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Isotope substitution is currently used by several techniques such as small-angle neutron scattering (SANS),
electron spin echo modulation (ESEM), and nuclear magnetic resonance (NMR), which are able to provide
information at a molecular level. This substitution was found to produce changes in several physical processes
(i.e., phase transitions, coexistence curves, critical phenomena, etc.). The effect of the isotope substitution
and in particular the effect of perdeuteration of a component is not fully understood yet, and in some cases,
contradictory results have been obtained. This paper reports a quasi-elastic light-scattering (QELS) study of
water/oil microemulsions in which water, oil, and alcohol have been selectively deuterated. The results show
that selectively deuterated microemulsions are similar to non-deuterated ones, in agreement with the fact that
the phase diagram is not dramatically changed. The microemulsion droplets have a radius of about 100 A,
and the interdroplet interactions can be described by a hard-sphere repulsion potential and an attractive term
due to Van der Waals interactions. The salinity has a similar role for both deuterated and non-deuterated
microemulsions. Higher salinities favor higher curvatures. Changes in the hydrodynamic radius and in the
second virial coefficient of the interdroplet interaction potential are found upon deuteration of different regions

of the microemulsions.

Introduction

In several modem techniques such as small-angle neutron
scattering (SANS), electron spin echo modulation (ESEM), and
nuclear magnetic resonance (NMR), isotope substitution is used
in order to improve the “contrast” between two different regions
of a system, for example, water and hydrocarbon or hydrocar-
bons of different kinds or polymer and solvent, etc. Typical
examples of systems studied with these techniques are
micelles,'~'° microemulsions,'' ™! vesicles,'720"?? polymeric
solutions,'”?>?4 and biological compounds.'7-??

The isotope substitution produces remarkable effects which
have been discussed for micelles,! ™5 polymers in solutions,?*
and microemulsions.''~'>1¢ In these dispersed systems, the
origin and the cause of perturbation arising from the perdeu-
teration of a component are not yet well understood. In some
water-in-oil microemulsions,'! the stronger hydrogen bonding
in HoO than in D,0O is suggested to explain surface charge
density changes. Structural studies have shown that in micro-
emulsions different physical properties deriving from the
perdeuteration of HyO'>!3'6 or hydrocarbons'3-'¢ are not due
to the changes in size and size distribution of the dispersed
aggregates, but rather to the alteration of the aggregates
interactions. We recently investigated, by using the ESEM
technique, the interfacial region of Winsor microemulsions.?>-26
These microemulsions (composed of a toluene/brine ratio ~1
(w/w) and of sodium dodecyl sulfate and 1-butanol in the
proportions of 4% and 2% (w/w total), respectively) exhibit a
rich phase behavior simply by changing the brine salinity in
the range 3%—10% (w/w). Oil-in-water (o/w), bicontinuous,
and water-in-oil (w/0) microemulsions are shown at low,
intermediate, and high sodium chloride content.?” The o/w (1),
the bicontinuous (III), and the w/o (II) microemulsions form in
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equilibrium with oily, oily and aqueous, and aqueous solutions,
respectively. The composition of the droplet core is the same
as that of the corresponding excess phase.?8?® Therefore, oil-
in-water droplets have a core composed of oil and some alcohol
molecules, whereas water-in-oil droplets have a core composed
of brine and some alcohol molecules. The droplet interfacial
region is composed of alcohol and all the surfactant molecules
(if we neglect the small amount of surfactant dispersed in the
continuous phase); the continuous phase is composed of brine
and alcohol for the o/w microemulsion and oil and alcohol for
the w/o microemulsion. Hence, the alcohol parts between core,
interface, and continuous phase (the alcohol content in the core
and in the continuous phase is very low, few percents by weight,
whereas the alcohol/surfactant mole ratio of the interface is about
1 or 2). A deeper insight on the interfacial composition of
Winsor microemulsions was provided by ESEM, which gives
information at a molecular level?2% In this study, the
components of the Winsor microemulsions were selectively
deuterated and a shift of the phase transition boundaries was
observed.?® Similar shifts have been reported in other
studies.''=131¢ In order to clarify the effect of the isotope
substitution on the structure of the w/o microemulsions, this
paper reports a quasi-elastic light-scattering (QELS) study of
selectively deuterated microemulsions, with the same molar
composition of the non-deuterated microemulsions correspond-
ing to 9% and 10% salinity.

