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The micro-polarity anisotropy behaviour across the aqueous
phase of a SDS (sodium dodecyl sulphonate)-hexane reverse
micelle (RM) rely on the SDS packing in the oil-water
interfacial self-assembled surfactant structure of the RM.

Reverse micelle (RM) systems are advantageous for a number of
processes such as nanoparticle synthesis! and liquid-liquid extraction
of enzymes?. The effectiveness of these processes rely on the micro-
polarity anisotropy (MPA) of the aqueous phase of a RM. The MPA
of a RM is according to its water: surfactant (w o) ratio.> A reliable
estimate of MPA is critical to predict and regulate enzyme activity in
RMs.** The common approaches assess MPA(#) (7 - the radial
distance, Fig. 1) in terms of the microstructural characteristics of
water in RMs® and the electrostatic potential distribution
(v (7)) across the aqueous phase (Fig. 1b)78. Spectroscopy studies
and molecular dynamic simulations reveal that, in terms of the micro-
polarity attributes, the RM aqueous phase comprises at least two
spatially separable regions (Fig. la and b), the interfacial region
(ordered water) and the core region (bulk water).>® The y(#) profile
that exemplifies MPA owe to the oil-water interfacial charge density
levels (per volume of water in a RM) of the surfactant head groups,

and, the distributional aspects of the counter ions in the aqueous phase.

The y(#) profiles exhibit an exponential form (Fig. 1b).5° For the
aqueous phases in the vicinity of the surfactant-stabilized oil-water
interfaces, the y profile attributes to the surfactant chemistries. The y
profile for these interfacial systems are developed as per the electrical
double layer (EDL) models.'*!* Conversely, as the volume of the
confined (nano-sized) aqueous phase of a RM is much less, the EDL
characteristics are governed by the interfacial charge density levels
(per RM water content), which decrease as the w o values are higher.
The charge density level, even at a particular w ¢ value, could vary
depending on the degree of surfactant packing (inter-surfactant
distances) in the self-assembled surfactant structure (SASS) of a
RM.!* Thus, the EDL characteristics that determine the MPA attribute
to the surfactant -types and -density/packing in a SASS.”® We
assessed the MPA(#) as a function of surfactant density/packing in
the SASSs for the SDS (sodium dodecyl sulphonate)-hexane RMs. !
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Fig. 1. (a) An illustration of the spatially segregated regions of a
RM: SASS region (R1), interfacial region (R2), and the core (R3).
A y(7) profile is shown (b). A Cryo SEM image (c) shows small
RMs of sizes < 50 nms (green circles); a few large RMs (red
circles). AUC results (d) reveals the RMs as spherical (peak in red
circle). Rry and Ig are RM radius and Berrium length respectively.

The RMs were devised by adding desired amounts of water to
SDS-hexane solutions (ESI 1). Cryo-SEM (ESI 2) images indicated
that the RM sizes were < 50 nms (w o = 24; Fig. 1¢). Analytical ultra-
centrifuge (AUC) studies (ESI2) reveal the RMs as spherical in shape
(Fig. 1d). The RMs with w o in the range of 5 to 25 were spherical and
of sizes in the range of 10 to 50 nms. For ESR studies (ESI 1), 16-
DSA (16-DOXY L-stearic acid) probe having NO radical was added
to the RM samples in desired amounts. The hyperfine splitting
constant (ay) - MPA(¥), and the rotational correlation time (7.) -
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surfactant packing in SASS, were estimated for these RM systems.
The application of ESR technique is a reliable option as the energy
absorbance value of a probe with free radical, which can locate in the
aqueous and SASS regions, allows to concurrently estimate the MPA
and SASS packing aspects. Microstructural aspects of RM water was
studied using IR (Attenuated Total reflection-Infrared) spectroscopy
(ESI 1).

