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Characterizations of ethanol hydration layers are examined through subterahertz spectroscopy of
water/ethanol mixtures by using a microfluidic system. A three-component model is used to explain
measurements discrepancies with the Lambert–Beer law and to determine ethanol hydration shell
absorption. Moreover, the hydration shell distribution is compared with molecular dynamics
simulations with a good agreement. Ethanol hydration number is then computed and it can quickly
characterize only the first water hydration layer or the whole hydration shell, depending on the
chosen extraction model. © 2010 American Institute of Physics. �doi:10.1063/1.3488832�

Molecules hydration-layers study is becoming an in-
creasing field of research for biologists. Indeed, the “bound-
water” at the vicinity of biomolecules such as proteins is
involved in their expression, recognition, or mutual
interaction.1 Water dynamics around molecules corresponds
to the terahertz �THz�-waves �100 GHz–10 THz� which are
expected to be an adapted marker-free tool to determine mol-
ecules hydration-layers properties.2 Indeed, several studies
have shown a specific THz-absorption of “bound-water.”3

However, the huge water absorption makes THz spectro-
scopy of liquids complex. Powerful beams must be used4 or
volumes must be reduced.5,6

We propose to use a microsystem to probe ethanol/water
solutions �Fig. 1�. This original tool combines an accurate
volumes-control by using microchannels and a micronic
wave-confinement thanks to a THz waveguide cointegrated
on a glass/silicon chip. It has already been used to follow
enzymatic reactions in real-time conditions.7 The electro-
magnetic propagation is enabled by a 3-�m-width gold
“Goubau line” deposited on a glass substrate.8 It drives the
THz wave through a 50-�m-wide and 180-�m-deep micro-
channel dug in silicon.

Here, sub-THz measurements in the 0.05–0.11 THz band
of frequencies are shown. Ethanol/water solutions with vari-
ous volume ratios have been prepared and injected into the
microchannels. For each mixture, complex scattering param-
eters �S� are measured with a vectorial network analyzer
connected to the Goubau line to characterize the fluid in the
microchannel. Each measurement is the result of a
30-measurement averaging for each frequency. Pure de-
ionized water is used as a reference and is injected between
each measurement, to check the measurement protocol repro-
ducibility. A randomly chronological order of solutions has
been chosen for injections to avoid any measurement bias.
Raw measurements are shown in Fig. 1. Molecular dynamics
�MD� simulations9 of liquid ethanol/water mixtures have
been performed using the DL POLY program.10 The all-atom
optimized potentials for liquid simulations �OPLS�

force-field11 was used to model the intra and intermolecular
interactions of ethanol molecules. Rigid water molecules
were modeled using the TIP4P/2005 force-field.12

Absorption � is defined by the ratio between the trans-
mitted power through the sample I and the incident power I0
as I / I0=A exp�−�d�, where A is constant and d the micro-
channel length. � /�H2O of each solution is extracted from
�S�-parameters and is shown on Fig. 2 as a function of water
concentration. These measurements are found in agreement
with the ones obtained by Khurgin et al.13 and validate our
device’s ability to probe liquids sub-THz-dynamics. Figure 2
clearly shows that absorption decreases when ethanol con-
centration increases. The 95 GHz-absorption of the mixtures
was also calculated from MD simulations from the Fourier
transform of the total dipolar correlation function.3 It is
found in fair agreement with experimental results �Fig. 2�.
The decrease in the mixture absorption upon increasing eth-
anol concentration is particularly well reproduced. It can par-
tially be explained by the fact that ethanol absorption
��10 cm−1� is weaker than water one ��80 cm−1�.14 There-
fore, by replacing water, ethanol decreases the solution ab-
sorption. However, that should imply a linear decrease
�Lambert–Beer’s law�.

To explain the nonlinear behavior of the absorption as a
function of the water concentration, the interaction between

a�Author to whom correspondence should be addressed. Electronic mail:
bertrand.bocquet@univ-lille1.fr.

FIG. 1. �Color online� Transmission parameter S21 �dB� measurements as a
function of x=Veth /V from 0.05 to 0.11 THz.
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ethanol and water must be considered.3 Snapshots obtained
from MD simulations �Fig. 3� show that ethanol molecule
may form some hydrogen bonds with water or other ethanol
surrounding molecules. At the ethanol vicinity, water absorp-
tion should be reduced because of these hydrogen weak
bonds. This “bound water” would form the hydration shell of
ethanol molecule. At low concentration �cwater�50 mol / l�,
ethanol molecules would be mainly surrounded by water
molecules absorbing less than “bulk water,” which explains
the linear decrease in absorption. Then, when ethanol
ratio is becoming higher, hydration shells start to overlap as
follows: a water molecule can be bound to several ethanol
ones and therefore absorption evolution becomes non linear
�Fig. 3, right�.

