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NMR and Molecular Dynamics Study of the Size, Shape and Composition of Reverse Micelles in a CTAB/n-Hexane/Pentanol/Water Microemulsion
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Abstract

The size, shape and composition of reverse micelles (RMs) in the CTAB/pentanol/n-hexane/water microemulsion were investigated using pulsed gradient stimulated echo (PGSTE) nuclear magnetic resonance (NMR) measurements and molecular modelling. PGSTE data were collected at observation times () of 10 ms, 40 ms and 450 ms. At long observation times, CTAB and pentanol exhibited single diffusion coefficients. However, at short ( ( 40ms) observation times both CTAB and pentanol exhibited slow and fast diffusion coefficients. These NMR data indicate that both CTAB and pentanol molecules reside in different environments within the microemulsion and that there is exchange between regions on the millisecond timescale.  Molecular dynamic simulations of the CTAB RM, in a solvent box containing n-hexane and pentanol, produced an ellipsoid shaped RM.  Using structural parameters from these simulations and the Stokes-Einstein relation, the structure factor and dimensions of the reverse micelle were determined.  Analysis of the composition of the interphase also showed that there was a variation in the ratio of surfactant:co-surfactant molecules depending on the curvature of the interphase.
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Introduction

Reverse micelles (RMs), formed in water-in-oil microemulsions, tend to be nanosized water droplets surrounded by a layer (interphase) of surfactant molecules in a continuous organic phase.
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  RMs have a broad range of applications and are frequently used as templates in the synthesis of nanoparticles,
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 drug delivery and biomolecule carriers, HYPERLINK  \l "_ENREF_2" \o "Capek, 2004 #2" 


 ADDIN EN.CITE 

6-8

 and reactors for chemical and enzymatic reactions.
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 As a consequence, there is significant interest in their microstructure, size and chemical properties. A variety of techniques have been used to probe these properties including fluorescence spectroscopy,
 HYPERLINK  \l "_ENREF_13" \o "Corbeil, 2003 #14" 
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 conductivity measurements,
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 dynamic light scattering (DLS),
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 small angle X-ray scattering (SAXS)
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 and nuclear magnetic resonance (NMR).

22-28


While the literature is dominated by studies of RMs formed with sodium bis(2-ethylhexyl) sulfosuccinate (AOT), there is interest in RMs formed with other surfactants, particularly cetyltrimethylammonium bromide (CTAB). CTAB is of increasing interest because the headgroup is a good model for the lipid phosphatidylcholine.
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 CTAB RMs are therefore able to mimic cell membranes and consequently help determine the microenvironment of enzymes and proteins within the cellular environment.
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 CTAB RMs have also been found to possess an increased water solubilisation capacity compared to AOT RMs,
 ADDIN EN.CITE 

3,31
 which is important in the synthesis of nanoparticles, leading to an increase in their use in this area.3


In nanoparticle synthesis, the use of RMs has been promoted as a method for controllably producing uniformly sized nanoparticles.
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 CTAB RMs are frequently utilised, not only because of their confined water core, but also for additional advantages associated with an increased interphase fluidity, leading to greater intermicellar exchange,
 ADDIN EN.CITE 

5,31,32
 and the presence of a co-surfactant.
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 Unlike RMs formed with AOT, CTAB requires the presence of a co-surfactant, typically a medium chain alcohol, in order to form stable RMs.
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29,32
 When the continuous oil phase acts as the co-surfactant, tertiary microemulsions are possible (e.g. CTAB/hexanol/water).
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 The presence of the co-surfactant in quaternary microemulsions provides a useful additional parameter by which the size, shape and interphase rigidity of the RM can be controlled,33

 Quaternary microemulsions are formed when the co-surfactant is different to the continuous phase (e.g. CTAB/heptanol/cyclohexane/water).