We compartmentalize a RM’s environment into three spatially

segregated and sequentially placed regions (Fig. 1a and b), and the
MPA (7) of these regions were assessed in terms of their contribution
to the RM’s ¢ (7) profile. The non-linear Poisson Boltzmann
description of the y(#) profile that associates these three regions is:
vy = %%(rz %) = —M:—en(R) exp—% .................. )
A solution to Eqn. 1 would require the determination of at least two
dimensionless variables: x=kr and &=«kRrm, where « is the inverse of
the Debye length, r the radial distance, and Rrm the RM size. A
numerical solution to these dimensionless variables can be found
elsewhere.1%1° A general form of ¥ (#) for a RM can be written as:

eL = 1) = (&) coovvoeeeeeeeee e ),

FO) = ) = (O] v @3),
af _ _ (-B)LgR (df _

Where, (E)xzf = — 70_5 . (;)XZO = 0.

The ¢ term is dependent on the association coefficient of the counter
ions, given as . 11° The parameters that allow to differentiate the
() profile for the regions R2 and R3 are:
n= (1_2%, Lg = 4mlg, where, lz = Bjerrum length

For Rrm < I3, the 1 decreases in an exponential manner from the
interface to the core, and a plateau region of the 1 (#) profile is absent.
For Rrm >>1, the plateau part of the 1 (#) profile represents the 7 =
0 - (Rgy — lg) region (R3). And, this plateau region changes
minimally with increase in RM sizes, as the micro-polarity
contributions owe to the bulk-type water therein. In order to gain
insights into how the v (#) profiles differentiate for the RMs of
different sizes, the responses of the NO of 16-DSA in RMs of different
sizes were determined. These responses were in terms of the energy
absorbance values of the NO in the aqueous phases of the RMs. We
define the NO radical (in a RM) system as a n-electron system; m m
electrons and n core atoms; m + n = N. The charge and position vector
of the ji particle in this system are ej and rj, p¥ is the m-electron
density, and QZ,is o-n parameter. The hyperfine splitting value, af,
for hydrogen-bonded carbon atom (rt" carbon atom) of the 16-DSA is:
all = QB p T and pfF = CZroiiiviiei 4)
The term cZ, relates to the energy level of j™ particle as:
¢k = Z;L:l CRp g soeveenrneeeeneeeeeaeeianaeastaeeenanaesaaeanannnes (5)
where, y,. is the r' atomic orbital. The energy levels of the N particles
systemall iss W = — Zj"zl e;TiR, where R is the electric field of the
RM aqueous phase, and as per the counter ions density levels in the
R2 and R3 regions, and the charge density (surfactant head groups)
levels in the R2 region. If NO radicals reside in a spherical RM having
an isotropic solvent (relative permittivity ¢,.) with a point dipole at the
core as p;., the Block Walker reaction field Rg!6 for NO is:
Rp = (pr/RRM3)(sf) ................................................. (6)
The reaction field Ry is stronger as the RM size (Rrm) decreases,
indicating that the Ry is stronger with an increase in the head group
charge density levels. As the R; depends on the head group and the
counter ions densities in the RMs, the Ry values (as ay value)
exemplify the y(#) acting on the NO radicals. We determined the
ay values for RMs of different sizes. The changes in the micro-
polarity of the # =0 - (Rgy — L) region (bulk water) is negligible as
a function of the Rrm values (w o levels).8® Thus, the ay values vary
as per the micro-polarity aspects of the R2 region. Therefore, the
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ay values, as a function of Rrwm, provide a measure of how ay would
be as a function of # for a RM. We developed the ‘ay vs. wo’
correlation, which is representative of the ay vs. 7 for the SDS RMs.
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Fig. 2. Assessment of MPA(#) as a function of surfactant-packing:
{an)/(T)Vs. an (). The inset shows (ay) vs. an (#) and () vs. an
(#) relationships. OW and BW represent ordered water and bulk
water respectively. The critical distance 7. for RMs (without HRP)
demarcates (blue line) the OW region from the BW region.

