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1. Introduction

Water is the source of life. Interactions between water and
amphipathic substances play significant roles in many funda-
mental biochemical and physical processes, such as the opera-
tion of biofilm™? and salting-out effects of proteins'®. A
common example is that soap relies on the amphiphilic charac-
teristics of the soap compound to make water easier to wash
hydrophobic dirt off. The dynamics of water around amphi-
philic compounds is a key question for understanding these
common biochemical and physical phenomena. Howerver,
the question “how does interaction with the interface of amphi-
philic compound change the dynamics of water ?” has not been
answered clearly yet!*),

When water is added into a mixture with surfactant and
organic solvent, nanometer-scale pools will be formed in a mix-
ture in which water molecules are wrapped around the polar
interface of the surfactant. The reorientation processes of water
molecules near the interface of the surfactant are affected by the
amphiphilic interface and become different with water mole-
cules located in the center of a nanopool. The dynamics of water
within a confined environment has been widely studied in the
last few decades with various technologies, such as terahertz
(THz) dielectric relaxation spectroscopy[6’7], IR pump probe!®?),
FT-IR spectroscopy''”), X-ray diffraction (XRD)"!), 2D infrared
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The dynamics of water within a nanopool of a reverse micelle is heavily affected by the amphiphilic interface. In this work,
the terahertz (THz) spectra of cyclohexane/Igepal/water nonionic reverse micelle mixture are measured by THz time-
domain spectroscopy and analyzed with two Debye models and complex permittivity of background with volume ratios.
Based on the fitted parameters of bulk and fast water, the molar concentration of all kinds of water molecules and hydration
water molecule number per Igepal molecule are calculated. We find that slow hydration water has the highest proportion
in water when the radius parameter w, < 10, while bulk water becomes the main component when @y > 10. The fea-
ture radius ratio of nonhydrated and hydrated water to total water nanopool is roughly obtained from 0.39 to 0.85 with

Keywords: reverse micelle; water dynamics; THz spectroscopy.

vibrational spectroscopym], and membrane distillation (MD)
simulation'"*!, Most of these techniques utilize the relationship
between electromagnetic wave and intermolecular or intramo-
lecular dipoles of water molecule to obtain dynamic information
of water. Specially, THz dielectric spectroscopy can provide
an intermolecular dielectric response with a time scale of 1072
seconds and probe the first-order correlation function of water
molecular dipoles.

Aerosol-OT (AOT) and Igepal CO-520 are common surfac-
tants that are often used to prepare ionic or nonionic reverse
micelle nanopools with a certain size (~1 nm to ~10 nm). Many
nanometer particles have been synthesized successfully within
predesigned reverse micelle nanopools for a variety of novel
applications, such as nanofluids'"*, fluorescent bioassays'',
delivery of hydrophilic drugs"®, and food applications'”).
Compared with the ionic reverse micelle, the nonionic reverse
micelle is more convenient for analysis of dynamics of water
at the interface of the surfactant because of the simple amphi-
philic ends of the surfactant molecules without consideration
of the effect of ions.

THz is the electromagnetic wave ranging from 0.1 to 10 THz.
Recently, because of wonderful properties such as low photon
energy, higher frequency than microwaves, and ideal security,
the THz wave has been widely applied in various fields such as
disease detection!"®'?), security detection*>?"), 6G high-speed
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wireless communication?>%!, and analysis of the mechanism of

matter®*!. In particular, the THz wave coincides with the fre-
quency of the rotational mode of water molecules in hydrogen
bond networks, which provides the fundament for the study of
the rotational dynamics of water using THz.

In this work, cyclohexane/Igepal CO-520/water reverse
micelle mixtures are prepared to study the reorientation relax-
ation dynamics of water molecules with THz spectroscopy
from 0.5 to 2 THz. Two Debye models and complex permittivity
of background with volume ratios are used to describe the
dielectric relaxation of reverse micelles. Based on the relax-
ation strengths of fast and bulk water, the amounts of fast
water, bulk water, and slow hydration water (which is a
water molecule at the interface between Igepal and a water nano-
pool) are calculated. Furthermore, the radius ratio of nonhy-
drated and hydrated water to the total nanopool also has
been estimated.

