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Abstract

By use of data for surface tension, for the first time a method is presented for calculating true molar surface properties of liquids: free
energy, entropy, and enthalpy. These new data allow full comparison with other molar quantities, such as enthalpy and entropy of vaporization.
All data are at the normal boiling point. Tieeare differences in behavior between vas classes of nonpolar mpounds. Rare gases and
tetrahydrides of Group 14 form a separate category. The results agree with the experimental findings that water and alcohol molecules are
aligned with the —OH groups attached to the surface. The data indicate that hydrogen peroxide and 1,2-ethanediol also have one —OH grouy
directed toward the surface and one directed out toward the vapor phase. Small straight-chain amines have some structure at the surface
but the larger ones behave like the corresponding alkanes. Very polar compounds, such as nitriles, nitro compounds, and aldehydes, hav
little or no increased degree of order of molecules at the surface. Ex@epydrogen-bonded compounds, mealles at the surface have
surroundings similar to those in the bulk liquid.
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1. Introduction nonpolar and polar compounds, based on his view of molar
surface entropy. He too concluded that alcohols (except ter-
In 1886 Baron Roland von E6tvs [1] proposed the con- tiary alcohols) and water are oriented. But he also concluded
cept of molar surface energy, defined as follows, whgpe that surface molecules of aldehydes, nitro compounds, and
is the molar surface free energyjs the surface tension, and nitriles are oriented, in the latter case with the CN group
V. is the molar volume: away from the surface.
E, = y(vm)z/;g Shen and co-workers [5,6] ar_ld also Richmond and co-
‘ workers [7,8] have shown experimentally that water mole-
However, this equation is incorrect, for two reasons. The cules are bonded at one hydrogen atom to the surface, with
first is that the molar surface energy is not the surface an OH group extending out toward the vapor phase. Shen
energy of one mole of bulk liquid, but rather the energy and co-workers have also shown experimentally that linear
involved in moving one mole of substance to the surface. alcohols are also oriented [9] the vapor—liquid interface,
The second error is that the dimensions Kf, are in- with the —OH group toward the surface, and the alkyl group
correct. This was pointed out by Adamson [2], who said: oriented toward the vapor phase.
“...it would appear that its dimensions are energy per
mole?/3.” Of course the correct dimensions must be energy

per mole. _ 2. Derivation of equations
Even though erroneous, the E6tvds equation has been of

use. Itis not productive to survey the entire literature. Agood | et ys assume for the time being that the area of a mole-
summary was given by Harkins [3]. For example, he de- cyle on the surface is the same as that in the liquid. To
duced that alcohol molecules are standing on end, with the cgculate the latter, consider a cube within the liquid which
polar end toward the liquid phase. He gave no data, or con-:gntains one mole of substance. Letoe the number of
clusions, for water. Good [4] gave a statistical treatment of ygjecules along one edge of the cube, measured in cm. Then
n® = N,, whereNy is the Avogadro constant. The number
E-mail address: rtmyers@aol.com. of molecules in one face is equaIAbzA/ 3 The area per mole-
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cule is as follows: which provides a comparison at corresponding states, at least
A V23 in the classical sense.
= = mT/s cn?/molecule In addition to boiling pointT}, (K), each table lists the
A Ny following useful quantities: molar surface free enenyg?;
. b. b.
The area per mole follows from this result: molar surface entropyAS7; molar surface enthalpys Hy;

the difference between the Trouton constant (molar entropy

o V"%BN — V23N e /mol of vaporization),AS?, and the surface gntrop;AS{,’s =
mT 2RTAT Im A ' AS? — SAL: and the ratio of molar surface internal energy to
A

o0 . ) molar internal energy of vaporization,E”. Since there is a
Multiplication by the surface tension gives energy per mole. yery small volume change on moving molecules to the sur-
Using appropriate constants, the molar free surface energy istace, the internal energy chang®E?, is essentially equal

given by the following equation, in which the units pfare to the enthalpy change. The ratio gives the energy to move

2.
ergg/cn? or mym?: molecules to the surface, asmpared to the energy needed
AG, = 0.00845/,72/3;/ kJ/mol. to separate the molecules entirely into the vapor.

