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Abstract: Adsorption of ethanol onto silica surfaces from ethanol—cyclohexane binary liquids was
investigated by a combination of colloidal probe atomic force microscopy, adsorption excess isotherm
measurement, and FTIR spectroscopy using the attenuated total reflection (ATR) mode. An unusually long-
range attraction was found between the silica (glass) surfaces in the presence of ethanol in the concentration
range of 0.1—1.4 mol % at room temperature. At 0.1 mol % ethanol, the attraction appeared at a distance
of 35 £+ 3 nm and turned into a repulsion below 3.5 + 1.5 nm upon compression. Half of the attraction
range agreed with the adsorption layer thickness estimated from the adsorption excess amount by assuming
that the adsorption layer was composed only of ethanol. This indicated that the observed long-range
attraction was caused by the contact of opposed adsorption layers of ethanol on the silica surfaces and
that the sharp increase of repulsion at shorter distance was caused by the overlap of structured ethanol
clusters adjacent to the surface. ATR-FTIR spectra demonstrated that ethanol adsorbed on the silica (silicon
oxide) surfaces formed hydrogen-bonded clusters (polymers). Practically no ethanol clusters were formed
on the hydrogen-terminated silicon surface. These results indicated that the cluster formation involved
hydrogen-bonding interactions between surface silanol groups and ethanol hydroxyl groups in addition to
those between ethanol hydroxyl groups. At higher temperatures (30—50 °C), the range and the strength of
attraction decreased owing to the decrease in the hydrogen-bonded clusters monitored by FTIR
spectroscopy, reflecting the nature of hydrogen bonding. The range and the strength of the attraction also
changed when the ethanol concentration increased: The long-range attraction started to decrease at 0.6
mol % ethanol at room temperature and disappeared at 1.4 mol % while the adsorption excess amount
remained almost constant as did the FTIR peak intensity of the hydrogen-bonded OH group of adsorbed
ethanol. In the bulk solution, ethanol clusters appeared at 0.5 mol % ethanol; thus, this change in the
attraction could be accounted for in terms of the exchange of ethanol molecules between the surface clusters
and bulk clusters. The novel self-assembled structure of alcohol on the surface, found in this study may be
called a “surface molecular macrocluster” because the hydrogen-bonded clusters extend to distances of
ca. 20 nm longer than the typical sizes of common clusters, 2—4 nm, of alcohol (e.g., ethanol).

Introduction binary liquids? because elucidation of properties and structures

Adsorption from solutions onto solid surfaces is a key in pf liquids gdjacent to solid s.urface.s has become increasingly
colloid and surface scienét plays important roles in many important in advanced materials science and technology which

fundamental and industrial surface processes. Sophisticated®duire the downsizing and fine-designing of materials and
application of adsorption have been recently developed suchdevices, for example, micro/nanomachines and microchip
as self-assembled monolayeesd alternatively adsorbed layer- devices® Surface treatment, catalysis, colloidal stabilization, and
by-layer assemblies on solid substraté®ne of the interesting ~ Wetting are classical examples where liquid adsorption plays a
adsorption systems, from modern and future technological points €rucial rolez Therefore, it is imperative to understand liquid
of views, should be liquid adsorption onto solid surfaces from adsorption, more generally liquid structures, at the sdiglid
interface at the molecular level.

* To whom correspondence should be addressed. E-mail: kurihara@tagen. ; s ;
tohoku.ac.jp. The adsorption of one liquid component onto a solid surface
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known to adsorb preferentially to silica surfaces from its groups, and those between the ethanol hydroxyl groups. This
mixtures with cyclohexané? Adsorption changes the surface s, to the best of our knowledge, the first direct demonstration
(particle—particle) interactions; rheological measurements have at the molecular level of specific liquid structures formed by
demonstrated the attraction between silica particles only at low chemical interactions at sokdiquid interfaces.
concentrations of ethanol in cyclohexane. These studies at-
tempted to explain the attraction by the change in van der Waals
force in the presence of adsorbed layers. To better understand Materials. Reagent grade cyclohexane (Nacalai Tesque) and ethanol
the phenomenon, several model calculations have been presentedere dried with sodium and magnesium, respectively, and distilled
to determine the adsorption capacity and thickness of the |ayerimmediately prior to use to avoid the influence of water. Reagent grade
based on adsorption isotherdfdHowever, their results were hydrofluoric acid from Stella_ Chemifa, sulfuric acid. from Nacalai
somewhat model-dependent; thus, the unified, concrete featuresereeCSeq“::(']| and hydrogen peroxide from Santoku Chemical were used as
. .. . ved.
g: Z%Z%I;'Ft))ttle%nlglyeer? :rrlz I:;:ZSInnagt;Jrl\gocr)(fa ggzg:;aa:gé’lcsér:%tgres Surface Forces MeasurementThe interaction forcesH) between

. . : a glass sphere and a glass plate were measured as a function of the
adsorbate-adsorbate interactions (or bonding) are not known. ¢ tace distanceD)) in ethanol-cyclohexane mixtures using AFM

Therefore, a novel approach is necessary for characterizing the(seiko Instruments, SPI3700-SPA30olloidal glass spheres (Poly-
phenomenon at the molecular level. science) and glass plates (Matsunami, micro cover glass) were washed
In this study, we employed colloidal probe atomic force in a mixture of sulfuric acid and hydrogen peroxide (4:1, v/v) and

microscopy (AFM), adsorption excess isotherm measurementthoroughly rinsed with pure water. A colloidal glass sphere§4m

and infrared spectroscopy in the attenuated total reflection modein radius) was then attached to the end of a cantilever (Olympus, RC-

