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Abstract: A simple model that has been derived from molecular-level consideratioRhys. Chem. B998

102 5715) is revisited and extended. It is shown that it gives a unified and adequate description of a variety
of properties related to intermolecular interactions, including boiling point, enthalpy of vaporization, vapor
pressure, surface tension, and a number of partition and solubility data for organic liquids that do not contain
associative or strongly polar substituents. All corresponding equations were derived from the same free energy
expression that forms the basis of the model. For the organic liquids considered here that include haloalkanes,
aromatics, haloaromatics, esters, and ketones, molecular size as the sole descriptor (characterized here by
molecular volume) can account for 890% of the variance. Furthermore, water, which is a highly abnormal
liquid, seems to be integrable within the model by a simple modification of the interaction-related constant.
This modification is consistent with the modified hydration-shell hydrogen-bond model of Muller, with data

on partition and solubility in water, and with the large surface tension value of water. Within this approach,
the controversy related to different macroscopic/microscopic free energies of interactions per surface area that
was raised by Tanford and has recently resurfaced in the work of Honig, Sharp, and co-workers is also avoided.

Introduction give reasonable descriptions of essentially all intermolecular-

interactions-related properties in simple organic liquids that have
that while most of the relevant chemical and biochemical "° functional groups that are strongly polar or susceptible to

processes take place in or at the interface of liquid phases, Weass;omatlve t()e.g., hydrogedn tbc:jndlntgh)_ b(?[rr:gwor. g/lcl)reov;r, even
still seem to be unable to grasp the essence of this phése. water can be accommodated within this model, :and many

Our ability to describe quite well gas and crystalline solid phases tm dl:sugi_pr_opertles of \.’Vat‘le.;. a(;e Cogeﬁlﬁl ?gcounted ft?ri Adm't'
at the molecular level only makes this even more frustrating, edly, this 1S an oversimpiiiied model that 1s somewhat in the

because liquids are obviously somewhere “between” these tWophenomenological style of the van der Waals equation of state

phases. Nevertheless, neither lattice gas and compressed ga%r the Hildebrand solubility model, but for the liquids consid-

nor defective crystal models have yet provided real solutions. ered, which |ncIude_ haloall_<a|_'1es, aromatics, halo_aromatl_cs,
Pictures obtained from Monte Cario and molecular dynamics esters, and ketones, its predictions are consistent with a variety

calculations are promising, but such calculations can provide pf intermolecular-interactions-related properties, including boil-

only computation-expensive simulations and not physicochem- Lng point, eénthalpybof v?ponf?tlon, \(/japolr E:gssdurte, surface
ical theories that relate bulk properties to intermolecular forces ension, and a number of partition and solubility data.

in a more direct way. Because chemistry itself was once defined
as the study of solutions (the alchemist experience could be
summed up as corpora non agunt nisi solutathat is, The database includes haloalkanes< 39), aromatics and alkyl-
compounds do not react unless dissolVeahd because life on aromatics 1§ = 48), haloaromaticsn(= 31), and mqnofu_nctionalized
Earth is intimately liquid-based, the frustration is understandable. €Stersf = 28) and ketonesy(= 22) [also monofunctionalized alcohols
Furthermore, life as we know it is water-based and so are most(" = 49) and aminesn(= 36) for octanokwater partition and water

of our evervday liquid-related experiences. This onlv compli- solubility data] with at least one experimental data available. We
yday 1iq p ’ y P attempted to include as varied structures as possible. Molecular volumes

cates matters, because water is quite unique, even among liquids,seq here are effective van der Waals volumes and were computed
The present paper intends to prove that our recently intro- \ith a radii set®° and an essentially analytical algorithihat have

One of the most frustrating facts facing physical chemists is

Experimental Data

duced molecular-size-based, unified, approximate nfdaezin

T Present address: IVAX Corp., 4400 Biscayne Blvd., Miami, FL 33137.
Phone: (305) 5754021. Fax: (305) 5756027. E-mail: Peter_Buchwald@
ivax.com.

(1) Hirschfelder, J. O.; Curtiss, C. F.; Bird, R. Blolecular Theory of
Gases and Liquidswiley: New York, 1964.