2

 as well as aid the stability of nanoparticles.
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CTAB RM droplet sizes have been characterised in only a few papers using electron microscopy,36


35

 fluorescence spectroscopy3

 conductance measurements,,37
 and NMR.
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 Electron microscopy measurements36


35

 on the CTAB/heptane/butanol/water system gave droplet radii of 4.8 to 5.3 nm. Measurements by fluorescence spectroscopy have found droplet radii of 4.0 to 4.5 nm for CTAB RMs in chloroform/iso-octane mixtures.3

 have determined droplet diameters between 10 and 150 nm for the CTAB/hexanol/water system.  Conductance measurements,37
 NMR measurements of diffusion
 HYPERLINK  \l "_ENREF_27" \o "Palazzo, 2003 #20" 
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 for the CTAB/pentanol/hexane/water system measured droplet radii of 1 to 5 nm over a range of 0, values. Though, dynamic light scattering is frequently used to determine the sizes of RMs, it appears to be less utilised with CTAB RMs, which could be due to problems associated with the effect of dilution18,37 on the composition of the RMs or index matching.18
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 While the presence of a co-surfactant offers useful advantages for RM stability and nanoparticle synthesis, its presence and distribution gives rise to microemulsions of greater complexity, making characterisation more difficult. Indeed, there remain many questions surrounding the role of the co-surfactant in RM formation, and how the co-surfactant is dispersed between the reverse micelle and continuous phase.  Some of these questions were investigated by Palazzo and co-workers using NMR measurements of diffusion18
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 on the CTAB/pentanol/hexane/water quaternary microemulsion. Through analysis of NMR diffusion data, they18
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 showed that the pentanol was distributed between the RM interphase and continuous phase and that exchange between these regions was fast compared to the PGSE observation time, . As only an average diffusion coefficient was measured for the pentanol (Dobs), the proportion of pentanol in the RM, Pmic, was determined by fitting Dobs to the Lindman equation41


 ADDIN EN.CITE ,42
 (eq. 1), using a priori knowledge of the diffusion of pentanol in the continuous phase, Dbulk, and using the diffusion coefficient of CTAB as a measure of the RM diffusion coefficient, Dmic. 
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From the values of Dmic, RM sizes of 1- 5 nm were determined18


 ADDIN EN.CITE ,27,40
 using the Stokes-Einstein equation (eq. 2). A spherical shape was assumed (giving a value of 6 for the shape factor, f) and the viscosity was corrected for the amount of pentanol remaining in the continuous phase, as determined from Pmic. 
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In this paper, we investigate the CTAB/pentanol/n-hexane/water RM system using pulsed gradient stimulated echo (PGSTE) measurements and molecular simulations.  A range of PGSTE observation times (= 10 - 450 ms) were used, which included times shorter than those previously reported.
Experimental

Sample Preparation. Cetyltrimethylammonium bromide (CTAB, Sigma-Aldrich, 98%), pentanol (Sigma-Aldrich, 99%), n-hexane (Fisher-Scientific, reagent grade) and water (Nanopure filtered, resistivity 18 Mcmwere used to produce the CTAB/pentanol/n-hexane/water quaternary microemulsion. Microemulsions were prepared by dissolving 0.2 g CTAB in 8.394 ml n-hexane, 0.487 ml pentanol and 0.068 ml water and shaking for approximately 2 minutes. This gives a water/CTAB molar ratio, 0, of 6.9, a pentanol/CTAB molar ratio, P0, of 8.2 and a volume fraction, , of 0.05. NMR measurements were taken approximately 1 hour after sample preparation.
NMR Measurements. NMR experiments were performed on a Bruker DMX300 spectrometer equipped with a 7 T superconducting magnet, operating at a proton resonance frequency of 300.13 MHz. Samples were placed in a 5 mm NMR tube, inside a 5 mm 1H resonator of a Bruker Diff30 probe. The variable temperature control unit was calibrated using a methanol standard,44

