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ABSTRACT: Dielectric behaviors of a binary mixture
composed of TX100 (a nonionic surfactant) and formamide
(FA) at different surfactant concentrations and varying
temperature were investigated over a frequency range from
40 Hz to 110 MHz. One relaxation appeared around gigahertz
is considered to be from the contribution of two types of FA;
one is “free FA”, which has no interaction with surfactant, and
the other is “associated FA”, which can interact with surfactant.
Conductivity was used to determine the number of associated
FAs, and the result indicates that each ethylene oxide (EO)
segment binds to one FA molecule. The dipole moment of the
associated FA was calculated by using Cavell equation, and it is
smaller than those of bulk FA, while the dipole rotation time of
associated FA is higher than that of bulk FA. This suggests that the dynamics of associated FA is restricted by the hydrophilic
chain of surfactant. The thermodynamic parameters, obtained from the temperature dependences of the relaxation times,
revealed that in dilute TX100−FA solution the interaction of FA with EO segment of surfactant is weaker compared with the
FA−FA hydrogen bond. This work also demonstrated that the dynamics of associated FA is quite similar to that of hydration
water.

1. INTRODUCTION

Formamide (FA) is the most common studied solvent in
surfactant nonaqueous systems because it has some similar
physical properties with water, such as high polarity, high
structure, and sufficient cohesive force. These properties ensure
that the surfactant can form aggregation in FA and have focused
much research1−7 on the micellization behaviors of surfactant in
FA by various techniques, such as surface tension measure-
ments,3,4 NMR,5 and light scattering technology.6,7 The data
obtained by these methods include ionic surfactant (e.g., CTAB
and SDS3) and nonionic surfactant (e.g., Triton X-100
(TX100),4 CxEy,5 and PEO-PPO-PEO6,7). Undoubtedly, this
research revealed the important micellization behaviors (e.g.,
cmc, aggregation number, and free energy of micellization) of
these surfactants in FA. However, most of these studies are
from point of view of properties of micelles, while several issues
regarding the properties of FA in surfactant−FA systems
remain still unclear.
The first question is about the dynamic properties of FA

molecule that is associated with the surfactants. For surfactant
aqueous, there are at least two types of water:8 the hydration
water that interacts with the surfactant and the free water that
has no interaction with the surfactant. The structure and
dynamics of hydration water in surfactant systems have been
studied by a variety of different ways,9,10 such as FTIR,11

fluorescence,12 and NMR.13 Similarly, in the systems composed
of surfactant and FA, there also exist two types of FA:

associated FA and free FA. However, comparing with the
studies about the properties of the hydration water, the
reported information about the nature of interaction and the
dynamics of the associated FA in surfactant systems is
limited.14−16

A second question is about the similarity between FA and
water. From the point view of micellization, although there are
quantitative differences, the general behavior of surfactant in FA
is qualitatively similar to the corresponding aqueous systems.
Therefore, FA is a water-like solvent and can be used as water
substitute in surfactant systems.17 However, it is necessary to
make a deeper analysis about the properties of associated FA
and hydration water to understand the similarity between FA
and water.
Dielectric relaxation spectroscopy (DRS) is sensitive to the

polarization processes related to molecular-level dipoles. Thus,
it has advantages on studying micellar systems and dynamics of
solvents such as hydration water.10,18−24 For example, Asami20

measured the dielectric spectroscopy of TX100−water binary
mixtures and calculated the number of hydration waters per
ethylene oxide (EO) segment by means of conductivity.
Buchner et al. studied the relaxation and cooperative dynamics
of hydration water in both ionic21 and nonionic22 surfactant
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systems. However, studies on the associated FA in surfactant
systems by DRS are rare.
To answer the two questions previously mentioned, we have

conducted studies on TX100−formamide binary mixtures by
DRS. TX100 is a nonionic surfactant having 10 EO segments in
its hydrophilic chain and can form micelles in FA.4 In the
palisade layer of the micelle, FA can associate with EO
segments. The main aim of this work is to discuss the
properties of the associated FA, including its associated
numbers, dipole moment, and relaxation time. Through the
comparison with properties of hydration water in TX100−
water mixtures, the similarity of FA and water are further
discussed.

