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ABSTRACT: An experimental study is presented for the reverse /

micellar system of 15% by mass polydisperse hexaethylene glycol \ / / - \\ // \?::er \\ /// \\\ //
monodecylether (C;oE;) in cyclohexane with varying amounts of _—HZO/T\*_) 20— load — H0 ~ %HQO\
added water up to 4% by mass. Measurements of viscosity and self- - 4 / N — \ e / N
diffusion coefficients were taken as a function of temperature
between 10 and 45 °C at varying sample water loads but fixed - \\| // ‘ 1 //
C,0E¢/cyclohexane composition. The results were used to inspect N\ / - / /
the validity of the Stokes—Einstein equation for this system. ‘é\H\ O//é \\ ! / / —\\—\\\I} O// \\ \ /
Unreasonably small reverse average micelle radii and aggregation _;/ 2 S ~ /4_ = 2 \_ \\\
numbers were obtained with the Stokes—Einstein equation, but // / \\\ w HZO\— // / \\\ = HZO\:
reasonable values for these quantities were obtained using the ratio /// / \\\\ ‘

of surfactant-to-cyclohexane self-diffusion coefficients. While bulk VA
viscosity increased with increasing water load, a concurrent

expected decrease of self-diffusion coefficient was only observed for the surfactant and water but not for cyclohexane, which
showed independence of water load. Moreover, a spread of self-diffusion coefficients was observed for the protons associated with
the ethylene oxide repeat unit in samples with polydisperse C,yE4 but not in a sample with monodisperse C,,E¢. These findings were
interpreted by the presence of reverse micelle to reverse micelle hopping motions that with higher water load become increasingly
selective toward C,yE¢ molecules with short ethylene oxide repeat units, while those with long ethylene oxide repeat units remain
trapped within the reverse micelle because of the increased hydrogen bonding interactions with the water inside the growing core of
the reverse micelle. Despite the observed breakdown of the Stokes—Einstein equation, the temperature dependence of the viscosities
and self-diffusion coefficients was found to follow Arrhenius behavior over the investigated range of temperatures.

[ high water load

B INTRODUCTION correlation spectroscopy””® or, as is the focus in this report,
NMR spectroscopy.””'" In conjunction with the solution
viscosity, 7, taken either from literature of the pure solvent or
more accurately measured directly for the micellar solutions,
access to the desired average radius of the reverse micelle can
principally be obtained through the well-known Stokes—
Einstein equation

Surface-activating agents (surfactants) are amphiphilic mole-
cules that form the basis of surface and colloid sciences.'
Surfactants form aggregates in solution,” micelles in polar
solvents such as water, and reverse micelles in nonpolar
solvents. In this way, surfactants can solubilize into their
aggregate core solutes that otherwise would be completely

immiscible in the solvent, that is, micelles are able to dissolve kT

nonpolar solutes in water, while polar solutes can be r=

solubilized into reverse micelles dissolved in a nonpolar ctnD 1
solvent.”

where kg is the Boltzmann constant, T the temperature in
Kelvin, and c is a constant. Some reported investigations were
modifying the Stokes—Einstein equation to take into account
the possible nonspherical shape of the reverse micelle.”"’
However, we caution that details on micelle shape may not be

Reverse micelles play a prominent role in a variety of
technologies such as biotechnology for the extraction of
biomolecules, the delivery of drugs and as models for biological
systems,z_6 and in nanotechnology,z_4 where nanostructures
with controlled morphology and narrow size distributions can
be achieved.” Knowledge about the characteristics of the
reverse micelle structure such as the average diameter and
aggregation number (the number of surfactant molecules in a
reverse micelle) is therefore desirable. One experimental
approach that has been used to obtain such structural
information of reverse micelles in nonpolar solvents is to
measure the self-diffusion coefficient, D, using fluorescence
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accessible because of the long time scale of NMR measure- water,"”” ™" and solutions of lithium perchlorate in poly-

ments. Specifically, the NMR self-diffusion coefficients
represent an ensemble and time average of the self-diffusion
of all present species in dynamic equilibrium. For reverse
micellar systems, it has been shown that the formation of
reverse micelles S, from surfactant S may proceed in a stepwise
equilibria, thatis, S+ S =S, S+S, = 8;, S+ S; = §,, and so
forth, where each equilibrium has its respective corresponding
equilibrium constant.'”'® Even the concentration of single
surfactant molecules may not be negligible.”'*'* For example,
there was evidence from small-angle neutron scattering
measurements that a nonionic surfactant of the type C,E,
(Scheme 1) showed a gradual transition from individually
dissolved surfactant molecules to the formation of reverse
micelles."®

Scheme 1. Structure of C,,E, Poly(ethylene oxide) Alcohol,
where m Represents the Number of Carbon Atoms in the
Alkyl Chain and n is the Number of Ethylene Oxide Repeat

