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Surface Enrichment in Alcohol—Water Mixtures
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Molecular beams generated from the vapors above the surfaces of ateatel mixtures have been examined

by mass spectrometry. The alcohols examined are methanol, ethgmopanol, andh-butanol. The variation

of the vapor-phase mole fraction of the alcohol, estimated from the cluster populations in the molecular
beam, with the liquid mole fraction is found to be identical to that of the surface concentration of the alcohol
in the liquid obtained from surface-tension measurements. The populations of the neat alcohol clusters, as
distinct from those of alcohelwater clusters, also exhibit a comparable trend. Surface enrichment is
considerably more pronounced in the case-tutanol andh-propanol compared to that of ethanol.

1. Introduction Quantitative estimations of the concentration profiles of
surface-active liquid mixtures are indeed difficult, although there
has been some effort in this direction in the case of polymer
blends!?~13 With regard to miscible alcohelwater mixtures,
there is a report on the etharalater system based on neutron
reflectivity measurement$. The surface excess of ethanol
estimated from the neutron study compares well with the values
obtained using surface-tension data. The study, however,

It is well-known that a fluid surface can cause the concentra-
tion of a component in a miscible mixture to be higher at the
surface than in the bulk, a phenomenon commonly known as
surface enrichmeritFor a binary liquid mixture in contact with
its vapor, each component may have its own concentration
profile at the interfacial region depending on its volatility. This

often results in a change in the surface tension of the solution assumes different models for the distribution profiles of ethanol
relative to the pure components, the magnitude of the change P

depending on differences in the shape, size, and chemical naturéind water near the liquid surface. To obtain direct experimental

of the molecules involved. Interesting trends have been observe cz)”r?c?ennct(raaiﬂnsurrcf)%c:s%?Z?E?emétvg?;na;(-e (:Ic()atzrnwec;tztrjrface
in the compositional dependence of surface tension in aleohol lon profi prop w

water mixtures:® While methanol produces a gradual decrease mixtgres over the entir.e compositi.onal range by mass spectro-
of the surface tension of agueous solutions with an increase ingjerzgg:ngg’f'tig ;t)ﬁs)(l)gaeryvt//:pgoerr:grz?gglt:lglnl}svtv:rht;[ggrlrl]qg:‘dthe
concentra't:on, ethﬁnol angpropanol pﬁOdﬁ ce more dramatic binary \;apor swept off the’ surface of the alcohualater liquid
effects. Thus, in the case ofpropanol, the surface tension . AT .

’ y P ixture, by injecting it into vacuum through a pulsed supersonic
decreases sharply as the alcohol concentration is increased u€1alve Thg Sl]Jrfaceg concentrations of tr?e algohols ob?ained in
to a composition beyond which it changes marginally. The = "~ . ;
phenomerﬁ)on of surfgce enrichment by glcohol r%olegules in this manner show clear evidence of surface enrichment and
alcohokwater mixtures has intrigued many workers over the ﬁ;(gf::a'rq:ﬁlref;'gs \éﬁgs\;“c:)r;\se\-l\t/gr]ot:: Icl?)l#:scsgzgﬁggnv-v:\tﬂhortie
past few decades, much of the interest arising from the difficulty ’

in predicting cluster nucleation rates from these liquid mixtéirés. \ézltgesv\?:tmatee%r?]n|éhi dbatlﬁ!z (;iestﬁggcg tgps(;ontlf:d Qs.;tﬁon
Schofield® and Guggenheifmemployed the Gibbs adsorption : v ploy: ! udy partially

equation and the knowledge of the partial molecular areas of miscible n-butanot-water system as well. The rate at which

ethanol and water at the surface to calculate the surface molethe surface is enriched with an alcohol increases markedly with

fraction of ethanol as a function of the bulk mole fraction. More the increasing length of the hydrocarbon chain of the alcohol.
recently, Laaksonénhas taken the surface tension of the
alcohokwater mixture g(xa), to be proportional to the surface

tensions of the pure substances multiplied by their volume Binary mixtures of the alcohols (HPLC grade, Aldrich) and

2. Experimental Section

fractions in the surface layer as given by the equation water (quartz-distilled) were prepared with varying molar
composition over the entire range-a0.1 intervals. To generate
x) (1 = Xa(S))vwOw T Xa(S)ra0A ) a molecular beam, 6 mL of the binary mixture was placed in a
o = i i
A (1= X,(S))ay + Xa(S)a stainless steel cell connected to a pulsed supersonic valve (R.