2. MATERIALS AND METHODS

2.1. Materials. Triton X-100 (p-(1,1,3,3-tetramethylbutyl)-
phenoxypolyoxyethyleneglycol) (TX100) used in this work was
purchased from Amresco Chemical. FA was analytical grade
and obtained from Beijing Chemical Works, China. A series of
binary mixtures was prepared by dissolving TX100 in FA and
double-distilled water, respectively. The weight fraction of
TX100, w, was in the range of 0−100%. These binary mixtures
were subjected to dielectric measurements.
2.2. Dielectric Measurements. The dielectric measure-

ments of the binary mixtures were accomplished by two
instruments. The low-frequency measurements (40 Hz to 110
MHz) were carried out with a HP 4294A Precision Impedance
Analyzer (from Agilent Technologies), which is controlled by a
personal computer. The amplitude of the applied alternating
field was 500 mV, and a measurement cell with concentrically
cylindrical platinum electrodes was employed.25 The cell
constant Cl, stray capacitance Cr, and residual inductance Lr
that have been determined by the use of several standard
substances (air, pure ethanol, and pure water) were 0.072 pF,
−0.716 pF, and 5.23 × 10−8 (F/S2), respectively. The
experimental data errors arising from the residual inductance
and measurement cell were corrected by Schwan method.26

Then, the corrected data of capacitance Cs and conductance Gs
at each frequency were converted to permittivity and
conductivity using the following equations: ε = Cs/Cl and κ =
Gsε0/Cl (ε0 (= 8.8541 × 10−12 F/m) is the vacuum
permittivity). The low-frequency limit of conductivity, κl, can
be read directly from the low-frequency plateau in the κ∼f plot.
The high-frequency dielectric measurements (100 MHz to 20
GHz) were carried out with an Agilent E8362B PNA Series
Network Analyzer (Agilent Technologies), which equipped

with an Agilent 85070E open-ended coaxial probe. By means of
built-in software of this measuring system, permittivity and total
dielectric loss were automatically calculated as a function of
measuring frequency. All measurements were maintained at
22.8 ± 0.1 °C. For the samples with w = 0.05, high-frequency
measurements were also carried out at a series of temperature
ranges from 25.8 to 45.3 °C.

3. RESULTS AND DISCUSSION
3.1. Conductivity and the Number of Associated FAs

per EO Segment in TX100−FA Binary Mixtures. The dc
conductivity obtained from DRS has been efficiently used to
calculate the number of hydration water20,27 and other
associating solvent28,29 in surfactant systems. To calculate the
number of associated FAs in TX100−FA mixtures, dc
conductivity of TX100−FA mixtures should be determined
first. In this work, TX100−FA mixtures show distinct dielectric
relaxation at high frequency (∼8 GHz, as shown in Figures 1a
and 5.) Thus, conductivity at low frequencies far below the
dielectric relaxation can be treated as dc conductivity. In the
low-frequency range, conductivity would be influenced by EP
effect (as shown in Figure 1a), the conductivity sharply
decrease with decrease in frequency in the very low frequency
range.30 In the frequency range of 104∼107 Hz, the conductivity
is almost independent of measuring frequency for all
concentrations. Therefore, to avoid the EP effect as far as
possible, the low-frequency conductivity κl of the systems was
read at 5 MHz and is plotted in Figure 1b. It is clear that the
value of the conductivity κl is a nonlinear decreasing function of
TX100 concentrations.
When the TX100 forms a spherical micelle in FA, the

TX100−FA binary solution can be modeled as a suspension,
that is, the micelles with conductivity κp dispersed in a
continuous FA medium with conductivity κa in volume fraction
ϕ. The suspension has conductivity κl. According to Brugge-
man’s mixture theories, the conductivity κl is given by:20,31

κ κ
κ κ
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Bruggeman’s equation was obtained by considering a regular
distribution of spherical equivalent objects. When the regular
distribution is not realistic, the use of Looyenga equation could
have been better:20,32

κ ϕ κ ϕκ= − +(1 )l
1/3

a
1/3

p
1/3

(2)