To characterize the ethanol hydration layers, a three-
component model is used.15 It decomposes the solution ab-
sorption as the sum of bulk water absorption, hydration shell
absorption, and ethanol absorption as follows:

� = �eth
Veth

V
+ �shell

Vshell

V
+ �bulk

1 − Veth − Vshell

V
, �1�

�eth, �shell, and �bulk are, respectively, the absorption coeffi-
cient of ethanol, hydration shell water, and bulk water.
Veth /V and Vshell /V are the volumic ratios of ethanol and
hydration shell in the solution. �eth and �bulk are determined
from pure ethanol and water measurements. Veth and V are
known. Unknown parameters are Vshell and �shell. Here it is
assumed that they are constant. Considering the low ethanol
concentration area, without overlapping �Veth=kVshell�, it
gives the following:

�

�H2O
= �� �eth

�H2O
− 1	 + k��shell

�H2O
− 1	
Veth

V
+ 1. �2�

This equation reproduces the linear evolution of absorption
seen in Fig. 2 for the low ethanol concentration solutions.

Solutions of this equation are given in the �k ,�shell /�H2O�
plan �Fig. 4�. To find the unique solution couple, a simple
model concerning overlapping is proposed. Ethanol mol-
ecules and hydration shells are assumed to be spherical.
Sphere radius of �ethanol+hydration shell� is called a. As-
suming that just before overlapping, Nover ethanol molecules
are homogeneously distributed in a volume V �Fig. 5�, it
comes as follows:

Nover � �2a�3 = V , �3�

Nover /V can be determined with Fig. 2, when absorption de-
viates from low-ethanol-concentration linear evolution. This
deviation is evaluated by observing the relative error � be-
tween the low-concentration fit and the whole-concentration
fit as follows: we assume that the overlap condition is filled
for � between 5% and 10%. With this condition, cwater
=51�0.8 mol / l. Thus, a has been found equal to
5.4�0.4 Å. Considering the 4.46 Å ethanol molecule
diameter,16 it implies that the hydration shell length is about
3.2�0.4 Å. k can now be calculated in the spherical ap-
proximation; k=13�2.5. It is reported in Fig. 4 and then,
�shell /�H2O=0.72�0.1�1, which confirms that bound water
absorption is lower than bulk water one. k and �shell /�H2O

are reported in Eq. �2� and the absorption computed by the
three-component-model accurately fits the linear low-
ethanol-concentration evolution. To valid this method, com-
parison with MD results has been done. In Fig. 6, ethanol/
water pair distribution function g�r� normalized by bulk
water distribution around an ethanol molecule is presented.
It shows that the hydration shell seems to be inhomogeneous
and constituted of two hydration layers and gives
a�5.5 Å, which well corresponds to the experimental
value.

The hydration number Nh is the number of water mol-
ecules in the ethanol hydration shell. It was determined from
MD simulations by integrating g�r� between 0 and 3.3 Å
�first hydration layer� and 0 and 5.5 Å �whole hydration
shell�, respectively, corresponding to the first and second

FIG. 2. �Color online� 0.95 THz normalized absorption as a function of
water concentration.

FIG. 3. �Color online� Ethanol/water configuration for y=Neth / �Nwater

+Neth�=0.02 and 0.7.

FIG. 4. �Color online� Determination of �shell and k.

FIG. 5. �Color online� Model for configuration just before overlapping.
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g�r� minima. A value of Nh=2.7 was obtained for the first
hydration layer and Nh�26 for whole hydration shell. Ex-
perimentally, assuming that Vshell=4�a3−R3�	 /3 and that the
hydration shell density 
 is the same as bulk water, it comes
Nh=
NAVshell /MH2O where NA is the Avogadro number. This
leads to Nh�30 which is closed to simulation results when
the first and the second hydration layers are considered. The
difference may be explained by the constant density assump-
tion, which disagrees with Fig. 6. Khurgin’s result13 was
Nh=4, assuming that hydration shell absorption coefficient
was equal to zero. This latter hydration number is closer to
the value obtained from MD simulations by integrating the
first peak of g�r�. Consequently, depending on the model
taken for hydration shell characterization, one could probe
the entire hydration shell or only the first layer of water
molecules around ethanol.

The use of a Monte Carlo algorithm4 to fit the three-
component-model not only in the low ethanol concentration
linear region but in the whole panel of concentrations would
be useful. Besides, we show that bound water absorption is
lower than bulk water one, because of hydrogen bonds which
decrease water mobility at the ethanol vicinity. However, in
sugar hydration studies, from 1 to 3 THz, hydration shell
absorbs more than bulk water as follows:15,17 presence of
hydrogen bonds is evocated and the magnified absorption is
due to their excitation. Increasing frequencies in our mea-

surements is planned to confirm this behavior. The present
investigation thus motivates additional works in order to be
fully validated.

To conclude, thanks to water absorption, one can probe
indirectly molecules in solution through their influence on
water state. It is the molecule “mold of water” which is
probed and which might be the molecule signature. Conse-
quently, the huge absorption of water, which led to use pow-
erful beams or to reduce sample volumes, has been trans-
formed in a useful way to detect molecules. Next works will
be done with more complex molecules like proteins with this
microsystem as an experimental tool to get sensitive and
reproducible measurements.
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FIG. 6. �Color online� Water distribution around ethanol molecule.
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