 The 1H NMR spectrum of the CTAB/pentanol/n-hexane/water microemulsion is shown in Figure 1, with the structures, and proton numbering schemes, for CTAB and pentanol in Figure 2 and peak assignments listed in Table 1.43

 by measuring the difference in chemical shift of the OH and CH3 resonances at regular temperature intervals. Gradient strengths were calibrated by measuring the diffusivity of a n-octane sample at 289 K and compared with literature values.
Spin-spin (T2) relaxation times for CTAB (Ha) and pentanol (Hg) were measured using 1H NMR Carr Purcell Meiboom Gill (CPMG) experiments, [90 - (- 180 - )m - acq]n at 298  ± 0.3 K. A repetition time of 15 s was used to collect four signal averages, n, with 16 echoes, m, varied from 0 to 1024 with a delay of  = 2 ms. An inversion recovery experiment, [180° – – 90° – acq]n,  was used to measure the T1 relaxation times of CTAB (Ha) and pentanol (Hg) at 298 ± 0.3 K. A series of n = 33 experiments were performed with logarithmically space time delays, , ranging from 5 [image: image4.png]


10-6 s to 15 s.

Diffusion coefficients for the Ha resonance of CTAB and Hg of pentanol were measured using 1H NMR pulsed gradient stimulated echo with bipolar pulse pairs (BPP-STE) experiments43


 ADDIN EN.CITE ,45,46
 at 298 ± 0.3 K. Data was collected at three observation times ( = 10, 40 and 450 ms) using 32 gradient steps and  = 3 ms, = 40 ms and Gmax= 0.9 T m-1;  = 2 ms, = 450 ms and Gmax = 0.4 T m-1; or  = 3 ms,  = 10 ms and Gmax = 1.9 T m-1. A repetition time of 6 s was used, which was between 3 – 5 ( T1 (depending on the proton), with two dummy scans. A comparison was made between data collected with a TR of 6 s and 12 s (which was ( 5T1 for all resonances), and no differences were observed. Hence, the shorter TR was used to minimise the experiment time and limit the effect of changes in the system with time. Previous studies have used pulsed gradient spin echo
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 (PGSE) and stimulated echo45


49

 and T2 relaxation.
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 PGSTE sequences have a number of advantages over PGSE sequences, which are sensitive to J-coupling
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 (PGSTE) measurements, whereas we utilise a bipolar pulse pair stimulated echo (BPP-STE) sequence, to access shorter observation times.  To ensure there were no effects from the increased gradient strengths used with short observations times, the gradient stabilisation delay was checked using a high-molecular weight polydimethylsiloxane (PDMS) sample.,50
 The issue with J-coupling can be avoided if only singlet peaks are selected. This is the case for the Ha proton in CTAB, but only the hydroxyl (Hf) proton in pentanol is a singlet, which is susceptible to exchange with water in the core of the RM.52

 where > 20 ms.  A comparison of data acquired using PGSE, PGSTE and BPP-STE experiments was made, to ensure observations are not a consequence of pulse sequence artefacts, and can be found in the supporting information.  Average diffusion coefficients were determined using the Stejskal-Tanner equation (eq. 3). Where a mono-exponential fit was poor, a bi-exponential fit was performed (see supporting information). The data was fitted to the minimum number of components necessary.51

 The issue associated with T2 becomes a factor when the observation time of the PGSE experiment is comparable with the T2 relaxation time of the molecule of interest. In PGSTE sequences, spin relaxation during the observation time depends on T1 rather than T2, which is significantly longer than T2 in the systems of interest here. However, stimulated echo sequences can be sensitive to the effects of cross-relaxation
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Viscosity Measurements. Kinematic viscosity measurements of solutions of pentanol in n-hexane, over the concentration range of 0  1 M, were performed at 298 K using an Ubbelohde size 0 viscometer. Density measurements of the pentanol/n-hexane solutions were determined by weighing 10 ml of the sample, which had been kept at 298 ± 0.1 K. The dynamic viscosity () was calculated using the kinematic viscosity () and density ( data (eq. 4). 
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Molecular Mechanics and Molecular Dynamics (MD) Calculations. Molecular mechanics and molecular dynamics (MD) calculations have been carried out using combined ff0355