Experimental Section

Materials. Toluene, 1-butanol, sodium dodecyl sulfate
(SDS), and sodium chloride were Merck products. The water
was obtained from a Millipore Milli-Q system. Deuterated
1-butanol-dyo, toluene-ds, and D,O (purity = 99%) were from
Aldrich. All the products were used without further purification.
The samples were stabilized at T = 22.0 £ 0.1 °C in a
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TABLE 1 ¢

A.DW A.DO A.DA B.DW B.DO B.DA
(a/b)gc 1073 m/m 3.72 £ 0.04 3.251+0.03 3.214+0.03 3.95+0.04 3.44 £0.035 3.47 £0.035
(a/0)q 1072 m/m 5.92 +0.04 5.81 £0.04 4.89 +0.03 5.57 £0.04 5.69 £0.04 5.12£0.03
a/s m/m 22402 23+02 3.0+0.28 23+02 23+02 2.7+025
(b/8)m m/m 50+ 1.6 52+1.6 54+£1.6 60 £+ 2 64+2 65+2
¢ cm’/cm? 0.151 £ 0.002 0.146 £ 0.002 0.154 £ 0.002 0.171 & 0.002 0.165 £ 0.002 0.171 £ 0.002
@ cm’/cm? 0.105 £+ 0.003 0.099 + 0.003 0.101 £ 0.003 0.123 £ 0.003 0.119 £ 0.003 0.121 £ 0.003
n 1072 poise 0.583 0.618 0.584 0.583 0.618 0.584
Ru A 92+2 84 +£2 89 +2 107£2 118 £8 122+4
o . —2.9 403 —294+0.3 —4.0+03 —42+03 —49+04 —51+04
Rc A 81 %2 74+£2 is=-3 96 +2 106 =7 109 + 3.6
z A? 63+3 65+£3 63+£3 64+£3 56£5 55+£3

a Alcohol/brine ratio obtained by gas chromatographic analysis, (a/b)e, alcohol/oil ratio obtained by the dilution procedure, (a/0)q, calculated
alcohol/surfactant interfacial ratio, a/s, and brine/surfactant microemulsion ratio, (b/s)m (all in mole ratios); volume fraction of the dispersed phase,
é, and volume fraction of the core phase, ¢.; viscosity of the continuous phase, #; hydrodynamic radius of the droplets, Ry, and second virial
coefficient, o, obtained from light-scattering analysis; calculated core radius, R., and area per polar head of the surfactant molecule, >.. The errors

reported are standard deviations, one half-width of the Gaussian distribution.

thermostated bath for more than 1 week until the equilibrium
was attained. The phases were separated in a stabilized chamber
at the same temperature as the bath, with the care necessary to
obtain reproducible results, and then replaced in the same bath.
No further phase separation was then observed. In this paper,
samples A and B correspond to salinity values of 10% and 9%
and DW, DO, and DA indicate samples with deuterated water,
deuterated oil, and deuterated alcohol, respectively.

Methods. The study of microemulsion systems by dynamic
light scattering is widely used since laser sources have been
employed and digital correlators developed to directly measure
the time-dependent autccorrelation function of the scattered light
intensity which is related to the Brownian motion of the
microemulsion droplets and makes it possible to determine the
mutual diffusion coefficient of the droplets.**~3! QELS experi-
ments were carried out on a Brookhaven apparatus (BI 200SM
with BI2030AT) by using a Coherent argon ion laser (A = 514
nm) with a long-term power stability of +0.5%. The scattered
light intensity was detected by a EMI 9863B/350 photomulti-
plier. A calibration procedure was carried out on a diluted
monodispersed suspension of polystyrene latex spheres (Serva,
0.06 um). The data were analyzed using the cumulant
technique. The autocorrelation function is expanded about an
average line width T as a polynomial in the sample time with
cumulants as parameters to be fitted.’>33 The expansion is
stopped to the second-moment result, and a weighted, least-
squares technique is applied to the second-order polynomial to
determine the constants and their standard deviations. The so-
called average mutual diffusion coefficient D is related to I" by
the relation D = I/K?, where K = (4zn/A) sin(6/2) is the
scattering wave vector, n the index of refraction of the sample,
and @ the scattering angle. The deviation of the experimental
curve from a single exponential decay is usually given by uo/
T2 (where u; is the second moment of the distribution) and is
called “degree of polydispersity”.>> The sample cells used in
experiments were 5 mm diameter ultraprecision sealed glass
cylindrical cells (Aldrich NMR, premium tubes). The index
of refraction of the samples was measured by an Abbe
refractometer (Atago 3T) with an accuracy better than 0.001.
Viscosities of the continuous phases were measured by an
Ubbelhode viscometer with an accuracy of 1%. All the
measurements were performed at 7 = 22 + 0.1 °C.