Thus the molar surface free energy is proportional’,fzSB, 3.1. Raregases

but the proportionality constant is not as simple as E6tvos
proposed. The molar surface entropy is obtained from the  The logical beginning, Table 1, gives data for the simplest

slope of the graph of surface tension vs temperature. of substances, the rare gases. (Helium is included in order to
_d demonstrate its unusual behavior.) There is a steady increase

AS = —8.45V,§/3<—y> J/K/mol. in AG? and AH? as atomic weight increases. On the other
dT /) p hand, the molar surface entropySf, is virtually constant,

In their treatment of surface tension Prigogine and 20 JK/mol. The internal energy ratioE?, is also con-

Saraga [10] assumed that there was a small space betweestant, close to 0.50. The constancy of these values indicates
the surface molecules. If trumy calculation for surface area  that the environment of the surface molecules is similar to
will be a little low, perhaps 10%. This will make no differ- the bulk liquid, except that they have fewer neighbors. In ad-
ence in the conclusions which are drawn. In addition, there dition, it takes about half as much energy to move a molecule
are classes of molecules, such as alcohols, for which the surto the surface as it does to seai@rit entirely from its neigh-
face area is probably less than the area in the bulk liquid. bors. This makes sense, because surface molecules have lost
This will become clear in the discussion of the results for approximately half of their near neighbors.
such compounds. The molecules which actually evaporate are surface
molecules. However, these are replaced immediately with
molecules from the bulk liquidlhis process of replacement
3. Resultsand discussion requires energy and also involves an entropy change. There-
fore AH? and A E? are energies needed to move molecules
The source of most of the surface tension data is the com-from the bulk liquid to the gaseous state. This is also true
prehensive summary by Jasper [11]. The sources of otherof the entropy changeAS?. Therefore the difference be-
surface tension data are indicated in the tables of data. Alltween the Trouton constant and the molar surface entropy
calculations are at the normal boiling points of the liquids, change represents the entropy change in moving molecules

Table 1
Surface thermodynamic data: rare gases and group 14 tetrahydrides
Substance T}, (K) AG? (k3/mol) ASb (I/K/mol) AH? (k3/mol) AH? (k3/mol) ASb (37K /mol) AE? (kJ/mol)
He? 422 00174 694 00467 0083 13 097
NeP 27.07 0263 182 0.754 Q171 461 0.500
Ar 87.4 0.986 196 270 643 540 0473
Kr 121.33 1377 18.7 3617 9.08 561 0.450
Xe 1662 1.88; 19.7 515 1262 563 0.459
CHy® 1116 1149 1966 3343 819 537 0.460
SiH4d 1613 178 21 52 1252 57 0470
GeHyd 1846 221 15 50 1406 61 040
GeHyd 1846 221 (20) 59 1406 (56) (0.47)
SnH,d 221 280 31 960 186 53 Q57
SnH,d 221 280 (20) (7.20) 186 (64) (0.43

a Ref. [16].

b Ref. [17].

¢ Ref. [18].

d Ref. [19].
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from the surface into the gaseous state. If this difference is 3.3. Diatomic molecules (Table 3)
high, then the molecules on the surface have a higher de-
gree of order than the molecules in the bulk liquid. For most  The surface tension data fopldre not of good quality, so

“normal” liquids this is on the order of 55-65K/mol. the high value for the internal energy ratinE?, is proba-
A distinctly higher difference indicates increased ordering bly in error. The other elements give fairly consistent results.
of surface molecules. The value ofAS? (and consequentlig H?) is no doubt too

The group 14 tetrahydrides, Table 1, behave very simi- low for both F, and b, and the surface tension for these two
larly, although much of the data are not of good quality. In elements needs to be redetened. The small diatomic sub-
two cases | have made another calculation, settiigequal stances behave much like the Group 14 tetrahydrides. This is
to 20. This produces very consistent results for the internal expected, because an analyafidlata according to the Myers
energy ratio,AE?. (The surface tensions of the group 14 procedure puts them on a line very close to these substances.