 Unless stated otherwise, all dynamic simulations were run at 300K and constant volume with periodic boundaries, and with a EWALD non-bonded cut off of 12 Å. Sampling of geometries, and velocities every 10 ps (5000 steps) during the data-gathering phase.
Droplet Construction for Calculations. Initially, a water droplet was constructed by solvation of a single water molecule with the solvateshell command within AMBER LEaP with a thickness of 25 Å. A layer of CTAB surfactant molecules were constructed around the water droplet with the CTAB headgroup close to the water and the hydrophobic chains pointing away.  Once the CTAB layer was complete a second layer of pentanol was constructed around the droplet with the hydroxyl group pointing away and the tails pointing towards the centre of the droplet. Orientation and distributions of the CTAB and pentanol molecules were arranged randomly using a purpose built code.57

  Sufficient bromide ions were added using the addion option on LEaP to ensure an overall neutral charge of the droplet. This process gave a 0 value similar to the experimental 0 value employed. A minimization was performed with no periodic box boundaries for a maximum of 100,000 cycles so the RMS gradients < 2 and have a Gmax < 102.  The minimization closes any gaps that may be present in the CTAB and pentanol layers constructed. 56

 CTAB and pentanol placement around the droplet was performed using the same method as previously reported.
Solvent Box Preparation. The required number of n-hexane molecules for a cubic box, 100 Å in each dimension, was determined from the density of n-hexane (4624 molecules for a density of 0.6617 g/mL). The n-hexane molecules were added to the box in an ordered periodic array with a spacing of approximately 6 Å to give the correct number of n-hexane molecules.  The ordered box of n-hexane was subjected to minimization for a maximum of 100,000 cycles at constant volume. The minimized box was subjected to 1 ns of equilibration dynamics at constant volume, to randomise the positions of the n-hexane molecules. The result was saved as an off file using the saveoff command in AMBER, and the box boundaries offset at 100 Å. 
Droplet Solvation. The optimized droplet was solvated using the n-hexane box off file prepared using the loadoff and solvatebox commands in LEaP with at least 20 Å of n-hexane around the optimized droplet. The solvated droplet was minimized for a maximum of 20,000 cycles so the RMS gradients < 2 and have a Gmax <102 at constant volume. The optimized solvated droplet was then equilibrated using constant pressure of 1 atm, isotropic position scaling, compressibility of 44.6 x 10-6 bar-1 and a pressure relaxation time of 1 ps, until the box size remained constant. Once the box size was constant, the equilibration was carried out at constant volume with no pressure scaling.  Molecular dynamic calculations were run on the droplet for a total of 45 ns, which includes the time for equilibration, 200 ps.
Results 
Diffusion data for the Hg proton (pentanol) and Ha proton (CTAB), in the CTAB/pentanol/n-hexane/water microemulsion, are given in Tables 2 and 3, respectively. For both CTAB and pentanol, the diffusion data can be fitted to a single diffusion coefficient at long observations times ( = 450 ms), but a fit to two diffusion coefficients is necessary (see supporting information) at short observations times ( = 40 ms and 10 ms). The diffusion data indicates both the pentanol and CTAB molecules are distributed between two different regions, and that there is exchange between these two regions which leads to a weighted-average of D at long . The distribution of CTAB and pentanol between two environments is also supported by the T2 relaxation decays for protons Hg (pentanol) and Ha (CTAB), which also required bi-exponential fits, giving T2 relaxation times of 0.837 s (60.6 %) and 0.027 s (39.4 %) for pentanol and T2 = 0.783 s (45.6 %) and 0.246 s (54.4 %) for CTAB. T1 relaxation times for protons Hg (pentanol) and Ha (CTAB) were 2 s and 0.44 s, respectively. Figure 3 shows a plot of viscosity against pentanol concentration for a range of solutions of pentanol in n-hexane.  The diffusion coefficients for pentanol in these solutions are shown in figure 4. A table of these data can be found in the supporting information.