(ATR-FTIR), and investigated the adsorption of ethanol onto 800PS-1) with epoxy resin (Shell, Epikote1004). The spheres and the

silica surfaces from its mixtures with cyclohexane, the system plates were tre"’.lted with water vapor plasma (Samco, BP-1,20W, 13.56
. . . MHz rf source in 0.6 Torr of argon and water, 50 mL/min flow rate)

previously studied well by conventional methods. Here, we use

i | d Il th b I ¢ loid Ifor 3 min just prior to each experiment to ensure the existence of silanol
silica as a general word to call the substrates, glass (for colloida groups on the glass surfacésifter plasma treatment, the cantilever

probe AFM), and oxidized silicon (for ATR-FTIR), chosen on  anq the glass plate were transferred to the AFM fluid cell while being
the basis of the experimental requirements. Colloidal probe AFM kept in purified cyclohexane. The closed AFM fluid cell constructed
can directly monitor the surface forcds) (between a colloidal in our laboratory and stored in distilled ethanol was rinsed with distilled
sphere and a flat plate as a function of surface distaBge (  ethanol and blown dry with nitrogen before assembling. The inside of
The measured force can be normalized by the sphere radiughe cell was rinsed with pure cyclohexane at least three times to remove
(R) and related to the interaction free energy between two flat ethanol thoroughly before putting samples into the cell. The obtained
surfaces using the Derjaguin approximati¢iR = 27G;.12 data_l of force versus sample displacement (extgnsion of pie_zo tube)
Thus, it is naturally a powerful tool to study interactions. In profiles were converted to forc&) versus surface distanc®) profiles

addition, the surface force profiles reflect the dis’rance-dependentby adding (subtracting) the cantilever deflection to (from) the sample

. . displacement and defining the zero of surface distaDjefdllowing
chqnges in surface propertles.from the surface to the]BGH(,. the conventional proceduf®.
which makes this method a unique tool for surface characteriza- 11,5 gptained forces were normalized by the radR)sof the sphere
tion. The surface forces measurement has been successfully usegsing the Derjaguin approximatioi/R = 27G.2 Here, G; is the

to study liquid structuring, which is a physically packed, interaction free energy per unit area between two flat surfaces. The
solidlike structuring The oscillatory forces are observed due radius R) was measured by an optical microscope equipped with a

to the confinement-induced structuring of liquids, which is CCD camera. The individual spring constant of the cantilever was

regulated by the geometric factors of both surfaces and liquids. determined by measuring the resonant frequency of the cantilever before
This advantage of the forces measurement could be used forand after adding the mass (glass sphere) at the end of the cantilever.

investigating boundaries and structuring of liquids adsorbed on The spring constants of the cantilever used_ |n'th|s study were W!thln

solid surfaces. ATR-FTIR spectroscopy can detect the adsorption!® "ange of 0.81.5 N/m. The temperature inside of the AFM fluid

species and specify their interaction modes as well as orienta-ce" was controlled by using a rubber heater (OM Heater) for heating
tigns P within an accuracy of 0.8C. The temperature inside of the AFM cell

) ~was monitored by a stainless steel-covered thermocouple (almel
Taking advantage of surface forces measurement combinedchromel) placed in the cell.

with ATR-FTIR spectroscopy and adsorption excess isotherm  Adsorption Excess Isotherm MeasurementThe adsorption excess
measurement, we found the formation of hydrogen-bonded isotherm was measured using adsorbent glass spheres, which were
ethanol clusters (polymers) extending to 10 nm or longer on washed and treated with water vapor plasma in the same manner as
silica surfaces even at a low ethanol concentration of 0.1 mol for the forces measurement. The glass spheres (typically 1 g) dispersed
%, which brought about the long-range attraction. The ethanol in éthanot-cyclohexane mixtures (10 mL) precipitated after they were
cluster layer was formed through hydrogen-bonding interactions €duilibrated for about 24 h at 2& 0.5 °C. The adsorption excess

between the surface silanol groups and the ethanol hydroxyl amounts of ethgnol were obtaln_ed from.the cor_nposm_on change of the
supernatant which was determined using a differential refractometer

(Otsuka Electronics, DRM-1021). The adsorption layer thickngss (

Experimental Section

(9) (a) Kirdy, Z.; Tari, L.; Dékany, I.; Bean, K.; Vincent, BColloid Polym.

Sci. 1996 274 779-787. (b) D&any, 1. Nagy, L.. Tui, L.; Kirdly, Z.; was estlmate_d from the_ adsorption excess amount by assuming that
Kotov, N. A.; Fendler, J. HLangmuir 1996 12, 3709-3715. only ethanol is present in the adsorption layer and that the density of
(10) Berger, F.; Dkany, I. Colloids Surf. A1998 141, 305-317. i i i [Femn]
(11} Dékny, |- Harasz6, T.. T, L.. Kiraly, Z. Prog. Colloid Polym. Scil998 ethanol in the adsorption layer is equal to that of liquid ethanol (0.789
111, 65-73.
(12) Israelachvili, J. NIntermolecular and Surface Force®nd ed.; Academic (15) Ducker, W. A.; Senden, T. J.; Pashley, R. Mingmuir1992 8, 1831
Press: London, 1991. 1836.
(13) Kurihara, K. InNano-Surface ChemistriRosoff, M., Ed.; NewYork, 2001; (16) Okusa, H.; Kurihara, K.; Kunitake, Tangmuir 1994 10, 3577-3581.
pp 1-12. (17) Cleveland, J. P.; Manne, S.; Bocek, D.; Hansma, FRé&. Sci. Instrum.
(14) Horn, R. G.; Israelachvili, J. NI. Chem. Physl1981, 75, 1400-1411. 1993 64, 403—405.
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g/mL).1819The specific surface area of the adsorbent glass spheres (0.60
=+ 0.04 n?/g) was calculated on the basis of the sizes of the glass spheres
by assuming that the spheres were hard and nonporous. The size
distribution of the adsorbent glass spheres was determined using an
optical microscope equipped with a CCD camera for about 1000 glass
spheres. The standard deviation of adsorption excess amount was in
the range of 6%, depending on the concentrations of the liquid
mixtures.