Results and Discussion

Before dealing with the QELS results, we report the micro-
emulsion composition study mainly performed by gas chro-
matographic analysis of the excess phases and dilution of the
microemulsion samples. All the measurements were performed
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Figure 1. Titration curves for microemulsions of the A series (a) and
B series (b). Symbols: full circles indicate samples with deuterated
water, open circles samples with deuterated oil, and triangles samples
with deuterated alcohol. Least-square fittings were performed on
straight lines of equation y = mx, scaling the weight of the data points
according to the accuracy (better at higher x values). The error bars
(standard deviations) are smaller than the symbols used.

2

at the temperature of the QELS study. The alcohol/brine ratio
of the excess aqueous phases, (a/b)s, measured by gas
chromatographic analysis, is reported in Table 1. As already
reported in the Introduction, this ratio corresponds to the alcohol/
brine ratio of the microemulsion core. The alcohol/oil ratio of
the continuous phase, (a/0)q, Was obtained, by following the
dilution procedure,** by adding to the microemulsion sample a
measured amount of oil and further titrating with alcohol to
reobtain a monophasic sample. For all the samples studied,
straight titration curves were found, as shown in Figure 1, at a
dilution below 1/6. The (a/o)q ratios are reported in Table 1.
For each sample the volume ratio (r) between the excess phase
and the total was measured with a standard deviation o, = 0.002;
the r values found are 0.360 cm?/cm? for A samples and 0.348
cm3/cm? for B samples. For each series (A and B), within the
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Figure 2. Mutual diffusion coefficient D as a function of the volume
fraction of the dispersed phase, ¢, for microemulsions of the A series
(a) and B series (b). The symbols have the same meaning as those in
Figure 1. The error bars are standard deviations.

accuracy of the measurements, no variation of the r value was
detected for the deuteration of the components. Once the
alcohol/brine ratio of the water core, the alcohol/oil ratio of the
continuous phase, and the volume ratio of the excess phase to
the total are known, the compositions of the core, of the
interface, and of the continuous phase are obtained. To facilitate
the discussion of the results, the interfacial alcohol/surfactant
ratio, a/s, the microemuision brine/surfactant ratio, (b/s)m, the
volume fraction of the dispersed phase, ¢ = (core + interface)/
total, and the volume fraction of the core phase, ¢. = core/
total are also reported, for each sample, in Table 1. The
observation of titration straight lines (see Figure 1a,b) represents
experimental evidence that the droplet radius remains constant
upon dilution of the microemulsion up to 1/6.2’3° In such a
case, we can find a ¢ interval where the relation D(¢) = D,(1
+ o) applies;*® D is the mutual diffusion coefficient of each
sample, D, is the self-diffusion coefficient extrapolated at infinite
dilution, and a is a constant (virial coefficient) related to the
interactions between droplets. The experimental mutual diffu-
sion coefficient as a function of ¢ is reported in Figure 2a for
diluted sampies of the A series and in Figure 2b for diluted
samples of the B series. In the studied angular range (20°—
160°), D(6) is a constant within £1% for all the samples of
Figure 2 and the polydispersity value, as obtained by the second
moment of the cumulant distribution, is 5%—8%. The samples
of Figure 1a,b have volume fractions of the dispersed phase in
the range 0.14—0.02 for the A series and 0.16—0.02 for the B
series; samples with ¢ values larger than those reported in Figure
2 exhibit an angular dependence of D which is typical of
multiple scattering.>” Once D, and o are known, the hydro-
dynamic radius of the droplets (Ry) can be obtained from the
Stokes—Einstein relation’' D, = kgT/(67x1Ry) (ks is the Boltz-
mann constant, T the absolute temperature, and # the viscosity
of the continuous phase). D, and o were calculated by linear
regression of the experimental points of Figure 2, and the Ry
values were determined from the Stokes—Einstein relation. Ry