2. Experiment

2.1. Sample preparation

Nonionic reverse micelles are prepared with pure water/Igepal
CO-520 [polyoxyethylene (5) nonylphenylether, branched,
M, ~ 441]/cyclohexane ternary liquid system. The water,
Igepal, and cyclohexane were purchased from Sigma Aldrich.
The pure water was purified by the Millipore system and has
a resistivity of 18.2 MQ cm. The molecular formula of Igepal
and the schematic structure of prepared nonionic reverse
micelles are shown in Fig. 1. The water nanopool consists of
two parts: hydrated water that gets close to the hydrophilic
groups of Igepal and nonhydrated water which is distributed
in the center of the nanopool. The hydrophobic ends of Igepal
are in contact with cyclohexane. The radius r of nanopools of
reverse micelles is determined linearly with parameters @,
defined as follows:

r = awy, (1)

where a is a proportionality that is relevant to the type of
surfactant, and @, can be calculated by

_ [H0]

= llgepall’ @

@

where operator [-] represents the amount of the substance within
brackets. Seven reverse micelle samples with w, =0, 1.5, 3, 5, 8,
10, and 15 have been prepared, as shown in Table 1.

2.2. THz measurement

The THz spectra from 0.5 to 2 THz were measured by THz time-
domain spectroscopy (THz-TDS). In the 8-F THz time-domain
confocal system, the THz radiation is emitted from a GaAs sub-
strate photoconductive antenna that is excited by an 800 nm
Mantis laser (Coherent Inc.) with a duration of 50 fs and
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Fig. 1. (a) Molecular formula of Igepal C0-520; n in the formula is about 5.
(b) Schematic illustration of prepared reverse micelle.

Table 1. Quantities of Chemical Compound Components in Prepared Reverse
Micelles.

wp 0 15 3 5 8 10 15
Water/g 0 012 0.24 04 0.64 0.8 12
Igepal/g 2 2 2 2 2 2 2
Cyclohexane/g 5 5 5 5 5 5 5

repetition rate of 80 MHz. A square wave (AC voltage of
70 V) is applied on the parallel gold nanoelectrode to accelerate
photon-excited free electrons. Another GaAs substrate antenna
without external voltage is used as a receiver in which the pho-
ton-excited free carriers are directly driven by the THz wave.
In the receiver terminal, a delay line was deployed to detect
light current at different times. The output light current is
proportional to the strength of the THz field. A more detailed
introduction of the time-domain system is available in other
sources >,

The samples to be measured were put into a quartz glass sam-
ple cell with a light path of 1 mm. The complex THz permittivity
of one sample was obtained by series of calculations based on a
reference sample cell with air and a sample cell filled with pre-
pared mixture!?*), The final results of the complex permittivity
of the samples were averaged from measuring the samples three
times. All measurements proceeded at room temperature and at
a relative humidity lower than 3%. The time and frequency
domain spectra of transmitted THz signals are shown in Fig. 2.
We can see there are some waves in the frequency domain signal
of air reference, which are caused by the second reflection of
THz waves of air reference, as we can see the small time-domain
peak in the time-domain spectrum. In the follow-up calculation
of complex permittivity, the second reflections of the time-
domain signal are cut off.
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Fig. 2. (a) Time-domain spectra of air reference and measured reverse
micelle mixtures; (b) frequency-domain spectra of air reference and mea-
sured reverse micelle mixtures.