Infrared Spectroscopy in the Transmission and in the Attenuated
Total Reflection Mode. Infrared spectra were recorded on a Perkin-
Elmer FTIR system 2000 using a TGS detector. All the infrared spectra

presented in this study were measured by using the background
spectrum of pure cyclohexane. Transmission infrared spectra were

obtained using a Cafeell (Nihon Bunko) with an optical path length
of 25um. For the ATR mode, the ATR attachment from Grasby Specac

was used. An ATR flow cell was homemade of stainless steel and sealed

with a Teflon O-ring. The ATR prism made of silicon crystal (Nihon
PASTEC, 60 mmx 16 mm x 4 mm trapezoid) was used as a solid
adsorbent surface. The infrared light was reflected six times with an
incident angle of 4% It is known that on the silicon surface, the oxide
layer gradually grows up to-35 nm thickness when the surface is
exposed to room-temperature #ithus exhibiting similar properties

to those of glass. 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 thoroughly rinsed with pure water. The crystal
was then treated with water vapor plasma for 20 min immediately prior
to each experiment to ensure the formation of silanol groups on the
silicon oxide surface. It was kept in pure cyclohexane until assembled
into the ATR cell. As a reference, the hydrogen-terminated silicon
surface was also prepared by immersing the silicon prism in 0.5%
hydrofluoric acid aqueous solution for 30 min. After this treatment,

the contact angle of water on the hydrogen-terminated surface becamq,n

80+ 1°, while that on the silicon oxide surface was The temperature
inside of the ATR cell was controlled by using a rubber heater (OM
Heater) for heating and ice for cooling within an accuracy of @5
The temperature inside of the AFM cell was monitored by a stainless
steel-covered thermocouple (almehromel) placed in the cell.

The penetration depttdy) of the evanescent wave at 3300 ¢m
(for the region of hydrogen-bonded OH stretching absorption) was
estimated to be 255 nm in cyclohexane using the following param-
eters: refractive indices for silicon crystal (3.42) and for cyclohexane
(1.426), and 45for the incident angle of the infrared light22

In the ATR mode, the orientation of the adsorbed ethanol on the
silicon oxide surface was investigated by dichroic analysis of the OH-
stretching absorption obtained by using p- and s-polarized infrared light
(Figure 1ay32* A three-layer model (silicon prism, adsorption layer,
and bulk solution) was applied to calculate the electric field at the
interface?* A transition moment was assumed to be distributed
uniformly around thez axis with the angles (Figure 1b). According
to this model, the dichroic raticAy/As, is given by

o8 (e )

AT (BN 1, v
E,/] \E/J/|3

_3cofy—1

e )

(18) Dekany, I.; SZanto, F.; Nagy, L. G.Colloid Polym. Sci1978 256, 150—
160.

(19) D&any, I.; Tiri, L.; Tombacz, E.; Fendler, J. H.angmuir1995 11, 2285
2292.

(20) Sze, S. MSemiconductor Déces: Physics and Technology/iley: New
York, 1985; p 350.

(21) Harrick, N. J.J. Opt. Soc. Am1965 55, 851-857.

(22) Harrick, N. J.; du PreF. K. Appl. Opt.1966 5, 1739-1743.

(a)

transition
moment

ethanol—-cyclohexane

adsorption layer

s-polarized
light

p-polarized
light

(b)
z transition moment

Figure 1. (a) Schematic illustration of FTIR measurement in the ATR
mode and the defined coordinate geometry. (b) A uniaxial model to estimate
the orientation of the transition moment of an adsorbed molecule on the
silicon oxide surface. Here, it was assumed that the transition moment
uniformly distributes around the-axis with an angle of.%

where gy, Ey, Ei;) and Eox Eoy Eoy) are the electric field amplitudes

of the incident light and the evanescent wave at the interface,
respectively, and (—0.5 < f < 1) is the ordering parameter. In this
odel, the ideal random orientatioh= 0) givesAyAs = 1.53 using

the parameters presented above (refractive indices and incident angle).
When the dichroic ratio is different from the value for the random
orientation (1.53), the transition moment has a preferential orientation;
it orients more normal to the surface fag/As > 1.53.

Results and Discussion

Surface Forces between Glass Surfaces in Ethanol
Cyclohexane Binary Liquids. Typical surface force profiles
measured between glass surfaces in ethacyalohexane
mixtures are shown in Figure 2. In pure cyclohexane, the
observed force agreed well with the conventional van der Waals
attraction calculated with the nonretarded Hamaker constants
for glass/cyclohexane/glass 310721 J12 Addition of ethanol
to cyclohexane changed the interaction. At an ethanol concen-
tration of 0.05 mol %, a slight increase in the pull-off force
was observed; however, it agreed with the profile observed in
pure cyclohexane within the measurement error. At an ethanol
concentration of 0.1 mol %, the interaction forces remarkably
changed; the attraction appeared at a distance of 3nm,
showed a minimum around 10 nm-{.6 mN/m), and turned
into repulsion at distances shorter than &.9.5 nm. The pull-
off force of the contacting surfaces was 1#@9 mN/m, which
was much higher than that in pure cyclohexane;:1D mN/m.

It is difficult to explain this long-range attraction in terms of
modulation of the van der Waals force by the ethanol adsorption
layer, because the van der Waals force calculated for glass/
ethanol/glass with a Hamaker constant of @021 J was quite
similar to the one for glass/cyclohexane/glass. Force profiles

(23) Fraser, R. D. BJ. Chem. Phys1953 21, 1511-1515.
(24) Neivandt, D. J.; Gee, M. L.; Hair, M. L.; Tripp, C. B. Phys. Chem. B
1998 102 5107-5114.
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Supporting Information). This unusual behavior could be
ethanol —cyclohexane . . .
explained only by the influx of ethanol into the gap between
E—f—_\_illass sphere the glass sphere and the plate, indicating the presence of the
& _=>—¢lass plate condensed ethanol layer on and near the glass surfaces. With
increasing ethanol concentration, this behavior also weakened
in accord with the attraction and the adhesion and finally
disappeared at 1.4 mol %. This observation also strongly
indicates the close relation of ethanol adsorption on glass
surfaces with the interaction forces.
A sharp increase in attraction between silica particles at low
concentrations of ethanol in cyclohexane was previously
-2 0.8 mol% (u) observed in studies by Rany et al. on stability and rheologi-
0 10 20 30 40 50 cal'! properties of the silica dispersions, which qualitatively
Distance (nm) agreed with the present study, although the concentration range
Figure 2. Profiles of interaction forces between glass surfaces upon of ethanol for the strong attraction was much higher in the
compression in ethanekyclohexane binary liquids at various ethanol  previous study, around 5 mol %. This difference might be
concentrations of 0.0, 0.1, 0.8, and 1.4 mol %. Dashed and solid lines attributed to the following different sample preparations: (1)

represent the van der Waals forces calculated using the nonretarded Hamak ; : -
constants of 3¢ 10-21 J for glass/cyclohexane/glass anck@10 2t J for Shuch less water content in our studied liquids because the

