Fig. 3S† for the 25 mM Zn(NO3)2–C10

case.

For the h-toluene/h-surfactant in D2O case described above,

a single contrast step was observed at the D2O/surfactant inter-

face giving a single radius, R, (i.e. drop contrast, Scheme 1 top

left panel). A substitution of d-toluene for h-toluene caused

a shift in the perceived contrast step (Scheme 1 bottom right

panel, shell contrast) giving a core radius of 20 Å and a shell

thickness of 20 Å. The overall size (Rcore + d) is, therefore,

consistent with that for the h-toluene sample (R ¼ 40 Å). This

provides evidence that the toluene is located at the interior of the

droplet, with a separate surfactant shell (i.e. classical micro-

emulsion behaviour is observed).

The fit to the SAXS data is consistent with the above

morphology and again confirms that the metal is located

throughout the surfactant head group region, towards the exte-

rior of the droplet.

For 5 wt% h-butanol/h-surfactant/D2O, the most appropriate

model was also found to be that for polydisperse spheres. The

overall size (Rcore ¼ 17 Å + d ¼ 10 Å) remains similar to the

equivalent spherical radius of the surfactant alone, but there is an

increase in sensitivity to the shell composition. The use of

d-butanol removed this sensitivity to the contrast step at the

solvent/shell interface (Scheme 1, bottom left panel), but main-

tained the core radius, suggesting that the butanol partitions

between the aqueous phase and shell, but is predominantly

located in the head-group region. This implies that the surfactant

head groups are not strongly hydrated by D2O, and that there is

a larger degree of butanol penetration/inclusion in the head

group region of the droplet, consistent with the partition coeffi-

cient K ¼ 1 (50% partitioning into the solvent) derived from the

PGSE-NMR results (ESI†).

By using d- or h-toluene and d- or h-butanol in combination

with h-surfactant in D2O or H2O allows the scattering to be

deconvoluted into the constituent terms. Fig. 3a presents repre-

sentative scattering data in which the continuous phase is D2O.

Addition of both 5 wt% h-butanol and 0.5 wt% h-toluene to the

surfactant solution caused a decrease in the fitted core radius

from 40 Å to 26 Å compared with the addition of h-toluene

alone. This is due to the butanol altering the spontaneous

curvature of the interface, leading to changes in the droplet size.

The diffusion data also demonstrate a 20% contraction in droplet

radius (ESI, Fig. 4S†), although this conclusion is at the reso-

lution limit of the NMR data.

Addition of d-butanol to d-toluene containing samples gives

a similar core size to the h-variants, but the model regains some

sensitivity to the core–shell structure, with a slightly larger

overall size observed for the comparable h-system (Rcore ¼ 24 Å,

d ¼7 Å). The shell thickness of 7 Å is smaller than with d-toluene

only, but consistent with d-butanol partitioning towards the

outer region of the head groups, and therefore scattering arising

only from the surfactant tails at the core/shell interface.

The scattering from the h-surfactant may be ‘‘contrast

matched’’ by switching the solvent to H2O, Fig. 3b. A sample
This journal is ª The Royal Society of Chemistry 2010 Soft Matter, 2010, 6, 2552–2556 | 2555
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containing h-surfactant in H2O with added h-butanol and

d-toluene (‘‘core’’ contrast) gave a core radius of 20 Å, consistent

with that of the h-toluene only sample, with the loss of the

additional contrast step at the core/shell interface and therefore

an observed shell thickness of zero (compared to 20 Å for the

surfactant + d-toluene). This is highly supportive of the sample

maintaining classical microemulsion structure with butanol

partitioning mainly into the shell region.

To further illustrate this point, the scattering from a higher

concentration of surfactant system, viz. 150 mM (h-)surfactant/

d-toluene/H2O series, was investigated—Fig. 3c—with the

sequential addition of toluene yielding an increase in fitted core

size from 16 to 21 (�1) Å, consistent with the NMR data present

in Fig. 3S† and demonstrative of swelling behaviour typical of

classical microemulsion systems.