Units
n 2m+

In this regard, a recent study of reverse micelles of C,4E¢ in
cyclohexane used combined measurements of NMR self-
diffusion, viscosity, and melting point depression to character-
ize the speciation and average reverse micelle size as a function
of C,0E¢ concentration.'” Unreasonably small radii and thus
aggregation numbers were obtained when using the Stokes—
Einstein equation with worsening trend as the surfactant
concentration was increased. However, reasonable radii and
aggregation numbers were obtained when using a simple
calculation based on the ratio of C;4E¢ and cyclohexane self-
diffusion coefficients. This interesting finding sparked the
investigations presented in this report. Specifically, the main
goal of this study at the outset was to determine if similar
trends would also be observed when the water load in this
reverse micellar system would be increased. The rationale
behind this goal is that water, which is an omnipresent
impurity in the typically hygroscopic surfactants,"® is known to
act as a nucleation site of micelle formation,” and addition of
water leads to a swelling of the reverse micelles.”®"""*'*** In
fact, the water confined within the polar reversed micellar core
is often referred to as a water pool, in which even chemical
synthesis can be carried out."”***' Hence, we anticipated that
the Stokes—Einstein equation would also progressively lead to
unreasonably small aggregation numbers with increasing water
load. As we will show, the results in this report confirm this
anticipated failure of the Stokes—Einstein equation, while the
ratio of surfactant and solvent self-diffusion coefficients lead to
aggregation numbers more in line with literature values. These
findings should be of broad interest in the context of limits of
the Stokes—Einstein equation because a breakdown of the
Stokes—Einstein equation is by no means a new phenomenon.
It has been observed in many systems, foremost in supercooled
liquids, where diffusivity and viscosity show different temper-
ature dependencies when the glass-transition temperature T, is
approached.””*® Recent studies hereto include metal al-
loys,”* ™! some of which are of technological interest as
phase-change materials,”>~** acebutolol hydrochloride,” poly-
mer melts,”*™** some ionic liquids,”*™*' supercooled
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ethylene glycols.*” Pronounced deviations from the Stokes—
Einstein equation have also been observed in binary systems
for which one would ordinarily expect the Stokes—Einstein
equation to hold. Recent examgles include aqueous lithium
chloride solutions,"”*” glycerol,* dimethylsulfoxide,**" etha-
nol,* some eletroly‘ces,51 tetraethyleneglycol in levitated
viscous aerosols,”> and small molecules in supercritical
water.””> Turton and Wynne even questioned if deviations
from the closely related Stokes—Einstein—Debye equation for
molecular orientational diffusion are the rule rather than the
exception based on their Kerr-effect spectroscopy study on
guanidine hydrochloride in water and mixtures of carbon
disulfide with hexadecane.”* Thus, this report will include
perspectives from these studies in the discussions of the
presented findings.

The organization of the remainder of this report is as
follows: details on sample preparation and density, viscosity,
and self-diffusion measurements are provided in the Methods
section. The results, including comments on measurement
accuracy and precision, are presented separately from the
Discussion section in the Results section. Thus, the Discussion
section focuses on the interpretation of the results within the
context of findings reported in the literature on other systems
that do not follow the Stokes—Einstein equation. The paper
finishes with concluding remarks in the Conclusions section.

B METHODS

Chemicals and Solution Preparation. Solutions were
prepared such that the molality of C,(E4 in cyclohexane was
constant for all samples at 0.406 mol C; E; per kg™’
cyclohexane, which corresponds to 15% by mass C,oE4 in
cyclohexane. The cyclohexane (reagent grade ACS, 99% mass
purity) was purchased from Pharmco-Aaper and the
polydisperse nonionic surfactant C,,E4 was generously donated
by Rochester Midland Corporation, who purchased the
chemical in large quantities from Air Products. The exact
composition of the polydisperse C,,E¢ has previously been
analyzed and can be found in the Supporting Information of
Hoffmann et al.>> One sample for self-diffusion measurements
only was also prepared with monodisperse C;4E¢ obtained
from Santa Cruz Biotechnology with a purity of 99% or better.
Distilled water was purified by a Thermo Scientific Barnstead
UV Purification System to a specific resistance of 18.3 MQ-cm.
The water load of the polydisperse C,(Es was determined to be
(34 + 0.2) X 107> mass fraction by a METTLER TOLEDO
Karl Fischer frit-less titrator in three replicates. An electronic
balance with a precision of 1 X 10™* g was used to weigh out all
components. Solutions were prepared in sample vials by
mixing C,E¢ and water with vigorous shaking to achieve a
homogeneous, clear fluid mixture. Cyclohexane was added
thereafter. Further vigorous shaking was carried out to
uniformly mix components and allow for the equilibration of
C,0E¢ reverse micelle formation. The specific solution
composition details can be found in Table S1, where the
water content is reported as percent by mass relative to mass of
the total solution and accounts for the water impurity load
present in C,(E4. Density, viscosity, and self-diffusion measure-
ments were generally all obtained from the exact same samples.

Viscosity and Density Measurements. An Anton Paar
AMVn rolling ball microviscometer and Anton Paar vibrating
U-tube densitometer with Peltier temperature controls of
precision of 0.02 K were run in parallel to determine the

https://dx.doi.org/10.1021/acs.jpcb.0c06124
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viscosities and densities, respectively, of prepared solutions. A
1.6 mm capillary, calibrated against boiled ultrapure water
(Anton Paar lot 1012), was used for viscosity measurements.
Viscosity and density measurements were acquired within 24 h
of solution preparation at temperatures of 10—45 °C in
increments of 5 °C at angles of 30, 40, and 50° with six
repetitions per angle. Samples were confined during measure-
ments, that is, not exposed to the laboratory atmosphere. Each
experiment was started and completed with a temperature of
20 °C, and the results were comparable within measurement
uncertainty except for the 4% water sample as further noted in
the Results section. For all solutions, viscosities and their
standard deviations are reported based on at least 12 repeated
measurements. Density measurements were all repeatable to
0.0001 g/cm?, which thus is taken as the standard deviation for
each of the reported density values.