Force/Radius (mN/m)

glass/ethanoliglass, respectivély. previous study used a molecular sieve, while we used sodium
or magnesium for drying them and (2) the water plasma
40 160 treatment of surfaces in this work, which ensured the presence
Pull-off force (o) —> of sufficient silanol groups on the surface.
'g 30 120 = Actually, the dryness of cyclohexane altered the results very
= c . . .. .
< S much. When the cyclohexane without drying and distillation
g £ was used in our study, surface forces measured between glass
% 20 80 8 surfaces showed a strong pull-off force of 2233 mN/m even
s ;:‘_’ in a pure cyclohexane although the jump-in attraction appeared
o 2 only at distances smaller than 5 nm (data not shown). Most
< 10 40 S -
8 «— Range of attraction (s) a probably the strong pull-off forces were caused by the bridging
of the water adsorption layers on the glass surfaces similarly to
o0 o5 : ] g the capillary force. The surface forces showed no significant

change when ethanol was added to the unpurified cyclohexane
(without drying and distillation). The main features of the results
Figure 3. Plots of the range of attractio®] and the pull-off force©) as in the presence of water in the unpurified cyclohexane were
;);l.mctlon of ethanol concentration (ethanol concentration of 0.8 mol the large pull-off force and “no” long-rangeD(> 5 nm)
attraction on approach. Water in ethanol should bring about the

obtained at ethanol concentrations up to 0.6 mol % were similar same effect; however, our results were quite different: the long-
to each other. A further increase in the concentration decreasedange attraction and the strong pull-off force changed in parallel
the range of attraction. At 0.8 mol % ethanol, attraction appearedwhen the ethanol concentration was increased (see Figure 3).
at a distance of 25- 2 nm, showed a minimum around 11 nm Therefore, the effect of remaining water in ethanol, even if such
(—0.9 mN/m), and turned into repulsion at distances shorter water existed, should be negligible in the present study.
than 4 nm. The pull-off force decreased to 2932 mN/m. Adsorption Layer Thickness of Ethanol and Half the
Finally, at an ethanol concentration of 1.4 mol %, the interaction Range of Attraction. To understand the conditions better, we
became practically identical to that observed in pure cyclo- have determined the adsorption excess isotherm by measuring
hexane. the ethanol concentration changes in binary liquids upon

The long-range attraction and the pull-off force are plotted adsorption onto glass particles using a differential refractometer.
versus the ethanol concentration in Figure 3. The range of the The apparent adsorption layer thickness can be estimated from
attraction changed parallel to the pull-off force indicating that the adsorption excess amount of ethanol, assuming that only
both forces were associated with the identical phenomenon, mostethanol is present in the adsorption layer (see Experimental
likely the adsorption of ethanol. When ethanol adsorbs to glass Section). This quantity could be compared with half the
surfaced;? it is natural to ascribe the short-range repulsion to attraction range if the attraction were brought about by contact
the steric force of structured ethanol molecules adjacent to theof the adsorbed layers on two opposed surfaces similar to the
surfaces, which should be similar to the hydration fdfce. capillary force?82” Thus, in Figure 4, half the range of the

A peculiar behavior was seen in the separation process ofattraction was compared with the apparent adsorption layer
the force-sample displacement profile. At the beginning of the thickness as a function of the ethanol concentration. For 0.1
decompression after the contact, the cantilever stayed nearly atmol % ethanol, half the distance where the long-range attraction
the same position and did not follow the movement of the glass appeared, 1& 2 nm, was close to the apparent layer thickness
plate retracting about 100 nm (for 0.1 mol % ethanol) although of the adsorbed ethanol, 18 1 nm. These results indicated
they were practically in contact (the data are shown in the that the most probable explanation for the observed long-range

Ethanol concentration (mol%)

(25) Grabbe, A.; Horn, R. GJ. Colloid Interface Sci1993 157, 375-383. (26) Yaminsky, V. V.Langmuir1997 13, 2—7.
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20 20 (a) \iru \|J?' \'irf‘ “'Iil'J
: £ pH  orwboTHlotH
§15 . — 115 & R R R R
g % Monomer Hydrogen-bonded cluster
51 110 5 0.003
2 1 —_— > 8 [ Ceti-EIOH
=g = A ilica surface|
g 5
25 15 & o 0.002
= 3 2
g f 2 2
0 0 S
0 05 1 15 2 25 2 0.001
Ethanol concentration (mol%) <
Figure 4. Plots of half the range of attractio®] and the adsorption layer 0
thickness estimated from the adsorption excess amount of ettilinas @
function of the ethanol concentration. ¥ :
3800 3600 3400 3200 3000 2800
Wavenumber (cm™)
attraction extending over 30 nm is the contact of the ethanol © 0003
adsorption layer similar to the capillary forg&%”and the short- ' H-terminated| CeH1z—EtOH
range repulsive force below 5 nm is the steric force owing to SU'fan
the more stable structure of the ethanol adsorption layer similar 0.002 | P Si /\
. 5 b o}
to the hydration forcé3 g
Half the range of attraction was constant up to 0.6 mol % Q
ethanol and decreased with increasing ethanol concentration, §0.001
while the apparent adsorption layer thickness remained constant <
at all concentration ranges studied. The discrepancy between
the two quantities indicated a change in the structure of the 0
ethanol adsorption layer at concentrations higher th@ré mol

3800 3600 3400 3200 3000 2800

%, which will be discussed later on the basis of the results of Wavenumber (om")

FTIR spectroscopy.