(2) Rowlinson, J. SLiquids and Liquid Mixtures2nd ed.; Butterworth:
London, 1969.

(3) Kohler, F.The Liquid StateVerlag Chemie: Weinheim, 1972.

(4) Temperley, H. N. V.; Trevena, D. H.iquids and Their Properties
Ellis Horwood: Chichester, 1978.

(5) Arrhenius, S.Theories of SolutionsYale University Press: New
Haven, CT, 1912.

(6) Buchwald, P.; Bodor, NJ. Phys. Chem. B998 102, 5715-5726.

(7) Buchwald, PPerspect. Drug Disceery Des.200Q 19, 19-45.

10.1021/ja0017880 CCC: $19.00

been described elsewhere. Enthalpies of vaporization, boiling points,
densities, and molecular weights are from recent collectioiSurface
tension values are from the compilation of Jaspe&sas-hexadecane
Ostwald absorption coefficients are from Abraham and co-worééfs.
Water solubilities are from articles published by Hine and MookErje,

(8) Bodor, N.; Buchwald, PJ. Phys. Chem. B997 101, 3404-3412.

(9) Buchwald, P.; Bodor, NJ. Med. Chem1999 42, 5160-5168.

(10) Lide, D. R., Ed.CRC Handbook of Chemistry and Physig8th
ed.; CRC Press: Boca Raton, 1991998.

(11) Lide, D. R., Milne, G. W., EdsHandbook of Data on Common
Organic CompoundsCRC Press: Boca Raton, 1995.

(12) Jasper, J. J. Phys. Chem. Ref. Date972 1, 841-1009.

(13) Abraham, M. H.; Whiting, G. S.; Fuchs, R.; Chambers, B. Chem.
Soc., Perkin Trans. 2990 291—-300.

© 2000 American Chemical Society

Published on Web 10/12/2000



10672 J. Am. Chem. Soc., Vol. 122, No. 43, 2000 Buchwald and Bodor

Valvani and co-workers} and from the recent collection by Abraham  Broglie wavelength. The internal partition functia was
and Le!” Hexadecanewater partition coefficients are from Abraham  considered to be independent of the environment, and thus it
and co-workers?*® Octanot-water partition coefficients are mainly a5 disregarded. The first term on the right-hand side of the
recommended valges from compilation; by Hansch gnd co-wéPKers above equationkT In(ABNi/V), represents the translational
and _Sa_lngste?RDetalled data are included in the Supporting Information. ontribution to the chemical potential. The second term on
Statistical analyses were performed using a standard spreadshee . .
program (Microsoft Excel 97). he rlght-hand side can be regarded as thg average mmf .
coupling a molecule located at some fixed position to its

Molecular-Size-Based Model for Simple Organic Liquids environment.

The following additional molecular-level assumptions were
introduced®”
(1) The total volume of the liquid phasé&/)(is a linear
nction of molecular number$\() and molecular volumes{.
Hence, for a pure liquid, the molar volum&/( will be
considered a3/ = aNy. For the effective van der Waals
molecular volumes used in this work)( we obtained/° (L) =
0.00123 (A3) (n= 260,r2 = 0.87)8 Only flat, fused aromatics,

To describe liquid properties and solvation processes, one
must have some molecular-level model of the liquid state. On
the basis of specific, molecular-level assumptions, we recently
. . ) fu
introduced a simple molecular-size-based model that allows a
unified description of important properties such as enthalpies
of vaporization, boiling points, Ostwald absorption coefficients,
vapor pressures, partition coefficients, and water solubilities for

. Sty L 0
simple organic liquids:” For such liquids, around 90% of the such as perylene or fluoranthrene, were strong deviants. For

variance in these properties is accounted for by molecular Sizemixtures of different compounds. the volume of the liquid phase
as measured by the computed van der Waals molecular volume P ’ quid p

. . ) will be considered as determined by the number and the size of
(v). Because for most organic molecules differently defined (e.g., its constituent moleculed/ = Vi + n\V.0 = a(Nizs + Nioy).

