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While insertion may occur via the intramolecular 
rearrangement of such five-coordinate species, little 
direct evidence to establish this is yet available. 
Other possibilities, such as bimolecular or free-radi- 
cal processes involving the five-coordinate species, 
may well need to be kept in mind. All of our present 
evidence would suggest that acetylenes are activated 
toward (i) rearrangements, (ii) Pt-C insertion, and 
(iii) nucleophilic attack, by coordination to  a rela- 
tively electron-deficient metal atom as in 
[ P t X ( R C 4 R ’ ) L 2 ] + .  In contrast, coordination to a 
relatively electron-rich metal as in the five-coordi- 
nate T complex with I activates the acetylene to a 
much smaller extent and may ~ indeed deactivate it 
toward such reactions. 
Conclusions 

In considering the generality of the metal-induced 
carbonium ion model, one must recognize that such 
reactions are not limited to those of cationic transi- 
tion-metal complexes with unsaturated compounds. 
All that  is required is that the metal be effectively 
acidic and capable of leading to a dipole-induced 
reaction. For example, the platinum-methyl inser- 
tion reactions with acetylenes, which proceed rapidly 
when the acetylene attains the fourth coordination 
position, may be compared with analogous insertion 
reactions involving aluminum trialkyls where kinetic 
data show89 that the reactive species is 
R3Al(RC=CR). On the other hand, formal positive 
charge on an organometallic cation does not always 
lead to acidic or electrophilic interaction with unsat- 
urated compounds. For example, low-valent transi- 
tion-metal cations may be relatively electron rich. 
The cationic Ir( +) acetylene complex [Ir(C0)2- 
(P&,)2(&COOCC=CCOOCH)]+~ may be com- 
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pared with the neutral Pt(2+) formed from I and the 
same acetylene; in both cases, the metal is acting as 
a strong nucleophile. 

Certainly many organometallic- and transition- 
metal-catalyzed reactions can be considered to pro- 
ceed uia metal-induced or -stabilized carbonium 
ions. In particular, examples may be drawn from the 
following classes of reactions: metalation reactions,54 
proton-addition and hydride-abstraction reactions,91 
electrophilic substitution reactions of metallo- 
cenes.92993 Lewis acid cocatalyzed polymerization of 
olefins, dienes and acetylenes,79,94 and metal-cata- 
lyzed CJ rearrangements of strained  alkane^.^^-^^ Of 
these, the Ziegler-Natta process (involving a Lewis 
acid and an organolialo derivative of any early transi- 
tion metal as cocatalysts) is of the greatest commercial 
significance, and its characteristic feature shows a 
close similarity to that of the organoplatinum sys- 
tems discussed above. Both require the creation of a 
vacant and electrophilic coordination ~ i t e , ~ S  and 
their differences result from the different thermody- 
namic properties of Ti-C and Pt-C CT bonds. Thus, 
many of the reactions of organoplatinum compounds 
described above serve as models for those which 
occur in more complex systems. 
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cal and experimental study of the structure of water 
a t  liquid-solid interfaces.2 Likewise, the properties of 
the gas-liquid interfaces of water and aqueous solu- 
tions of electrolytes are of growing importance in 
oceanography.3,4 

The interfacial structure of water and the nature 
of water-solute interactions in thin films of water 
play an important role in living systems.5-7 For ex- 
ample, the rate processes involved in plant nutrition 
are highly dependent on the structure of water in 
soil.8 On a higher level, the presence of structured 
water layers a t  cell membranes is critical for the 
proper functioning of a ~ e l l , 9 > ~ 0  and differences in the 
nmr spin-lattice and spin-spin relaxation times of 
structured water in rat and mouse tissue can be used 
to distinguish malignant tumors from normal 
tissues.11312 Moreover, the Pauling-Miller theory of 
the mechanism of gaseous ane~ thes i a l3 . l~  postulates 
an interaction between interfacial water in brain 
cells and the anesthetic gas. 

In spite of their importance, remarkably little is 
known about the nature of water (and ice) inter- 
faces. Any interfacial layer must have a finite thick- 
ness of at  least one molecule, and there has been 
general agreementls-20 that water near interfaces is 
structured for the much greater distance of five to 
ten molecular layers into the bulk of the liquid21 It is 
clear that  more experimental work is needed to ex- 
amine the surface structure of liquids in general and 
of water in particular.16324-26 

Experimental Study of the Interfacial Structure 
of Water 

Investigation of the simultaneous adsorption on 
and solution in thin layers of water coated on a po- 
rous solid should provide information for several of 
the above-mentioned problems. Indeed, this is one of 
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the few available ways to characterize either gas-liq- 
uid or liquid-solid interfaces.27-31 Furthermore, if 
measurements are made in the Henry’s law region, 
the solute can act exclusively as a probe of water 
structure, since solute-solute interactions are essen- 
tially nonexistent in this region. 

Such studies on water (and ice) interfaces have 
only rarely been carried out over the years because of 
the difficulties associated with the measurements. 
The volatility of the water, the relatively small ex- 
tent of adsorption (and solution in certain cases), 
and the difficulties involved in preparation of clean 
surfaces all make such measurements complicated. 
Furthermore, the problems are increased a t  low so- 
lute concentrations, and extrapolation to this region 
from higher concentrations can result in large errors. 