Adsorption layer thickness obtained for glass spheres without F9ure 5. (@) Structures of monomer alcohol and a linear cluster (polymer)
P y 9 P of hydrogen-bonded alcohol, and the notation of various OH-stretching

water vapor plasm? treatment was 4.2 n.m at an equilibrium modesy, & v, Which exhibit the absorption peaks at different wavenum-
ethanol concentration of 0.2 mol %. This value was much bers. (b) ATR-FTIR spectra measured on silicon oxide surface in ethanol
smaller than those obtained for the spheres with water vaporcyclohexane binary liquids at various ethanol concentrations of 0.0, 0.1,
plasma treatment and close to the layer thickness, 3 nm, obtainecf'?" 0.5, 1.0, and 2.0 mol %. () ATR-FTIR spectra measured on a hydrogen-
! . g erminated silicon surface in etharalyclohexane binary liquids at various

in previous studies$,? indicating the strong effect of the surface  ethanol concentrations of 0.1, 0.3, 0.5, 1.0, and 2.0 mol %. Note that four
silanol groups on the ethanol adsorption. The essential role of peaks around 36668700 cnt? (3600, 3630, 3705, 3730 crhare ascribed
surface silanol groups in the ethanol adsorption will be to water remaining in a sample compartment of the spectrophotometer.
demonstrated on the basis of ATR-FTIR spectroscopy on the
hydrogen-terminated silicon surface (as an adsorbent).

Here, with the thickness of the adsorption layer known, we
may discuss again van der Waals force as a possible origin for
the observed attraction because the previous studies, includin
those by Dkany et al.%a explained the attraction by this '€ surfaces were treated by water vapor plasma to form
mechanism. If this were the case, the sharp increase in thesufficient silanol groups there (see Experimental Section).
attraction should be observed from a distance of a few Ethanolis known to form hydrogen-bonded clusters (poly-
nanometers away from the contact of ethanol adsorption layersmMers) in nonpolar solvents such as cyclohexane and tetrachlo-
owing to the van der Waals force between the adsorption layers'omethané®2 Therefore, as a reference, we first investigated
in cyclohexane (Hamaker constant: %2.0-2LJ). For distances cluster formation of ethanol in cyclohexane at various ethanol
shorter than twice the thickness (contact) of the adsorption layer,concentrations (0:62.0 mol %) by FTIR spectroscopy in the
the interaction should be approximated by the van der Waals transmission mode (the data are shown in the Supporting
force between glass surfaces in ethanol, which clearly does not/nformation). In transmission spectra, a peak at 3640'cm
accord with the observed surface forces shown in Figure 3. @ssigned to the non-hydrogen-bonded OH group (freeH,
with a shoulder at 3630 cm (v) for terminal OH and a weak
(27) Here, we used the term “similar to the capillary force” to describe the peak ascribed to dimer or terminal OH at 3530 ¢ér{v,) were

mechanism of the long-range attraction, i.e., the interfacial energy between observed at ethanol concentrations lower than 0.5 mol % (for

the ethanol adsorption layer and the bulk solution caused the long-range
attraction similarly to the capillary force. The capillary force is the attraction ~ structures, see Figure 5@?9 No polymer OH peak was
caused by the bridging of condensed liquid in a capillary between the
surfaces close to contact. The condensation of ethanol in our study was
caused by hydrogen-bonding interactions between surface silanol groups (28) Liddel, U.; Becker, E. DSpectrochim. Actd957 10, 70—84.

and ethanol hydroxyl groups as well as between ethanol molecules, which (29) Bellamy, L. JAdvances in Infrared Group Frequenciellethuen & Co.
is different from the ordinary mechanism of the capillary condensation. Ltd.: London, 1968.

FTIR Spectra of Ethanol Adsorbed on a Silica Surface
and in Bulk Solution. To investigate the structure of adsorbed
ethanol on silica surfaces, ATR-FTIR spectroscopy was per-
ormed using silicon crystals covered by silicon oxide layers.

J. AM. CHEM. SOC. = VOL. 124, NO. 43, 2002 12893
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observed in this concentration range, indicating that practically OH peak at ethanol concentrations lower than 0.5 mol %. Thus,
no ethanol clusters were formed in the bulk solution. At an the contribution from the bulk solution to the polymer OH peak
ethanol concentration of 0.5 mol %, a polymer OH peak observed in ATR-FTIR spectra was negligible at ethanol
appeared at 3330 crh The intensity of the polymer peak concentrations lower than 0.5 mol %. We will discuss later the
drastically increased with increasing the ethanol concentration cases of ethanol concentrations higher than 0.5 mol %.
further, while Only a Sl|ght increase was seen in the intensities To examine the effect of the surface silanol groups on
of other peaks at 3640, 3630, and 3530 énThis indicated  formation of the surface macroclusters, the oxidized silicon
that the number of clusters grew as the ethanol concentrationsyrface was replaced by the hydrogen-terminated silicon surface,
increased beyond 0.5 mol %, while those of monomers and and ATR-FTIR spectroscopy was employed to study possible
dimers remained nearly the same. adsorption of ethanol in cyclohexane. As shown in Figure 5c,
ATR-FTIR spectra of ethanol adsorbed on silica surfaces at spectra measured at 0.1 and 0.3 mol % ethanol displayed no
various ethanol concentrations (6:2.0 mol %) in cyclohexane  polymer OH peak, but the small peaks around 3640'cmhich
are presented in Figure 5b. The spectrum of reinjected purecorrespond to free OH, overlapped with the residual peaks of
cyclohexane (0.0 mol %) was flat, demonstrating the stability \ater in air. At 0.5 mol % ethanol, a very small polymer OH
of the measurement. At 0.1 mol % ethanol, a narrow negative peak ¢,) appeared and drastically increased with increasing the
band at 3680 cmi, a weak absorption at 3640 chassigned  ethanol concentration beyond 0.5 mol %. The observed depen-
to non-hydrogen-bonded OH groups (free QHl),****and @ dence of the polymer OH peak intensity on the ethanol
broad strong absorption at 3668000 cn* were observed.  concentration was similar to that observed in the transmission
This spectrum was clearly different from that observed for the |R spectra for the ethanol clusters in the bulk solutions. These
bulk solution at the same ethanol concentration, which showed yesyits showed that no preferential adsorption of ethanol
only a major peak at 3640 crh indicating that adsorbed ethanol  gccurred on the hydrogen-terminated silicon surface, supporting

adopted a quite different structure from those in the bulk solution that the silanol groups were essential for the ethanol cluster
(monomer and dimer). The isolated silanol group in nonpolar fgrmation on silica surfaces.