Due to the non-polarity attribute of the R1 region, the ay values
for this region is negligible in comparison to that for the R2 and R3
regions. The rotational coefficient z, is particularly pronounced for
the non-polar R1 region. Thus, the changes in the ay for the R1
region, and the z, for R2 and R3 regions, as a function of wo, are
negligible. The ay and 7. values can be accounted as:

(AT)= D1(AT) + Poys{AT) R PL(ATL) i, @)

(AaN) = p1<AaN) + D2+3 (AaN) = p2+3(AaN) ................... (8)
where p1, pz and ps are fractional contributions of the regions R1, R2
and R3 respectively.

The {ay) vs. wo (#) profile was considered to assess the MPA(7)
of a RM of a particular size.'” Fig 2 (inset) shows that this profile
exhibits a maxima. The lower (a,) values are observed as # — Rgrm
(interface) and 7— 0 (core). The lower {(ay) value at wo =5 level
justifies highly ordered forms of water in the R2 region, and
presumably due to the relative population of the head groups and the
counter ions across the interfacial region being significantly higher.
Across the 5< wo < 10 range, the (ay) values are higher with wo,
which is due to the increase in the volume of the R2 region having less
ordered forms of water (in comparison to the highly ordered region at
wo=5). The drop in the (ay) vs. 7 profile beyond the maxima, at the
wo > 10 levels, owe to the increase in the bulk-type water content of
the R3 region. At wo>> 10 levels, the bulk water content is higher,,
and the plateau region of the (ay) vs. # profile mostly accounts for
the micro-polarity of the bulk-type water in the R3 region. Though
these inferences that are made from the (ay) vs. #(wo) profile provide
an assessment of the MPA(7), these inferences are based on the
assumption that: the surfactant charge density levels in the SASSs, as
per wo levels, exhibit a linear relationship. The surfactant density
levels, according to Debye-Stokes-Einstein equation is as:

4 (nNV chqin)

T, = T chain) e )

3kT
Where, n indicates micro-viscosity (inter-surfactant distances),

NV_pqin 1S the volume of the surfactant chains, and k and T represents
Boltzmann constant and temperature, respectively. As the surfactant
density level (NV,,qin) decreases proportionately with increase in the
wo Vvalues, the corresponding . value would be expected to decrease
in a linear fashion. Conversely, Fig 2 (inset) shows that the (z.) value
decreases in a non-linear fashion (exponentially) as the wo value
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increases. This non-linearity confirms that the inter-surfactant
distances (as n) in the SASSs vary with the wo levels. This non-
linearity can be justified as that the surfactant content required to
stabilize a certain volume of RM water need not be same, e.g., the RM
shapes could be slightly different. The studies on RM systems, using
small angle x-Ray scattering, small angle neutron scattering and
nuclear magnetic resonance techniques, have revealed that the
packing-parameter of a surfactant relies on the effective oil-water
interfacial area occupied by the surfactant head-group, which is
specific according to the volume of RM water.'8 Wherein, an increase
in the polar volume for RM system induces a slight increase in the
interfacial area and the volume of RM aqueous phase, which
altogether justifies the non-linearity observed as a function of wo
levels. Accordingly, as per the packing aspects of SASSs and, the
charge density levels, the point dipole moment p,. and the counter ions
distribution (&) would vary. As the (ay) value for a wo level could
differ based on the SASS packing attributes, the {(ay) vs. wo profile
fails to provide a reliable estimate of the MPA(#). We considered a
normalized value of (ay) as (ay)/(t.), which accounts for the
variability associated with the degree of surfactant-packing in the
SASSs for different wo levels.