In general, studies of the adsorption of nonelectro- 
lytes a t  the water-solid interface have been aimed a t  
elucidating adsorbate-adsorbate interactions, with 
little being said about solute-water interactions near 
the surface. Much more work has been done on ad- 
sorption at  the gas-liquid interface. Isotherms, equa- 
tions of state, and thermodynamic parameters of ad- 
sorption have all indicated that the gas-liquid inter- 
face of water behaves as a low energy surface with 
the hydrogen atoms pointed in the net direction 
toward the vapor pha~e.32-~0 There is also good theo- 
retical justification for this model.41 

This qualitative description of the gas-liquid in- 
terface of water has recently been modified by Ad- 
amson. He studied the surface of ice through physi- 
cal adsorption42-44 and found that the isosteric heats 
of adsorption of compounds such as n-hexane a t  cov- 
erages corresponding to 0.1 monolayer or less were 
up to twice as large as the heat of vaporization. (The 
isosteric heat of adsorption, qst, is formally the “heat 
of vaporization” of the adsorbed state29.31 a t  a given 
surface coverage.) This value decreased to the heat 
of vaporization at  coverages of roughly 0.5 mono- 
layer. Unexpectedly large entropy losses, SA, upon 
adsorption were also observed at  low coverages. (In 
his thesis in 1951,40 Ottewill had reported similar 
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trends for the adsorption of n-hexane on liquid 
water.) 

Adamson explained these results in terms of a sur- 
face perturbation when the adsorbate came into con- 
tact with the water. He suggested that troughs or 
pockets of low entropy domains formed into which 
the adsorbate positioned itself. More recently, care- 
ful surface pressure measurements of adsorbed tolu- 
ene on liquid water a t  low coverage between 5” and 
25” added weight to this m0de1.~5 The isosteric heat 
of adsorption of toluene (extrapolated to zero cover- 
age) was found to be ca. 5 kcal/mol greater than the 
heat of vaporization, and the entropy loss on adsorp- 
tion was found to be much greater than would be ex- 
pected from a simple loss of one degree of transla- 
tional freedom. 

On ice, the trend in isosteric heat of adsorption 
seemed to persist down to about -35”. At lower tem- 
peratures, opposite trends occurred. Adamson inter- 
preted these results as an indication that a liquid 
layer exists on ice until -35”, a t  which point solidifi- 
cation of this layer takes place. 

The increases in qst and - A S A  a t  low coverage are 
crucial to the model proposed by Adamson. I t  is 
therefore essential to examine the region near zero 
surface coverage in detail, in order to test his expla- 
nation. However, from standard surface pressure 
measurements on liquid water it is very difficult to 
obtain accurate and reproducible thermodynamic 
functions of adsorption a t  low coverages, as dis- 
cussed above. The results are limited in their accura- 
cy even further due to the necessity of extrapolating 
to zero coverage, and then determining the tempera- 
ture dependence of that  extrapolation to obtain the 
heat of adsorption. Consequently, there is a need to 
develop other experimental approaches which can 
directly provide thermodynamic measurements a t  
very low concentrations. 

A technique which is well suited for such measure- 
ments is gas chromatography (gc), which has become 
a standard method for determining thermodynamic 
functions in the Henry’s law region of gas-liquid so- 
lution and gas-solid adsorption46-49 and for deter- 
mining sorption i~otherms.~8950*5~ Gas-liquid surface 
adsorption has also been studied, primarily as a com- 
plicating factor in gas-liquid solution s t ~ d i e s . 5 ~ - ~ ~  

In general, several retention mechanisms can occur 
simultaneously in a gc column: adsorption on the 
liquid surface, partition in the bulk liquid, and ad- 
sorption on the solid support. With water a s  a liquid 
phase and nonpolar or weakly polar compounds as 
samples, adsorption effects on the solid surface are 
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negligible, since the water effectively deactivates the 
support. On the other hand, since the liquid phase is 
spread in a thin layer on the moderately high surface 
area porous support, the surface area to volume ratio 
of the liquid is several orders of magnitude greater 
than that for the liquid phase in a container. Thus 
even a small tendency toward surface adsorption is 
magnified in the gc column. In the extreme case, 
when saturated hydrocarbons are the solutes, inter- 
facial adsorption is the only detectable mechanism of 
retention.55356 Under these conditions, adsorption 
isotherms and thermodynamic parameters of adsorp- 
tion a t  both zero and finite surface coverages can be 
directly determined. 

For a variety of other more soluble compounds, 
both partition and liquid surface adsorption can 
occur simultaneously in the column. By proper sepa- 
ration of the retention mechanisms, partition coeffi- 
cients and heats of solution in water a t  effectively in- 
finite dilution can be measured, in addition to 
thermodynamic parameters for adsorption at  zero 
surface coverage. Thus, both the surface properties 
and the bulk properties of thin films of water (<lo0 
A) can be examined using this technique. Further- 
more, since the water is coated on a solid, the influ- 
ence of this surface of the solid on the structure of 
the water can be assessed by studying the partition 
and adsorption properties of the liquid as its film 
thickness is varied. 