The final contrast studied was h-surfactant/h-toluene/

d-butanol/H2O to confirm the butanol location. The d-butanol

smears out the contrast step at the shell interface, resulting in

a core radius of 10 Å and a shell thickness of 10 Å, thereby

demonstrating considerable mixing of d-butanol with the head

groups, as suggested by the d-butanol only sample and suggest-

ing the butanol occupies a diffuse region around the shell.

The detailed scattering study, supported by the PGSE-NMR

(ESI†), clearly demonstrates that the metallosurfactant toluene

system forms a classical microemulsion system viz. a toluene core

surrounded by a corona of surfactant molecules. The thickness of

the surfactant corona is commensurate with the dimension of the

surfactant. The contrast variation approach has allowed the

various contributions to the corona thickness—head, tail, etc.—

to be deconvoluted. An increase in the toluene contribution leads

to a commensurate increase in the core volume. Butanol has

a minimal effect on the micelle morphology, but leads to a slight

decrease in microemulsion droplet size. In order to reproduce the

absolute scattering intensities and the features in the datasets,

there is some intermixing of the toluene and surfactant tails.

Experimental

Small-angle X-ray scattering (SAXS)

Small angle X-ray scattering (SAXS) data were collected at

beamline X33 at the European Molecular Biology Laboratory

(EMBL) of the Deutsches Elektronen Synchrotron (DESY)

using a wavelength of l ¼ 0.15 nm. Data were collected on

a MAR345 image plate detector using a 30 second exposure time

and 2.4 m sample-to-detector distance covering a scattering

range in Q of 0.08 nm�1 to 4.5 nm�1. The scattering images were

integrated to one-dimensional linear profiles using in-house

software at station X33. SAXS from these samples were also

recorded on I22 at the Diamond Light Source, Oxfordshire, UK,

and these data have been included in the ESI† for comparison.

Small-angle neutron scattering (SANS)

Small-angle neutron scattering experiments were performed on the

fixed-geometry, time-of-flight LOQ diffractometer at the ISIS

Spallation Neutron Source, Rutherford Appleton Laboratories,

Didcot, UK. A Q range between 0.008 and 0.25 Å�1 is obtained by

using neutron wavelengths (l) spanning 2.2 to 10 Å with a fixed

sample-detector of 4.1 m. The samples were contained in 2 mm
2556 | Soft Matter, 2010, 6, 2552–2556
path length, UV-spectrophotometer grade, quartz cuvettes

(Hellma) and mounted in aluminium holders on top of an

enclosed, computer-controlled, sample chamber. Sample volumes

were around 0.4 cm3. All experiments were conducted at 25 �C.

Temperature control was achieved by using a thermostatic circu-

lating bath pumping fluid through the base of the sample chamber,

achieving a temperature stability of �0.2 �C. Experimental

measuring times were approximately 40 minutes. All scattering

data were (a) normalized for the sample transmission, (b) back-

ground corrected using a quartz cell filled with D2O, (c) corrected

for the linearity and efficiency of the detector response using the

instrument specific software package and (d) put onto an absolute

scale by comparison with the scattering from a partially deuterated

polystyrene blend of known molecular weight.

Conclusions

Two metallosurfactants were prepared from the ligand 2,5-

dimethyl-7-hydroxy-2,5-diazaheptadecane (C10) using either

Cu(NO3)2$3H2O or Zn(NO3)2$6H2O. Stable microemulsions

were prepared that could solubilise up to 2.5 wt% toluene in the

presence of 5 wt% butanol as a co-solvent/co-surfactant. Scat-

tering analyses, refined by supporting PGSE-NMR data,

demonstrated that these systems form classical microemulsion

droplets; a core of toluene surrounded by a surfactant/co-

surfactant film, that presents the metal ion to the aqueous phase.
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