3. Results and Analysis

In the pure water, there are only two types of water molecules in
wate: fast water (water molecules are not involved in a hydrogen
bond network or are involved in fewer hydrogen bonds) and
bulk water (water in the tetrahedral hydrogen bond network).
The rotational dynamics from gigahertz (GHz) to THz of
water molecules can be described by two Debye models as
follows'*”%;

B(0) = Sfast St?ulk 3)
1 +iwtpg 1+ ioTpy
where the first and second terms represent the reorientation
relaxation of fast water and bulk water, respectively, Sg; and
Spulk are the relaxation strength of fast and bulk water, respec-
tively, 7g,g and 7y, are the relaxation time of fast and bulk water,
respectively, and the e, is the high-frequency limit permittivity.
While there are some amphiphilic groups in reverse micelle sol-
utions, the fast and bulk water will be affected by these groups
(hydrophilic effects from hydroxy and ether groups and hydro-
phobic effect) via strong hydrogen bonds, and some of them
transform into slow hydration water with slower reorientation
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Fig. 3. THz complex permittivity (circle markers) of reverse micelles and fitted
lines (solid lines) with proposed model.

rotation. In this system, the dynamics of water from GHz to
THz generally can be described as multiple Debye models'>*>),

S S S
fast + bulk + Z n + €0 (4)

é(w) =
(@) 1+ iwrng 1+ iotyyy — 1+ iwz,

where the first two terms are the relaxation processes of fast and
bulk water, respectively, the multiple dependent Debye modes in
the third term are the process of slow hydration water, which is
mainly distributed around the interface of Igepal, as shown by
the red region in Fig. 1, and S,, and z,, are the relaxation strength
and time of the nth slow hydration water, respectively. The
relaxation peak of slow hydration water is generally distributed
at a frequency lower that 10 GHz, which implies that the imagi-
nary parts of the complex permittivity of the slow hydration
approach 0 in the THz region; that is to say, the dielectric
relaxation of water in the THz region basically excludes the con-
tribution of slow hydration water. While we can see the complex
permittivity of @y = 0 in the reverse micelle in Fig. 3, the imagi-
nary part is not equal to 0 and has the same order of magnitude
as the complex permittivity of reverse micelle mixtures. In GHz
and THz dielectric spectroscopy, compared with the permittiv-
ity of water, the permittivity of the background is too small and
can be neglected®®). While only in the THz region, the value of
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Table 2. Relevant and Fitted Parameters from Eg. (5).

Wo Stast Sbulk € f

15 0.06 0 0.04 0.98
3 0.10 0.26 0.07 0.97
5 0.14 1.06 0.12 0.95
8 0.16 2.28 0.22 0.93
10 0.18 3.26 0.28 0.91
15 0.24 5.54 042 0.87

the permittivity of the reverse micelles is comparable with water
in reverse micelles within a small nanopool. Therefore, we could
describe the dielectric relaxation of the reverse micelle solution
with the consideration of background (Igepal and cyclohexane)
as follows:

Stast Shulk

&(w) =
( ) 1+ ia)Tfast 1+ inbulk

+féback(a)) + €5 (5)

where f is the proportion of Igepal and cyclohexane in the
reverse micelle mixture, and &, (@) represents the complex
permittivity of the background in the third term. In order to
restrict the number of free parameters, we reasonably fix 7¢,
and 7,y for fast (0.1 ps) and bulk water (8.4 ps), respec-
tively!**!). The measured complex permittivity and fitted lines
of samples are shown in Fig. 3. We can see clearly the fitted
lines match well with measured data.

The relevant and obtained parameters from fitting can be seen
in Table 2. Intuitively, Sgg> Spu> and €., gradually become larger
with @, because more water with more apparent dielectric prop-
erty in the THz region is added into the reverse micelle mixtures.
An interesting thing is that S,y is equal to 0 when w, = 1.5, that
is to say, there is almost no bulk water but only fast water and
slow hydration water in reverse micelles. This makes sense
because the nanopool is too tiny to support bulk water within it.
A work!*? reported that there are about 40 water molecules in a
@y =2 AOT reverse micelle nanopool. Affected by the amphi-
philic interface of Igepal, most of the little bulk water is easy to
convert into slow hydration water or fast water. The trend of ¢,
with the addition of water is also seen because the high frequency
mainly comes from water in this ternary system, which can be
judged from the small real part of the permittivity of the wy, = 0
mixture with no dispersion, as the black circle markers show
in Fig. 3(a).