NMR Self-Diffusion Measurements. Diffusion-ordered
spectroscopy (DOSY) measurements were carried out on an
AVANCE 300 NMR instrument from Bruker BioSpin with a
variable temperature broadband probe with temperature
precision of 0.1 °C. The instrument was calibrated for
temperature using the known temperature dependencies of
ethylene glycol chemical shifts.’® Prepared solutions were held
in valve-containing NMR tubes and analyzed at temperatures
of 10—45 °C in increments of S °C using cold boil-oft gas from
liquid nitrogen for cooling or compressed air for heating.
Flame-sealed Pyrex capillaries containing D,O were inserted
into the NMR tubes for use as the lock signal. The temperature
was equilibrated for at least 15 min before data acquisition. For
all samples, the NMR tubes were not spun, and shimming and
receiver gain settings were optimized accordingly. A pulse
program using a double stimulated echo with bipolar gradients
and three spoil gradients was used.””" Acquisitions were
conducted with delays of 5 s for relaxation, 5 ms for eddy
current recovery, and 0.2 ms for gradient recovery, respectively.
To determine the self-diffusion coefficients for each solution
component, the stimulated spin-echo intensity, I(g), was
plotted as a function of magnetic field gradient strength, g,
according to the equation®”

I(g) = Ioe—Dr2g252((4A—6)/n2) @)
where I is the reference spin-echo intensity in the absence of
gradient, y is the 'H gyromagnetic ratio, and A is the diffusion
time of 0.1 s. Because self-diffusion coefficients were found to
differ substantially between cyclohexane and C,E; (and
water), it was necessary to conduct self-diffusion measure-
ments separately for cyclohexane and C,(E with gradient pulse
duration, 6, optimized for cyclohexane and C,yE, respectively.
A total of 16 scans corresponding to 16 sine-shaped gradient
pulses from 0.35 to 3.5 ¢ mm ™' gradient strength in linear or
squared increments were used. Four dummy scans were used
prior to the 16 scans to acquire steady-state conditions. The
self-diffusion coefficients for each constituent were obtained by
fitting eq 2 to the I(g) data, where I(g) values were found by
integrating respective spectral peaks. The self-diffusion
coefficients for C;,E¢s and their standard deviations were
determined as the average from multiple CE4 spectral
teatures. For the self-diffusion coeflicients of cyclohexane, a
relative standard deviation value of 2% was found from
repeating measurements on a few select samples. Because
water was found to diffuse much slower than cyclohexane, the
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relative standard deviation of the water self-diffusion
coefficients were much higher, but no more, than 10%.

B RESULTS

Viscosities. Measurement results of viscosity, #, for the
15% by mass polydisperse C;4E¢ in cyclohexane system with
various amounts of added water are summarized in Table S2,
and their respective uncertainties are listed in Table S3.
Viscosities increase gradually with water load but rise sharply
from 3 to 4% added water. In this respect, indication of a
possible slight temperature hysteresis was noted in the data
series for 4 mass% of water. Independent solubility tests
showed that liquid—liquid phase separation occurs upon
addition of 6—7% by mass of water. Therefore, sample
preparation and measurements for the 4% water sample were
repeated to confirm data reproducibility. Although variations
are larger than the standard deviations listed in Table S3, the
results are in reasonable agreement.

The logarithmic form of the Arrhenius equation is shown in
eq 3

Ea
In(X(T)) =InA + _T (3)
where X(T) represents the temperature-dependent quantity of
interest, A is the pre-exponential factor, E, is the activation
energy, and R is the gas constant. When plotting In(X(T)) as a
function of 1/T, the sign of the slope is positive for viscosity
but negative for self-diffusion coefficients, which is reflected by
the =+ sign in the right-hand side of eq 3. The temperature
dependence of the viscosity shows Arrhenius behavior for all
studied samples over the investigated temperature range as
evidenced in Figure 1 showing graphs of In(#) versus inverse

2.0

N
N
L

In(n/mPa:-s)

I
~

-0.41

33 34 35

1000T /K"

3.2

Figure 1. Arrhenius plot of In(#) vs inverse temperature for 15% by
mass polydisperse C;(E4 in cyclohexane with least-squares fits for 0
(m),1(A),2(@),3(0),and 4 (A) % by mass added water. The 4%
by mass measurement series was repeated (X) where the measure-
ment at 0.00357 K™! needed to be omitted because of instrument
limitations.

temperature. As can be seen in the fit parameters summarized
in Table 1, the slopes and thus the activation energies become
substantially larger at higher mass percent of added water
(~50% increase from 2 to 3% added water and ~75% increase
from 3 to 4% added water).

Self-Diffusion Coefficients. Figure S1 shows an exem-
plary proton spectrum for 15% polydisperse CoEs in
cyclohexane with 3 mass percent added water at 15 °C and
provides a spectral assignment. Because of the fast chemical
exchange, only one peak is observed for water and hydroxyl
protons. The cyclohexane resonance overlaps with the

https://dx.doi.org/10.1021/acs.jpcb.0c06124
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Table 1. Arrhenius Analysis of Viscosity for 15% by Mass Polydisperse C,(E in Cyclohexane System with Varying Added Mass

% of Water

% H,0 0 1
Intercept —5.9460 —5.8100
slope/K 18412 1821.6
R? 0.9993 1.0000
E,/kJ-mol™! 153 £ 0.2 15.15 + 0.01

2 3 4
—5.9631 —8.9208 —15.239
1891.5 2872.9 5029.4
1.0000 0.9966 0.9987
15.73 £ 0.03 23.9 + 0.6 41.8 £ 0.7

methylene protons of the surfactant alkyl chain but is so
dominant that interference with the self-diffusion measurement
of cyclohexane is limited.