Figure 1. (a) Frequency dependences of conductivity of TX100−FA mixtures with different weight fraction of TX100. The coordinate axes are
logarithmic. (b) Dependence of weight fraction of TX100 on low-frequency conductivity κl of TX100−FA mixtures. Data were obtained at 5 MHz.
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It should be noticed that when TX100 is added to FA it
remains in the form of monomers until the critical micelle
concentration (cmc) is reached. Therefore, the continuous
medium is actually a mixture that is combined with FA and
TX100 monomers rather than pure FA. However, considering
that the cmc of TX100 in FA is low (∼100 mmol/kg4), the
conductivity of continuous medium κa is approximate to the
conductivity of pure FA. Because both the conductivity κl of
TX100−FA solution and the conductivity κa of FA are much
larger than those of TX100 (micelles), that is, κl, κa ≫ κp, eqs 1
and 2 can be, respectively, simplified as:

κ κ ϕ= −( / ) 1l a
2/3

(3)

and

κ κ ϕ= −( / ) 1l a
1/3

(4)

The TX100 micelle can be considered to be a sphere with a
palisade layer made of the hydrophilic chains of TX100
molecule around the inner spherical hydrophobic head. FA
molecule can permeate into the palisade layer and interact with
the EO segment in the hydrophilic chain. Compared with bare
micelle (which no FA permeated into), the volume fraction of
the actual micelle (which FA permeated into) will become αϕ.
Thus, eqs 3 and 4 can be represented by:

κ κ αϕ= −( / ) 1l a
2/3

(5)

and

κ κ αϕ= −( / ) 1l a
1/3

(6)

where α (= Vb/Va) is the volume ration of the actual micelle,
Vb, to the bare micelle, Va. From eqs 5 and 6, we obtained the
values of α by fitting the result shown in Figure 2, which is from
the data of Figure 1b. In Figure 2, ϕ is converted from
concentrations of TX100 (w) by taking the volume of TX100
as 0.946 cm3 g−1 (calculated from the density measurement
described in the Supporting Information). The obtained values
of α are 1.652 for eq 5 and 0.903 for eq 6.
Because the values of Vb and Va are both proportional to the

aggregation number, α is equivalent to the volume ration
between a solvated single monomer and the relative bare
volume:

α = +V n V V( 10 )/TX aFA FA TX (7)

where naFA is the associated number of FAs per EO segment
and 10 is the number of EO segments in the TX100
hydrophilic chain. VTX and VFA are the volumes of TX100

and FA, respectively. Therefore, the quantity α-1 is expressed as
the volume ratio of associated FA to TX100:

α
υ
υ

− = =
n V
V

c M
c M

1
10 aFA FA

TX

FA

TX

aFA FA

TX TX (8)

where c, υ, and M are molar concentration, specific partial
volume, and molecular weight, respectively. The subscripts FA,
aFA, and TX denote the free FA, associated FA, and TX100,
respectively. As such, the associated number naFA per EO
segment was calculated by the following equation using MTX =
646.85, υTX = 0.946 cm3 g−1, MFA = 45.04, and υFA = 0.882 cm3

g−1:

α
υ

υ
= = −n
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The number naFA determined using Bruggeman’s equation is
1.004. This means that every EO segment in TX100 molecule
bound with one FA molecules. For the microscopic mechanism
of the interaction between TX100 and FA, it may be explained
as follows: Because in EO segment the oxygen atom has two
pairs of unpaired electron, each EO segment can combine with
two FA molecules at least. However, steric effect should be
considered. From the resonance structure of FA33,34 shown in
Figure 3, it can be seen that in FA molecule there is a double

bond that can transform between the N−C and C−O bonds.
Therefore, N−C bond cannot freely rotate due to its partial
double-bond character,33 that is, the molecule of FA is planar.
This planar structure increases the rigidity and steric effect of
FA molecule and restricts the associated number to EO
segments.
The number naFA determined using Looyenga’s equation is

−0.15. This negative value is unreasonable. It means that for
TX100−FA systems Bruggeman’s equation is more available
than Looyenga’s equation. On the basis of Bruggeman’s
equation, a linear relation between (κl/κa)

2/3 and ϕ is found
at ϕ < 0.4 in Figure 2a, indicating that regular spherical micelles
are formed below this concentration range.

Figure 2. Plot of the conductivity ratios (a) (κl/κa)
2/3 and (b) (κl/κa)

1/3 versus volume fraction ϕ of micelles. The solid line is the best fit to eqs 5
and 6, respectively.

