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Abstract. What role does water play in the self-assembly of soft materials? To

understand the correlation between the hydration state of a nonionic surfactant

and the self-assembly of soft materials to various structures, terahertz time-domain

spectroscopy has been performed for a C12E5 solution with complementary use of

small-angle X-ray scattering. Precise observations of the hydration state show clearly

that transitions of the hydration state are accompanied by structural phase transitions

of the surfactant from hexagonal to micelle to lamellae. These transitions of hydration

state suggest that water is not a homogeneous solvent, and the interaction between

water and the soft material is important for self-assembly.

1. Introduction

Water is the most basic solvent for biomolecules and industrial products. However, the

role water plays in their functions is not yet fully understood. Lipids and surfactants,

whose common characteristics include a hydrophilic head group and hydrophobic tail(s)

in a single molecule, are good model systems for investigating the role of water,

since they are often used in cells and in industrial products such as biomembranes,

detergents, cosmetics, and foods. These amphiphilic molecules are known to exhibit

structural transitions of aggregates—such as between micelle, bilayer, hexagonal and

cubic structures—on the mesoscale. These mesoscopic structural transitions are keys to

understanding biological functionality and producing industrial materials. The physico-

chemical mechanisms of these transitions are not yet fully understood, and it is still

discussed just using the molecular morphologies of the lipid or surfactant in many

cases [1,2]. However, these transitions should be based on the interactions among tails,
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head groups and water molecules. In the present study, we focus on the interactions

between head groups and water, which is called hydration water.

The hydration water at the surface of a lipid or surfactant has been studied mainly

by NMR or neutron scattering by focusing on the molecular dynamics of water itself

with mixing rotational and translational dynamics [3–5]. With these methods, the

observable time scales are from 10−9 to 10−11 s. However, to understand the hydration

state precisely, it is necessary that only a specific dynamics is focused. Further, the

rotational relaxational time scale of water molecules lies in the range 10−13–10−12 s [6–8].

This implies that only strongly perturbed hydration water, called the first hydration

shell, can be observed by these techniques. Thus, in many cases, only a single layer

of water has been defined as the hydration layer [3]. However, it has been considered

that much more perturbed hydration water exists beyond the first hydration shell, if

slightly perturbed water molecules are included as the hydration water [1]. The amount

of hydration water depends highly on its definition and the cutoff time scale of molecular

dynamics.

To understand precisely the hydration state of a solute including slightly perturbed

hydration water, it is necessary to observe the molecular dynamics of water on a time

scale of 10−13–10−12 s. Since until recently no good experimental methods for making

such observations have existed, molecular dynamics (MD) simulation is the only method

available to investigate the fast water dynamics [9–13]. MD simulations have predicted

the long-range hydration state up to 1–10 nm from the surface of the solute. Fortunately,

rapid innovation of ultrafast laser technology in this decade has stimulated the progress

of terahertz spectroscopy, and it is now becoming possible to observe the molecular

dynamics on time scales of 10−13–10−12 s using this technique [7, 11,14–17].

Thus, recently, to investigate experimentally the hydration effect of a lipid bilayer (a

model biomembrane) on a molecular dynamics of water in the time scales of 10−13–10−12

s, terahertz time-domain spectroscopy (THz-TDS) was applied to a phospholipid

solution with complementary use of small-angle X-ray scattering (SAXS) for obtaining

structural information of lamellae. As a result, a correlation between the hydration

state and the lamellar repeat distance of the lipid membranes is observed when the

concentration of lipid is changed. This correlation verifies that the hydration of the

lipid bilayer becomes long-range effect up to 4–5 water layers for a single leaflet of a

bilayer, i.e. 8–10 water layers of hydration water exist between two lipid membranes,

when we define the slightly perturbed water as the hydration water [18]. This length of

the long-range hydration effect is about 1 nm from the surface, which is much longer

than the results by NMR or neutron scattering which observe only strongly perturbed

water as the hydration water, i.e., the first hydration shell [3–5]. Similar results of

the long-range hydration effect have been reported in a water-in-oil emulsion of AOT

surfactant [19].

This hydration effect has a comparable length scale to that of some interactions

that dominate the self-assembly of soft materials, such as van der Waals or electrostatic

interactions. It also has the same length scale as the characteristic self-assembled



Hydration state transition of a surfactant accompanying structural transitions 3

structures of lipid and surfactant aggregates (micelles, bilayers, etc.). This means that

the hydration state may strongly correlate with these interactions and self-assemblies,

which has been ignored so far. In the present study, we investigate such a correlation

between hydration state and self-assembled structures of a nonionic surfactant by using

terahertz time-domain spectroscopy (THz-TDS) and SAXS. As a result, a certain

correlation was verified through lamellar–micelle–hexagonal transitions.

