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Adsorption of ethylene glycol on silica surfaces was
investigated in cyclohexane. A long-range attraction appeared
between the silica surfaces in the presence of ethylene glycol
(>0:0005mol%). ATR-FTIR spectra exhibited an absorption
band at 3600–3000 cm�1, ascribed to the hydrogen-bonded
hydroxyl groups. The results demonstrated that ethylene glycol
adsorbed on the silica surfaces in a thick layer of several tens nm
where it formed hydrogen-bonded molecular macroclusters.

The selective adsorption of one liquid component onto a solid
surface from binary liquids is well known.1 However, the
molecular level characterization of this type of adsorption layers
was practically nonexistent, to the best of our knowledge, until
recently when we studied them using a combination of colloidal
probe atomic force microscopy (AFM) and Fourier transform
infrared spectroscopy in the attenuated total reflection mode
(FTIR-ATR).2{5 We studied the adsorption of alcohol and
carboxylic acids onto silica surfaces from their mixtures with
cyclohexane, and found the formation of hydrogen-bonded
macroclusters by the adsorbed molecules. Here, the term
‘‘molecular macrocluster’’ is used because the hydrogen-bonded
clusters extend to longer distances of ca. 20 nm than the typical
size of a common cluster, 2–4 nm, for liquids (e.g., alcohol).4;5

The silanol groups of silica surfaces have been found essential for
themacrocluster formation because nomacrocluster is formed on
hydrogen-terminated silicon surfaces. In this study, to extend the
scope of the study on these molecular macroclusters, we
examined dihydric alcohol, ethylene glycol, and compared their
properties with those of the monohydric alcohol, ethanol.

Cyclohexane from Nacalai Tesque was dried over sodium
and distilled immediately prior to use. Ethylene glycol (Nacalai
Tesque)was used as received. Themeasurementswere performed
similarly to those in previous reports,2{5 thus only the major parts
are described in the following section.

The interaction force (F) between a glass sphere and a glass
plate was measured as a function of the surface distance (D) in
ethylene glycol-cyclohexane binary liquids using AFM (Seiko II,
SPI3700-SPA300). Colloidal glass spheres (Polyscience) and
glass plates (Matsunami, micro cover glass) were washed in a
mixture of sulfuric acid and hydrogen peroxide (4 : 1, v/v), and
thoroughly rinsed with pure water. The colloidal glass sphere (5–
7.5mm radius) was then attached to the end of a cantilever
(Olympus, RC-800PS-1) with epoxy resin (Shell, Epikote1004).
The sphere and plate were treated with water vapor plasma
(Samco, BP-1) for 3min6 just prior to each experiment. The
obtained force is normalized by the radius of the sphere (R) using
the Derjaguin approximation,7

F=R ¼ 2�Gf ð1Þ

where Gf is the interaction free energy per unit area between two
flat surfaces.

Infrared spectra were recorded on a Perkin-Elmer FTIR
system 2000 using a TGS detector and the ATR attachment from
Grasby Specac. The ATR prism made of a silicon crystal (Nihon
PASTEC, 60� 16� 4mm trapezoid) was used as a solid
adsorbent surface, where the infrared light was reflected six
times with an incident angle of 45�. In order to obtain a clean
silicon oxide surface, the silicon crystal was immersed in a
mixture of sulfuric acid and hydrogen peroxide (4 : 1, v/v) and
then thoroughly rinsed with pure water. The crystal was then
treated with water vapor plasma similarly to the glass surfaces.
Hydrogen-terminated surfaces were prepared by immersing the
silicon prism in 0.5mol% aqueous hydrofluoric acid for 30min.
The dichroic ratio was calculated from the OH stretching
absorption obtained in the ATR mode using p- and s-polarized
infrared light.

Figure 1 shows the typical interaction forces measured
between glass surfaces upon compression in the ethylene glycol-
cyclohexane binary liquids (at the ethylene glycol concentrations
of 0–0.005mol%) and the theoretical van der Waals force using
F=R ¼ �A=6D2 (A: nonretarded Hamaker constant). The inter-
action force in pure cyclohexane agreed with the conventional
van der Waals force. The addition of ethylene glycol to
cyclohexane changed the interaction, i.e., the long-range attrac-
tion appeared at a distance of 19� 4 nm at 0.0005mol%. This
distance became longer with the increasing ethylene glycol
concentration, and the maximum attraction range was
349� 11 nm at 0.005mol%. The pull-off force changed also
depended on the ethylene glycol concentration in parallel with the
long-range attraction, and exhibited the maximum,
F=R ¼ 182� 9mN/m, at 0.005mol%. Previous studies2{5 have