tetrahydrides need to be remeasured.) The molar surface entropy and enthalpy for HF are ex-
tremely low, and the entropy of vaporization of surface
3.2. Group 14 tetrahalides (Table 2) molecules is very high. This indicates a very high degree

of order for the surface molecules. Perhaps they exist as

Data are available for only one fluoride, §£Fwith a six-membered rings. The Trouton constant is high, which
higher value ofASf, 25 JK/mol, and consequently a high ~ of course indicates association in the liquid. The data indi-
internal energy ratio. The chlorides are consistently slightly cate no association (hydrogen bonding) of the other group 17
lower. However, the entropy change for all compounds is hydrides. This agrees with the experimental results of An-
higher than that for the previous two groups, and the internal dreani et al. [13].
energy ratio is consistently lower. A difference is expected,
as shown by Myers [12] in his calculations of the normal 3.4. Straight-chain alkanes (Table 4)
boiling points of these substances. In that study the rare
gases and Group 14 tetrahydrides fall on one line, and the The results for these “linear” molecules are very similar
tetrahalides on another. to those for the Group 14 tetrahalides, witlE” near 0.43,

Table 2
Surface thermodynamic propediegroup 14 tetrahalides and §F

Compound T (K) AG? (kI/mol) ASb (I/K/mol) AH? (k3/mol) AH? (k3/mol) ASb (/K /mol) AE? (KJ/mol)

CF,2 1455 1416 251 507 1233 596 0.456
CF42 1455 (22) (4.62) 1233 (63) (0.415
CCI4b 350 3757 228 1174 2982 624 0.436
SiCI4b 331 319% 225 1066 2935 662 0401
GeClyP 357 356 242 1219 3178 648 0.423
SnCL;b 387 376 236 1292 3418 647 0417

a Ref. [19].

b Ref. [20].
Table 3
Surface thermodynamic properties: diatomic molecules
Substance T}, (K) AGY (k/mol) ASP (3/K/mol) AH? (kd/mol) AHY (kd/mol) ASh (3/K /mol) AEP (kJ/mol)
Ho 20.36 0150 1325 0420 Q908 314 0.563
N2 77.35 0800 204 238 559 519 0481
Oy 90.19 1029 201 2.84 682 555 0.468
F2 85.01 108 120 210 662 658 0.355
Cly 2385 2.83; 204 7.69 2041 652 0.317
Bry 3319 418 218 1143 2995 684 0.420
1,2 4575 6.43 17 141 4457 74 0346
1,2 4575 6.43 (20) (15.5) 44557 (71) (0.38)
HF 2927 0.568 503 2042 2870 931 0.0764
Hcied 1881 1917 155 4.84 1615 704 0.332
HBr 2061 244 188 6.315 1761 666 0.397
Hi® 2374 2.89 206 7.79 1976 626 0.438

a Ref. [21].

b Vaporizing to monomer.

¢ Ref. [22]

d Ref. [23].

€ Ref. [24].
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Table 4
Surface thermodynamic propesiestraight-chain alkanes
Compound T, (K) AG? (ky/mol) ASP (J/K/mol) AHY (kd/mol) AHY (k3/mol) ASh (3/K /mol) AEP (kJ/mol)
CoHg 1845 1944 202 5.68 1469 596 0.432
C3Hg? 23108 2330 220 7.42 1904 604 0.433
n-C4H1g 27265 2663 215 851y 2244 608 0422
n-CgH12 30921 291 227 9.92 2579 607 0.427
n-CgH14 34188 307 233 1105 2885 614 0.425
n-C7H1g 3716 3145 248 1235 3177 603 0.433

a Ref. [25].
Table 5
Surface thermodynamic properties: rodlike molecules
Compound T, (K) AGY (k/mol) ASP (3/K/mol) AH} (kJ/mol) AHY (k/mol) ASh (3/K /mol) AEP (kJ/mol)
CoHo2 1884 200 196 5.70 1788 753 0.349
CHSCECHb 2498 2.675 19.9 7.64 233 734 0.360
MeC=CMe? 3002 2.56q 17.6 7.86 269 720 0.322
MeC=CMeP 3002 2565 (20) (8.57) 26.9 (70) (0.35)

a Ref. [26].