These are reasonable, but undeniably rough approximations.

molecular volumes tend to correlate strongfy**and because When molecules of unequal size are mixed, these assumptions
any of these quantities represents a reasonable measure of three- 4 ’ P

. . . . . intr n itional term in th rr ndin tions.
dimensional size, we designated our model as molecular-size- oduce an additional te e corresponding equations

based and not as molecular-volume-based. The model in its (2)_ The volume av_ailable for translation in a liquid can be
present form works only for simple organic liquids whose cc:ge&dered as afractions 1, of the tot@l volume O.f th? liquid,

molecules have no hydrogen bonding or strongly polar substit- Ve = fv. Cons_eqqently, the tr_a}nslatlonal cont_nbutl(_)n to the
uents. However, by changing the interaction-related constant,ChemIcal potential is also mod|f_|ed. Molecu_les Ina I|qU|q are
a simplified but consistent description is obtained for the free to move throughout th_e medium, but their volume obviously
properties of water and for the hydrophobic effatiat is also represents a major fraptlon of the total'volu.me.. Hence, the
in agreement with the modified hydration-shell hydrogen-bond 2V€'a9€ volume accessible to a molecule in a liquid phése)

model of Muller2324A previously derived, fully computerized 'S only part of the total volume. At any given time, a
method (QLogP)?526that estimates octaneivater partition considerable portion of the total volume is inaccessible owing

properties for a large variety of organic solutes could also be to the size of the mglecules present, as was the case even fora
integrated within this unified approach, and the value obtained van (_jer_WaaIs gas™Introduction of_each solute molgcule Into

for the interaction constant of octanol is also consistent with the liquid produces a free volume increase proportional to the
the present model.

size of the introduced solute that will be available to all the
Chemical Potential. The present model was obtained starting other molecules present in the liquid phase. Assumptions 1 and
with a chemical potentialg) form obtained in a statistical

2 are practically those introduced in the Hildebrand md&giél.
mechanics formalism that is essentially identical to that used ' "€ Present model was consistent with a valué sf 0.023,

by Ben-Naim?7:28 sugggsting that abput—Z%% of the toFaI liquid volume can be
considered as available for translation.
(3) In simple liquids, the binding energy and, hence, the
+ W, (1) coupling work of a molecule to its environmeh) are linearly
related to molecular volumeN, = —wp — we. In liquids,
Herek is the Boltzmann constari, is the absolute temper-  dispersion forces are clearly dominant among attractive van der

ature,N represents particle number, andis the thermal de ~ Waals force$?-3* and they are to a good extent size-related.
This potential should account for most nonspecific intermo-

NAZ
_ iy
wi =KkTIn Vg

(14) Abraham, M. H.; Andonian-Haftvan, J.; Whiting, G. S.; Leo, A,;

Taft, R. S.J. Chem. Soc., Perkin Trans.1894 1777-1791. lecular interactions in liquids where they are, at least to a
(15) Hine, J.; Mookerje, P. KJ. Org. Chem1975 40, 292—298. reasonable extent, orientation averaged. The interaction-related
(16) Valvani, S. C.; Yalkowski, S. H.; Roseman, T.JJ.Pharm. Sci. constantsvg = wokTo andw = wkTy (To = 298.15 K) should

19?%7)7%b5;2ﬁ;r5n07|\'/| H.: Le, 3J. Pharm. Sci1999 88, 868-880 have similar values in similar liquids, and indeed, the model

(18) Abraham, M. H.; Chadha, H. S.; Whiting, G. S.; Mitchell, R.JC. that was derived for all of the above-mentioned data (e.g.,
Pharm. Sci.1994 83, 1085-1100. enthalpy of vaporization, boiling point, Ostwald absorption
(19) Hansch, C.; Leo, A.; Hoekman, Bxploring QSAR. Hydrophobic, fficient. v ror re) w. nsistent wi n
Electronic, and Steric Constant&merican Chemical Society: Washington, COS cient, vapor pressure) was C.O SIS e. with= 5.39 and
DC. 1995: Vol. 2. o = 0.082. The alkane data required a different(2.52) and
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(21) Pearlman, R. S. IRartition Coefficient Determination and Estima-
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examined properties, alkanes seem to be in a class of their ownthat excluded by the molecules themselves, and the excluded

and they will not be included in the present discussion.

