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Terahertz time-domain spectroscopy of submonolayer water
adsorption in hydrophilic silica aerogel
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We report a terahertz time-domain spectroscopy study of the adsorption of water in hydrophilic silica aerogel.
The adsorbed water is in submonolayer form and shows properties of index of refraction similar to those of
bulk water but different absorption properties. © 2004 Optical Society of America

OCIS codes: 300.6490, 320.7150.
Silica aerogels are remarkable artificial materials
combining low density, low thermal conductivity, low
index of refraction, high transparency, and extremely
high surface area.1 They consist of a fractal struc-
ture of relatively uniform silica strands typically 3 nm
in diameter. This structure results in their open
ultrasmall interconnected pores, providing access to
the entire surface area for the reaction or deposition
of materials. Consequently, silica aerogels are an
excellent substrate for use in studying the properties
of submonolayer adsorbed molecules.

In this Letter we report a terahertz time-domain
spectroscopy (THz-TDS) study of the adsorption of
water in hydrophilic silica aerogel.2 – 4 The adsorbed
water is in submonolayer form and shows properties
of index of refraction similar to those of bulk water
but different absorption properties. Figure 1 shows
the experimental setup of the broadband THz-TDS
system, which consists of a THz transmitter and
receiver, along with beam-shaping and steering com-
ponents.5 The THz pulse is generated and detected
by photoconductively switching the transmitter and re-
ceiver by 40-fs optical pulses from a Ti:sapphire laser.
Between the paraboloidal mirrors is a cylindrical vac-
uum chamber of 188 mm �length� 3 80 mm �diameter�,
with two 50 mm �diameter� 3 10 mm �thickness� sili-
con windows for the THz beam to pass through. The
entire setup is placed in an airtight enclosure purged
with dry air. The hydrophilic silica aerogel sample,
with dimensions of 50.0 mm 3 49.3 mm 3 12.1 mm
and weight of 2.65 g, is centered perpendicular to
the THz beam path in the middle of the vacuum
chamber. Obtained from MarkeTech International,
this lightweight transparent solid has an enormous
surface area per weight of 800 m2�g, corresponding to
a total surface area of 2120 m2.

As in other THz-TDS studies,5 a reference pulse and
a signal pulse were measured in the time domain, and
the complex spectra were obtained through digital fast
Fourier transformation of the THz electrical pulses.
In this experiment the reference was the measured
pulse transmitted through the sample when the cham-
ber was pumped out and kept below 10 mTorr. After
this scan the vacuum chamber was filled with 18 Torr
of water vapor at room temperature, and the aerogel
was allowed to equilibrate for approximately 1 h. The
signal pulse was then measured. The measured refer-
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ence and signal pulses are presented in Fig. 2(a), where
the reference pulse has been shifted for clarity. The
respective spectra are shown in Fig. 2(b). The sharp
absorption lines in the signal spectrum are the char-
acteristic lines of water vapor; the broadband signal
drop is due to the adsorbed water inside the aerogel.
The inset of Fig. 2(a) is the enlargement of the main
peaks of the time-domain pulses, which shows that the
signal pulse is delayed by approximately 0.16 ps (with
an estimated error of 60.02 ps) relative to the refer-
ence pulse, caused by both the adsorbed water inside
the aerogel and the water vapor outside the aerogel.

To estimate the delay caused by the adsorbed water
and to reduce the effect of the sharp absorption lines
of water vapor in the analysis of the measurement,
we conducted the same experiment with the aerogel
sample removed from the vacuum chamber. The ref-
erence pulse was obtained with the vacuum chamber
pumped out, and the signal scan was measured with
the chamber f illed with 18 Torr of water vapor at room
temperature. The measured pulses showed that the
signal scan is delayed by approximately 0.08 6 0.02 ps
because of the water vapor, while their corresponding
spectra differed only by the strong absorption of the
water vapor lines.

With this result the delay caused by the adsorbed
water in the aerogel experiment is then obtained as
Dt � 0.08 6 0.03 ps. We assume that the index of re-
fraction of the adsorbed water is the same as that of the
bulk water. The equivalent water layer thickness can
then be calculated as L � cDt��nw 2 1� � 19 6 8 mm,
where c is the speed of light in vacuum and nw � 2.27
is the index of refraction of bulk water at 0.5 THz,6 – 8

the frequency of the peak spectral amplitude. Given

Fig. 1. Experimental setup.
© 2004 Optical Society of America
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Fig. 2. (a) Output pulses of reference (top trace) and sig-
nal scans and (b) their respective spectra. The reference
and signal scans have been shifted in time and separated
vertically for clarity. Inset, enlargement of the pulses in
the vicinity of the peaks to show the relative signal pulse
delay.

this equivalent water layer thickness, and the to-
tal surface area of 2120 m2 inside the aerogel, the
surface water layer thickness can be calculated as
Dl � 0.022 6 0.008 nm, corresponding to 0.07 6 0.03
monolayer thickness of water. This simple calculation
shows that, on the silica aerogel surfaces, the adsorbed
water is in submonolayer form. As an independent
check on this value of the equivalent water layer
thickness, we relocated our sample onto a battery-
powered electronic balance with 2-mg sensitivity that
was in a larger vacuum chamber. The addition of
18 Torr of water vapor to the chamber caused the
weight of the sample to increase monotonically by
70 6 15 mg within 1 h. This additional weight was
due to the adsorbed water, which corresponds to
the equivalent water layer thickness of 28 6 6 mm,
somewhat higher than the previous measurement.