liquids is known to exhibit an absorption band at 363590
cm~13031 which shifts to a lower wavenumber (3423440
cm™ 1) when the silanol groups hydrogen bond with esters.
Therefore, the negative absorption at 3680 &rshould cor-
respond to a decrease in the isolated silanol groups, and th

weak peak at around 3450 lCFn which formed a part of_the and those from the transmission spectgs were plotted as a
broad peak at 36663000 e o the appearance of the S|Ianol_ function of the ethanol concentration in Figure 6a. Thg
groups hydrogen-bondeq with the adsorbed ethanol. The majorvalue, which represented the cluster formation in the bulk
par.t of the broad absorption at 3668000 (.:ml’ the center of solution, showed no significant increase at ethanol concentra-
which was around 3300 crh, can be assigned to the doubly tions lower than 0.5 mol %. The drastic increaséig occurred
hydrogen-bonded OH group (polymer Ok) **%although the at ethanol concentrations higher than 0.5 mol %. Aagr-—n
pealk xvas much broade_rr';]han the ploly?er OH pealfjinhetharr]]ol Talue showed a concentration dependence simila’Atg
cyclohexane mixtures. These results demonstrated that ethano] . . :
formed clusters through hydrogen bonding between the sun‘acefndlcatIng thatarr—n was ascribed only to the ethanol clusters
silanol groups and the ethanol hydroxyl groups as well as those
between the ethanol hydroxyl groups even at 0.1 mol % ethanol.
Broadening of the polymer OH peak could be explained by the
following: (1) The confined geometry of the surface somewhat
restricted the structure of surface species, thus distorting the
hydrogen bonding from its most stable form; (2) a weak peak
at 3180 cn1l, consisting of the lower part of the broad peak,
was similar to that observed for crystallized methanot 408
and —180 °C 22 suggesting that a part of the ethanol clusters
had somewhat crystalline-like structures because terminals of
ethanol clusters were fixed to the surface silanol groups.

With increasing ethanol concentration, the intensity of the
polymer OH peak (3330 cm) increased, whereas practically

no increase in peaks at 3640 ctin(free OH), 3450 cm! . TR
. o against the ethanol concentration in Figure 6b and compared
(hydrogen-bonded silanol OH), and 3180 crtrystalline-like with the adsorption layer thickness obtained from the adsorption

structured OH) was observed. Because of the long penetratlonexCess isotherm. Two values changed in parallel, and sharp

depth of an evanescent wave, ca. 255 nm, the absorption. .
P P increases were seen at ethanol concentrations lower than ca.

attributed to species in the bulk solution could contribute the - .
. . 0.5 mol %, supporting that ethanol molecules in the adsorbed
peaks obtained in the ATR-FTIR spectra. However, the trans- . .
layer existed in a form of hydrogen-bonded clusters.

mission IR spectra of ethanol in cyclohexane showed no polymer . )
The surface force profiles showed the decrease in the long-

To confirm the ethanol concentration dependence of the
cluster formation both on the surface and in the bulk solution,
the integrated peak intensities of polymer OH absorption
obtained from ATR-FTIR spectra measured on the silica surface

e(AATR_OH) and the hydrogen-terminated silicon surfa8gr&—n)

ormed in bulk solution. On the other hand, thgrr—on value,
which monitored the cluster formation on the silica surface,
started to increase sharply at ca. 0.1 mol % ethanol, where there
was only negligible absorption in the case of the hydrogen-
terminated surfaces as well as in the bulsr—on increased
almost proportionally to an ethanol concentration higher than
0.5 mol % ethanol. Comparison @&atr-on With Ars and
Aatr-1 confirmed thatdatr-on contained absorption only from

the ethanol clusters on the surface at ethanol concentrations
lower than 0.5 mol %, while it contained absorption both from
ethanol clusters on the surface and in bulk solution at concentra-
tions higher than 0.5 mol %. The subtractionffrr—n from
Aatr-on Should provide the net absorption due only to the
surface cluster. The values (Fatr-on — Aatr-H) are plotted

(30) Cross, S. N. W.; Rochester, C. Bl. Chem. Soc., Faraday Trans979 range attraction between glass surfaces at ethanol concentrations
75, 2865-2868. i 0 T ;

(31) Berquiner, J.-M.; Arribart, HLangmuir1998 14, 3716-3719. higher Fhan 0.6 mol /(_) as shown in Flgur_e 3. Howeyer, there is

(32) Falk, M.; Whalley, EJ. Chem. Phys1961, 34, 1554-1568. no particular change in both the adsorption layer thickness and
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Figure 7. (a) A plot of the dichroic ratio of polymer OH absorption,
obtained from the ATR-FTIR spectra measured on silicon oxide surface,
as a function of ethanol concentration. A dashed horizontal line represents
the dichroic ratio expected for the random orientation (1.53). (b) A plausible
. . ‘ . o structure of an ethanol cluster on silica surface based on dichroic analysis
0 05 1 15 5 25 of ATR-FTIR spectra.