M. Jordan, USA) and was subjected to a helium back pressure
of 2 atm from the top. The alcohelvater vapor was injected
into a vacuum of 10’ Torr through a 0.5 mm orifice of the
pulsed valve operating at 10 Hz and 4000 A. The details of

the values of the surface tension of pure water and alcohol, thiS indigenous cluster apparatus are reported elsewhere.

respectively. The above equation was fitted to the experimentaIB”eﬂy’ it consists of a cluster generation chamber, which is

values of surface tension to obtain a relation between the surfacecPMNected to a linear time-of-flight (TOF) mass spectrometer
and bulk mole fractions. through a gate valve. A slit-skimmer assembly placed midway

helps differential pumping of the two chambers. The molecular
*To whom correspondence should be addressed. Electronic mail: ClUSters were ionized using the 355 nm harmonic of a pulsed
cnrrao@jncasr.ac.in. Nd:YAG laser (GCR-170) operating in the Q-switch mode (10

Here,xa andxa(s) are the bulk and the surface mole fractions
of the alcohol, respectivelyyy andva are the partial molecular
volumes of water and alcohol, respectively, angdandoa are
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Figure 1. Time-of-flight mass spectra from etharakater mixtures
for ethanol mole fraction in the liquic, of (a) 0.8, (b) 0.35, and (c)  Wheren andm correspond to the number of ethanol and water
0.1. The peaks are assigned to various protonated neat clusters of ethanaholecules in a cluster; the summations are over all the cluster
and water as well as mixed clusters. species both neat and mixed. In Figure 2, we show the variation

Hz, 80 mJ/pulse). The extraction and acceleration voltages were®f Ye: With the liquid mole fraction of ethanob, in the
held at 3000 and 1800 V, respectively. A microchannel plate ethanot-water mixtures. The data points of the repeat experi-
detector (RMJ) was used for the detection of the ionized clusters. MeNts aie of 0.2, 0.3, and 0.6 provide an average estimate of

Mass spectra were collected using a multichannel scalar set tolh€ €xperimental error0.02) in ye. The mole fraction of

16 000 channels with a dwell time of 20 ns/channel. Initial ©thanolin the vapor increases sharply reaching a valuedds
calibration was carried out using a variety of molecules such &t Xe ~ 0.2, beyond which the increase ya is gradual. The

as acetone, water, and&CMass resolution/2AT) of 800 was variation ofye with xg in Figure 2 is a clear reflection of surface_
obtained in the linear TOF mode. For each binary mixture, the enrichment. We have plotted the values of surface concentration
spectrum was collected under similar conditions after averaging ©f €thanol.xe(s), reported by Laaksontagainste in Figure

the data in each channel over 5000 sweeps. Measurements wer@: 't IS remarkable that the variation xi(s) with xe is identical
repeated at a few molar compositions to ascertain the reproduc-1© that ofye. Accordingly, the plot of/e vs xg(s) is linear with
ibility in the experiments (See Results and Discussion). To avoid & SI0Pe of unity as shown in the inset of Figure 2. To compare
residual contamination from a previous experiment, the pulse Y reiults quantitatively with those from neutron measure-
valve was pumped out each time before filling in the fresh vapor. MeNts: wezr_\ad to convert the surface excess values expressed
A computer code developed in the laboratory has been used toll MOl € * in the literature tag(s) values. For this purpose,

analyze the mass spectra in terms of the abundance and thd€ surface layer wasltaken to be 5.5 A thick (approximate length
internal compositions of the various cluster species. of ethanol molecuf¢:9, and the number of moles per cubic

centimeter of ethanol in the surface layer was obtained by adding

3. Results and Discussion the surface excess of ethanol per cubic centimeter to the bulk
) concentration. A similar quantity was obtained for water by

In Figure 1, we show the TOF mass spectra of ethanol  gpiracting the surface excess from the bulk. These values were

water (E-W) mixtures corresponding to the liquid mole yseq to estimates(s). The final equation is as follows:
fractions of ethanolxg, of 0.1, 0.35, and 0.8. The mass spectra

of the last two compositions are dominated by neat ethanol
clusters (EH*), mixed E-W clusters (EWnH™) being associ-
ated with much smaller intensities. ThgHE clusters become
prominent whern > 0.2, but their dominance persists even in wherel is the surface excess from neutron measureniéits,
the water-rich composition, as can be seen from Figure 1c. is the length of the ethanol molecule, aviedandVy stand for
Clusters of water and the mixed species with higher water molar volumes of ethanol and water, respectively. In Figure 2,
attachments are seen in the mass spectra of the water-richwe have shown the=(s) values thus obtained from neutron data
compositions. for compositions reported. As can be seen from the figure, the