The chemical potential;s°'i obtained from these assumptions

for solute i in solvent j was

kT)ui —wp+ KT (2)

Y

15 = kTIn(% AF) - (w”. +

wherep; = Ni/V represents particle density. Different molecular

sizes and volume additivity introduce in this expressidTE

— uily)) term® Similar terms, obtained (or not) by different

volume cannot be neglected, even for van der Waals §&8es.
Despite a similar mathematical form, the Flerduggins model

is obtained from very different physical considerations (lattice
model approximation). The corresponding Fleiuggins
equation, instead of the lhterm, contains am, term, where

m, denotes the hard-core volume of the corresponding (poly-
meric) unit relative to the monomer (essentially the length of
the polymer). It should be noted here that all equations derived
for gas-liquid transfers from the present model that contained
this Inf (= In 0.023= —3.76) term gave satisfactory numerical

authors using different assumptions, generated considerableagreement with the experimental d&fhey included equations

controversy recentl§:35-58 In addition to the Hildebrand model,

formally similar terms can be obtain&dvithin the framework
of the Flory—Huggins theory of polymer mixirk§=* or within

the theory proposed by Sharp and co-workéis the present

for the Ostwald absorption coefficient in hexadecane for simple
organic compoundsyfq, n = 49), the Ostwald absorption
coefficient in liquid alkanes for xenoryge, N = 12), and data
on vapor-liquid equilibrium (9 n = 42). However, the quality

model, as in that of Hildebrand, this term appears as a of the experimental data is not sufficiently good enough to
consequence of the larger increase in the volume of the liquid clearly distinguish among these models, because, in most cases,
phase and, hence, the larger increase in the volume availablehere are only small differences between their predictions.

for translation produced by introduction of larger molecules.

The present model indicates the presence of fafétor in

The chemical potential of pure liquids can be obtained from
eq 2 by considering the solute and solvent molecules as

gas-liquid transfer free energy expressions, a factor that is not identical: i=j, vi = yj = v, Wj = Wj = W.

obtained in the FloryHuggins or Sharp models as shown by

Chan and DilB! The f fraction introduced here equatf{c +

1), wherec, as defined by Chan and Dill,is assumed to be

U =KT In(% A3) —Wo — W, (3)

constant and represents the ratio between the free volume The chemical potential of (perfect) gase&s= kT In(pA3),
No such term appears in the Sharp model in which the full =1 (whole volume available for transition). The present model
volume of the liquid phase is considered accessible in a sort of jg essentially a background potential model, but although a van

compressed ideal gas approximat?éi>This, however, cannot

der Waals gas model is obtained with= —aN/V (andVfree =

be a good choice, because most of the volume of a liquid is v — Np), here we assume&/ = —wo — wo (and Viree = fV).
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For a pure liquid, a number of properties, such as boiling
point, enthalpy of vaporization, vapor pressure, and surface
tension, are directly related to intermolecular forces. Hence, the
most direct tests of any model of intermolecular forces are its
predictions for these properties, and we will look at them in
the following.

Boiling Point. Thef value used here (0.023) was obtained
so as to give a molar entropy of vaporizatid&® = R(1 + In
RTy/pof\V0) with the present model, in agreement with the crude
Trouton rule AS> ~ 87 J/K mol)® From the condition that
Au'9—93sis O at the boiling pointTy), we obtained

T = Wy + Wy _T Wyt w;v;
b~ R, ° [RL)
kln ) vz In ) P
o' Vi 0'Vi
298.15
5 46 (5:39+0.082) (K) (4)

which is in good agreement with the experimental data (omitting
the small, fluoro-substituted compounds). The linear dependence
on the rightmost side was obtained by assuming ThAt° is
constant, which is a reasonable first approximation (3:6R6

10 K/m3, n= 95). As Figure 1 and eq 5 illustrate, the agreement
between experimental and model-predicted data (bot)ris
reasonably good, even for compounds containing nonassociative
functional groups, such as esters or ketones

£,2? (°C) = 0.961¢-0.037),™ + 6.667¢-6.875) (5)

n=135,r>=0.838,0 = 35.145F = 687.2

Enthalpy of Vaporization. Considering that for vaporization,
Au = u%s — 4l the model gives for the molar enthalpy of
vaporization AHO)
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Figure 1. The boiling point ¢, °C) of 135 molecules as a function of
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Figure 2. Molar enthalpy of vaporizationH%.p) as a function of
molecular volume. The line represents the prediction of the present

molecular size as measured by the computed van der Waals moleculaimodel (eq 6 using predicteth).