EtOH concentration (mol%) than 3.0 mol %. This was reasonably explained by the
Figure 6. (a) Ethanol concentration dependencies of the integrated peak contribution from the bulk solution, which was dominant at
intensity of polymer OH absorption:@) represents the intensity obtained  higher ethanol concentrations, and perhaps by changes in the

in ATR spectra measured on silicon oxide surfaé@ark-on), and ©) : ; ;

represents the intensity obtained in ATR spectra measured on a hydrogen-orlem{mor,1 of ethanol in clusters formed on the Su,r,face'
terminated silicon surfaceMgrr—n). (M) represents the intensity obtained A plausible structure of ethanol clusters on the silica surface
in transmission spectrai{s). (b) Ethanol concentration dependencies of at low concentrations is drawn in Figure 7b: the hydroxyl

the polymer OH absorption due to adsorbed etha®)l gbtained by groyps hydrogen-bond in the form of a linear zigzag chain (angle
subtrac;tlngAAme from AATRfo.ﬂ, and of the adsorption layer thickness between OH groups and the chain axis is abo),36nd the
(m) estimated from the adsorption excess amount of ethanol. . e . ’
axis of the chain is aligned almost normal to the surface. We

polymer OH peak intensity around this concentration, although may call this novel self-assembled structure of alcohol on the
one may note that the drastic increase in the ethanol clustersurface as the “surface macrocluster”, because the hydrogen-
concentration in bulk solution occurred at ca. 0.5 mol % ethanol. bonded clusters extend to distances of ca. 20 nm longer than

Orientation of Ethanol Molecules on a Silica Surface the typical sizes of common clusters;2 nm, of alcohol (e.g.,
Based on Dichroic Analysis.Subsequently, the orientation of  ethanol).
ethanol in the surface adsorption layer was examined by Temperature Dependence of Ethanol Adsorption on a
measuring the dichroic ratios of polymer OH absorption in ATR- Silica Surface.If the hydrogen-bonding interaction is playing
FTIR spectra on the silicon oxide surface. The polymer OH a crucial role in ethanol adsorption, it should be sensitive to
absorption obtained by using p-polarized light was more than changes in temperatuté Therefore, we measured the surface
twice as large as that obtained by using s-polarized light at 3300forces and ATR-FTIR spectra in etharayclohexane binary
cm~! (the data are shown in the Supporting Information). This liquids in the temperature range of-280 °C. Figure 8a shows
indicated that the adsorbed ethanol has a preferential orientationthe temperature dependence of the interaction forces between
Therefore, the dichroic ratio of the integrated peak intensity of glass surfaces in 0.5 mol % ethanol. Long-range attraction was
polymer OH,Ay/As, was plotted together with the dichroic ratio  observed from a distance of 403 nm at 20°C which agreed
calculated for the random orientation as a function of the ethanol with the results presented in Figure 2. At 30, the range of
concentration in Figure 7a. Dichroic ratios of the ethanol the attraction decreased to 32 2 nm. With increasing
polymer OH peak were 2.2 0.6 and 3.0+ 0.3 at ethanol temperature further, it monotonically decreased and became 27
concentrations of 0.1 and 0.3 mol %, respectively. These values+ 3 nm at 50°C.
were substantially higher than the value calculated for the The ATR-FTIR spectra were also measured in 0.5 mol %
random orientation (1.53). The mean orientation of OH groups ethanol at various temperatures (12, 20, and@pusing the
(y) in the surface cluster was 46 4° at 0.1 mol % ethanol silicon oxide surface (Figure 8b). A clear decrease, by about a
based on the model presented in Figure 1b. half, was seen in the polymer OH absorption at 3350 cas

With an increase in the ethanol concentration, the dichroic well as those corresponding to dimer or terminal OH (3530
ratio started to decrease at 0.5 mol % and reached a constantm™!) when the sample temperature was increased from 12 to
value for the random orientation at ethanol concentrations higher20 °C. This agreed with the thinning of the ethanol adsorption

>
Adsorption layer thickness (nm)
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<
o0k linear chain structure with the cluster axis aligned almost normal
to the surface. The side and the top view of the ethanol clusters
) . drawn by the Chem 3D program are shown also in Figure 9.

3800 3600 3400 3200 3000 2800 The density of ethanol in the adsorption layer was calculated
Wavenumber (cm™) to be 0.75 g/mL by assuming that the hydrogen-bonded ethanol
Figure 8. (a) Profiles of interaction forces between glass surfaces upon dimer occupied a volume of 0.46 Ar(cross section from the

compression in 0.5 mol % ethanol in cyclohexane measured at various : : :
solution temperatures of 20, 30, 40, and°80and that in pure cyclohexane top) x 0.25 nm (height from the side). This value agreed well

at 20°C. Dashed and solid lines represent the van der Waals force calculatedWith the density of bulk ethanol, 0.79 g/mL, supporting the
using the nonretarded Hamaker constants ok 310721 J for glass/ assumption that the density of adsorbed ethanol layers was equal

Cg’c'lgggxa;?g'ass ?”dﬁ 1%213 f°’_3'355/$tha”9'/g'235' rlef/Pe‘;EV@yl-_ to the bulk value for the estimation of the thickness of the
e oo e e I 0% o v agsorbed layer. In Figure 9, non-hydrogen-bonded OH groups
of terminal ethanol molecules are facing the bulk solution
layer, observed by the forces measurement, due to the lowerdominated by cyclohexane. Thus, the certain level of the
stability of macroclusters at higher temperatures. When the interfacial energy should be raised between the surface layer
temperature was further increased to °&) the polymer OH and the bulk solution, and the contact of the ethanol layers
absorption decreased to a certain extent, and the observedormed on opposed glass surfaces should bring about the long-
spectrum was similar to that for 0.1 mol % ethanol at room range attraction. This mechanism bears similarity to the capillary
temperature. This indicated that clusters close to the silica force that acts between hydrophilic surfaces due to water
surface remained at a higher temperature. No clear increase inrcondensatiof® 27
other OH peaks corresponding to free OH (3640 &yndimer, A decrease in the long-range attraction at ethanol concentra-
or terminal OH (3530 cmt) was detected; thus, ethanol should tions higher than 0.6 mol % was peculiar, because there was
have escaped from the surface to the bulk solution, which was no particular change in both the adsorbed layer thickness and
natural from the model that ethanol adsorbed through hydrogenpolymer OH peak intensity around this concentration (see
bonding. One may note that two peaks appearing at 3450 andFigures 4 and 6b). Actually, the latter two quantities were nearly
3160 cnt! were artifacts due to the residual (not compensated constant at concentrations higher than 0.6 mol %. One drastic
by the background) peaks of cyclohexane, which occasionally change occurring around 0.6 mol % ethanol was that the ethanol
appeared even in pure cyclohexane, and had no effect on theclusters in the bulk solution started to grow drastically at ethanol
baselines. concentrations higher than 0.5 mol %. It is conceivable that
The obtained temperature dependence is reasonably expectethe cluster formation in the bulk solution influences the structure
from the model of ethanol macroclusters formed through of the ethanol macrocluster on the silica surface. We suppose
hydrogen bonding. Adsorption of ethanol on silica surface is that the exchange of ethanol molecules between clusters on the
known to be exothermit! agreeing with our results of tem-  surface and in the bulk solution occurs when the ethanol cluster
perature dependence. The present observation also indicated thiBormed in the bulk solution. This should result in the decrease
potential to regulate the cluster thickness by varying temperature.in the interfacial energy between the surface macrocluster and
Plausible Structure of the Ethanol Adsorption Layer and the bulk solution, leading to the decrease in the attraction. We
Origin of Long-RangeAttraction. A plausible structure of observed the decrease in the dichroic ratio at 0.5 mol % ethanol,
ethanol macroclusters adsorbed on the silica surface is presente@hich might be caused by the decrease in the ordering of surface
in Figure 9 based on the ATR-FTIR spectroscopy with dichroic ethanol macrocluster due to exchange of molecules. However,
analysis. The surface macrocluster of ethanol has an orderedunfortunately, the contribution from the bulk solution cannot
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be neglected at present, which prevents us from clearly groups such as the silanol group in binary mixtures of hydrogen-
discussing the exchange effect. bonding liquids and nonpolar liquids. The present study is, to
the best of our knowledge, the first demonstration of a specific
molecular structure of a liquid adsorbed at the seliquid
Adsorption of ethanol from cyclohexane on silica surfaces interface. A combination of colloidal probe atomic force
was studied by employing a novel approach, and the following microscopy, adsorption excess isotherm measurement, and ATR-
results were obtained. FTIR spectroscopy was a powerful tool for characterizing such