To observe the dynamics of each component clearly, Fig. 4
shows the decomposed spectra of w, = 5 and 15 reverse micelles
based on Eq. (5). The blue curve indicates the fast water with
Tt = 0.1 ps, whose relaxation peak is located at 1.55 THz, the
green curve represents the dielectric relaxation of bulk water
in the THz region, whose relaxation peak is distributed at
18.9 GHz, and the pink curve is the dielectric information of
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Fig. & Decomposed spectra of (a)-(b) wy = 5 and (c]-(d) 15 including fast
water (blue solid ling), bulk water (green solid line), and the background, which
is determined linearly by the permittivity of wy = 0 mixture (pink solid line).
(a), (c) and (b), (d) represent the real and imaginary part of obtained complex
permittivity, respectively. The black dashed line is the fitted line with the
proposed model.

the background in solution. Obviously, the contributions to total
permittivity from water become larger with increasing wj.

Although the dielectric loss in the THz region is basically
due to no contribution of slow hydration water, this does not
prove that there is no slow hydration water in water. With
the relationship between the relaxation strength of pure water
and the sum of the relaxation strengths of fast and bulk water
in reverse micelles, we could determine that there is slow hydra-
tion water in water and calculate the molar concentration of
each water component. The molar concentration of fast and
bulk water can be calculated by!*>**!

Si(@y) /gi(wy)
Sfast,pure / & fast(o) + Sbulk,pure / &bulk (O)

ci(wg) = c,0(0),  (6)

where subscript i can be fast and bulk water, S;(w,) represents
the relaxation strength of the fast and bulk water in w, reverse
micelle, g;(w,) represents the Kirkwood factor of fast and bulk
water in @, reverse micelle mixture, and g, (0) and g (0) are
the Kirkwood factor of fast and bulk water in pure water, respec-
tively. Sggtpure @0d Spyik pure are the relaxation strength of fast
and bulk water in pure water, respectively, and cy,(0) is the
molar concentration of pure water, which is 55 mol/L. Here,
we set S pure = 3.5 and Spyi pure = 72-2, which are calculated
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from the pure water in the GHz and THz regions with two
Debye models"”’.

We assume that the Kirkwood factor of fast water in pure
water and overall reverse micelle mixture is equal to 1, which
is the same as the bulk water in the overall calculations. The
Kirkwood factor represents the observable mean square molecu-
lar dipole moment, which means that fast water and bulk water
have same mean square molecular dipole moment in our
assumption. Then the molar concentration of slow hydration
water component can be obtained by the following equation:

Stast (@) + Spui (@)
Sfast,pure + Sbulk,pure

Cslow(wO) = CHZO(wO) - CHZO(O)> (7)

where cy,0(@,) represents the molar concentration of water
in w, mixture and can be obtained by simply multiplying the
volume ratio of water to the w, total reverse micelle mixtures
by the molar concentration of pure water.

Based on Egs. (6) and (7), the molar concentration is obtained
and shown in Fig. 5(a). Here, the black line represents the molar
concentration of pure water in w, reverse micelle solution,
which shows a trend of direct proportional growth with the
increasing size of the nanopool. The blue, green, and red curves
show the molar concentration of fast, bulk, and slow hydration
water, respectively. We can see that the water with the least
amount is always fast water except @, = 1.5. With the addition
of water, the amount of all types of water keeps rising with
increasing @,, the amounts of bulk water and fast water basically
keep linear growth from w, = 3 to 15, while the growth rate of
the amount of hydrated water slows down and is lower than that
of bulk water.