Xe(5) = Tk Vo + XeVe) + % 3)
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Figure 3. Time-of-flight mass spectra frompropanot-water mixtures % o]
for propanol mole fraction in the liquice, of (a) 0.8, (b) 0.2, and (c) X 0104
0.08. The peaks are assigned to various protonated neat clusters of o
propanol and water as well as mixed clusters. The relative increase in > :
the signal strength compared to Figure 1 is due to an additional set of Ao
deflection plates employed in the flight tube. 0.05
neutron values agree closely with our data. These results justify
the use of the cluster beam for obtaining the compositional
profiles of the surfaces of alcoheWater mixtures. 0 : y T " A " A
In Figure 2, we have also shown the variation of the relative ! s
population of neat ethanol clustergg, with xe. The variation Xz X 10

of nce with xg parallels that ofyg, indicating that the major
contribution to the mole fraction of ethanol in the vapor phase
comes from the neat clusters of the alcohol. Bebews 0.2,
however, the difference betwegr and n.e becomes large
indicating the presence of several mixed species in this
concentration regime. Our results are consistent with the
observations of Matsumoto et Hl.who found no clusters
characteristic of the aqueous mediumxge 0.2, the dominant
species being ethanol clusters and their hydrates.

In Figure 3, we show the mass spectra frormpropanot
water (P-W) mixtures corresponding to the liquid mole
fractions of propanolxp, of 0.08, 0.2, and 0.8. As in the case
of ethanol, we observe that neat propanol clustergi{P
dominate the spectra at all the compositions. Mixed cluster
species (RVH™) containing a few water moleculem(< 3)
are present only in water-rich compositions. Figure 4 shows
the variations of the experimental vapor mole fractignand
the surface mole fractionxe(s), from the calculations of
Laaksonehwith the liquid mole fractionxp. Forxp < 0.1, there
is a steep rise iryp to a value of~0.85, the increase being
rather gradual forxp = 0.1. The agreement between the
experimental vapor mole fractiong, and the calculated values
of xp(s) is excellent in this system as well. The p§ptvs Xp(S)

Figure 5. Variation in the mole fraction of butanol in the vapgg,
(O), with mole fraction of butanol in liquidk. Circles ©) and triangles
(a) represent the surface mole fraction of butameg(s), from surface
tension and neutron data, respectively (from ref 18).

is perfectly linear, with a slope of unity (see inset of Figure 4).
The variation in the population of neat propanol clustegs,
with xp mimics that ofyp, similar to the situation observed in
the case of the ethaneWater system.

Having established the reliability of the method to determine
surface enrichment in miscible wategthanol and water
propanol systems, we sought to examine riHsutanot-water
system of which the miscibility is limited to a butanol mole
fraction, xg, of 0.02. In Figure 5, we show the variation yf
with xg along with xg(s) values derived from surface tension
datal® We are able to compare the present results with those
from a neutron reflectivity stud§ performed in the miscible
regime of this system (Figure 5). The surface excess values from
the neutron study were convertedxg(s) assuming the length
of the n-butanol molecule to be 7 & We notice from Figure
5 that theyg values lie close to theg(s) values from surface
tension and neutron data, albeit the sensitivity of our method is
lower at very low alcohol concentrations. Unlike in other
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(0), with mole fraction of methanol in liquidxy. The solid curve molecule,n, in the low-concentration regime prior to saturation of

represents the surface mole fraction of methaxg(s), taken from ref surface enrichment). The inset shows the variation gf with n for
g ¥a = 0.1 (v) and 0.2 {).

Figure 6. Variation in the mole fraction of methanol in the vapgy,

alcohols, the surface enrichment in the butaneater system ~ composition hardly changes with the liquid composition (see

is reached at an extremely low concentration of the alcopl ( Figures 2 and 4). Itis also interesting that as the length of the
~ 0.0025). alcohol molecule increases, the saturation of surface enrichment

occurs at progressively lower concentrations of the alcohol in
Methanol being the smallest molecule in the serie4 &), one the liquid mixture. Thus, the saturation occursxatof ~0.3,
would expect a relatively poor surface enrichment in the 0-2, 0.1, and 0.0025 for methanol, ethanwpropanol, and
methanot-water system. The plot in Figure 6 does indeed n-butanol systems, respe_cnvely. Accordlngl_y, the surface activity
present such a scenario. Unlike in the case of higher alcohols,Of @n @lcohol molecule in an aqueous mixture increases with
the mole fraction of methanol in the vapgp, increases rather the increasing Iength of its hydrocar.bon chain, eventually leading
gradually with the increasing mole fraction of methang, in to partially miscible mixtures forming two layers.

the liquid. The agreement between our data and the Laaksonen’s
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