When conducting NMR  self-diffusion measurements, a
spectrum is obtained under varying field gradient strengths.
According to eq 2, the intensity of a spectral feature as a
function of applied field gradient strength should be a Gaussian
function. However, for the spectral feature near 3.7 ppm
representing the ethylene oxide repeat unit in C,(E,, increasing
deviations from a Gaussian function are observed with
increasing water load, as exemplary illustrated in the
Supporting Information in Figures S2—S6. The 2D represen-
tations of these NMR self-diffusion data sets, referred to as 2D-
DOSY plots, are showing indeed a spread of the polyethylene
oxide spectral feature to slower self-diffusion coefficients than
for the other C,jE¢ spectral features. This spread is not
observed for any of the other spectral features for water,
cyclohexane, and the other spectral features of CE4 such as its
terminal methyl group, as exemplary illustrated in Figure 2.

log(m2/s)

-10.0 ’
f

-9.0

-8.0 T T T
4.0 3.0 2.0

ppm
Figure 2. Two-dimensional DOSY spectrum showing the base-10
logarithm of the self-diffusion coefficient vs the proton chemical shift
for polydisperse 15% C,oE4 in cyclohexane with four mass percent
water at 45 °C. The cross peaks at 1.5 and 4.2 ppm are representative
for cyclohexane and water, respectively. All other cross peaks are from
polydisperse CoEs, where only the signals at 3.5—3.7 ppm for the
ethylene oxide repeat unit show a spread of self-diffusion coeflicients.
For a detailed spectral assignment, see Figure S1 in the Supporting
Information.

This observation is remarkable in so far that a molecule should
self-diffuse as a unit. Consequently, all spectral features
representing the same molecule should show the same self-
diffusion coefficients. However, when repeating the self-
diffusion measurement with a similar sample except using
monodisperse rather than polydisperse C,(Es, the spread of the
C,0Es polyethylene oxide signal in the 2D-DOSY spectrum is
absent, as exemplary shown in Figure S7 in the Supporting
Information.

Given these described peculiarities for the polydisperse
C,oEq self-diffusion data, the accuracy of the reported average
self-diffusion coeflicients of polydisperse C,oE4 may be limited,
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and the obtained standard deviations obtained from averaging
the self-diffusion coeflicients from the various polydisperse
CoEs spectral features are also quite large, as can be seen in
Table S5. However, when repeating measurements multiple
times for selected conditions (35 °C entries in Table S4), the
obtained self-diffusion coeflicients are reproducible, and scatter
is significantly less than the standard deviations reported in
Table SS. The self-diffusion coefficients obtained from the
sample with monodisperse C,yE4 are 15—35% higher than the
corresponding self-diffusion coeflicients from the sample with
polydisperse C,,Eq.

The temperature dependence of the C,(E4 self-diffusion
coefficients for each of the five samples with polydisperse
CoE¢ appears to show Arrhenius behavior over the
investigated temperature range as illustrated in Figure 3. The

21
22
K.
E
g
£ 23
[a]
=4
241
32 33 34 35
1000T /K"

Figure 3. Arrhenius plot of In(D¢, ) vs inverse temperature with

least-squares fits for solutions of 0 (@), 1 (O), 2 (M), 3 (A), and 4
(@) mass percent water.

results of the linear least-squares fit parameters are summarized
in Table 2. The magnitude of the slopes in the graphs of Figure
3 and thus the activation energies gradually increase with
increasing water load in the sample.

The self-diffusion coeflicients of cyclohexane and water/OH
for systems containing polydisperse C,oEs are reported in
Tables S6 and S7, respectively. The cyclohexane self-diffusion
coefficients are as expected significantly larger than the
corresponding self-diffusion coefficents for C;oE4 The self-
diffusion coeflicients for water/OH are overall slightly lower
than the corresponding values in Table S4 for C,yEs These
trends can also be seen by the vertical positions of the spectral
features in the exemplary 2D-DOSY plot in Figure 2. One
remarkable observation for cyclohexane self-diffusion coef-
ficients is that they depend only on temperature and are
essentially independent of water load. This can be seen in the
Arrhenius plots for the temperature-dependent cyclohexane
self-diffusion coefficients shown in Figure 4, where the data
points essentially overlap. In contrast, the water self-diffusion
coeflicients are dependent on water load as can be in the two
exemplary Arrhenius plots shown in Figure 4. The results of
the least-squares linear regressions for the Arrhenius analysis of

https://dx.doi.org/10.1021/acs.jpcb.0c06124
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Table 2. Arrhenius Analysis of Self-Diffusion Coefficients for 15% by Mass Polydisperse C,,E4 in Cyclohexane System with
Varying Added Mass% of Water