Figure 3. Resonance structure of FA molecule.
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The number of associated FA to EO segments can also be
obtained by other experimental techniques; for example, in the
work of Alexandridis,6 the associated number of FAs obtained
by using small-angle neutron scattering is ∼1.5. This result is
close to ours. Moreover, from many studies on the polymer
(which has EO segments)−water systems,20,22,35,36 it was
concluded that two to five water molecules bonded to each EO
segment. Compared with the number of hydration waters to
EO segment, the number of associated FA molecules is smaller.
In our previous work, the number of associated ionic liquid
(ILs) per EO segments in TX100-IL systems have been
calculated;28,29 the results showed that the associated number
of hydrophilic ILs and hydrophobic ILs to EO segment is 0.85
and 1.09, respectively. It seems that the associated number of
organic solvents to the EO segment is smaller than that of
hydration water. The difference of associated number between
organic solvent and water may be relevant to the steric effect
and the bonding ability of organic solvents.
Although FA can also form a hydrogen bond with EO

segments in the TX100−FA binary mixture, the interaction
between FA and EO segments is more complex than that of
water and EO segments due to the resonance structure of FA
molecule. From Figure 3, it is clear that the FA molecule has
two atoms that can form a hydrogen bond to the EO segment
of TX100 molecule: one is the hydrogen of −NH2 in resonance
structure (a) and another is the electropositive nitrogen in
resonance structure (b). Thus, there are at least two association
modes between TX100 and FA, as shown in Figure 4.
Regardless of what kind of mode, the dipole moment and
dynamics of associated FA will be affected by EO segments, and
they will be discussed in detail in the next section.

3.2. Dipole Moment and Dynamics of Associated FA.
3.2.1. Dielectric Spectra of Binary Mixtures. We have modeled
the micellar systems as heterogeneous particle suspensions and
interpreted the data of conductivity based on Bruggeman

mixture theories. Heterogeneous systems always exhibit
interfacial polarization relaxation in the low-frequency range.
However, in some special heterogeneous systems, this
relaxation is undetectable because its strength is determined
by conductivity and permittivity of constitute phase.37 For
systems studied in this work, neither TX100−FA nor TX100−
water shows distinct relaxation in the low-frequency range.
(Data are not shown.) Thus, we cannot gain more information
about the whole micelle from low-frequency data. However, we
can focus on the properties of associated FA in the palisade
layer of micelle based on high-frequency measurements because
high-frequency relaxations are mainly relative to dipolar
polarization of solvent.
The high-frequency dielectric spectra of (a) TX100−FA and

(b) TX100−water binary mixtures at all measured concen-
trations are displayed in Figure 5. From Figure 5, it is clear that
the dielectric relaxations of TX100−FA and TX100−water
systems occur at about 5 and 10 GHz, respectively. For
polymer−solvent systems, the contributions to the high process
of dielectric relaxation may mainly include two parts: solvent
and polymer segment. However, the contribution of polymer
segment (such as EO segment) is always smaller than that of
pure solvent.38,39 In some systems, the contribution of polymer
segment can be ignored during dielectric analysis. For example,
in the studies of Kaatze et al.,8 which focused on the dielectric
relaxations of aqueous solutions of oxygen-containing hydro-
carbon polymers at 0.4−40 GHz, the contribution of EO
segment in dilute solution is ignored because its relaxation
strength is too small. Besides, in the research reported by other
groups, for example, Asami,20 Buchner et al.,22 Borodin et al.,40

and Shinyashiki et al.,41 the similar treatment, that is, neglecting
the contribution of polymer segment, is also available. In this
work, although dielectric relaxation caused by EO segment can
also be observed in pure TX100 below 5 GHz, the relaxation
strength and dielectric loss of EO segment are significantly
smaller that those of pure solvent (as shown in Figure 5, w = 0
and 1). Considering that the concentrations of TX100 studied
are relatively low, the contribution of EO segment is negligible
in this frequency range. Therefore, in our work, the observed
high-frequency relaxations in TX100−FA and TX100−water
systems are attributed to FA and water relaxation, respectively.
To examine the dielectric spectra in detail and obtain more

information on the inner structure and dynamics of the two
systems, we obtained the dielectric parameters characterizing
the dielectric behaviors of the systems by fitting the following
Cole−Cole equation42 to the experimental data:

Figure 4. Chemical structures of interaction between TX100 and FA.