2. Materials and methods

We used the nonionic surfactant C12E5 (pentaethylene glycol monododecyl ether, purity

> 98%, Wako Pure Chemical Industries) as a sample without further purification. C12E5

is known to have complex phase transitions with respect to temperature and ratio to

water (see Fig. 1(a)) [20]. C12E5 was mixed with pure water (MilliQ) to be 45wt%

C12E5 and 55wt% water. The temperature was controlled between 10◦C and 70◦C in

steps of 5◦C for both THz-TDS and SAXS.

The THz-TDS measurement system was constructed by us as reported previously

[14, 17, 18, 21]. A terahertz wave was generated by shining a femtosecond pulsed laser

(Femtolite, IMRA America, Inc.; 780 nm, 100 fs, 50 MHz) onto a photoconductive

switch with a dipole antenna, and the wave was detected by the electro-optic sampling

method using a (1 1 0)-oriented ZnTe crystal. To measure the absorption and phase

shift of the THz wave by a solution with high precision, we performed an attenuated

total reflection (ATR) measurement by using a silicon dove prism for the THz-TDS to

avoid the strong absorption of the THz wave by the water. The penetration depth of the

evanescent field of the THz wave was about 20 µm. The calculated complex dielectric

functions from the wave form have high reliability in the 0.5–2.6 THz region.

The SAXS measurements were performed at BL15A, Photon Factory, High Energy

Accelerator Research Organization, Japan. The X-ray wavelength was 1.5 Å and the

X-rays were detected by using a CCD (C7300, Hamamatsu). The sample-to-detector

distance of about 1 m was calibrated using standard samples (lead stearate and silver

behenate).

3. Results and discussion

Figure 1(a) shows the phase diagram of C12E5 with respect to the temperature and

the mixing ratio with water [20]. For 45wt% C12E5 solution, the phase changes from

a hexagonal H1 phase to a micellar L1 phase to a lamellar Lα phase as temperature

increases (see the arrow in Fig. 1(a)). We performed SAXS measurements to investigate

the structural phase transitions and determined the transition temperatures as shown

in Fig. 1(b). Between 10◦C and 20◦C, the SAXS profiles indicate the hexagonal phase,

where Bragg peaks appear at q = q0 and
√
3q0. The first Bragg peak is at about

q = q0 = 0.12 Å−1, which corresponds to the repeat distance of about 52 Å between

rod-like micellar structures in the hexagonal phase. From 25◦C to 45◦C, the SAXS
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Figure 1. (a) The phase diagram of C12E5 from Ref. [20]. Our measurement region

is shown by the arrow. (b) The SAXS profiles of 45wt% C12E5 solution at each

temperature. 10◦C–20◦C: hexagonal H1 phase; 25◦C–45◦C: micellar L1 phase; 50◦C:

coexistence phase (L1 + Lα); 55
◦C–70◦C: lamellar Lα phase. THM and TML are the

transition points.

profiles indicate the micellar phase, and the lamellar phase appears from 55◦C to 70◦C,

where the repeat distance calculated from the first Bragg peak is about 67 Å. At 50◦C,

coexistence of micellar and lamellar phases is observed. Sometimes the coexisting phases

are also observed at 45◦C. These results clearly show that the transition temperature

from hexagonal to micellar phases (THM) is about 23◦C, and that from micellar to

lamellar phases (TML) is about 50
◦C.

For referencing the THz-TDS measurement of 45wt% C12E5 solution, we performed

a THz-TDS measurement for pure water. Figure 2 shows the complex dielectric

constants of pure water at each temperature in the THz frequency range. The imaginary

part of the dielectric constant increases linearly with increasing temperature. In

contrast, the real part of the dielectric constant increases below 0.7 THz and decreases

above 0.7 THz. These results are consistent with previously reported dielectric constants

of pure water in the THz region [14]. The dielectric constant of water in this THz

region is known to involve three contributions of dynamical modes: slow relaxation
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(Debye mode; relaxation time τD ≈ 8 ps at room temperature) caused by the rotational

dynamics of the water molecule, fast relaxation (τ2 ≈ 0.25 ps at room temperature), and

an intermolecular stretching vibration mode (at about 5 THz at room temperature) [14].