;‘Eﬁ;
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and o with their errors are reported in Table 1. No QELS signal
was shown by the excess phases of the A and B samples,
supporting that no structural aggregates are present. In Table
1, the core radius of the droplets, R., as obtained by the
relationship (R./Ru)® = ¢c/¢h,*83° and the area per polar head of
the surfactant molecule Y, = 3¢/n.R.,> where n is the number
of surfactant molecules per unit volume of the microemulsion,
are also reported. Ry, R., and Y, are reasonable estimates of
the droplet radius, of the core radius, and of the interfacial area
per polar head, under the assumption that the microemulsion is
composed of monodispersed, spherical, undeformable droplets.

The results obtained for the deuterated w/o microemulsion
are similar to those of the non-deuterated microemulsion,?’ in
agreement with the fact that the phase diagram does not change
dramatically upon deuteration. In fact, the microemulsion
droplets have radii of about 100 A and the interdroplet
interactions can be described by a hard-sphere repulsion potential
and an attractive term due to Van der Waals interactions,
according to Vrij et al.**~%? Furthermore, the salinity plays for
the deuterated microemulsion a role similar to that of the non-
deuterated samples.”” At higher salinity (A series), the screening
of the electrostatic effect of the surfactant molecules favors
higher curvatures; therefore, the hydrodynamic radius of the A
series is lower than that of the B series.

In the limit of the experimental errors, the interfacial thickness
t = Ry — R. is almost constant and about 11 A (with £10%
accuracy) for all the samples, regardless of the deuteration of
alcohol, which belongs to the interfacial layer, and the deutera-
tion of the neighboring water or oil molecules. The thickness
value agrees with that of the non-deuterated samples. Note that
sodium dodecyl sulfate, with an elongated chain of 21 A, and
n-butanol form a layer of about 11 A thickness.'#3538 The
surfactant may have both an extended and a folded conforma-
tion, as already found for the non-deuterated system.

QELS analysis indicates that structural changes are related
to the deuteration and to the deuterium location of the
microemulsion components. We observed different structural
changes for the two series. We will discuss the results obtained
for the differently deuterated regions of the A and B micro-
emulsion in relation to the deuterated water sample.

A Series. By deuterating the oil instead of water, the
interfacial alcohol to surfactant ratio a/s and the brine to
surfactant ratio (b/s)n of the microemulsion droplet are un-
changed, in the limit of the experimental errors. Moreover, the
alcohol content is lowered both in the core and in the continuous
phase, as deduced by the decrease of the (a/b)qc and (a/0)q ratios.
The volume fractions of the dispersed phase and that of the
core phase (¢ and ¢.) are slightly lowered. The hydrodynamic
radius and the core radius, Ry and R., are lowered whereas the
area per polar head Y, is constant. The number of droplets for
unit volume, which can be easily estimated since it is propor-
tional to ¢/R., increases. Therefore the deuteration of oil
instead of water produces a system composed of a slightly higher
number density of smaller droplets. As the second virial
coefficient a is identical in deuterated water and deuterated oil
samples, the interdroplets interactions are also identical. These
results clearly show that the isotope substitution of hydrogen
with deuterium, outside the droplet, does not affect the interfacial
composition. It is known?*#3 that the carbon—deuterium bond
has a smaller length and a lower polarizability than the carbon—
hydrogen bond. The lower polarizability of the deuterated in
relation to the hydrogenated bond has been also deduced by
surface tension measurements on a series of perdeuterated
hydrocarbons, including toluene-ds.** Furthermore, recent stud-
ies®3* on binary n-alkane mixtures (one hydrogenated and the
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other deuterated) show that CD, groups have a lower volume
than CH; groups and that the change in the volume difference,
which occurs when hydrogen and deuterium are interchanged,
is a significant fraction of the actual volume difference between
the two chains. It follows that deuterated oil penetrates the
interface more than protonated oil, favoring an increase in the
droplet curvature.