(1) A novel molecular assemply, that is, surface macroclus_tersa phenomenon. We think that this study of hydrogen-bonded
0; etl'rl]anoll, W"ﬁ,’ found on the S|I|cfa surfgci at IO\r/]v chon(r:]er(;tratlons macrocluster formation bears significance for the general
g e(tj_anp t T 'St. struEtutre Wa?h orm?‘ t r(_)lug It e ny rogdetnh- understanding of the behavior of liquids, such as structuring,

onding Interactions between the surtace stianol groups and the, , ¢ iy gyrfaces at the molecular level, which has not yet been
ethanol hydroxyl groups as well as those between the ethanol . . .
well achieved. In the mesoscopic scale, where the macroscopic
hydroxyl groups.

(2) The dichroic analysis in ATR-FTIR spectroscopy revealed and molecular conc'e'pts meet, we shogld be aple to connect two
that the surface macrocluster of ethanol had an ordered IinearConcepts by descrlbl.ng_ a ma_lcrosco;l)‘lc behavior by moIeCL_JIar
chain structure with the cluster axis aligned almost normal to term. In our study, this is realized as "the long-range attraction
the surface. appeared when the hydrogen-bonded clusters of ethanol formed”.

(3) Forces acting between glass surfaces were a long-range Surface molecular macroclusters should also be important in
attraction extending to 3% 3 nm at 0.1 mol % ethanol and a advanced technology where the surface effect becomes more
shorter-range repulsion which could be ascribed to a steric and more significant in the course of downsizing of systems
repulsion of structured ethanol molecules adjacent to the silica and fine-designing of surfaces. Examples of advanced technol-
surface. Agreement of half the range of attraction and the ogy where the surface effect is large include: liquid flow on
adsorption layer thickness estimated from the adsorption excesghe solid surface, tribology, micro/nano machine. Further, this
isotherm clearly indicated that the contact of the surface unique structure can be utilized for modifying surfaces or
macrocluster formed on two opposed glass surfaces broughtdesigning functionalized materials based on molecular self-
about the long-range attraction. organization. To demonstrate this potential, we have prepared

(4) Long-range attraction and the amount of adsorbed ethanolpolymer thin films by in situ polymerization of macroclusters
decreased at higher temperatures. This is in good accordancey acrylic acid adsorbed on glass surfages.
with the characteristic of hydrogen-bonding interactions.

(5) The range of long-range attraction decreased with increas- Acknowledgment. This work was supported by Grant-in-
ing the ethanol concentrations beyond 0.6 mol %, and the Aids for Scientific Research (No. 1167204, 12875179) from
interaction became practically identical to that observed in pure the Ministry of Education, Culture, Sports, Science and Tech-
cyclohexane at 1.4 mol % ethanol. On the other hand, no nology of Japan, and by a grant from the Asahi Grass
decrease in the adsorption layer thickness was observed, whictFoundation.
was confirmed on the basis of the adsorption excess isotherm
measurement and ATR-FTIR spectroscopy. We proposed that Supporting Information Available: Figures showing the one
such decrease in the attraction might be related to the dynamicscycle of force profile observed between glass surfaces at ethanol
of ethanol molecules within the adsorbed layer: ethanol 0.1 mol % in cyclohexane by plotting force against sample
molecules could exchange between ethanol clusters on thedisplacement, transmission FTIR spectra of ethangtlohex-
surface and those in bulk solution at higher ethanol concentra-ane binary liquids at ethanol concentrations of 0.3, 0.5, 1.0, and
tions where ethanol clusters formed in the bulk solution. The 2.0 mol %, and ATR-FTIR spectra measured on silicon oxide
mechanism of the decrease in the attraction is under further syrface in ethaneicyclohexane binary liquids using p- and
investigation at our laboratory. s-polarized light at 0.1 mol % ethanol (PDF). This material is

Similar hydrogen-bonded macroclusters were found on silica ayajlable free of charge via the Internet at http://pubs.acs.org.
surfaces in binary mixtures of other alcohols (methanol and
propanol) as well as carboxylic acid with cyclohexane. These
systems also exhibited long-range attracfdrOur results
indicated that the surface macrocluster formation should be a(33) Kurihara, K.; Mizukami, MProc. Jpn. Acad2001, 778 115-120.

. "~ 7 (34) Kurihara, K.; Mizukami, M.; Nakasone, S.; Miyahara, Trans. MRS-J
general phenomena for surfaces bearing hydrogen-bonding 2001 26, 913-916.
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