volume (in A3). The line represents the prediction of the present model
(eq 4).

odwm) _ (T _
2L )p = RTO(?O + wy+ wv) =

Ty (K)
2'48(298.15

AH’ = NO(

+5.39+ 0.082)/) (kJ/mol) (6)

which is in very good agreement with available experimental
data (Figure 25.In fact, this equation was used in the original
publicatior? to derive the values for the (w) interaction-related
constants. By using eq 4 fd, one can directly relatAH° to

v

AH® (k/mol)= 14.78+ 0.225 (A3 (7)

0 200

enoNorO
O esters, ketones
—model

gas
og
' ' | ) ' ' ' '
@ ~N O O A O N =2 O =
. s ) L I ¢ s

v (A%

Figure 3. Molar gas concentratiop$9 at equilibrium between a liquid
and its vapor. The continuous line represents the predicted value (eq

As Figure 2 illustrates, despite all the estimations made, the 13).
agreement is also good even for nonassociative liquids such as

esters and ketones

AH%®® (kJ/mol)= 0.911¢-0.059AH*™¢ +
2.846(1.870) (8)

n=47,r>=0.842,0 = 1.794,F = 241.1

Gas—Liquid Equilibrium. Considering that the Ostwald
absorption coefficienty() is defined as the ratio of liquid and

gas number densities (molar concentrations) at equilibrium, and

that at equilibrium the chemical potentials are equedf =
1%, we obtained for the present motlel

sol, 1
i 1

02 “in1

log y," = log (—1+ wy+Inf)+

(a) + Ull)v ©)

For gas-hexadecane partition{ = 232 A3), the corresponding
equation
log y,,g= 0.274+ 0.037% (10)

was in very good agreement with the experimental data
measured by Abraham and co-workérs

log y,4= 0.161¢ 0.127)+ 0.0378¢ 0.0014) (11)

n=49,r’=0.943,0 = 0.264,F = 770.3

Equation 9 also can be used to describe the equilibrium
between a pure liquid and its vapor (vapor pressure) if this is
considered simply as solvation of a molecule by its own liquid.
Taking 1= i (solvent= solute) and using = 1N for the
molar density of a pure liquid in eq 9, one obt&ins

gas

log p —Inf+ wv)=

A
—0.708— 0.0356' (12)

Using the approximatiok?® (L) = 0.00123 (A3) for the molar
volume, this gives

log p9%°= 2.202— 0.0356’ — log v (13)
which is in reasonable agreement with available experimental
vapor pressure data of 67 liquids (haloalkanes, aromatics,
alkylaromatics, haloaromatics, esters, and ketones excluding the

fluoro-containing and the larger rigid aromatics such as naph-
thalene and anthracene) (Figure 3)

log p%25°*°= 0.962¢-0.038) logp?®>™— 0.301¢-0.125)
(14)

n=67,r>=0.908,0 = 0.357,F = 637.8

Surface Tension.The surface tension is one of the most
striking manifestations of intermolecular forces in liquids.
Molecules at or near the surface are attracted inward, creating
a force that tends to minimize the surface so that the maximum
number of molecules are in the bulk where they are surrounded
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by a maximum number of neighbors. The surface tensi@

defined as the free energy per unit surface area, which also 40

equals the force per unit length on the surface 359 .
oG n oo § 1 2d v —
= |— 25 - Y2 1%
o (aA) (15) = M@ ° e noNorQ
pT E 20 A o o O esters, ketones
. ~ ] — model
Becasue this is clearly a free-energy-related property, we | © *° e
should be able to obtain an expression for it starting from eq 3 10 1
for pure liquids. Molecules in the surface layer of the liquid 5 1
phase will have a raised potential, because part of the molecule 0 ; - . ,
is exposed to the much less dense gas phase and cannot 0 50 100 150 200
participate in the attractive interactions characteristic for the v ()

liquid phase. We will assume that only a quasi-monomolecular - _ '
layer is perturbed, because it is customary to assume that anyFigure 4. Surface tensiond) of 53 molecules as a function of
molecule at a distance greater tham 3@ (10 A) is in the molecular size. Some larger values corresponding to ring structures

bulk liquid. For the present purposes, we can assume that forthat have a polar substituent (e.g., chlorobenzene, bromobenzene,
molecules in this surface layer, only a'fractidn= e (c<1) dichlorobenzene, chlorotoluene, cyclohexanone, and acetophenone) have