The deuteration of alcohol instead of water produces a
decrease of alcohol both in the core, (a/b)g, and in the
continuous phase, (a/0)4, and an increase of alcohol at the
interface, a/s (see Table 1). However, the microemulsion brine/
surfactant ratios ¢ and ¢ are very similar. The hydrodynamic
radius, the core radius, the area per polar head of the surfactant
molecule, and the number of droplets for unit volume are also
very similar. On the contrary, the second virial coefficient is
lower, indicating that the interdroplet interactions are more
attractive. A deeper insight on the role of deuteration in the
microemulsions studied can be obtained by using a model for
the calculation of the mean-field interparticle potential for water-
in-oil microemulsions.**47 In this model the microemulsion
droplet is composed of two parts, one impenetrable, formed by
an aqueous core and an interfacial layer up to the end of the
alcohol chain, and the other penetrable, formed by a layer
extending from the end of the alcohol chain to the end of the
surfactant chain. The radius of the whole aggregate (hydrody-
namic radius) is larger than the hard-sphere radius, that is, the
impenetrable part. According to Vrij,*0~*2 the total interparticle
potential is composed of the repulsive hard-sphere potential and
of the attractive part. The variation of the internal energy of
the overlapped region, before and after penetration of neighbor-
ing droplets, has been calculated in detail.*¢47 During overlap-
ping, two steps may be considered. (1) When overlapping is
not too large, there is only an exchange of solvent molecules
dissolved at the interface by the chain segments of surfactant
molecules. (2) When there is a larger overlap, surfactant chains
are confined in a smaller volume due to the presence of the
two hard alcohol layers. This removes the molecules of the
continuous phase, leading to an increase of the surfactant CH,
and CH3 group volumes. Interaction energies of nonoverlapping
volumes lead to negligible values in relation to the overlap
contribution, which give attractive interactions. Entropic con-
tributions which are repulsive are induced by the constraints
applied to surfactant chains during large overlapping. This
contribution is also negligible. Light-scattering results, inter-
preted according to this model, can provide detailed information
on the structure of the microemulsion system.*’*® The main
features obtained are (i) the hydrodynamic radius increases as
a function of the water to surfactant ratio, and it is independent
of the alcohol length; (ii) the second virial coefficient, however,
strongly depends on the alcohol, and the increase of the alcohol
chain length decreases the attractive interactions due to the
decrease of the volume of the penetrable part; and (iii) the
volumes of the CH, and CHj groups depend only on the
chemical nature of the oil (z-alkane) and of the surfactant. The
parameters reported in Table 1 have been calculated by
considering all the surfactant molecules into the interfacial
region regardless of the molecule location in the hard inner layer
(thickness of about 11 A) and in the outer layer. No oil amount
has been introduced in the calculation of ¢ and ¢.. The oil in
our microemulsion system is toluene and behaves as an n-alkane
of similar molecular weight.” The salt is inside the water
droplet, and we can reasonably assume that, for a given series,
the differences between deuterated oil and deuterated and
alcohol samples, in relation to deuterated water sample, are not
affected by salt. n-Butanol is shorter than pentanol; therefore,
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we expect a thinner layer of the inner part of the interface in
relation to that of other alcohols. In fact, it has been
demonstrated*”#3 that changes in the alcohol chain length (from
pentanol to heptanol) do affect only the length of the penetrable
part of the interface.

Table 1 shows that deuteration of alcohol increases the ratio
of interfacial alcohol to surfactant. This increase does not affect
the area per polar head of the surfactant molecule, while it is
associated to an increase in the second virial coefficient
magnitude. This behavior can be explained by considering two
effects. One is related to the smaller volume of the alcohol
methyl and methylene deuterated groups, which facilitates the
increase of the total amount of alcohol at the interface, and the
other is related to the location of the alcohol molecule at the
interface. The increase of the second virial coefficient magni-
tude suggests that the volume of the penetrable part of the
interface is increased upon alcohol deuteration. This can be
accomplished by considering the smaller volume of the deu-
terated alcohol chain and by considering that alcohol molecules
move toward the water side of the interface as demonstrated
by ESEM results.” In fact, the normalized deuterium modula-
tion depth of the deuterated alcohol sample with the highest
salinity value (the salinity of the A series) shows a lower value
than that of the deuterated water sample.