The (ay)/(t.) vs. 7 (wo) profile was examined to study the
MPA(7). The slopes of this profile, (A({ay)/{(t.))/A7, provide a
direct estimate of how the MPA(#) vary as per the differences in the
packing attributes of the SASSs. The slope value was higher at the
wo> 15 levels, than that at the an < 10 levels (Fig. 2, dotted lines). At
the wo < 10 levels, the lower slope value owes to the ordered form of
water in the R2 region, which could be interpreted from the (ay) vs.
7 (wo) profile as well (Fig.2 (inset)). At wo> 15 levels, Rrm >>15, the
higher slope value is due to the plateau region of the y(#) profile that
represents the bulk water in the region |#| <0 - (R-lg). Instead of the
plateau region, as seen in the {(ay) vs. 7 (wo) profile, a higher slope
value is seen for the (ay)/{(t.) vs. 7 (wo) profile as the 7. decreases
with increase in the wo - decrease in the SASS volume. A non-linearity
in the (ay)/(t.) vs. 7 (wo) profile - the deviation shown in a circle in
Fig. 2 — demonstrates that the aqueous phase constitutes two spatially
segregated regions, having markedly different micro-polarity
behaviour. This non-linearity in the (ay)/(z.) vs. 7 (wo) profile is
pronounced at a critical distance, 7, and demarcates the two regions
of a RM. Such a demarcation is the maxima (Fig.2 (inset)) in the (a)
vs. 7 (wo) profile; the degree of surfactant packing in SASSs is not
considered in making this demarcation. Thus, the (ay)/{t.) vs. 7 (wa)
profile allows to reliably demarcate the two spatially separable R2 and
R3 regions for SDS-hexane RMs, |7.| = (\/3w,/4m), an = 12.
Though, here, the slope values were similar across the ao < 10 and ao
> 15 ranges, it could well be possible that the slope values could vary
significantly due to marked differences in the SASS packing aspects.°

—RM
—RM (a ) i i ( b)
—— HRP in H20/D,0 mixture HRP in H,0/D,0 mixture
, HRP in RM
HRP in RM
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Fig. 3. ATR-FTIR spectra of stretching vibrations of OD (a) and OH
(b) stretching vibrations of D20 and H20 in RMs, and in presence of
HRP. The blue shift of the spectrum (green color sprectral lines)
indicate ordered microstructure of the aqueous phase in RM.
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The (ay)/{t.) vs. ¥ profiles were developed for the RMs (wo
levels) having HRP enzymes at different concentration levels. In
comparison to the {(ay)/(t.) values for the RMs alone, the (ay)/
(t.) values were significantly lower for RMs having HRP enzymes
(Fig. 2). The lower values of (ay)/(t.) owe to the HRP-concentration
dependent micro-polarity attributes. The differences in the slope
values were almost an order of magnitude less with HRP in the RMs
(Fig. 2), which strongly suggested that the RM water exhibits ordered
form not only in the R2 region but in the R3 region as well. Wherein,
the bulk-type water is in negligible amounts in RMs having HRP
enzymes. In order to examine the microstructural aspects of the
ordered form of water, we studied the O-H/O-D stretching vibration
spectroscopic (ATR-IR) absorbance line shapes. In terms of the HRP
structural dynamics, there were significant conformational changes of
the HRP enzymes in the RMs (ESI 4). The amide | peak of HRP in
RMs shifted to lower frequencies, and suggested the transformation
of the a-helix structures of HRP to B-sheet types. Based on the
negligible changes in the Amide Il peak positions and shapes, the
possibilities of HRP denaturation in the RMs were eliminated. In
terms of the microstructural features of water, for RM of wo = 20 level,
the blue shifts of the OD- and OH-bands positions (Fig. 3a and b) were
prominent for RMs with HRP. These shifts confirmed the ordered
forms of water in the R2 and R3 regions. This ordered forms of water
could be ascribed to the (ay)/(z.) values. In the cases where other
shapes of RM are possible and, depending whether the RMs coalesce,
the slope values are likely to be different. It would be interesting to
see how the (ay)/(t.) vs. ¥ (wo) profile could be applicable for RM-
enzyme systems to study the dependency of MPA(7) on the
surfactant-packing in SASS with surfactants of different chemistries.
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The micro-polarity anisotropy behaviour across the aqueous phase of a SDS (sodium dodecyl
sulphonate)-hexane reverse micelle (RM) rely on the SDS packing in the oil-water interfacial
self-assembled surfactant structure of the RM.