Water and other volatile solvents have been used 
as gc liquid phases in the past,56-68 and studies of 
the solution of nonelectrolytes have been carried 
out.59,60 Thus most of the experimental work involved 
for the research described below has been relatively 
straightforward. With flame ionization detection, ex- 
tremely small sample sizes can be utilized. Also, the 
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C. Eon, A. J. Chatterjee, and B. L. Karger, Chromatographia, 5,28 (1972). 
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detector does not respond to water, which means 
that there are no large baokground signals to cope 
with due to the finite partial pressure of the water in 
the carrier gas. 

This Account summarizes our work to date61-G4 on 
extending gas chromatographic methods in the study 
of the interfacial properties of water through physi- 
cal adsorption and solution and illustrates the types 
of information which one can obtain from such a 
study. 

Theory 
Retention. The fundamental retention equation 

when both partition in and adsorption on the liquid 
phase occur simultaneously and independently can 
be written as65 

where V”J is the net retention volume of the sample 
per gram of column packing, Ar.0 and VLO are the 
surface area and volume of the liquid phase per gram 
of packing, K A  is the adsorption coefficient, and K L  
is the partition coefficient. CL and CG are concentra- 
tions in the liquid and gas phases; Cs is the concen- 
tration in the surface phase in excess to that in the 
bulk liquid (=T, the Gibbs surface excess). Since CG 
can be approximated by PIRT, the adsorption term 
in eq 1 can be written as66 

VN0 = RT (!$)*A: (3) 

While VLO can be obtained directly from the 
weight of water in the column, there is no compara- 
bly direct way to obtain A ~ 0 . 6 7  For the work to date 
we therefore selected an indirect method to furnish 
an estimate for ALO. Martire, et a1.,68 have carefully 
measured K A  values for benzene and aniline adsorb- 
ing on the surface of p,p’-thiodipropionitrile 
(TDPN). They used these KA values to calculate ALO 
for TDPN columns of various loadings on Chromo- 
sorb P. We have assumed that, for a given per cent 
loading, ALO is the same for TDPN and for water. (In 
reality, the water columns would be expected to have 
a somewhat higher ALO because the water would wet 
the support better. However, for a heavily loaded 
column the difference should not be too great.) A 
20% w/w column was selected as standard with a 
surface area of 1 m2/g. 

A saturated hydrocarbon, n-octane, was then cho- 
sen as a reference compound. The mole fraction solu- 
bility of all alkanes above butane is very low (for n- 
octane, it is 4 x 10-6 a t  l2.5”69), and as a result they 
can be assumed to undergo only gas-liquid interfa- 
cial adsorption on water columns. Other evidence 
also points to this single retention mechanism, such 
as the constancy of the heat of sorption of these com- 
pounds over wide ranges of liquid loading.61 Using eq 
2 (with KLVLO i= 0) the adsorption coefficient of n- 
octane on the 20% water column was calculated to 
be 1.0 X lov4  cm. The liquid surface areas of other 

(69) R. L. Bohon and W. F. Claussen, J. Amer. C h e n .  Sou., 73, 157 
(1951). 

columns were then calculated using this value of Ka 
and the retention volume of n-octane a t  12.5”. Re- 
cent results from our laboratory in a comparison of 
static and chromatographic measurements indicate 
that our estimate of ALO is quite reasonable. 

It should be noted that the only values whose 
measurement error is directly proportional to the 
error in estimating AL” are K A  and I’. The effect on 
the free energy, AGA, and entropy, MA, of adsorp- 
tion is small, due to the logarithmic relationship be- 
tween SGA and KA. For example, even if the error in 
ALO were as high as -50%, the resulting errors in AGA 
and ASA would be f 0 . 4  kcal/mol and +1.0 cal/(deg 
mol), respectively. Of course, the heat of adsorption 
is unaffected by the choice of ALO. 

Finally, it should be pointed out that, under the 
conditions of our experiments, the gas phase can be 
assumed to be ideal.61762~70 Thus, nonideality effects 
in the liquid and/or adsorbed phases can be assessed 
directly in both the Henry’s law and finite concen- 
tration regions. 

Isotherm Determinations. The adsorption isoth- 
erm of any compound whose retention mechanism is 
exclusively gas-liquid interfacial adsorption can be 
obtained directly from the chromatographic data, 
using the elution by characteristic point (ECP) 
method.50,51,71 In this procedure, r is determined as 
a function of P by direct integration for varying sam- 
ple sizes of adsorbate. The resulting isotherms can 
then be fitted to polynomials of the form 

(4) 

Thermodynamics of Adsorption and Solution. 
The integral molar free energy change for the trans- 
fer of 1 mol of solute from its gaseous standard state 
(760 Torr) to an infinitely dilute solution in the liq- 
uid phase is given by46349372 

r = clp + c z p 2  + c,p3 + c4p4 

A G ,  = -RT In K ,  ( 5 )  