Since the variation of the imaginary part is larger and the errors in measurement

were less for the imaginary part than for the real part, the value of the imaginary

part of the dielectric constants of water at 0.5 THz (ε′′w(0.5 THz)) are plotted against

temperature as shown in Fig. 4(a) (open circles) to discuss the dielectric behavior of

water qualitatively. ε′′w(0.5 THz) is almost proportional to the temperature increase for

pure water, where the coefficient of proportionality obtained is about C = 0.052 from the

fitting as ε′′w(0.5 THz) = C × T +D (where T is temperature and D is the intercept),

which is shown as the solid line in Fig. 4(a) for the open circles. At 0.5 THz, the

dielectric constant has contributions from the slow and fast relaxation modes. However,

the fast relaxation mode is almost constant in this temperature range [14], and the

slow component causes a change in the dielectric constant with changing temperature.

Actually, the slow relaxation mode of water is well characterized by the imaginary part

of the Debye function,

εDw(ω) =
∆ε

1 + iωτD
, (1)

The calculated value of the imaginary part at 0.5 THz, ε′′Dw(0.5 THz), exhibits a

completely linear behavior with temperature (with parameters calculated from Refs.

[22, 23]), and the proportionality coefficient is about C = 0.053, which is almost the

same as the measured coefficient. This indicates that the measured dielectric behavior

of pure water as a function of temperature at around 0.5 THz is caused by the change

in the slow relaxational dynamics of water molecules. The contribution of the fast

relaxational dynamics can be treated merely as background. The amplitude of the

background is found to be about 0.95 for the entire temperature range.

Figure 3 shows the dielectric constants of 45wt% C12E5 solution in the THz region.

In sharp contrast to the THz dielectric behavior of pure water, the dielectric constant

of C12E5 solution does not exhibit a linear change with temperature. For example, for

the imaginary part, a clear gap is observed between 20◦C and 25◦C, and between 25◦C

and 70◦C, the dielectric constant increases nonlinearly. Further, for the real part, it

increases over the whole frequency range with temperature, in contrast to the result of

pure water.

The characteristic behavior is shown more clearly when the value of the imaginary

part at 0.5 THz is plotted as shown by the closed circles in Fig. 4(a). The value is

normalized to compare with the result of pure water (i.e., the raw value of the imaginary

part is divided by the volume fraction of water in the solution using the relation shown

in Ref. [24]). The normalized value of the solution, ε′′s(0.5 THz), shows transition-like

behavior at about 23◦C and 50◦C, which is consistent with the structural transition

temperatures THM and TML observed in SAXS. At THM , ε′′s(0.5 THz) shows a discrete

jump and a small change of the proportionality as a function of temperature (C = 0.039

to 0.032). At TML, only the proportionality shows a large change from 0.032 to 0.010.
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Figure 2. The dielectric constants of pure water in the terahertz region at each

temperature. The upper figure is the real part and the lower figure is the imaginary

part of the dielectric constant.

Further, we performed a THz-TDS measurement for pure C12E5 at room

temperature (micellar L1 phase) and observed that the pure C12E5 exhibits no absorption

of light in the THz frequency region. Therefore, the THz-TDS spectra for 45wt% C12E5

solution reflect only the dynamics of water molecules in the solution. Thus, these THz-

TDS and SAXS results strongly indicate that the hydration state of the surfactant

undergoes a transition accompanying the structural transition between hexagonal,

micellar, and lamellar phases. It has been suggested that when water molecules

become the hydration water, only the slow relaxational mode is influenced and the

fast relaxational mode remains unchanged [17, 18]. The slow relaxational mode of the

hydration water becomes much slower than that of bulk water, and it is not observed

in the THz frequency range.

Here, we briefly summarize our present results and previous reports: (1) The

fast relaxation component of the dielectric behavior of water is constant and the slow

component only changes with temperature. (2) Only the slow relaxational component is

influenced by the hydration effect. (3) Pure C12E5 does not absorb THz waves. (4) The
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Figure 3. The dielectric constants of 45wt% C12E5 solution in the terahertz region

at each temperature. The upper figure is the real part and the lower figure is the

imaginary part of the dielectric constant.

THz spectra of C12E5 solution exhibit a transition-like behavior. These facts indicate

that the characteristic behavior of ε′′s(0.5THz) of C12E5 solution is caused by the change

of the slow relaxational mode of water by the hydration effect of the surfactant. Since

the intensity of the slow relaxational mode is proportional to the amount of bulk water

in the solution, we can roughly estimate how much water becomes hydration water by

the reduction of ε′′s(0.5THz) of the C12E5 solution from ε′′w(0.5THz) of pure water. The

hydration number per surfactant molecule is calculated as

nh = N
ε′′Dw(0.5 THz)− ε′′Ds(0.5 THz)

ε′′Dw(0.5 THz)

= N
ε′′w(0.5 THz)− ε′′s(0.5 THz)