Figure 5 gives a graphical view of the MD simulated RM in a CTAB/n‑hexane/pentanol/water microemulsion at different simulation times. The RM was initially constructed from a spherical droplet of water surrounded by a layer of surfactant molecules, followed by a layer of pentanol molecules, which were solvated with n-hexane molecules (figure 5a). During the MD simulation, the RM distorts into an oblate structure from its initial spherical form QUOTE  

 QUOTE  

 QUOTE  

 QUOTE  .  Distributions of the hydrodynamic radius, Rh, of the simulated RM, measured as the distance from the RM centre to the terminal carbon of each CTAB molecule, is shown in figure 6. Figure 7 gives the distributions of the water core radius, Rw, measured as the distance from the RM centre to each CTAB headgroup nitrogen atom. 

As the simulation progresses, there is a redistribution of pentanol molecules between the RM and continuous phase. The number of pentanol molecules in the RM was followed over time and was determined by calculating the number of pentanol molecules that were within 8 Å, the equilibrated interphase thickness, of any CTAB nitrogen atoms in the RM. A plot of the pentanol to CTAB ratio during the simulation is given in figure 8 and shows a plateau in the number of pentanol molecules in the RM after 6 ns. While the number of pentanol molecules in the RM reaches an equilibrium, the shape and size of the RM reaches steady-state after 15 ns. After 45 ns, 42.3 % of the pentanol molecules are in the reverse micelle and 57.7 % are in the continuous phase. During the length of the simulation, pentanol molecules exchange between the continuous phase and reverse micelle. In addition to exchange of the pentanol molecules, an individual CTAB molecule was also observed to exchange between the RM and continuous phase.

Discussion
At long observation time ( = 450 ms), only a single diffusion coefficient is observed, as had been previously reported for this system at  = 140 ms.18


 ADDIN EN.CITE ,27,40
 However, when  is decreased, slow (ca. 10–10 m2 s–1) and fast (ca. 10–9 m2 s–1) diffusion coefficients are observed for pentanol, confirming the co-surfactant is distributed between the RM and continuous phase and suggesting slow exchange between these two environments at = 10 ms. As the slow diffusion coefficients for pentanol and CTAB are similar, at 2.37 ( 10-10 m2 s-1 and 2.24 ( 10-10 m2 s-1, respectively, it suggests the slow diffusion coefficient is associated with the RM (Dmic) and the fast diffusion coefficient corresponds to pentanol in the continuous phase (Dbulk). If only pentanol in the RM contributes to Dslow and pentanol in the bulk contributes to Dfast, a two-component fit of eq. 3, for the data at  = 10 ms, will determine the proportions of pentanol in the RM interphase (Pmic) and continuous phase. However, this direct interpretation of the data gives a value of Pmic = 0.05, which is significantly lower than the value previously reported by Palazzo et al.
 HYPERLINK  \l "_ENREF_27" \o "Palazzo, 2003 #20" 
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 (Pmic = 0.3). Pmic values around 0.3 have also been determined for comparable systems by Schulmann titration and conductivity measurements, where Pmic values of 0.46 (CTAB/pentanol/hexane/water)35

 have been reported, respectively. A higher Pmic value than 0.05 is also supported by our molecular modelling, where an interphase ratio of pentanol:CTAB of r = 1.93 ± 0.05 is determined, while r = 0.48 is expected for Pmic = 0.05.  
47

 and 0.31 (CTAB/butanol/heptane/water at 303 K)
These factors, therefore, indicate our initial interpretation of the diffusion data must be too simplistic and that some exchange during the 10 ms observation time occurs, skewing the relative proportions of pentanol for the two environments. As Dslow for pentanol is comparable with Dslow for CTAB, it suggests that the pentanol molecules giving rise to this component are diffusing as part of the RM and their exchange is slow at  = 10 ms. However, fast exchange for a proportion of pentanol molecules from the RM with the continuous phase will lead to a weighted average of Dfast and an underestimation of Pmic.  It appears that only a proportion of pentanol in the interphase is exchanging on a timescale typically expected for molecular exchange in these systems58