Similarly, the integral molar free energy change for 
the transfer of 1 mol of adsorbate from the same 
standard state to an adsorbed state defined by its 
equilibrium partial pressure P is29331 

A GA = -RT In 760/P (6) 
At zero surface coverage, a standard adsorbed 

state must be chosen and related to P. Previous re- 
sults on liquid surfaces have generally used a stan- 
dard layer thickness of 6 and a derived standard 
surface pressure analogous to a standard three-di- 
mensional pressure of 760 Torr.73 With this standard 
state 

A G A  = -RT  In [(1.67 x 107)(KA)] (7) 

Applying the Gibbs-Helmholz relation to eq 5 and 
7 gives the differential molar enthalpy of solution or 
or adsorption, AHL or AHA. At zero coverage or infi- 

(70) A. Hartkopf, Ph.D. Thesis, Xortheastern University, Boston, 

(71) J. F. K .  Huber in “Gas Chromatography 1962,” M. van Swaay, Ed., 
Mass., 1970. 

Butterworths, London, 1962. 
(72) B.  L. Karger, Anal. Chem., 39 (8), 24A (1967). 
(73) Thus ns = (1.013 X lo6 dyn/cm2) X (6 X 10-8 cm) = 0.0608 dyn/ 

cm. In the zero surface coverage region, where the adsorption isotherm is 
linear, KA = n / P  = rs/Ps. Substituting in the value for rs and converting 
Ps (760 Torr) to the units of dyn/cm2 result in eq 7. See C. Kemball and 
E. K. Rideal, Proc. Roy. SOC., Ser A,  187,53 (1946). 
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Table I 
Thermodynamic Functions of Adsorption of Vapors at Zero Surface Coverage on the Surface of the Water at 12.5” 

~ ~~~ 

K A  x lo4, -AHA, -AGA, -ASA, -AHL, 
Adsorbate cma kcal/molb kcal/molb cal/(deg mol)b kcal/molc 

n-Pentane 0.1 5.7 2.8 9 6.4 
n-Hexane 0.2 6.6 3.3 11 1.5 
n-Heptane 0.4 7.5 3.7 13 8.7 
n-Octane 1.0 8.5 4.2 15 9.9 
n-Nonane 2.3 9.5 4.7 17 11.1 
n-Decane 5.3 10.7 5.2 19 12.3 
2-Methylheptane 0.9 8.3 4.2 15 9.5 
2,4-Dimethylhexane 0.7 8.0 4.0 14 9.0 
2,2,4-Trimethylpentane 0.6 7.7 3.9 13 8.4 
Cycloheptane 0.5 7.5 3.8 13 9.2 
C yclooctane 1.1 8.5 4.3 15 10.4 
cis-2-Octene 2.0 8.6 4.6 14 9.8d 
trans-2-Octene 2.0 8.6 4.6 14 9.8d 
Dichloromethane 0.4 5.6 3.7 7 6.8 
Chloroform 0.7 6.4 4.0 8 7.3 
Carbon tetrachloride 0.3 5.6 3.5 7 7.8 
1,2-Dichloroethane 1.7 7.8 4.5 12 8.5 
Benzene 0.9 7.5 4.2 12 8.1 
Toluene 2.5 8.9 4.7 15 9.1 
Ethyl benzene 5.8 9.9 5.2 16 10.1 
Fluorobenzene 1.1 7.8 4.2 12 8.4 
Chlorobenzene 2.6 8.4 4.7 13 9.6 
n-Propyl ether 36.3 12.8 6.3 22 8.7 
Methyl formate 4.7 7.8 5.1 9 6.2 
Ethyl formate 0.9 6.9 4.2 9 7.8e 

a Standard deviation, 10%. Standard deviations: AHA, 0.2 kcal/mol; AGA, 0.1 kcal/mol; ASA, 1 cal/(deg mol). CExcept as noted, data 
from J. D. Cop and G. Pilcher, “Thermochemistry of Organic and Organometallic Compounds,”Academic Press, New York, N.Y.,1970. 
d R. R. Driesbach, Aduan. Chem. Ser. .  No. 15 (1955). e J. Timmermans, “Phyeico-Chemical Constants of Pure Organic Compounds,” 
Elsevier, New York, N. Y., 1950. 

nite dilution, these quantities are equal to the inte- 
gral heats.31174 For compounds which only adsorb, 
AHA can be obtained directly from the retention 
data.63 Finally, the integral molar entropy of either 
solution or adsorption a t  zero coverage or infinite 
dilution can then be obtained from the second law. 

At  finite surface coverage, the adsorption heat 
which is most useful for interpreting the experimen- 
tal results is the isosteric heat of adsorp$ion, which is 
given by29-3l 

dln P 
q s t  = -R (mJr 

To calculate qst,  values of P corresponding to a con- 
stant F a t  various temperatures can be obtained 
from eq 4. 

Errors. In addition to those discussed elsewhere in 
this Account, there are several potential sources of 
error in the measurements: lack of equilibrium in the 
gc process; surface curvature effects on the water in 
the solid-support pores; adsorption or solution of the 
carrier gas on or in the water; and pretreatment of 
the solid support (e.g., acid washing us. base wash- 
ing). Each of these is considered in one or more of 
the original papers and its influence on the results 
assessed. In all cases the influence is negligible. 