B Series. By deuterating the oil instead of water, the
interfacial alcohol to surfactant ratio a/s is identical and the brine
to surfactant ratio (b/s),, of the microemulsion droplet is slightly
higher. The alcohol content is lowered in the core ((a/b)gc) and
slightly increased in the continuous phase ((a/0)g). ¢ and ¢.
are slightly decreased. The deuteration of alcohol instead of
water produces an effect similar to that of deuterated oil on the
alcohol to brine ratio in the core and on the brine to surfactant
droplet ratio. On the contrary, the alcohol content is decreased
in the continuous phase and increased at the interface; ¢ and ¢
are unchanged, in the limit of the experimental errors. The
hydrodynamic radius and the core radius (Ry and R.) as well
as the second virial coefficient magnitude increase when oil is
deuterated. This increase is greater for deuterated alcohol. The
area per polar head, ¥, decreases to a lower value in a similar
way, for both deuterated oil and alcohol. The deuteration of
oil or alcohol produces a lower number density of larger
droplets. ‘The QELS results of deuterated oil sample have a
lower accuracy, and therefore, the interpretation of the results
could be somewhat ambiguous.

We compare now the results of the deuterated water samples
A and B. The interfacial alcohol to surfactant ratio and the
area per polar head have the same value, in the limit of the
experimental accuracy. The alcohol to brine ratio is higher for
sample B, whereas the alcohol to oil ratio is lower for sample
B. The higher brine to surfactant ratio of sample B implies a
higher hydrodynamic radius, as experimentally observed. The
second virial coefficient magnitude is higher for sample B,
indicating higher attractive interdroplet interactions.

Comparing the deuterated oil samples A and B, the greater
differences are observed for the hydrodynamic radius, the area
per polar head, and the second virial coefficient magnitude. The
analysis of ESEM data?>?6 can be used to clarify the interpreta-
tion. The normalized deuterium modulation depth arising from
the deuterated oil of sample B is lower than that of sample A.
This supports that oil penetrates deeper into the interfacial film
in sample A, which has higher curvature.

The composition differences between samples A and B with

* deuterated alcohol are weak. The brine to surfactant ratio

variation is compatible with the curvature change. The inter-
facial area per polar head is strongly decreased for sample B.
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This clearly shows that the change of curvature implies a
reorganization of the molecules at the interface. Therefore, the
sample B with deuterated alcohol, the increase of the volume
of the penetrable part of the interface is related to the shift of
the alcohol molecules toward the water side.?>2® This effect is
less important in sample B than in A. Moreover, the higher
the second virial coefficient magnitudes of deuterated water,
deuterated oil, and deuterated alcohol of samples B, seem mainly
related to the curvature change.

Conclusion

In summary, for the A series, the salinity value is high enough
to screen the electrical charge of the surfactant molecule and
the selective deuteration of the components does not change
the geometry of the interfacial region, i.e. area per polar head
and thickness are constant. Deuterated oil produces a higher
curvature likely because it penetrates the interface more than
protonated oil, while deuterated alcohol produces stronger
attractive interactions mainly due to the increase of the volume
of the penetrable part of the interface, which is due to a shift of
the alcohol molecules toward the water side of the interface.

For the B series, the interfacial thickness is about the same
as that of the A series and remains constant upon the
components’ deuteration. The interfacial area per polar head
of the deuterated water sample is the same for both series. This
fact indicates that for w/o microemulsions the deuteration of
water does not significantly affect the interfacial microemulsion
structure. Both deuterated oil and alcohol produce different
trends in structural changes in the B series in relation to the A
series. Differences are mainly due to the decreased screening
of the electrical charge, which makes possible a variation of
the interfacial molecular packing. This makes also possible the
formation of larger droplets.

This picture is consistent with previous findings obtained by
electron spin echo modulation analysis of the microemulsion
interfacial layer, that provided information at the molecular level
on the local interfacial layer composition.?>?® In fact, ESEM
results show the penetration of oil inside the interface and the
alcohol shift toward the water side, which are higher for greater
curvature. This is in agreement with the change of the second
virial coefficient as a function of the microemulsion component
deuteration.
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