Figure 5. Dielectric loss, ε′′, ascribing to dielectric relaxation as a function of frequency for the binary mixtures: (a) TX100−FA and (b) TX100−
water with different TX100 mass fraction. The inset shows the corresponding 3D plot of permittivity ε′ as a function of frequency and TX100 mass
fraction.
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ε ε ε ε ε
ωτ

∗ = ′ − ″ = + Δ
+ βj

j1 ( )h
(10)

where Δε = εl − εh (εl, and εh are the low- and high-frequency
limits of permittivity, respectively) and τ (τ = 1/2πf 0, f 0 is
characteristic relaxation frequency) indicates relaxation strength
(or dielectric increment) and relaxation time, respectively. β is
the Cole−Cole parameter (0 < β ≤ 1), indicating the
distribution of relaxation times. All of the dielectric spectra
were well-represented by eq 10 with the best fitting. The
parameters obtained from Figure 5 are listed in Table 1.

From Table 1, it can be seen that the parameters β decrease
with increasing TX100 concentrations, indicating that the
observed relaxation is not attributed to one mechanism. For the
TX100−FA mixture, there are two types of FA molecule, as
previously mentioned, the “free FA” and the “associated FA”.
The observed dielectric spectra in Figure 5a can be considered
to be from the superimposed result of the contribution of the
two types of FA. Similarly, the dielectric spectra in Figure 5b
were caused by the hydration water and free water.
3.2.2. Dipole Moment of Associated FA. Cavell equa-

tion22,43 is a quantitative formula describing the relation
between the dielectric increment Δε and the effective dipole
moment μ of the species responsible for a relaxation process:
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where c, NA, kB, and T are molar concentration, Avogadro
constant, Boltzmann constant, and absolute temperature,
respectively. For “associated FA” and “free FA” molecule,
there are:
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where μ1 and μ2 are the dipole moments of associated FA and
free FA, respectively. Δε1 and Δε2 are dielectric increments that
are caused by associated FA and free FA, respectively.

Because the concentration of TX100 is relatively low and in
the investigated high-frequency range TX100 is not contribu-
ting (Figure 5), the observed dielectric increment Δε can be
just treated as a linear superposition by two types of FA, that is,
Δε = Δε1 + Δε2. Therefore, combined with eqs 12 and 13, we
get the formula:
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μ μ
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Δ = +
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After dividing the total concentration of FA, cs, on both side of
eq 14, there is:
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where xaFA is the molar fraction of associated FA: xaFA
=naFA(cEO/cs). Thus, eq 15 can be rewritten as:
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It should be notice that eq 16 is available in dilute solutions
because when TX100 concentration is high enough, the
contribution of TX100 is not negligible and eq 14 would not
be unacceptable.
With the relative data (εl,Δε) in Table 1 and the number of

associated FAs obtained in Section 3.1, the dipole moment of
associated FA molecule can be calculated according to eq 16.
The ratio of squared effective dipole moments of associated FA
and free FA (μ1

2/μ2
2)FA are plotted as a function of TX100

concentration in Figure 6. Meanwhile, for the sake of

comparison, the dipole moment of hydration water is also
calculated in the same way, and the ratio for water (μ1

2/μ2
2)water

is also plotted in Figure 6.
The following limits have to be fulfilled: At w = 0 ⇒ μ1

2/μ2
2 =

1 because in this case there is just pure solvent. The difference
between associated FA and free (or bulk) FA can be made out
in Figure 6. As can be seen in Figure 6, the values of (μ1

2/μ2
2)FA

≤ 1, indicating that the EO segment has a negative effect on
dipole moment of associated FA; that is, the interaction of EO
segment can decrease the polarity of associated FA. This may
be interpreted as follows: in bulk FA, the electronegative atom
that forms the hydrogen bond is O in the −CHO group,

Table 1. Dielectric Parameters for TX100−FA and TX100−
Water Systems (22.8 °C)

TX100−FA

w εl Δε τ (ps) β

0 114.45 106.57 38.35 1.00
0.05 106.55 100.59 41.60 0.96
0.10 100.74 94.97 45.31 0.90
0.20 89.82 84.53 54.39 0.88
0.30 77.61 72.92 66.03 0.82
0.40 69.15 64.12 78.87 0.78