Adsorption Measurements 
Adsorption Parameters at Zero Surface Cover- 

age. Table I presents thermodynamic functions of 
adsorption a t  zero surface coverage, determined as 

(74) J. H. Purnell, “Gas Chromatography,” 2nd ed, Wiley-Interscience, 
NewYork, N. Y., 1971. 

described under Theory. Note first that  the heats of 
adsorption of all but two of the adsorbates are less 
negative than the corresponding heats of liquefac- 
tion. This result suggests that  the adsorbed films 
are gaseous or liquid-expanded, the adsorbate being 
held on the surface by relatively weak forces, and 
contradicts the previously noted static measure- 
ments extrapolated to the zero surface coverage re- 
gion.36340~45 On the other hand, the free energies of 
adsorption in Table I are in reasonable agreement 
with previous results. (It should be noted that AGA 
is the function determined with the greatest preci- 
sion and accuracy in the static measurements.) The 
free-energy increment for the n-alkanes in Table I is 
a constant -0.45 kcal/mol, indicating correspon- 
dence with Traube’s rule.75 This value compares well 
with values of -0.42 kcal/mol a t  15” obtained by 
Jones and Ottewi11,38 -0.44 kcal/mole a t  20” calcu- 
lated by Aveyard and Haydon28 from interfacial ten- 
sion measurements, and -0.5 kcal/mol a t  25” ob- 
tained by Posner, et  a1.76 

The entropy loss associated with transformation of 
a three-dimensional ideal gas into a two-dimensional 
ideal gas has been calculated by Kemba11,77 and for 
the adsorbates in Table I it ranges between -9 and 
-10 cal/(deg mol). An additional entropy loss asso- 
ciated with clustering of long hydrocarbon chains has 

(75) A. W. Adamson, “Physical Chemistry of Surfaces,” Interscience, 

(76) A. M. Posner, J. R. Anderson, and A. E. Alexander, J. Colloid Sci., 
New York, N. Y., 1967. 

7,623 (1952). 
(77) C. Kemball and E. K. Rideal, Roc .  Roy .  Soc., Ser. A .  187, 73 

(1946). 
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been calculated by Huggins.78 His model does not 
apply strictly to molecules as small as those dis- 
cussed here, but it does allow an estimate of -4 cal/ 
(deg mol) for the effect of clustering. Examination of 
Table I reveals that the measured L§A of most of the 
adsorbates can be accounted for by some combina- 
tion of these two types of entropy changes. (For the 
higher n-alkanes, the clustering effect apparently 
partially hinders vibrational and rotational freedom, 
as indicated by the greater entropy loss upon adsorp- 
tion.) 

Since no clustering is possible for the benzene de- 
rivatives, some other effect must be invoked to ac- 
count for the fact that  their A§* values are more 
negative than -10 cal/(deg mol). At zero surface 
coverage, the benzene ring can be considered to lie 
flat on the water surface to allow maximum interac- 
tion between the phenyl group and the water dipoles 
on the surface. This orientation would be expected to 
hinder partially the rotational and vibrational free- 
dom of the molecule, thus accounting for the addi- 
tional entropy change of -2 to -6 cal/(deg mol). (A 
similar effect is probably occurring with the cycloal- 
kanes, 1,2-dichloroethane, and the plane of the dou- 
ble bonds of cis- and trans-2-octene.) The magnitude 
of this interaction can be estimated by calculating 
the difference between the free energy of adsorption 
of benzene and that of cyclohexane (estimated from 
Table I to be -3 .3  kcal/mol). The resulting value of 
-0.9 kcal/mol agrees reasonably well with the esti- 
mate of - 1.2 kcal/mol obtained by Pomerantz, Clin- 
ton, and ZismanT9 on the basis of interfacial tension 
measurements. 

One exception to the general trends in the thermo- 
dynamic functions in Table I is n-propyl ether. Its 
heat and entropy of adsorption point to a strong in- 
teraction between the ether and the water surface, 
and it is reasonable to assume that this interaction 
involves a hydrogen bond between the lone-pair elec- 
trons on the ethereal oxygen and the hydrogens of 
the water molecule. This is the first experimental ev- 
idence for the existence of hydrogen bonding of ad- 
sorbates to water surfaces. The results agree with the 
theoretical model of Fletcher41 and the surface po- 
tential measurements of others,32,8O indicating that 
the hydrogen atoms of the water molecules on the 
surface are relatively directed more toward the gas 
phase. The adsorption behavior of chloroform also 
supports this model. The heat of adsorption of this 
compound, which has a proton capable of hydrogen 
bonding, is less negative than its heat of liquefaction, 
indicating that the lone pairs on the oxygen of the 
water molecule are not as accessible a t  the surface. 