% H,0 0 1 2 3 4
Cyclohexane
intercept —14.88 —14.70 —15.06 —14.70 —14.52
slope/K -1691 -1736 -1627 —1744 -1798
R? 0.994 0.995 0.995 0.996 0.997
Ea/kj-morl 14.1 + 0.5 144 + 04 13.5 £ 0.4 14.5 + 0.4 15.0 +£ 03
CioEs
intercept —12.90 —11.65 —11.44 —-9.41 —8.40
slope/K —2674 —3180 —3329 —4050 —4436
R? 0.992 0.990 0.987 0.973 0.958
Ea/k_]-mol_1 222 + 0.7 264 + 09 27.7 £ 1.1 33.7 £ 1.9 369 £ 2.6
Water
intercept —13.79 —10.27 —10.05 —13.06
slope/K —2544 —3795 —3979 —3055
R? 0.960 0.988 0.997 0.988
E,/kJ-mol™ 212 + 1.8 315 + 1.4 33.1 +0.7 254+ 1.1
207 eyclohexans uncertainties estimated from error propagation calculations are
shown, respectively, in Tables S10 and S11 in the Supporting
214 Information. Exemplary radii are shown as a function of water
_ load in Figure 5. In Figure 5, it can be seen that the radii
Ng 224
)
E
234
water
24 ‘ ‘ -
32 3.4 36 <
1000T /K" N

Figure 4. Arrhenius plots of In(D) vs inverse temperature for the
cyclohexane component in 15% polydisperse C(Eq in cyclohexane
solutions with added 0 (O), 2 (A), and 4 ((0)) mass percent water
and for the water component at 2 (A) and 4 (@) mass percent water.
The lines are from linear regressions, where in the case of the
cyclohexane component only the fit line for the data from the 4 mass
percent water sample is shown.

the cyclohexane and water self-diffusion coeflicients are
summarized in Table 2.

Micelle Radii and Aggregation Numbers. As explained
in the introduction, a key motivation for this study on C,(Eg4
reverse micelles in cyclohexane as a function of water load was
to inspect the validity of (a) the Stokes—Einstein equation and
(b) the ratio of cyclohexane and surfactant self-diffusion
coefficients, D¢y, /Dc, s, to obtain average reverse micelle

radii. Thus, the same evaluations to obtain radii in these two
ways were carried out here as described previously'” using eqs
1, 4, and 5, where here too a value of 2.90 A was taken for

rcH, The expression in eq 4 has been derived by Chen and

Chen® from the microfriction theory by Gierer and Wirtz.®'

6
c= " 2234
1+ 0.695(@) (4)
=7 DCele
=TIeH
“" D, (s)

The radii obtained by eqs 1 and 4 using the surfactant self-
diffusion coefficients are listed in Table S8, and the radii
obtained by eq S are listed in Table S9. Corresponding
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Water load

Figure S. Average polydisperse C,(E¢ speciation radii as a function of
water load at 15 °C (open symbols) and at 45 °C (filled symbols).
The circles represent the radii using the Stokes—Einstein equation (eq
1). The triangles represent the radii obtained by using the ratio of
C,oE¢ and cyclohexane self-diffusion coefficients (eq S). The lines are
guides to the eye.

obtained from the Stokes—Einstein equation are much smaller
than the radii obtained from the ratio of the self-diffusion
coeflicients. The radii from the Stokes—Einstein equation also
undergo a maximum with increasing water load present. This is
not observed for the radii obtained from the ratio of self-
diffusion coeflicients. We note that the uncertainties for the
radii obtained from eq S (Table S11) become rather large at
the lowest temperatures for the samples of 3 and 4 mass%
water. For these samples and temperature conditions, the
CoEq self-diffusion coeflicients are smallest and thus, with
same absolute measurement uncertainty, the relative standard
deviations increase. However, the trend in Figure S of
continual increase in these radii persists for all temperatures.
The aggregation numbers of C,yE4 reverse micelles were

estimated from the radii with eq 6 as done in other works®>®®
4z’
N= [H,0]
HZ
3( [CyoE¢l VHzO + VCmEs) (6)
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where Vy o and V¢ g, are the molecular volumes of water and

Ci0E¢. These volumes were taken as the van der Waals
volumes of 18.6 and 447.43 A3, respectively, obtained by the
method by Bondi.®*®> The needed solution densities to
evaluate the concentrations of water and C,(E4 for eq 6 were
measured and are listed in Table S12. The resulting
aggregation numbers using the Stokes—Einstein radii are listed
in Table S13, and the aggregation numbers from the self-
diffusion coefficient ratio radii are listed in Table S14 of the
Supporting Information. The latter are plotted in Figure 6 as a

-

o

(=3

o
n

500 4

Average aggregation numbers

o
o
~1
I
o

Water load

Figure 6. Average C,(E aggregation numbers based on radii obtained
from the ratio of self-diffusion coefficients D¢y, /D, g, at 15 °C (A),

25 °C (O), 35 °C (D), and 45 °C (V) with respect to water load
(W = [water]/[C¢E¢]). The lines are guides to the eyes.

function of water load (W = [H,0]/[C,,E¢]). The aggregation
number increases in an exponential fashion with water load.
The aggregation numbers for 0% added water reproduce the
values reported in our previous study.'’