 ADDIN EN.CITE ,59
 and the rest are exchanging significantly slower, on a millisecond time scale. This unexpected observation is also supported by the relaxation time data for pentanol, where two relaxation times are observed, rather than an averaged value.61

 
60

 Analysis of the T2 relaxation data for pentanol shows that it is bi-exponential with T2 relaxation times of 0.837 s (60.6%) and 0.027 s (39.4 %).  It is expected that pentanol in the interphase will have the shorter relaxation time, due to reduced motional freedom.
As the proportion of Dslow cannot be used to determine Pmic directly, an alternative approach has been taken. Using the weighted average of D at  = 450 ms, a value of Pmic was determined using eq. 1 and a similar approach to Palazzo et al.
 HYPERLINK  \l "_ENREF_27" \o "Palazzo, 2003 #20" 
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 Using Dslow for CTAB as the value for Dmic, Pmic was determined by using a value of Dbulk for pentanol in hexane (figure 4, with data given in the supporting information), where initially all the pentanol was assumed to be in the continuous phase. From this calculation a value for Pmic was determined which indicated an amount of pentanol in the continuous phase and hence a modified value for Dbulk. Using this corrected Dbulk, a corrected Pmic value was obtained, and then the process was repeated until the values for Pmic converged, giving a value of Pmic = 0.43. This value is more in line with the values that have been previously determined, though it is higher than the value determined by Palazzo and co-workers for this system. A primary difference between the studies is that a slower value for Dmic is used in our analysis, as previously only a single weighted-average value for DCTAB was observed. Also, in our analysis we do not assume, as was previously, that Dbulk( is a constant and use experimental values for Dbulk from solutions of pentanol in hexane. Both studies assume, the diffusivity of pentanol in hexane is unaffected by the presence of the RMs. 

Our interpretation indicates the behaviour of the co-surfactant is not uniform throughout the interphase and that only a proportion of the pentanol molecules are in fast exchange with the continuous phase. This observation raises the question – what actually constitutes the interphase?  Where the interphase is defined as the region within the chain length of the surfactant, there are two pools of co-surfactant molecules exchanging on different timescales. The MD simulations, suggest that these slower exchanging pentanol molecules are those that are closest to the water core.  While exchange of these ‘core’ pentanol molecules appears slow at  = 10 ms, they do exchange with the continuous phase at longer times. This is shown in the measurements at  = 450 ms, where only a single weighted average diffusion coefficient is observed. 

The NMR data also shows that CTAB is distributed between two environments, with exchange also on the millisecond timescale. This is a surprising observation, as CTAB has negligible solubility in n-hexane and typically requires the presence of water in order to be solubilised. However, the observation of fast and slow diffusion coefficients suggests the CTAB is indeed distributed between reverse micelles and the continuous phase, either as monomers, or, as has been observed in CTAB/water/i-octane/n-hexanol RMs containing [Ru(bpy)3]2+, small (0 ~ 0) micelles.62
  CTAB molecules are in relatively slow exchange between these different environments, as indicated by the diffusion data at long observation time ( = 450 ms). Application of the Lindman equation, using the data at  = 10 ms, returns a weighted-average of Dav = 3.74 ( 10–10 m2 s-1, which compares well to the value, D = 3.63 ( 10–10 ± 0.1 m2 s–1 measured at  = 450 ms.  A distribution of CTAB between micelles of different sizes was not observed in the NMR study by Palazzo et al.27