The hydration water number per Igepal molecule also can be
obtained by dividing the concentration of water by the concen-
tration of Igepal in @, reverse micelle. Figure 5(b) shows that the
hydration water number per Igepal molecule increases from 1.4
to 5.6. There are six hydrophilic groups in an Igepal molecule:
five ether groups and one hydroxy group, which is the closest
group to the water molecule in the nanopool. The hydration
water number per Igepal molecule implies that not every
hydrophilic group is in contact with a hydration water molecule
when w, is a small value. When w, = 1.5, 1.4 water molecules
are most likely hydrogen-bonded to hydroxyl groups because
the hydroxyl groups are the closest to the water nanopool.
With the increase of w,, the hydration water may be hydro-
gen-bonded to ether groups. When w is less than 15, not all
ether groups are attached to water molecule with a hydrogen
bond because the hydration water number per Igepal molecule
is always less than 6, which is less than the number of hydrogen
bonding sites at hydrophilic groups of one Igepal molecule.

For simplicity, we assume that the nanopool in a reverse
micelle is composed of nonhydrated and hydrated water, as
shown in Fig. 6(a). Based on the amount of nonhydrated water
(fast and bulk water) and slow hydration water, we can roughly
calculate the feature radius ratio of nonhydrated and hydrated
water to the total water nanopool by the following equations:
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Fig. 5. (a) Obtained molar concentration of fast water (blue dashed line), bulk
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water (black dashed line); (b) zoomed-in molar concentration of fast water;
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where Non-hydrated @04 THydrated T€present the radius of nonhy-
drated and hydrated water, respectively, 7, is the radius of
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the total nanopool, Nxon-hydrated> Nydrated> a0d Noyqier T€present
the amount of nonhydrated water, hydrated water, and the total
amount of water in the nanopool, respectively. The results of the
radius ratio can be seen in Fig. 6(b). Obviously, the blue curve
shows that the radius ratio of nonhydrated water to total water
gradually increases, and the growth rate slows down with the
increase of ;. In turn, the red curve shows that the radius ratio
of hydrated water to the total nanopool gradually decreases, and
the rate of decline gradually slows down with @,. The actual
radius of hydration water can be obtained from the radius ratio
of hydrated water to total water based on

"Hydrated (wO)

Twater (0)0) .

(10)

T'Hydrated = 4®@o

Based on the above formula, ryjygraeq/@ can be obtained as
0.92, 1.32, 1.47, 1.82, 1.92, and 2.23. Although the radius ratio
of hydrated water to the total water nanopool is decreasing,
the actual radius of hydrated water gradually increases with
the growth of w,. It symbolizes the expansion of the nanopool
with the addition of water.

4. Conclusion

In this work, the complex permittivities of cyclohexane/Igepal/
water nonionic reverse micelles with w, =0, 1.5, 3, 5, 8, 10, and
15 are analyzed using THz spectroscopy. The two Debye models
with fast water, bulk water, and dielectric relaxations of the
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background are used to describe the complex permittivity of
the prepared reverse micelles. The relaxation strengths of fast
and bulk water in @, reverse micelle are calculated from the pro-
posed model. The molar concentrations of fast, bulk, and hydra-
tion water are next estimated. Interestingly, in the wy = 1.5
reverse micelle mixture, there is almost no bulk water, but only
fast and hydration water, while the molar concentration of bulk
water grows linearly from wy =3 to 15. The hydrated water
number per Igepal molecule from 1.4 to 5.6 is obtained and
shows the distribution geography of water molecule at the inter-
face. When wy = 0, 1.5 water molecules are more likely to hydro-
gen-bond to the hydroxy group, which is the closest to the water
nanopool. From the amount of each component of water, the
radius ratios of nonhydrated and hydrated water to the total
nanopool are also estimated, where the ratios of nonhydrated
water increase from 0.38 to 0.85, and those of hydrated water
decrease from 0.61 to 0.15. Furthermore, the radius of hydrated
water gradually increases with @, while the growth rates of the
radius of hydrated water gradually slow down. This indicates the
expansion of the water nanopool and its morphologic change.
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