b Ref. [27].

and AS? near 20, although they increase slightly as chain bulk liquid, which would be true if they were upright, with
length increases. Even so, these liquids behave very sim-the —OH groups attached toetsurface. This agrees with
ilarly to all the other nonpolar substances studied so far. the experimental results of Chen. The very low internal en-
This indicates that the enginment of molecules in the sur-  ergy ratio shows that very few hydrogen bonds are broken as

face is similar to that of the molecules in the bulk liquid. molecules move to the surfackhis agrees with the previous
A molecular dynamics simulation by Kayamata and Ya- cglculations.

mamoto [14] shows that the molecules on the surface are |f the molecules are on end, then the value used so far
disordered and entangled, &ntperatures well above the  for the area of alcohol molecules in the surface is in error.
freezing point. To correct for this | assume that the area of all the alco-
hols (except 2-methyl-2-propanol) is nearly the same as for
CH30OH and make a new set of calculations in the lower
_ part of the table. The values fakS? and AE? are now
Data are available for only three substances, and no doubt;| ., ost constant, as with all the preceding compounds. The

the slope of the surface tension graph f%r 2-butyne is 100 |\, \iye of A E? shows that very few hydrogen bonds are
low. I.ntser:mgta \f/aéllute Off 20/|f<t{1m0| fEIJ_rhASS glvesfa Vtiryl broken as the molecules are moved from the bulk liquid
consisten Sf - Of data for all three. The reason for e 1oW ., 1he syrface. The very high value for the entropy differ-
values ofAE? is not clear. Perhaps the molecules tend to lie -

ence (entropy of vaporizatiorf surface molecules), nearly

parallel to each other in the I|qU|q, and .also lie nearly flat 100 JK /mol, is due to the great degree of order of the sur-
on the surface. Such a change will require less energy than

for the other substances and will explain the normal value face molecules, as comparediwthe molecules in the vapor.

b hi b
for AS? and the slightly elevated value for the entropy of In fact, low vallues OfASF ¢ high vglugs f.orASVS' .and low
vaporization of the surface molecules, above 7R inol. values for AE; are decisive for indicating a high degree
It would be very instructive to have good surface tension of orientation of surface molecules. (The Trouton constant

data for similar molecules, such as 1,3-pentadiyne and 2,4_is. elevated, indicating some degree of structure in the lig-

3.5. Rod-like molecules (Table 5)

hexadiyne. uid.)
The straight-chain alcohols are unique, in that the surface
3.6. Alcohols (Table 6) molecules are packed tightly together through their entire

length. Therefore the Londoforces change very little in

Here we see a considerable deviation from the behavior moving them from the liquid. In fact, the surprise is not that
of nonpolar moleculesA S? and A E? are much lower than  little energy is needed to form the surface layer, but that so
for all the preceding substances, and the valueafsf are ~ much energy is needed.
not constant, but increase greatly as chain length increases, The low value for surface entropy, high entropy differ-
more than doubling from methanol to 1-hexanol. The very ence, and low internal energyti@for 2-methyl-2-propanol
low values forA S? indicate a great deal of structure for the show that it too is hydrogen-bonded to the surface, contrary
surface molecules, as compdrwith the molecules in the to the conclusion of Good [4].
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Surface thermodynamic properties: alcohols

Compound T; (K) AG? (ki/mol) ASP (J/K/mol) AH? (kJ/mol) AHY (kJ/mol) ASh (3/K /mol) AE? (kJ/mol)
CH30H 3379 1966 800 467 3521 962 0.144
CyH50H 3515 2301 109 6.13 3856 988 0172
n-CzH70H2 3705 271 147 815 4144 971 0.212
n-C4HgOH 3903 3073 168 9.62 4329 941 0.240
n-CsH110OH 4111 3228 182 1072 4436 897 0.262
n-CgH130H 4305 3462 210 1251 4450 824 0.306
(CHg3)30HP 3554 2.766 1608 848 3907 939 0.235
(Recalculated, assuming all surface areas are same as §®H