Figure 1. Force profiles of interactions between glass surfaces upon
compression in ethylene glycol(EG)-cyclohexane binary liquids at various
EG concentrations. Solid line represents the van der Waals force calculated
using the nonretarded Hamaker constant of 3� 10�21 J for glass/cyclohex-
ane/glass.
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indicated that the long-range attraction is caused by the contact
(the bridging) of opposed adsorption layers, and the pull-off force
corresponds to the force required for separating these contacted
adsorption layers. The same mechanism should likely operate in
the case of ethylene glycol. Thus, the adsorption of ethylene
glycol was studied by ATR-FTIR spectroscopy.

ATR-FTIR spectra measured on silica (oxidized silicon)
surfaces at various ethylene glycol concentrations (0–
0.005mol%) in cyclohexane are shown in Figure 2. At
0.0005mol%, a broad absorption at 3600–3000 cm�1 and a
narrow negative band at around 3660 cm�1 were observed. This
spectrum is very similar to ATR spectra measured in ethanol-
cyclohexane binary liquids, though the alcohol concentration
range is much higher in the case of ethanol (>0:1mol%). The
former peak was ascribed to the hydrogen-bonded OH groups
(�OH),8;9 indicating the presence of hydrogen-bonded ethylene
glycol on the silica surface probably by adsorption. On the other
hand, the latter corresponded to decrease in the isolated (non-
hydrogen bonded) silanol groups,10;11 i.e., the surface silanol
groups were hydrogen-bonded with ethylene glycol molecules.
The intensity of the broad absorption at 3600–3000 cm�1

increased with the increasing ethylene glycol concentration.

In order to confirm a role of the surface silanol groups, a
hydrogen-terminated silicon surface was used as a substrate for
ATR-FTIR spectroscopy. The ATR-FTIR spectra thus obtained
displayed no absorption at 3600–3000 cm�1 for 0.0005–
0.005mol% ethylene glycol (data not shown), demonstrating
that the silanol groups are essential to the adsorption of ethylene
glycol. The adsorption of ethylene glycol occurred at concentra-
tions higher than ca. 0.0005mol% through hydrogen-bonding
between the surface silanol groups and ethylene glycol and that
between ethylene glycol. The spectra also indicated that therewas
not enough ethylene glycol in the bulk that could provide
detectable contribution to the ATR spectrum, though the
penetration depth of the evanescent wave was ca. 250 nm at
3300 cm�1.3 Therefore, theATR-FTIR spectra in Figure 2 did not
show any contribution from the hydrogen-bonded clusters
possibly existing in the bulk phase, and only reflected the amount
of the adsorbed ethylene glycol thus the adsorption layer
thickness. Actually, the integrated peak intensity of the absorp-
tion at 3600–3000 cm�1 increased similarly to the range of the
long-range attraction when the ethylene glycol concentration

increased (these data will be reported in the future). These results
support the mechanism that the long-range attraction is caused,
also for ethylene glycol, by the contact (bridging) of the opposed
adsorption layers.

Polarized ATR-FTIR spectra were obtained using p- and s-
polarized light, and provided the mean orientation angle of the
OH group to be 36� 2� from the dichroic ratio.5;12 A plausible
model for ethylene glycol macroclusters is shown in Figure 3.

This study has demonstrated that ethylene glycol (dihydric
alcohol) forms hydrogen-bonded molecular macroclusters on
silica surfaces in cyclohexane as does monohydric alcohol.
However, the concentration ranges where macroclusters are
formed are very different, higher than 0.0005mol% for ethylene
glycol and 0.1mol% for ethanol.3;5 The maximum range of the
attraction, which seems to correspond to twice the maximum
thickness of the adsorption layer of alcohol, is also different,
	350 nm for ethylene glycol and	40 nm for ethanol.2;5 Ethylene
glycol, which bears two hydrogen bonding hydroxyl groups,
seems to efficiently form molecular macroclusters on surfaces.
This study opens the door for the fine regulation of structures of
hydrogen-bonded molecular macloclusters in adsorbed layers,
which could be used as a novel surface molecular organization in
nanomaterials science.
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Figure 2. ATR-FTIR spectrameasured on silicon oxide surface in ethylene
glycol(EG)-cyclohexane binary liquids at various EG concentrations.

Figure 3. A plausible model of ethylene glycol macroclusters on glass
surface in cyclohexane.
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