The other exception to the trend in AHA is methyl 
formate. Its heat of adsorption is slightly more nega- 
tive than its heat of liquefaction. This may be due to 
some specific interaction between the ester linkage 
and a water molecule (either dipole-dipole or hydro- 
gen bonding). On the other hand, the heat of adsorp- 
tion of ethyl formate on the surface of water does not 
suggest any specific interaction. Similar results were 

(78) M. L. Huggins,J. Chem. Phys., 8, 181 (1940). 
(79) P. Pomerantz, W.  C. Clinton, and W. A. Zisman, J .  Colloid Inter- 

(80) €3. Case and R. Parsons, Trans. Faraday Soc., 63,1224 (1967). 
face Sei., 24,16 (1967). 

obtained by Martire,81 who measured adsorption 
coefficients on the surface of TDPN and found that 
methanol adsorbed strongly on the liquid surface but 
ethanol did not adsorb a t  all. 

Aside from n-propyl ether and methyl formate, it 
is clear that  water has a low-energy surface for ad- 
sorption of nonpolar vapors a t  zero coverage. The 
type I11 adsorption isotherm shapes (see below) also 
agree with this conclusion. It must therefore be con- 
cluded that the perturbation model of Adamson42,43 
is unsupported. Not only are the heats of adsorption 
not sufficiently negative, but the entropy changes are 
too small to account for “domain” formation. 

Adsorption Isotherms and Equations of State. 
The determination of sorption isotherms using gc of- 
fers two advantages over static measurements:7I the 
method is applicable at  low coverage; and surface 
concentrations are measured directly. Isotherms ob- 
tained in this way agree reasonably well with static 
measurements, especially a t  low partial pressures.82 
We have determined the adsorption isotherms of sev- 
eral normal and branched chain alkanes (those listed 
in Table 11) a t  surface coverages ranging from 500 to 
4000 A2/molecule. In agreement with previous work, 
type I11 or “anti-Langmuir” isotherms are obtained 
for all six adsorbates. 

In order to describe more fully the adsorbate-ad- 
sorbent system a t  finite surface coverage, it is useful 
to examine how closely the adsorbates follow the 
ideal two-dimensional gas equation of state:29,31,75 
KAM = kT, where ir is the surface pressure of the ad- 
sorbate, A M  the area occupied per molecule on the 
surface (=1/6.02 X l O Z 3 I ’ ) ,  and k is Boltzmann’s 
constant. The surface pressure of the adsorbate can 
be calculated by integrating eq 4 as described in ref 
64 for various values of P and the area per molecule 
directly from eq 4 for the same values of P. 

Plots of K us. AM for all six adsorbates fall on the 
same curve, which lies below the one expected for 
ideal behavior down to concentrations as low as 2500 
AZ/molecule. These plots were successfully fitted to 
the two-dimensional van der Waals equation of 
state. From the van der Waals constants it was pos- 
sible to calculate the thickness of the hydrocarbon 
films. At the surface coverage of 500 A2/molecule, 
the thickness was found to be -4 A, which indicated 
that the hydrocarbon chains lie mainly flat on the 
water interface. 

The above results indicate that the molecules 
studied form nonideal gaseous films on water surfac- 
es, even a t  very low coverages. This nonideality 
arises from adsorbate-adsorbate interaction as op- 
posed to adsorbate-surface interact ion~.~9.7~ Similar 
observations a t  much higher surface coverages have 
been made in the past.35,38,39.83 

The only static low surface coverage measure- 
ments have been carried out by Hauxwell and Ot- 
tewi11,36,45?84 who studied adsorption of several of 
the same alkanes. A comparison with data from 
Hauxwell’s thesis84 reveals that  our I‘ values are 

(81) D. E. Martire, Anal. Chem., 38, 244 (1966). 
(82) J. F. K. Huber and R. G. Gerritse, J.  Chromatogr., 58, 137 (1971). 
(83) E. A. Guggenheim and N. K. Adam, h o c .  Roy. Soc., Ser. A,  139, 

(84) F. Hauxweil, Doctoral Thesis, University of Bristol, 1969 
ZlS(1933). 
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Table I1 
Thermodynamic Functions (kcal/mol) of Adsorption as a 

Function of Surface Coverage at 12.1” 

-(AGA)r a q s t 6  - (AGAfr  9 s t  

moles/cmZ moles/cmZ 
n-Heptane 3.35 7.7 3.02 7.7 
n-Octane 3.85 8.7 3.51 9.2 
n-Nonane 4.33 9.6 4.00 9.7 
2-Methylheptane 3.72 8.8 3.39 8.8 
2,5-Dimethylhexane 3.64 7.6 3.29 8.0 
2,2,4-Trimethylpentane 3.49 7.2 3.13 7.2 

r = 0.6 x 10-11 r = 1.2 x 10-11 

r = 1.8 x 10-11 

moles/cm2 
n-Heptane 2.83 7.9 
n-Octane 3.32 9.6 
n-Nonane 3.83 10.1 
2-Methylheptane 3.21 8.9 
2,5-Dimethylhexane 3.10 8.6 
2,2,4-Trimethylpentane 2.94 7.6 

r = 2.4 x 10-11 

moles/cm2 
2.71 8.1 
3.21 10.2 
3.73 9.7 
3.09 9.3 
2.98 9.1 
2.81 8.0 

a Standard deviation, 1%. Standard deviation, 10%. 

consistently a factor of approximately two larger. 
This discrepancy may be due to the error in the esti- 
mated surface areas of the gc columns, as discussed 
under Theory. However, more work is needed to 
show that the problem is really a result of inaccurate 
ALO values or inaccuracies in Hauxwell’s measure- 
ments. In any case, the differences in the free ener- 
gies of adsorption derived from the isotherms are 
only 0.3 kcal/mol for all adsorbates. Furthermore, 
the T us. A M  values in this work differ from those ob- 
tained by Hauxwell by a maximum of only 2% over 
the whole range of surface concentrations. 