TX100−water

w εl Δε τ (ps) β

0 81.20 77.80 9.04 1.00
0.05 77.22 70.76 9.63 0.99
0.10 73.92 67.33 10.19 0.95
0.20 65.52 59.03 11.74 0.90
0.30 60.58 54.17 13.79 0.88
0.40 50.96 44.61 18.70 0.80

Figure 6. Dependence of TX100 concentration on the ratio of squared
effective dipole moments of associated solvent and free solvent, μ1

2/
μ2

2, for TX100−FA (□) and TX100−water (○). The dashed lines are
just guides to the eyes rather than indicate that the plot is a linear
function of TX100 concentrations.
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whereas in TX100−FA mixtures, the electronegative atom is O
in EO segment. Compared with O in the −CHO group, the
electronegativity of O in the EO segment is smaller, which may
decrease the effective polarity of associated FA. Also, the dipole
moment of associated FA is related to surfactant concen-
trations, and this may due to the change of microenvironment
around associated FA. Here the microenvironment mainly
refers to the structure of EO chain in the palisade layer of
micelles. Because the aggregation number of TX100 is
increased when TX100 concentrations increase,4 this suggests
that the structure of the EO chain in the palisade layer changes
from a looser structure to a tighter structure. The tighter
structure of EO chain can influence the interaction between EO
and associated FA, which affects the dipole moment of
associated FA. The above discussions are focused on a dilute
solution where the contributions of EO segment are ignored.
Indeed, in systems in which the contribution of EO segment
must be considered, the relaxation of associated FA or water
molecules can be included in the lower frequency process with
surfactant molecules.35 However, in this case, the dipole
moment of associated solvent cannot be calculated by using eq
16 any more.
The similarity between FA and water can also be shown in

Figure 6 to some extent. We can see that the dipole moment of
hydration water is also reduced (compared with bulk water)
and also related to surfactant concentrations, which is similar to
associated FA.
3.2.3. Relaxation Time of Associated FA. The logarithm of

the relaxation time observed can be considered to be a linear
function of xaFA:

20,44

τ τ τ= − +x xlog (1 ) log logaFA 2 aFA 1 (17)

where τ1 and τ2 are the relaxation time of associated FA and
free FA, respectively. Because xaFA is given by xaFA = naFA(cEO/
cs), eq 14 can be represented as:

τ τ τ τ= + n c clog log ( / ) log( / )2 aFA EO s 1 2 (18)

Using eq 18, the logarithm of the relaxation time in Table 1,
log τ, was plotted as a function of (cEO/cs) in Figure 7. It can be
seen from Figure 7 that there is a linear relationship between
log τ and (cEO/cs) and the slope provides the value of naFA
log(τ1/τ2). With the associated number obtained in Section 3.1,
the values of τ1/τ2 and τ1 for associated FA were calculated and

listed in Table 2. Meanwhile, for the sake of comparison, the
relaxation time of hydration water in TX100−water mixtures

was calculated with the same method (also plotted in Figure 7)
and listed in Table 2.
From Table 2, it can be seen that in TX100−water binary

mixtures, the dipole rotation time of hydration water, (τ1)water,
is longer than that of bulk water, (τ2)water. This result is
coinciding with the studies on the dynamics of water in
organized systems, which have shown that the dynamics of
hydration water is slower than that of bulk water.10 It should be
noted that in TX100−FA binary mixtures the dipole rotation
time of associated FA, (τ1)FA, is also longer than that of bulk
FA, (τ2)FA, suggesting that the dynamics of associated FA is also
restricted by the hydrophilic chain of surfactant. This also
shows the similarity between associated FA and hydration
water.

3.2.4. Thermodynamic Parameters of Relaxation Process
and Interactions between Associated FA and Surfactants. As
is well known, increasing temperature can accelerate thermal
motion of molecules and change the viscosity of solvent, which
can further result in the weakening of hydrogen bonding
between solvents and surfactants. Therefore, temperature
becomes one of the important thermodynamic parameters to
investigate the dynamic behavior of solvents in surfactant
systems. To evaluate how the temperature affects the dynamics
behavior of associated FA, we used the Eyring equation45 to
express the relationship between relaxation time and temper-
ature.