. . . b itted. The li t th dicti f th t model
of their volume can be used in tha term of the attractive een omite © Ines represent the predictions of the present mode

. (eq 20 and 21, respectively).
potential of eq 3 (because only part of the molecule can
participate in the corresponding interactions). Because thea more rigid ring structure with a polar substituent have slightly
interactions with the other molecules that are within this layer higher values (most likely because of ordering effects in the
or bellow it in the liquid phase are essentially the same, and surface layer) and have been omitted from this calculation. They
only the interactions with the molecules that should be in the include chlorobenzene, bromobenzene, dichlorobenzene, chlo-
layer above it (in the gas phase, where the density can berotoluene, cyclohexanone, acetophenone, and propiophenone;
neglected in the present conditions of room temperafyend chloromethane also was omitted as an outlier. Compared with
atmospheric pressumg) are “missing”, one can assume that eq 19, this value indicates
about one-fourth to one-third of the interactions are lost, and

hence,c = 0.66-0.75. For perfectly packed spheres, only 3 o (mN/m)= 16.53x 1.583 (A) (20)
out of the 12 nearest r_leighbqrs are “_missing"; henpe, o_nly one- n=53,0=2.680

fourth of the near-neighbor interactions are lost in this ideal

case. This gives 1.58 A for (1— c)hst. By using the previously

It is also likely that the translational motion in the surface derived value forc (0.66-0.75), we havéns ~ 4.75-6.25 A,
layer is more restricted than in the bulk. Because molecules Which is just about the perfect value for a monomolecular layer.
cannot leave the liquid phase, one translational direction is lost Therefore, the present size-based model of intermolecular
out of the six possible ones, and one may consfter 5f/6. interactions in organic liquids can also give a correct, ap-
However, compared to the interaction term, this produces only proximate picture of surface tension.

a negligible effect, and this will not be considered here. The  One could argue that the affected height should increase with
change in chemical potential in moving from the bulk to the Size. For spherical molecules, one could expect proportionality

surface layer is, therefore to v¥3. However, as already mentioned, for most organic
molecules, molecular volumes and surface areas tend to correlate

AyPUiTsurtace— jsurface_ bulk — vy — wy + wo + Wy = strongly821.22indicating a more elongated, cylindrical-type and
w(1 — ¢) ~ 0.3w (16) not a spherical shape. Hence, a constant or maybe very slightly

increasinghy seems to be a more reasonable choice. In fact,
The free energy needed to create an additioAalutface (which  allowing for proportionality with an arbitrary power efmakes

will affect dNgi molecules within a Wi volume of depthhag the fit somewhat better, but only marginally so, and the power
at surface) can be written as coefficient is, indeed, much smaller than 1/3 (Figure 4)
dG = AudNy = Aup dVye = AuphydA  (17) o (MN/m) = 16.53x 0.925°%° (A% (21)
By comparing this with & = o dA (from eq 15), we have n=53,0=2470

= Au p har. Becausep = No/V° = 1/aw, and w= wkTo, we In fact, the quasi-independence of the surface tension

have measured at room temperatuf®)(and atmospheric pressure
KT, (po) from molecular size is not surprising. Macleod’s empirical

o= _Ow(l — O)hyy (18) formulef? expresses the surface tension of a liquid in equilibrium

a

with its vapor as a function of the molar densities of liquid and
vapor (o, py). As modified by Sugden to introduce the parachor

With the present model, this gives (P).63 this equation is

o (MN/m) = 16.53 (1— c)h,, (A) (19) o=P* (o — p)° 22)
Assuming that the affected layer at the surface has about the

same height in different liquids, one obtains a constant value

for o, an assumption that bears out for most of the considered The success of this empirical equation prompted a number of
liquids (Figure 4) that have an average surface tension of 26 ™ (62) Macleod, D. BTrans. Faraday Socl923 19, 38—42.