Thermodynamic Parameters  of Adsorption a t  
Finite Surface Coverage. Using equations present- 
ed in the theory section, thermodynamic functions of 
adsorption for the six adsorbates can be calculated 
from the isotherm data. The results are given in 
Table 11. In all cases (AGA), becomes less negative 
as surface concentration increases. Most of this 
change can be attributed to entropy changes. As I? 
increases the adsorbed state becomes more ordered, 
and hence the entropy loss on adsorption becomes 
greater. 

The isosteric heats of adsorption are seen to be 
nearly constant within experimental error for a given 
adsorbate, and over the whole concentration range 
are less than the heats of vaporization listed in Table 
I. (More extensive calculations of qst a t  concentra- 
tions ranging from 0.2 to 3.2 X 10-11 mol/cm2 in in- 
tervals of 0.2 X 10-l1 mol/cm2 give the same re- 
sults.64 No dramatic increases in qst are found; in- 
stead, the results support our earlier conclusion that 
water is a low-energy surface toward nonpolar adsor- 
bates. 

As a check on the consistency of the finite cover- 
age measurements, AGA a t  zero surface coverage can 
be calculated from the isotherm data by combining 
eq 3, 4, and 7. Also, AHA a t  zero surface coverage 
can be obtained by adding RT to qst.S1 In all cases, 
the functions agree within experimental error for the 
two measuring pr0cedures.6~ This lends further sup- 
port to the validity of gc as a tool to measure adsorp- 

tion isotherms on liquid surfaces a t  low surface con- 
centrations. 

Parti t ion Measurements 
Influence of the Support. I t  might be expected 

that the first few layers of water on the solid sup- 
ports used in this work are structurally perturbed to 
some extent. The nature and extent of this perturba- 
tion are of interest in many areas of research (see in- 
troduction). One procedure for investigating the in- 
fluence of the support is to carry out adsorption and 
partition measurements at  different liquid coating 
thicknesses. If the support were modifying the struc- 
ture of the water, the effect should diminish as the 
thickness of the water is increased, resulting in 
changes in KA and KL. In fact, however, on and in 
layer thicknesses ranging from 2000 down to -30 A 
(calculated assuming approximately homogeneous 
coverage), the thermodynamic parameters for both 
adsorption and partition are constant within experi- 
mental error. 

This is a t  first a surprising result; moreover, it 
may be argued that thermodynamic ‘measurements, 
which represent gross macroscopic properties, cannot 
reflect any subtle structural changes which might 
take place in the water. Yet the types of structural 
changes which are postulated to occur a t  interfaces 
(see, for example, ref 16) ought to result in detec- 
table changes with coating thickness, a t  least for the 
partition coefficients. The fact that  no changes are 
observed indicates that the support is not signifi- 
cantly altering the structure of the water. 

It may also be argued that water does not coat the 
supports uniformly so that domains of greater thick- 
ness occur in the column. If this were the case, re- 
gions of support covered with only a monolayer of 
water would be exposed. Again, the constancy of the 
thermodynamic parameters over a wide range of cov- 
erage suggests that  this is not occurring, and that at  
thicknesses ranging from -30 to -2000 A layers of 
water coated on the solid supports are thermody- 
namically equivalent.85 Of course, it is another ques- 
tion whether the liquid is indeed bulk water. To an- 
swer this i t  is necessary to compare the thermody- 
namic measurements obtained by gc to static mea- 
surements. 

Solution Parameters.  Values for KL and the en- 
thalpy, free energy, and entropy of solution for all 
the water-soluble adsorbates in this study are listed 
in Table 111, along with available literature data. 
The agreement with the literature is remarkable 
when one considers all the possible errors in the lit- 
erature data and in our calculations. All the results 
are consistent with current theories of water-solute 
interactions86387 For example, the large enthalpy and 
entropy changes accompanying the solution of n-pro- 
pyl ether result from hydrogen bonding between 

(85) It must be kept in mind that the supports used in this work possess 
very wide pore diameters (for Spherosil, ca. 800 A; for Chromosorb P ,  ca. 
104 A), while the measurements indicating the presence of modified water 
in porous solids have been carried out with pore sizes on the order of 10 to 
loo A.22,23 

(86) D. Eisenberg and W. Kauzmann, “The Structure and Properties of 
Water,” Oxford University Press, New York, N. Y., 1969. 