τ = − Δ + Δ⎜ ⎟⎛
⎝

⎞
⎠

h
kT

S
R

H
RT

ln ln
(19)

where h is the Planck’s constant and ΔH and ΔS are the
activation enthalpy and activation entropy, respectively, of
solvents. Equation 19 can be rewritten as:

τ = − Δ + Δ⎜ ⎟⎛
⎝

⎞
⎠T

h
k

S
R

H
RT

ln ln
(20)

The ln τT was plotted as a function of 1/T in Figure 8 for
TX100−FA mixtures. From the slope and intercept of fitting
line, ΔH and ΔS of FA were calculated, and the results are
listed in Table 3. For comparison, ΔH and ΔS of water in
TX100−water mixtures were also calculated and are listed in
Table 3.
It should be noted that in both TX100−FA and TX100−

water systems, there are two types of solvent molecule, that is,
associated solvent and free solvent. Therefore, the activation
enthalpy ΔH (or activation entropy ΔS) obtained in this work
is the results of superimposition of enthalpy (or entropy)
caused by the associated solvent and free solvent. This results in
the observed ΔH and ΔS of solvent differing from those of
pure bulk solvent (i.e., w = 0 in Table 3), and the difference is
what the associated solvent contributed. From Table 3, it is not
difficult to find that observed ΔH and ΔS in both TX100−FA

Figure 7. Dependence of molar ration of EO segment to solvent, cEO/
cs, on the logarithm of the relaxation time, log τ. The solid line is the
best fit to eq 18.

Table 2. Relaxation Time and of Free and Associated Solvent
Calculated from the Linear Regression Lines Shown in
Figure 7 Using Equation 18

τ1/τ2 τ2 (ps) τ1 (ps)

TX100−FA 6.09 38.35 233.55
TX100−water 4.08 9.04 36.88
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and TX100−water systems reduce, suggesting that in dilute
TX100 solution both the associated FA and the hydration water
have a slower dynamic than in the respective bulk phases. The
decrease in enthalpy ΔH of associated FA (or hydration water)
indicates that the interaction of FA (or water) with EO segment
of surfactant is weaker compared with the hydrogen-bonding
interaction between FA (or water) molecules. The decrease in
entropy ΔS in TX100−FA systems indicates the decreases in
degree of freedom of associated FA and this result is similar to
that of hydration water. It may be further inferred that an
“iceberg structure”,48 which always was employed to explain the
hydrophobic effect in surfactant aqueous, also exits in
surfactant−FA systems. Finally, these similarities of thermody-
namics parameters suggest that the effect of interaction of EO
segments on associated FA is similar to that on hydration water.

4. CONCLUSIONS
Dielectric behaviors of TX100−FA binary mixtures with
varying surfactant concentrations and temperature were
measured to study the interaction and dynamics of associated
FA in surfactant systems. One relaxation in gigahertz was
considered to be from the contribution of “free FA” and
“associated FA”. On the basis of Bruggeman’s effective-medium
approximation, the number of associated FAs was determined
by conductivity. The result indicates that every EO segment
associates with one FA molecule. A microexplanation about
association number was given from the point view of resonance
structure and steric feature of FA molecule.
The relaxation parameters, including dielectric increment and

relaxation time, were obtained from fitting Cole−Cole equation
to the dielectric data. By means of Cavell equation, the dipole
moment of associated FA was calculated. The results indicate
that in dilute TX100−FA solution the dipole moment of

associated FA interacting with surfactant is lower than that of
bulk FA. Moreover, combined with relaxation time and
obtained associated number, the dipole rotation time of
associated FA,τaFA, was determined and the value of τaFA is
higher than that of bulk FA, suggesting that the dynamics of
associated FA is restricted by the hydrophilic chain of
surfactant. Further analysis of thermodynamic parameters,
obtained from the temperature dependences of the relaxation
times, revealed that in dilute TX100−FA solution the
interaction of FA with EO segment of surfactant is weaker
than a FA−FA hydrogen bond.
The dynamic properties of hydration water in TX100−water

mixtures were also determined in the same way. We found that
although there are quantitative differences the dynamics of
associated FA is quite similar to that of hydration water. This
shows that the effect of interaction of hydrophilic chains on
associated FA is similar to that on hydration water. This
similarity of interaction may lead to similar micellization
behaviors between surfactant−FA and surfactant−water sys-
tems.
This work provides some physical picture of the dynamics of

associated FA. It may be noted that the results obtained are
based on nonionic surfactant systems. Further studies on
dynamics of associated FA in ionic surfactant systems are still
ongoing.
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