mN/m (26.17+ 2.68 mN/m,n = 54). Some compounds having (63) Sugden, SJ. Chem. Socl924 125, 1177-1189.
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attempts to justify it on the basis of theoretical consider-
ations84.85 The parachorP, introduced on the basis of this
formula, became the first really successful descriptor of mo-

lecular size, because it was thought to be volume-related, was

very nearly temperature-independent, and could be well-
estimated using additive contributioffsOn the basis of these
considerations, it is, therefore, not surprising that at normal
conditions in which the density of the gas phase can be
neglectedo, — pv & p = 1N\0, the surface tension; ~ P 4
/(V9),* is approximately constant, because b&trand \° are
strongly molecular-size-related.

Water

An important aspect of biologically and chemically relevant
liquid modeling is related to water, which is the most common
solvent and has an overriding importance in biological systems,
but which is a highly anomalous liqufe” A whole literature
is dedicated to the description of water structure and of so-
called hydrophobic interactiort4?”67-92 yet relatively few
things are known with certainty. As we showed eafliédespite
its highly anomalous nature, water could also be included in
the present model if a different interaction-related constant,
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Figure 5. Temperature dependence of various properties as obtained
from the modified hydration-shell hydrogen-bond model of Muller.
Notation is as follows:fy, fns fraction of broken hydrogen bonds in
bulk and hydration-shell water; " hydrogen bond contribution to
the heat capacity of bulk watesH,", AS/", AG", hydrogen-bonding
contribution to changes in the entropy, enthalpy, and Gibbs free energy
upon hydration (per one affected hydrogen boi@;= Cond' — Cp

= AC/n" excess molar heat capacity (per one affected hydrogen bond);
o/m water proton NMR chemical shift displacemen) produced by

a solute at molalitym in water (per one affected hydrogen bord).

is used to describe water as a solvent. It has also been showrequilibrium described by molar enthalpies and entropies,f
that thisAw change, which is most likely related to the changes = 9.80 kJ/mol,AS,? = 21.60 J/(mol K)] that are independent
that the solute produces in the hydrogen-bonded structure ofof temperature. Hydrogen bonds in the hydration shell around

water, agrees very well with the value that can be derived from

the modified hydration-shell hydrogen-bond model of Muller.
Hydrogen-Bond Model. The Muller modet®2*assumes that

in bulk water, intact and broken hydrogen bonds are in an
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8364.
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a nonpolar solute molecule are assumed to be in a similar
equilibrium, but described by modified enthalpy and entropy
parametersAHp = 10.70 kJ/mol AS,L = 27.36 J/(mol K)]
so that H-bonds in the hydration shell are somewhat more
broken than those in bulk water but have higher bond-breaking
enthalpies and entropies (Figure 5). The Muller model accounts
quite well for the hydrogen bond contribution to the heat
capacity of bulk waterQ, "), for the excess molar heat capacity
of nonpolar solutes in water\C"), and for the water proton
NMR chemical shift displacemeni@) produced by nonpolar
solutes (Figure 5). A number of recent molecular dynamics
simulations gave results that agreed very well with this
model®993-9 For example, Mancera obtained the same qualita-
tive picture with somewhat modified parameter valuag4,°
= 11.76 kJ/mol AS? = 26.32 J/(mol K) andAHp = 13.37
kJ/mol, AS,Q = 32.76 J/(mol K), respectivelp.

The change of the solutesolvent interaction coefficienf\w
= wjw — w = —0.070-0.082= —0.152, required in our model
when water is the solvent, produces for a solute of molecular
volumev a corresponding change in the molar free enery°
—NoAwr = —RToAwv = 0.377% (kJ/mol)’ During solvation
in water, the size-dependent attractive part of the potential that
is present for other solventsNowv = —RTowv = —0.20%
(kJ/mal) has to be corrected with this (repulsive) 0.3TKJ/
mol) value to account for the effects caused by disruption of
hydrogen bonding, which is assumed to be homogeneously
distributed through the (water) solvent. This allowed good
quantitative description of water solubility, alkaneater and
octanot-water partition, and also agreed with data on the-gas
water Ostwald absorption coefficient and the Muller model of
hydrogen bondin§.” By assuming that thisAw change is
entirely due to the disruption of hydrogen bonding, which is
considered as having a uniform density through the aqueous
solvent, and by using the corresponding free energy obtained
in the Muller model at room temperatur®G" = AH" — ToAS
= 0.6294" (kJ/mol), we obtained the number of affected

(93) Laidig, K. E.; Daggett, VJ. Phys. Cheml996 100, 5616-5619.