 ADDIN EN.CITE ,40
 However, their  and  values were relatively long62

 from lifetime decay data for excited state [Ru(bpy)3]2+.  The partitioning of CTAB between different regions is also observed in our MD simulations, where after 2.1 ns, a CTAB molecule escapes the RM and then hovers near the interphase, briefly entering the RM again 1 ns later, before finally diffusing further away into the continuous phase, where it remained for the rest of the simulation. Our simulations suggest that the CTAB is stabilised by pentanol molecules in the continuous phase, with only pentanol molecules within a radius of 15 Å of the CTAB and n-hexane molecules located further away.
63

 ( = 140 ms, G = 0.07 T m-1 and  ranging from 14 ms to 32 ms) which could explain why CTAB outside the RM was not observed.  Evidence of smaller CTAB micelles has been reported by Rack et al.
 Using the slow CTAB diffusion coefficient as a measure of the diffusion of the RM, Dmic, and a corrected viscosity of  = 0.311 mPa s for the continuous phase (where Pmic = 0.43 gives a solution of 0.28 M pentanol in hexane), a hydrodynamic radius of the RM was determined at 3.13 ± 0.28 nm, via the Stokes-Einstein equation (eq 2). While this size is consistent with previous reports of droplet size by Palazzo et al.27
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 and Lang et al.,[image: image7.wmf]
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 The three semi-axes were calculated using the principle moments of inertia
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 there is a problem with this analysis. This is because the shape of the RMs had previously been assumed to be spherical, whereas our molecular simulations show the RM is oblate rather than spherical (figure 5).  A quantitative description of the shape of the micelle is possible by measuring the lengths of the three semi-axes a, b and c and determining the eccentricity, e, value., 
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 using the following equations:64
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where M is the total mass and the major semi-axis is a and the minor semi-axis is c, b is the axis that is perpendicular to both a and c. Where structures are spherical: a ≈ b ≈ c, where structures are oblate: a ≈ b > c. The three semi-axes are plotted in figure 9a as a function of simulation time. This plot shows that the shape of the reverse micelle appears to stabilise after 15 ns simulation time.  Average values, and standard deviations, for the semi-axes were determined to be 5.82 ± 0.16 nm (a), 5.01 ± 0.16 nm (b) and 2.41 ± 0.074 nm (c) over the final 30 ns period of the simulation, which shows that a ≈ b > c, indicating an oblate structure. Using these values for a and c in equation 8, the eccentricity value was determined.
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Spherical structures have a value of zero, when e → 1 a disc or rod-like shape is found. using the shape factor, f, for an oblate ellipsoid (eq. 9):
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where p = c/a. Using eq. 9 and eq. 10, RH can be determined.
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Using the average values of a and c obtained from the MD simulation, giving p = 0.41, a value of foblate = 1.068 is obtained and hence a RH value of 2.93 nm. By using this value for p and assuming that the volume of the spherical droplet ([image: image23.png]


) equals that of the corresponding oblate droplet ([image: image25.png]


), the reverse micelle dimensions were determined to be a = 3.95 ± 0.10 nm and c = 1.61 ± 0.05 nm. 

Further analysis of the MD simulations also shows that there is a variation in the composition of the interphase of the RM depending on the curvature of the region probed. Where the RM has highest curvature (figure 10a), a higher concentration of pentanol molecules is observed, with a pentanol:CTAB ratio of r = 4.3. In regions of lowest curvature (figure 10b), the ratio is lower at r = 1.6.  
Conclusion
By measuring the diffusion coefficients for pentanol and CTAB at short and long observation times, it was possible to determine the distribution of CTAB and pentanol between the RM interphase and continuous phase. Exchange of both pentanol and CTAB were observed between the interphase and continuous phase, on the millisecond timescale, and at longer observation times resulted in an averaged diffusion coefficient. Molecular modelling showed that the shape of CTAB RMs is oblate, rather than the previously assumed spherical shape, and that there is a variation in the ratio of surfactant:co-surfactant in the interphase depending on the curvature of the interphase.  The use of a solvent box in the MD simulations allowed the distribution of the CTAB and pentanol molecules to be mapped. Both the simulations and experiments showed that the pentanol molecules move between the interphase and continuous phase, as do the CTAB molecules. 
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Figure Captions
Figure 1: 1H NMR spectra of CTAB/pentanol/n-hexane/water reverse micelle with inset showing an expanded region.