(87) R. A. Horne, Survey Progr. Chem., 4,1(1968). 
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Table I11 
Thermodynamic Functions of Partition of Vapors at Infinite Dilution in Water at 12.5' 

KL - AGs, kcal/mol - AHs, kcal/mol -ASS, 

This work0 Lit.b This worka Lit.a This worka Lit.g mol)a 
- cal/(deg 

~ 

Dichloromethane 
Trichloromethane 
Tetrachloromethane 
1.2-Dichloromethane 
Benzene 
Toluene 
Ethylbenzene 
Fluorobenzene 

Chlorobenzene 

n-Propyl ether 
Methyl formate 
Ethyl formate 

19 
14 

36 
1.9 

9.6 
9.7 
9.6 
6.8 
3.0 (30"le 

13.5 
5.3 (30")e 

20 
170 

9.0 

l 7 C  
12c 

36C 
1.6C 

7.8d 
8.3d 
7.9d 

3.21 

5.1, 

1.7 
1.5 
0.4 
2.0 
1.3 
1.3 
1.3 
1.1 
0.7 (30") 
1.5 
1.0 (30") 
1.7 
2.9 
1.2 

1.6 
1.4 
0.3 
2.0 
1.2 
1.2 
1.2 

0.7 

1.0 

8.1 
9.6 
9.8 
8.2 
8.4 
9.1 

12.1 
8.1 

9.2 

17.6 
7.5 
8.5 

~~ 

7.8 22 
9.7 28 

33 
7.8 22 
7.8 25 
8.9 27 

10.0 38 
25 

27 

56 
16 
26 

a Standard deviations as in Table I. Calculated as in ref 77, with yo = l/x, where yo is the effectively infinite dilution activity coefficient 
of the solute in water and x is its mole fraction solubility (see J. A. V. Butler, "Chemical Thermodynamics," 4th Edition, Macmillan, 1946). 
Solubility data were taken from the references cited; vapor pressure data from R. R. Dreisbach, Advun .  C h e m .  S e r ,  No. 15 (1955). c A .  
Siedell, "Solubilities of Organic Compounds," Vol. 11, 3rd ed, Van Nostrand, Princeton, N. J.,  1941. R. L. Bohon and W. F. Claussen, J.  
A m e r .  C h e m .  Soc., 73, 1.57 (1951). e Extrapolated value. 7 Calculated from the solubility at  30" in footnote c. g Calculated from the literature 
K L  values. 

water and the ethereal oxygen, combined secondarily 
with hydrophobic bonding around the propyl groups. 

Conclusions 
Gas chromatography has been shown to be a valid 

method for characterizing the surface and bulk prop- 
erties of thin layers of water. Our results suggest that  
a t  thicknesses greater than 5-10 layers (-30 A) thin 
films of water coated on wide-pore silicas are similar 
to the bulk, a t  least in their partition and adsorption 
characteristics. The surface of water is of low energy 
for the adsorption of a variety of nonpolar or weakly 
polar molecules. Adsorbed films on the surface can 
be considered gaseous, with a measurable nonideal- 
ity a t  surface coverages as low as 2500 A2/molecule. 
It would seem that the current model of adsorption 
on liquid water42,43 is untenable in view of our re- 
sults. 

Future work will be aimed a t  extending the appli- 
cation of the method. First, gas chromatography has 
recently been applied to the study of adsorption on 
and partition in thin films of electrolyte solutions.88 
Work has been completed on a detailed examination 
of NaCl solutions up to 5 M,  and studies are now in 
progress on tetraalkylammonium bromide salt solu- 
tions. It should be noted that the structural effects 
which ,occur in bulk water containing electrolytes 
have been well-documented in the past;86,87 struc- 
tural effects at  aqueous interfaces have not been so 
intensively studied. Horne3 has commented that the 
future direction of chemical oceanography will be the 
investigation of phenomena occurring at  the ocean's 
phase boundaries. 

Second, adsorption isotherms for polar compounds 
will be determined in order to provide information 

(88) J. W. King and B. L. Karger, 164th National Meeting, American 
Chemical Society, New York, N. Y., Sept 1972. 

on surface hydrogen bonding and adsorbate orienta- 
tion a t  higher coverage. Moreover, for both polar and 
nonpolar molecules it is possible to extend the isoth- 
erm determinations into the monolayer region and 
above by combining a frontal development gas chro- 
matographic procedures9 with computer control and 
data acquisition. At these high surface concentra- 
tions, the question of multilayer us. lens formation36 
and other complex problems in ~ettabilitygO-9~ can 
be investigated. 

Third, the gas chromatographic approach will be 
applied to the study of single-component and mixed- 
lipid films.93394 Adsorption characteristics of hydro- 
carbons will be determined as a function of surface 
coverage for long-chain alcohols and acids which 
form either liquid-expanded or liquid-condensed 
films. The natural occurrence of such films (e .g . ,  cell 
membrane) make these studies of some interest in 
the biological sciences. 

Finally, gas chromatography offers an alternate 
means to obtain adsorption measurements for hydro- 
carbons on the surface of ice. The presence or ab- 
sence of a liquid layer on the surface of ice, for exam- 
p1e,17,41,43995 can be studied by chromatographic ex- 
periments similar to those above a t  temperatures 
below 0". 
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