CH30H 3379 1966 800 467 3521 962 0.144
CyHs0H 3515 (1.81) (857 (4.82 3856 (1011) (0.135
n-CzH70H 3705 (1.76) (9.53 (5.29 4144 (1033 (0.138
n-C4HgOH 3903 (172 (9.39 (5.39 4329 (1015) (0.135
n-CsH1,0H 4111 (1.60) (9.03 (5.31) 44.36 (98.9) (0.130
n-CgH130H 4305 (1.54) (9.30) (5.54) 44,50 (94.1) (0.135

a Ref. [28].

b Ref. [29].
Table 7
Surface thermodynamic properties: hydrogen compounds of groups 15 and 16
Compound T, (K) AG? (ky/mol) ASP (3/K/mol) AHY (k3/mol) AHY (k3/mol) ASh (3/K /mol) AEP (kd/mol)
H.O 37315 3518 115 7.82 4066 975 0.208
H202 4233 4.15 116 9.04 476 101 0206
(CH,OH), 4705 4.385 11.9 1001 5046 953 0215
Hos?b 2128 260 21 707 1868 67 0418
HoSe 2321 2.84 15 628 199 70 Q35
HoSe 2321 284 (20) (7.48) 199 (66) (0.42)
HoTe 2710 362 32 123 2364 55 0575
HoTe 2710 3.62 (20) (9.09) 23.64 67 (0.42)
NH3 2398 2426 198 7174 2331 774 0.336
NoH4¢ 386.7 4.07 216 1242 418 865 0.322
(CHoNH>), 3901 423 208 1234 3798 766 0.355

a Ref. [20].

b Ref. [30].

¢ Ref. [31].

3.7. Hydrogen compounds of groups 15 and 16 (Table 7) The slopes of the surface tension curves foiSEl and
HzTe are surely in error. If one assumas? of 20 JK /mol

then all the calculated values are nearly normal for these

diol deviate considerably from those of “normal” liquids, @lmost nonpolar liquids. The surface tension of these sub-

and the pertinent thermodynamic constants?, A s, and stances needs to be redetermined. It would be very instruc-

AE? are almost as low as for the alcohols, and, more im- tive to have surface tension data for £iAsHs, and SbH,

portantly, are almost identical for all three compounds. We t0 see if they behave like the group 14 tetrahydrides.

conclude that the situation of surface molecules is the same.

The thermodynamic data are close to those of the alcohols3.8. Straight-chain amines (Table 8)

and water. Therefore we assume that one —OH group is

pointed toward the interior molecules. This will be consid- One might expect these primary amines to form hydro-

ered later. gen bonds, and therefore have a lav§?. The data show
We might expect the corresponding nitrogen compounds mixed behaviorAS? and AE? are low for the first couple

to show similar behavior. However, they behave almost of members, but increase steadilys’, starts high and then

normally, in that the molar surface entropy is close to decreases as the chain length increases. WieR{BIH; is

20 JK/mol. YetA Sk, is slightly elevated. Therefore the sur-  reached, the results arértually the same as for-C7Hjsg,

face molecules are oriented to some extent. One concludesndicating “normal” behavior. @e concludes that there is a

that the molecules in the bulk liquid are also slightly or- small amount of hydrogen bonding for the first members of

dered, but there is little change in moving molecules to the the series, but this virtually disappears whesHgNH is

surface. reached.

As expected, the values for®, H,O2, and 1,2-ethane-
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Table 8

Surface thermodynamic properties: amines

Compound T; (K) AGY (ky/mol) ASP (3/K/mol) AH? (kJ/mol) AHY (kJ/mol) ASh (3/K/mol) AEP (kJ/mol)
CH3NH, 266.82 2543 15.9 6.78 2560 8Q0 0.290
CoHsNH, 2897 2.80 189 827 276 764 0.328
n-CzH7NH» 32037 312 204 967 2955 718 0.360
n-C4HgNH5 35015 335 213 1080 3181 695 0.374
n-CsH11NH» 3774 3565 220 1187 3402 681 0.384
n-CgH13NH» 4059 355 245 1348 3654 655 0.406
Table 9