ε′′w(0.5 THz)− ε′′B
, (2)

where N is the total number of water molecules per surfactant (= 27.6 for 45wt% C12E5

solution), ε′′Ds(0.5 THz) is the imaginary part of the slow relaxational component of the

surfactant solution at 0.5 THz, and ε′′B is the background at 0.5 THz mainly resulting

from the fast relaxational mode, which is known to be about 0.95 from the result of
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Figure 4. (a) The value of the imaginary part of the dielectric constant at 0.5 THz

with respect to temperature. Open circles are for pure water and closed circles are for

the normalized value for 45wt% C12E5 solution. The solid lines are the linear fitting

result (ε′′w,s(0.5 THz) = C × T + D). For pure water C = 0.052, whereas for C12E5

solution C = 0.039 at 10◦C–20◦C, C = 0.032 at 25◦C–45◦C, and C = 0.010 at 50◦C–

70◦C. (b) The hydration number per surfactant molecule at each temperature. The

solid lines are the linear fits for each phase.

pure water.

In Fig. 4(b), the calculated hydration number nh is shown as a function of

temperature. The hydration number at the hexagonal H1 phase is higher compared

to other phases, and it is a constant of about 10 between 10◦C and 20◦C. At THM , the

hydration number exhibits a first-order transition-like behavior with a discrete jump

from 10 to about 4. It increases slightly for the micellar L1 phase. The result for

the micellar phase L1 (nh = 4–6) is consistent with previous THz-TDS results, where

about 0.9 water molecules are calculated as the hydration water for a single ethylene

glycol group (C12E5 has five ethylene glycol groups) [25]. At TML, only the slope of the

increase of the hydration number changes, like a second-order transition. The slope of

the increase in the hydration number is steeper for the lamellar Lα phase than for the

micellar phase, reaching about 9.5 at 70◦C.

These results strongly suggest that the hydration state of a surfactant plays an

important role in the self-assembly mechanism to various aggregates, which may become

a general concept for various soft materials and biomolecules. Especially, the clouding

phenomenon of nonionic polymers and nonionic surfactants has been considered to be

caused by the transition of the hydration state [26]. The transition of the hydration state

at the clouding point has been reported in the case of the nonionic polymer P(NIPAm)

by a dielectric measurement in the gigahertz region [27]. The dielectric measurement of

water in the GHz–THz region seems to be a very powerful technique for understanding

the hydration correlation to self-assembly. Our results indicate that the hydration state

is important for the self-assembly of soft materials not only for the clouding phenomenon.

At present, the mechanism of the correlation between the hydration state and the
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self-assembled structure is still unclear. It is possible that the surface morphology of

the surfactant aggregates in molecular scale such as curvature or molecular packing

is the key factor of the correlation between the hydration state and the self-assemble

structures. Our results of hydration number per a surfactant (nh = 4–10) corresponds

to one or two layers of water at the surfaces, which is almost in direct contact with the

surfactant molecule. Such the hydration layer seems to be perturbed only by a nearby

surfactant, and thus, the hydration number is determined only by the surface property

of the aggregate in molecular scale. This length scale of the hydration layer is similar

to that of cross-sectional area of a surfactant in these aggregates, which is determined

by the curvature or molecular packing of surfactant in the aggregates.

4. Conclusion

In the present study, we performed THz time-domain spectroscopy to investigate the

precise hydration state of the nonionic surfactant C12E5. By complementary use of

small-angle X-ray scattering to determine the structural transitions of the surfactant,

the hydration state of the surfactant is found to exhibit transitions accompanying the

structural transitions of self-assembled structures from hexagonal to micellar to lamellar

phases. The transitions of hydration states presented here imply that the behavior of

water plays an important role in the self-assembly of soft materials. Consequently, water

should not be treated as a homogeneous solvent for soft materials and biomolecules.
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[20] Strey R, Schomäcker, Roux D, Nallet F, Olsson U, 1990, J. Chem. Soc. Faraday Trans. 86 2253

[21] Nagai M, Yada H, Arikawa T, Tanaka K, 2006, Int. J. IRMMW 27 505

[22] Yastremskii P S, 1988, J. Structural Chem. 29 483

[23] Vidulich G A, Evans D F, Kay R L, 1985, J. Phys. Chem. 71 656

[24] Schrödle S, Hefter G, Kunz W, Buchner R, 2006, Langmuir 22 924

[25] Arikawa T, Nagai M, Tanaka K, 2009, Chem. Phys. Lett. 477 95

[26] Rosen M J, 1989, Surfactants and Interfacial Phenomena (New York: Wiley)

[27] Ono Y, Shikata T, 2008, J. Am. Chem. Soc. 128 10030