Figure 2: Molecular structure and numbering scheme for (a) CTAB and (b) pentanol

Figure 3: Dynamic viscosity of different concentrations of pentanol in n-hexane at 298 K

Figure 4: Plot of the diffusion coefficient of pentanol in n-hexane at various concentrations at 298 K.

Figure 5: Molecular dynamic snapshots of a RM in the CTAB/n-hexane/pentanol/water microemulsion at simulations times of (a) 200 ps, (b) 5 ns, (c) 10 ns, (d) 15 ns, (e) 20 ns and (f) 45 ns. The hexane molecules have been removed and only the RM is displayed with CTAB molecules shown in green and water in blue. Pentanol is coloured by atom, with white for hydrogen, blue for carbon and red for oxygen.

Figure 6: Distributions of the root mean square of the distance (Rh) between the centre of the droplet and each terminal CTAB carbon at the following time points (a) 200 ps, (b) 5 ns, (c) 10 ns, (d) 15 ns, (e) 20 ns and (f) 45 ns.
Figure 7: Root mean square distributions of the distance (Rw) between the centre of the droplet and each nitrogen of the CTAB headgroup at the following time points (a) 200 ps, (b) 5 ns, (c) 10 ns, (d) 15 ns, (e) 20 ns and (f) 45 ns. 

Figure 8: A plot of the pentanol to CTAB ratio in the interphase of the simulated RM as a function of simulation time.

Figure 9: Plot (a) shows the lengths of the three semi-axes a, b and c in angstroms as a function of simulation time represented as circles (semi-axis a), squares (semi-axis b) and triangles (semi-axis c). Plot (b) gives the eccentricity value, e, as a function of simulation time.

Figure 10: Molecular dynamic snapshots of the CTAB/n-hexane/pentanol/water RM interphase at 45 ns showing (a) high curvature region and (b) low curvature region. CTAB molecules are shown in green, bromide in pink, water in dark blue and pentanol is coloured by atom, with white for hydrogen, blue for carbon and red for oxygen.
Table Captions

Table 1: 1H NMR peak assignments for CTAB/pentanol/n-hexane/water reverse micelle

Table 2: Diffusion coefficients for the Hg resonance in pentanol at observation times of 450, 40 and 10 ms at 298K.

Table 3: Diffusion coefficients for the Ha resonance in CTAB at observation times of 450, 40 and 10 ms at 298 K.
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Figure 6:
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Figure 8:
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Figure 9:
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Figure 10:
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Tables
Table 1:

	ppm
	Peak assignments

	4.32
	Hf and water

	3.52
	Hg

	3.45
	Hb

	3.22
	Ha

	1.80
	Hc

	1.50
	Hh

	1.35-1.16
	Hd, Hi, Hj, Hk

	0.95-0.8
	He, Hl


Table 2:  

	Observation time / ms
	D / 10-9 m2 s-1

	450 ms
	1.55 ± 0.1

	40 ms
	0.404 ± 0.02 (7.7 %); 

1.65 ± 0.1 (92.3 %)

	10 ms
	0.237 ± 0.02 (4.4 %); 

1.62 ± 0.1 (95.6 %)


Table 3:

	Observation time / ms
	D / 10-9 m2 s-1

	450 
	0.374 ± 0.03

	40 
	0.243 ± 0.02 (92.3 %); 1.54 ± 0.3 (7.7 %)

	10 
	0.224 ± 0.02 (85.8 %); 1.20 ± 0.1 (16.2 %)
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