Surface thermodynamic properties: aldehydes, nitro compounds, nitriles

Compound T, (K) AG? (k3/mol) ASb (I/K/mol) AH? (k3/mol) AH? (k3/mol) ASbS (I/K/mol) AE? (kJ/mol)
CH3CHO 2934 2633 169 7.60 2576 709 0.330
CH3CH,CHO 34793 474 165 1048 315 740 0.366
CH3NO, 3744 3.068 216 1116 3399 695 0.361
CoHsNO» 387.22 332 195 1077 362 786 0.330
n-C3H7NO; 404.33 352 193 1132 3847 758 0.322
n-C4HgNO» 42592 356 206 123 406 747 0.333
CH3CN 35480 270 159 834 2975 680 0.331
CoHsCN 3713 284 185 971 3181 672 0.338
n-C3H7CN 3908 314 188 104 3368 674 0.344
n-C4HgCN 4144 331 193 1132 359 677 0.349
3.9. Very polar molecules (Table 9) dicated by a high value for the entropy of vaporization of

surface molecules. Straight-chain alcohols are standing on
The only deviation is the low value afS? for ethanen- end, with the OH group pointed toward the surface, so all

itrile and the two aldehydes. (Unfortunately there is a great have surface areas very close to that of3OH. The situ-
lack of data for the latter group.) The other indicators show ation is quite similar for HO, HyO,, and (CHOH),. The
normal behavior for these liquids. This is contrary to the de- very high values for the Trouton constant (entropy of vapor-
duction of Duncan—Hewitt, who calculated a high degree of ization) of the hydroxy compounds indicates a fair degree
order for surface molecules of ethanenitrile, with the dipoles of order (association) for the molecules in the liquid. This
oriented 22 from the plane of the surface [15]. We need will be considered later. Some other classes of liquids show
more surface tension data and more accurate data for these high value for the entropy change in going from the bulk
types of very polar molecules, which do not engage in hy- liquid to the vapor, even though the molar surface entropy
drogen bonding. is in the normal range. In this case we judge that there is

some structure of molecules in the bulk liquid, which does

not change significantly on moving them to the surface.
4, Summary

For the first time, true molar values have been calculated 5. The causefor the high surface tension of water
for surface thermodynamic functions: free energy, entropy,
and enthalpy. This allows comparison with other molar ther- It has been known for a long time that water has a very
modynamic quantities, such as enthalpy and entropy of high surface tension. The usual explanation is that water
vaporization, and can be combined with the latter data to is very polar and has high forces of attraction between the
make deductions as to surface structure. Calculations aremolecules. But the dipole moment of water has a medium
made for several homologous series and groups of similarvalue; many molecules are much more polar. The present
compounds, which permit important deductions to be made work gives the reason for water’s high surface tension. This
about the arrangement of surface molecules of liquids. The can be seen from Table 10. The first column gives the val-
truly spherical molecules, the rare gases, form a separateues for the molar surface free energy of a few liquids which
grouping, and the group 14 tetrahydrides are in this sameboil somewhat near room temperature. It is evident that the
category, possibly because they are in free rotation at themolar surface free energy of water is not at all high. This
boiling point. This agrees with the previous finding of My- is the free energy involved in moving a mole of molecules
ers that the boiling points of these two classes of substancego the surface. But surface tension is surface free energy
behave in a similar manner. A low value for the molar sur- per unit area. So we must divide the molar surface tension
face entropyAS?, shows that there is an increase in order by the area of one mole of molecules (third column) in or-
in going from the bulk liquid to the surface. This is also in- der to obtain the surface tension as usually measured. Water
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Table 10

Contributions to surface tension of liquids

Compound AG? (I/mol) V), (cm3/mol) AP (cm2/mol) x10° AGE (Jyom?) x107 y (MN/m)
H.O 3518 1879 0597 589 589
Ho0o 4151 262 0.745 557 557
CH30H 1966 427 1.023 1905 1904
CyH50H 2300 6124 1312 175 175
n-C3H70H 2811 8175 159 177 177
n-C4HgOH 3073 102 184 167 1665
(CH,0H), 4385 6338 135 326 3265
NH3 2426 2498 0722 336 3360
n-CgH14 3073 1409 229 134 1343
n-C7H1g 3145 1635 2.52 125 1245
CH3CN 2703 574 1.26 215 2150
CoHsCN 2840 786 155 183 1830
n-CgH7CN 3140 993 181 173 1731

AGi? = molar surface free energyy = molar vqume'Af1 = molar surface area)GZ = surface free energy per unit areasurface tensios-= y (measured
surface tensiony included only to check my calculations).