Vasilescu et al. reported for the reverse micellar system of
15% C,E, in cyclohexane at 8 °C an average aggregation
number of 45 when 1% by mass water was added and 67 when
2% by mass water was added.'* The concentration of 15%
CoE¢ in cyclohexane was chosen for this study to facilitate
comparison with these results. The average aggregation
numbers from the self-diffusion coefficient ratios for a 15%
polydisperse C,E4 in cyclohexane solution at 10 °C are 83 and
240 with 1 and 2% by mass added water, respectively. While
these values are larger than the ones reported by Vasilescu for
C,E4 they are reasonable. In contrast, the radii from the
Stokes—Einstein equation are much smaller than the radii from
the ratio of self-diffusion coefficients and undergo a maximum
near 3% added water, and the corresponding aggregation
number reaches values only on the order of 10 and become
unreasonably small for the sample of 4% added water.
Aggregation numbers on the order of several hundreds were
also reported for reverse micelles in cyclohexane with the
related surfactant Igepal.’ Likewise, average reverse micelle
radii obtained from dynamic light scattering (DLS) for the
related surfactant Brij L-4 in hexane were reported to be
between 20 and 50 A for water loads between 1 and 6, in good
agreement with the radii from the self-diffusion coeflicients in
Figure 5.° The group of Aramaki extensively studied with DLS
reverse micelles of glycerol monolaurate-based nonionic
surfactants in various nonpolar solvents'”” including cyclo-
hexane.’*~"° From these reports, it is evident that the nature of
the nonpolar solvent significantly affects the micelle size in
these systems and that the shape of the reverse micelle
becomes increasingly nonspherical with increased size. For
cyclohexane, the maximum largest dimension (diameter) of
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the reverse micelle with these nonionic surfactants at 5% by
mass ranges between 30 and 100 A depending on the specific
surfactant and conditions of temperature, again with similar
values as the radii from the self-diffusion coeflicients in Figure
S.

In summary, the main remarkable results and findings that
require deeper discussion in the next section are as follows.
The cyclohexane self-diffusion coefficients are not dependent
on the amount of added water, while the self-diffusion
coeflicients of the surfactant and water decrease with increased
amount of added water. The polyethylene oxide resonance
signals for the polydisperse C,;E4 show nonuniformity in the
2D-DOSY plot, while such a spread is absent in the 2D-DOSY
plot for a sample of monodisperse C;(E. The self-diffusion
coeflicients of all three components—cyclohexane, C,(E,, and
water—show Arrhenius behavior for the investigated temper-
ature range. Average aggregate radii and aggregation numbers
obtained from the Stokes—Einstein equation are unreasonably
small, while aggregate radii and aggregation numbers obtained
from the ratio of self-diffusion coefficients are more in line with
data on a similar system reported in the literature.”'*'*%~7

B DISCUSSION

The results from this study confirm the prior findings on the
binary system C4E in cyclohexane (no water added) that the
Stokes—Einstein equation fails to provide reasonable aggregate
radii for this reverse micelle-forming system.'” This finding was
attributed to a change in mass-transport process from the
movement of the small reverse micelles at low surfactant
concentration to individual C,oE4 molecules jumping from
reverse micelle to reverse micelle at high surfactant
concentration. Additional insights can be derived from the
observation in this study that the cyclohexane self-diffusion
coeficient is independent from the amount of present water.
In other words, the added water does not interfere with the
translational motion of the cyclohexane. This makes sense in
so far that the water clearly resides within the reverse micelle,
given the observed small self-diffusion coeflicients, and is thus
shielded from the cyclohexane. However, the data in this study
confirm the findings made by others'®”"”* that the average
aggregation number of the reverse micelles increases
exponentially with water load. Thus, the size of the reverse
micelles apparently has also no influence on the translational
motion of cyclohexane. This might be explained by a
cancellation of two effects. While larger reverse micelles may
block translational motion of the cyclohexane in the
continuous phase more so than smaller reverse micelles do,
larger reverse micelles should require more surfactant
molecules and at constant overall surfactant concentration,
there are fewer reverse micelles that hinder the translational
motion of the cyclohexane. All the more remarkable it is that
the solution viscosity is a strongly increasing function with
water load. Reverse micelle size has thus a strong influence on
solution viscosity. Hence, these observed trends show a strong
decoupling of solution viscosity from the translational motion
of the cyclohexane continuous phase. Such decoupling of
viscosity and translational motion has been a key feature in
many other systems, where a breakdown of the Stokes—
Einstein equation has been observed. Specifically, in super-
cooled and glass-forming systems, the viscosity is often
observed to decouple from self-diffusion below a certain
critical temperature. While self-diffusion remains comparably
fast, viscosity dramatically increases in these systems, which
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then results in the breakdown of the Stokes—Einstein N ow [
equation,””? just as observed in this study here. \ // \\ // water \ // ) //
The critical temperature at which this decoupling starts to v Hzo\@ o | — | ”20\ ==~
occur in supercooled and glass-forming systems may at times ‘ s \ 4 / \ ‘ ‘ 4 \ e / AN