The complex spectrum of the signal pulse of aerogel
sample, with both the adsorbed water inside and the
water vapor outside, can be calculated as

Aa1aw1v�v� � A0�v�Ha1aw�v�Hv�v� . (1)

For the aerogel sample with the vacuum chamber
pumped out this relation is Aa�v� � A0�v�Ha�v�,
where v is the angular frequency, A0�v� is the
complex spectrum of the vacuum reference pulse
without aerogel sample, and H �v� represents the
complex frequency transfer functions for different
conditions. The subscripts a, aw, and v stand for
aerogel, adsorbed water, and water vapor, respectively,
so Ha1aw�v� is the complex frequency transfer function
of the aerogel with adsorbed submonolayer water,
and so on. Correspondingly, the complex spectrum of
water vapor in the chamber without silica aerogel can
be written as Av�v� � A0�v�Hv�v�. Here we assume
that Hv�v� is the same with and without the aerogel
in the chamber. From the equations above it is easy
to extract the effect caused by the adsorbed water in
the aerogel sample as

Haw�v� �
Ha1aw�v�
Ha�v�

�
Aa1aw1v�w�

Aa�v�
A0�v�
Av�v�

. (2)

Figure 3(a) shows the amplitude ratio of Aa1aw1v�v��
Av�v� compared with Haw�v� based on Eq. (2); the re-
spective phases are shown in Fig. 3(b). It can be seen
that most of the effect of water vapor is removed after
this treatment.

One of the advantages of the coherent THz-TDS sys-
tem is that the time-domain scans contain both the
phase and the amplitude information on the pulses,
so one can simultaneously retrieve both the index of
refraction and the power absorption coeff icient of a
sample of known thickness. In our case, however, it
is impractical to measure the thickness of the adsorbed
water sample inside the aerogel, as the aerogel itself is
used as the reference. To obtain the absorption coeffi-
cient, it is necessary to get a more precise estimation of
the equivalent sample thickness of bulk water for the
adsorbed water. By use of the transfer function ob-
tained from Eq. (2), the index of refraction naw�v� and
the power absorption coeff icient aaw�v� of the equiva-
lent water layer of thickness d are defined by the
relation

Fig. 3. (a) Amplitudes and (b) phases of Aa1aw1v�v��
Aa�v� compared with Haw�v� based on Eq. (2). The
amplitude of Haw�v� has been raised by 0.2 for clarity.
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Fig. 4. (a) Index of refraction and (b) power absorption co-
eff icient aaw�v� due to the adsorbed water inside the silica
aerogel. The dashed curves are those of the bulk water.

Haw �v� � exp
Ω
i
2pd
l0

�naw�v� 2 1�
æ
exp�2aaw�v�d�2� ,

(3)

where l0 is the free-space wavelength. In the calcu-
lation we adjust the layer thickness d to match the
index of refraction with a precision of 60.05 to that
of bulk water in the range 0.75–0.99 THz between
the absorption peaks of water vapor. By this proce-
dure the equivalent water layer thickness is obtained
as d � 21 6 1 mm, in reasonable agreement with the
lower-precision earlier estimates of 19 6 8 mm based on
relative pulse delay, and that of 28 6 6 mm determined
by the weight increase of the aerogel when exposed to
water vapor.

The change in the power absorption of the aerogel
sample caused by the adsorbed water is then calcu-
lated as presented in Fig. 4(b), together with the in-
dex of refraction in Fig. 4(a), as well as those for bulk
water.8 It is worth pointing out that, in a usual ab-
sorption calculation, the Fresnel transmission coeff i-
cient has to be obtained for a real sample with abrupt
interfaces and a definite thickness. However, in our
case this correction is not made, since our sample of
adsorbed water does not present abrupt interfaces. In
Fig. 4(a), the obtained index of refraction of adsorbed
water shows the remnants of the water vapor absorp-
tion lines, which could not be completely removed by
Eq. (2). However, the overall results indicate that the
adsorbed submonolayer water has an index of refrac-
tion similar to that of bulk water.

The change in the transmitted power through the
aerogel appears to show two effects; f irst an increase in
absorption due to the adsorbed water itself and second,
starting at �1 THz and increasing with frequency, a
decrease in absorption as a result of the adsorbed water
passivating the hydrophilic Si–OH groups.9 Our un-
published THz-TDS comparison (in vacuum) between
the hydrophilic aerogel sample above and a hydropho-
bic sample shows essentially the same absorption up to
1 THz. Thereafter, the absorption of the hydrophilic
sample increases more rapidly with frequency; at 1.5
and 2.0 THz the hydrophilic absorption coeff icient is
1.29 and 1.56 times larger, respectively, than that of
the hydrophobic sample.

As shown in Fig. 2(b), in the frequency range from
0.25 to 1.0 THz, a significant amplitude drop as a
result of absorption is observed for the signal scan.
However, at 1.25 THz, the signal amplitude is almost
the same as the reference signal, indicating little
absorption as a result of the adsorbed water. In
Fig. 4(b) the resulting aaw�v� is completely different
from that of the bulk water, for which the power ab-
sorption increases monotonically with frequency. The
apparent negative absorption seen above 1.25 THz is
considered to be due to the adsorbed water passivating
the hydrophilic Si–OH group. These remarkable
changes in the far-infrared absorption of silica aerogel
caused by the submonolayer of adsorbed water await
theoretical explanation.

This investigation shows the feasibility of using sil-
ica aerogel as the adsorbing medium in studies of the
far-infrared properties caused by the adsorbed mate-
rial. The large surface area greatly increases mea-
surement sensitivity.
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