Table 11

Entropy changes during vaporization of liquids

Substance T, (K) AH? (k3/mol) ASE (3/mol/K) ASb (I/mol/K) AS5, (J/mol/K)
H,O 373.15 4066 1090 1153 975
Ho00 423.3 476 112 115 100
CH30H 337.9 31 1042 8.00 962
CoH50H 351.5 3866 1097 109 988
n-C3H70OH 370.5 4144 1118 1237 995
n-C4HgOH 390.3 4329 1109 131 97.8
(CHo0H), 470.5 5046 1072 1195 9525
n-CgH14 341.9 2885 8438 233 611
n-C7H1g 371.6 3177 8550 248 607
NH3 239.8 2331 9721 198 774
CH3CN 354.8 2975 839 159 680
CoH5CN 371.3 3181 857 185 67.2
n-CgH7CN 390.8 3368 862 188 67.4
CH3NO» 374.4 3399 910 216 694
CoH5NO» 387.2 362 935 195 74.0
CH3CHO 293.4 2576 878 169 709
CoH5CHO 347.9 35 905 165 74.0

AHI’}’ = enthalpy of vaporization (interior moIecuIess&'Sf}7 = entropy of vaporization (interior molecules)'sf = molar surface entropy (interior to surface);
AS@V = entropy of vaporization (surface molecules).

has a very low molar volume, hence a very low area for higher surface area per molecule. In Table 6 a calculation
one mol of molecules, and hence a very high surface ten-was made assuming all alcohols had the same surface area
sion. It is clear that the high surface tension for water is per molecule. If this were true then the surface tension would
due to the fact that it consists of very small molecules which be proportional to the molar surface free energy. Instead it
are tightly packed. Hydrogen peroxide has a slightly higher decreases as molecules get larger. This suggests that only a
molar surface free energy, but also a slightly higher molar fraction of the alcohol molecules are attached to the surface
surface area, so its surface tension is very close to that of wa-0y @ hydrogen bond.

ter. 1,2-Ethanediol has a higher molar surface free energy,

but a much higher molar area, so it has a much lower sur-

face tension. In contrast, ammonia, which consists of small 6. Details of the vaporization process

molecules, has a very low surface tension, because the mole-

cules are not densely packed, mostly due to a much lower |t is now clear that evaporation of a liquid occurs in two
attraction between the molecules. The effect of size of mole- phases. First the molecules in the bulk liquid move to the
cules on surface tension can be seen by comparing the valuesurface, and then these surface molecules escape into the va-
for the normal alkanes and for the nitriles. This can be seenpor phase. The usual value for the enthalpy of vaporization
most clearly in comparing wat and butanenitrile. The lat-  is the amount of heat necessary to move molecules from the
ter has about the same molar surface free energy, but muchnterior of the liquid to the vapor phase. The present research
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gives the molar entropy change for moving molecules from [2] W.D. Harkins, The Physical Chegtry of Surface Films, Reinhold,
the interior to the surface. Enefore we can calculate the New York, 1952.

entropy change for evaporation of surface molecules, given 3] R-J- Good, J. Phys. Chem. 61 (1957) 810.
the symbolA 5. Table 11 gives the data for the substances [41 R. Edtvas, Ann. Phys. 27 (1886) 448.
Y Vs 9 [5] Q. Du, R. Superfine, E. Freysz, Y.R. Shen, Phys. Rev. Lett. 70 (1993)

in Table 10. The first item of note is the very high entropy 2313,
of vaporization of the surface molecules from the associated [6] Q. Du, E. Freysz, Y.R. Shen, Science 264 (1994) 826.
liquids. The values are all very close. This is due to the fact [7] M.G. Brown, E.A. Raymond, H.C. Allen, L.F. Scatena, G.L. Rich-