be surprisingly high and be above the glass-transition
temperature or melting temperature as observed, for example,
for water,** phase-change materials,”* several ionic liquids,*’
and GeTe alloy, where in the latter case high atomic mobility
above T, was found in large-scale molecular dynamics (MD)
simulations.”™ In theoretical treatments of glass-forming
liquids, it was argued that the Stokes—Einstein breakdown is
caused by a spatial heterogeneity of dynamics.”””* We note
that short-range ordering has also been implicated as a root for
deviations from the Stokes—Einstein equation,” in particular
five-fold icosahedral short-range order for metallic glass
formers”®***° as well as water aggregates around dimethylsulf-
oxide and ethanol in respective liquid—liquid binary systems.*’
Nevertheless, efforts are ongoing to obtain a more detailed
understanding of these glass systems that contain the presence
of dynamic heterogeneity.”® For example, coexisting regions of
cage rattling-dominant motions and jump-dominated motions
have been found in MD studies of supercooled GeTe.*”
Hopping motions have been found in a theoretical study to
induce a breakdown of the Stokes—Einstein equation for a
simple structural glass-former model, the infinite-range variant
of the hard sphere based model.”” Translational jump diffusion
has also been noted as a key feature in supercooled water*>**
that could be described by the elastically collective nonlinear
Langevm equation theory that incorporates such local
hopping.”> Removal of translational jump diffusion from the
overall obtained self-diffusion coeflicient in MD simulations in
supercooled water led to a residual diffusion coefficient that
continued to be coupled very strongly with viscosity.”" A
similar coexistence of two modes of diffusion motions (rattling
within a cavity and hopping motions) can be expected to be
present in the reverse micellar system studied here. The
dynamics for the C4E¢ being part of a reverse micelle must
clearly be different from the dynamics of the cyclohexane
continuous phase. It is conceivable that the motions of C,Eq
may be described by a coexistence of a “rattling” motion within
the reverse micelle and a “hopping” motion between reverse
micelles. The hopping motion provides a basis for the
hypothesis we formulate next and pictorially display in Figure
7 to explain the nonuniformity of the polydisperse C,,E¢ self-
diffusion at higher water loads, leading to the spread-out cross
peak of the proton signal from the ethylene oxide repeat unit
observed in the 2D-DOSY spectrum in Figure 2.

Prior C,E, concentration studies have shown that the
surfactant molecules assemble in a step-wise fashion resulting
in an absence of a sharp critical micelle concentration and that
substantial amounts of C,E, molecules are not incorporated
into reverse micelles even at high C,E, concentrations. 16,17
Thus, in the samples studied here, we hypothesize that the
overall C E, translational motion is dominated by reverse
micelle to reverse micelle “hopping” motions. At low water
loads, all C,E, molecules can participate in these “hopping”
motions. Thus, the NMR self-diffusion data reflect the time
and ensemble average of the motions of all C,E, molecules
present in the polydisperse C(E4. As the water load increases,
the additional water molecules provide strong hydrogen
bonding interactions with the hydroxyl group as well as with
the ether oxygens of the ethylene oxide repeat unit of C;4E4. In
fact, the strength of these hydrogen bonding interactions has
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Figure 7. Sketch to illustrate the hypothesis that dynamics in the
polydisperse CE¢ in cyclohexane (yellow representing the
continuous solvent phase) reverse micelle system is dominated by
reverse micelle to reverse micelle “hopping” motions. At low water
load (indicated by small font size), all C,,Ii,, molecules can participate.
At high water load (indicated by large font size), only C,,E,, molecules
with short ethylene oxide repeat units can participate. The different
lengths of the blue colored sticks in the sketch illustrate the
polydispersity of the ethylene oxide repeat unit.
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been demonstrated in several experimental and theoretical
studies. In an NMR titration study of “dry” polydisperse CgE;
with water, two water resonances were observed at very low
water load representing water hydrogen bonded between the
C,E, ether oxygens and water in fast chemical exchange with
the C,E, hydroxyl proton."® MD simulations noticed also
1ntramolecular bridging hydrogen bonds in aqueous solutions
of C,E,.”*”” In a study of gas solubility in reverse micellar
systems of the related surfactant Triton X-100 in cyclo-
hexane,*® the authors deduced that the formation of a water
pool commences only at water loads of 3, which implies that
water resides preferentially between the ethylene oxide chains
at lower water loads. Finally, a study of the interfacial hydrogen
bonding dynamics in reverse micelles of nonpolar sorbitan
monostearate (Span-60) in n-octane revealed that a greater
amount of water penetrates the surfactant region and that
further addition of water leads to a deeper penetration with
assoc1ated observed slowdown of hydrogen bonding fluctua-
tions.®" Therefore, strong hydrogen bonding interactions are
likely present within the reverse micelle core, which would lead
to a tying of neighboring C, E, molecules by bridging hydrogen
bonds directly between ether/hydroxy oxygens as well as
indirectly through chains of hydrogen bonded water molecules.
Thus, the added water within the reverse micelle core acts like
a glue between the C,;E4 molecules within the reverse micellar
core. The core also increases in size with increasing amounts of
water in the system requiring, according to Figure 6, an
exponentially increasing number of surfactant molecules to
envelop the core within the micelle. The C,E, with shorter
ethylene oxide chains will not reach as far into the water pool
as the ones with longer ethylene oxide chains, as their
hydrophobic alkyl chain will stay within the hydrophobic
surface layer formed as part of the reverse micelle. Thus, at
high water load, only C,E, molecules with short ethylene
oxide chains are primarily participating in the reverse micelle to
reverse micelle hopping motion, while the C,E, molecules
with long ethylene oxide chains primarily remain within the
micelle. It is important here to realize that all C,E, molecules
possess the same alkyl chain, but only C,E, molecules with
long ethylene oxide chains contain these associated protons.
Thus, while the cross peaks in the 2D-DOSY graph of Figure 2
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associated with the alkyl chain reflect the time and ensemble
average of all C_E, molecules, the spread-out 2D-DOSY
ethylene oxide signal reflects the C,E, molecules with long
ethylene oxide chains that primarily remain within the micelles
and thus diffuse significantly slower. This implies that the
residence times of these large C,E, molecules in the reverse
micelle have to be at least on the order of milliseconds to be
separately visible on a time scale of the NMR experiment.*”
For the sample with monodisperse C,(Es, there is only one
distinct C,E, molecule and naturally the differentiation
between C,E, molecules with shorter and longer ethylene
oxide repeat units is absent. Consequently, no spread of cross
peaks but only one cross peak is observed for the protons from
the ethylene oxide repeat unit in Figure S7 in the Supporting
Information. We note that the self-diffusion coefficients for the
water (Table S7), which is trapped within the reverse micellar
core, appear to be even slower than the average polydisperse
C,oE; self-diffusion coefficients (Table S4). This is even more
clearly observed for the sample prepared with the mono-
disperse C,yEs.