; ; L mond, J. Phys. Chem. A 104 (2000) 10,220.
]Ehat thﬁ mOIefCU|eS. ar? g.lghl)rl] Oélemed’ on er.](;j' S_tll(r:]kmg lom [8] E.A. Raymond, T.L. Tarbuck, M.G. Brown, G.L. Richmond, J. Phys.
rom the surface, including hydrogen peroxide. e value Chem. B 107 (2003) 546.

for ammonia is slightly elevated, indicating some structure [g] c.D. Stanners, Q. Du, R.P. Chin, P. Cremer, C.J. Somorjai, Y.R. Shen,
of surface molecules. Thus, from surface tension data one  Chem. Phys. Lett. 232 (1995) 407.

can determine if molecules on the surface are oriented. Thell0] I. Prigogine, N. Saraga, J. Chim. Phys. 49 (1952) 399.

: : - [11] J.J. Jasper, J. Phys. Chem. Ref. Data 1 (1972) 841.
surface entropies are low, because the molecules in the in [12] RT. Myers. J. Phys. Chem. 83 (1979) 294,

terior, somewhat oriented, are going to the surface, Where[13] C. Andreani, F. Menzinger, M. Ndone, F.P. Ricci, A.K. Soper, in:
they are highly oriented. Water and hydrogen peroxide, in M.-C. Bellisent-Funel (Ed.), Hydrogen Bond Networks, Kluwer Aca-
the bulk liquid, are much more oriented than methanol. demic, Dordrecht, 1994.

The situation with “normal” liquids is quite different. Al-  [14] M. Kawamata, T. Yamamoto, J. Phys. Chem. Jpn. 66 (1997) 2350.

. . . [15] W.C. Duncan-Hewitt, Langmuir 7 (1991) 1229.
though almost entirely disordered in the bulk, they go to [16] D.R. Lide (Ed.), CRC Handbook of Chemistry and Physics, 71st ed.,

spmewhat higher disorder on the surface, and thusto amuch™ ~ pess Boca Raton, FL, 1990.
higher surface entropy. Consequently the entropy of vapor-[17] A.Th. Van Urk, Proc. Acad. Sci. Amsterdam 29 (1926) 914.
ization of the surface molecules is much lower than that for [18] V.A.M.K. Soares, Fluid Phase Equilibria 32 (1986) 9.

_ [P— ; ; ; [19] G.G. Devyatykh, A.D. Zorin, V. Runovskaya, Dokl. Akad. Nauk
the hydrogen-bonded liquids, which have highly oriented SSSR (Phys. Chem.) 188 (1969) 1082,

molecules on the surface. [20] L.I. Osipova, S.G. Krasnova, Russ. J. Phys. Chem. 53 (1979) 1636.
Finally, it is clear that if we wish to understand the be- [21] J.E. Frederickson, J. Colloid Interface Sci. 48 (1974) 506.

havior of molecules on the surface of liquids, we need to [22] D. Mcintosh, B.D. Steele, Z. Phys. Chem. 55 (1906) 142.

obtain high-quality surface tension data for some liquids [23] R.J. Meyer (Ed.), Gmelins Handbh der anorganischen Chemie, Cl,

which have already been measured and also to obtain datet2 4 ?y\j\t/}iﬁ; Gélizhzsp'clﬁ;q 65 (1909) 157

for many new S.UbStanceS- It is also clear that. this method 5} £ Richter (Ed.), Beilsteins Handbuch der organischen Chemie, third
of analysis provides a way to evaluate the quality of surface suppl., vol. 1, Springer-Verlag, Berlin, 1958, p. 206.

tension data, especially within a homologous series. [26] O. Maas, C.H. Wright, J. Am. Chem. Soc. 43 (1921) 1100.
[27] F.R. Morehouse, O. Maas, Can. J. Res. 11 (1934) 637.
[28] Yu.V. Efremov, Russ. J. Phys. Chem. 40 (1966) 667.
[29] K. Owen, R. Quayle, E.M. Beavers, J. Am. Chem. Soc. 61 (1932) 901.
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