Thus, in light of the presence of these dynamic
heterogeneities in this studied reverse micellar system, it is
not surprising after all that unreasonable reverse micelle radii
and aggregation numbers result from employing the Stokes—
Einstein equation. When taking the ratio of surfactant and
cyclohexane self-diffusion coeflicients to evaluate the reverse
micellar radii, the effect of the solution viscosity is removed as
this value does not even enter into the calculation. Thus,
different values for radii and aggregation numbers result from
taking the ratio of self-diffusion coefficients of surfactant and
cyclohexane. These radii appear to be more in line with values
reported for similar systems using other experimental
techniques.'* Future studies beyond the scope of this report,
such as DLS studies or MD simulations, would be helpful to
gain additional structural and dynamic information.

In light of the breakdown of the Stokes—Einstein equation
observed in the reverse micellar system studied here, it is
interesting that Arrhenius temperature dependence is evident
for the self-diffusion coeflicients for all species as well as the
solution viscosity. This is contrary to the behavior observed in
metallic glass-forming liquids. Specifically, Hu et al.** observed
for three metallic glass-forming liquids in MD simulation
studies an evolution of microstructure and concurrent
crossover from Arrhenius to non-Arrhenius behavior at
temperatures higher than the temperatures where the
Stokes—Einstein equation breaks down. Lee and Vlassak*
observed by nanocalorimetry that diffusion kinetics in CuZr
and NiZr alloys changed from non-Arrhenius in the super-
cooled liquid state to Arrhenius in the solid state. However,
Arrhenius behavior was obtained in an MD study for the self-
diffusion of nitrate in aqueous solution, for which translational-
rotational coupling was proposed as the reason for the
breakdown of the Stokes—Einstein equation.’’

Perhaps most revealing here is a study on supercooled
aqueous glycerol solutions, which observed the presence of a
liquid—liquid transition for a water-rich mixture and pointed
out that its influence on the dynamics was not known yet."* A
similar situation is present in the reverse micellar solutions in
cyclohexane studied here. We observed a liquid—liquid phase
transition at 6—7 mass percent added water (W =~ 11) at
ambient conditions. This points toward one distinguishing
feature of the reverse micelle system studied here to the above-
mentioned systems cited from the literature, which is the
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nature of the associated phase transition. The reverse micelle
system studied here is close to a liquid—liquid phase transition,
while the glass-forming systems discussed above are close to
liquid-to-solid (glass) transition. Possibly, the temperature
dependence remains to be of Arrhenius-type in systems near
liquid—liquid phase transitions because all involved phases are
liquid phases where no motions are frozen out. We are not
aware of relevant studies on other systems near a liquid—liquid
phase transition that inspect the validity of the Stokes—
Einstein equation and deviations of the Arrhenius-type
temperature dependence. Thus, this aspect appears to be an
interesting subject for future studies.

B CONCLUSIONS

The validity of the Stokes—Einstein equation was evaluated
and found to produce unreasonably small reverse micelle radii
and average aggregation numbers for the system of C,(E4 in
cyclohexane with varying amounts of added water. However,
reasonable values for these quantities were obtained using the
ratio of surfactant to cyclohexane self-diffusion coeflicients.
The cyclohexane self-diffusion coeflicients were found to be
independent of the amount of added water, while the self-
diffusion coefficients of surfactant and water decreased with
increasing water load. Viscosity also increased with increasing
water load, illustrating a strong decoupling of the solution
viscosity and the cyclohexane self-diffusion. Such decoupling of
viscosity and self-diffusion is typical for systems that exhibit a
breakdown of the Stokes—Einstein equation. It was presumed
that reverse micelle to reverse micelle hopping motions
dominate translational mass transport at the studied surfactant
solutions. The observed spread of self-diffusion coefficients of
the ethylene oxide repeat unit in polydisperse C,E, in the
reverse micellar system at higher water load was explained with
a preferential resistance to the reverse micelle to reverse
micelle hopping motion by the C_E, molecules with a large
number of ethylene oxide repeat units because of stronger
hydrogen bonding interactions with the core water molecules.
In spite of the evidence of decoupling of viscosity and self-
diffusion and the presence of heterogeneous dynamics, the
temperature dependence was found to follow Arrhenius
behavior over the investigated range of temperatures. It
would be interesting to investigate other systems with
aggregation propensities near liquid to liquid phase transitions
to test if a breakdown of the Stokes—Einstein equation would
be observed without deviations from the Arrhenius law.
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