(94) Mancera, R. LJ. Chem. Soc., Faraday Tran$996 92, 2547
2554,

(95) Mancera, R. LJ. Phys. Chem. B999 103 3774-3777.




Nonassociatie Organic Liquids and Water

500 1 o AC, Muller
y=0.60x+ 126.18 - ]
400 + #=0910 -
.-’/.
g 3004
® A e
3 »00 Qe 3
8 e .
od_ e l/ﬂ,.— m AC, present
g 100 P y=097x-51.25
- 7 =0.929
0 : . . ; .
- 100 200 300 400 500
-100 -
AC,? experimental (J/mol K)

J. Am. Chem. Soc., Vol. 122, No. 43, 200677

work of Honig, Sharp, and co-workéfs*’ is also avoided. The
sameAw that was used to describe the “microscopic” hydro-
phobic effect, as modeled, for example, by water solubility, and
that was in good agreement with the Muller model, can also
account for the large surface tension of water and for the
“macroscopic” hydrophobic effect, as modeled by the water
hydrocarbon interfacial surface tension.

Honig, Sharp, and co-workers have recently raised the issue
that although the hydrophobic effect, as measured from the
surface area dependence of the solubilities of hydrocarbons in
water, is generally estimated to be about 25 cal/mlikich
would correspond to a surface-tension-type value 0k2618
J/(6.023x 10%3)/(1072° m?) = 17.4 mN/m, the surface tension
at a hydrocarbonwater surface used earlier is almost three

Figure 6. Calculated versus experimental excess molar heat capacity times higher, about 72 cal/mol?A51 mN/m with the same

ACY for 11 nonpolar solutes in water. Calculated values are shown
both as estimated originally by MulRrand as obtained with the"
estimate (eq 23) derived frow of the present model.

hydrogen bonds)", ag

n" = 0.59% (23)
Thesen" values gave an even better overall agreement for
the 11 experimentaAC,° data used by Muller than the original
n" values used by him, which were estimated bg® 23 with
N, being an estimated number of water molecules in the
hydration shell taken from the work of Dec and Gill (Figure
6).9 The agreement, as indicated not only by the correlation
coefficient but also by the slope and intercept values, is
satisfactory, especially considering that th€,° data are for
alkanes and alkenes. Alkenes were not included in our model

conversion). In an attempt to bring the two values closer, they
introduced a revised microscopic value of 47 cal/mal/A

The solvent-accessible surface areas (SASA) used by them
are proportional to the volumes used by us as a measure of
molecular sizeAsasa = 85.31+ 2.122, r2 = 0.999), indicating
again that both volume and surface area can serve as a
reasonable measure of molecular size. We can use this relation-
ship to rescale values from the present model as surface-
dependent values for comparison purposes. With this conversion,
the size-dependent attractive interactieiiR{low) among simple
organic solutes is-22.9 cal/mol/& (and this is also present
between watersolvent molecules). The total solvenvater
interaction, which would be referred to as the “hydrophobic
effect”, is 19.6 cal/mol/R (24.0 for alkanes) because the
unfavorable hydrogen bond disruption opposes the previous
attractive interaction with a 42.5 cal/mofAvalue (48.9 for

alkanes). As larger solutes introduce a larger accessible free

and as mentioned, alkanes tended to behave somewhat differer\tlomme into the solvent, there is also-&RTo/veoventterm that

from the other compounds.

Surface Tension.The above assumptions also agree with
the unusually high surface tension value of water (71.99 mN/m
at 25°C). For water molecules, movement into the surface layer
is unfavorable not only because of the disruption of attractive

interactions, but also because of the disruption of hydrogen

bonding. Hence, the value used in eq 18 has to be increased
with |Aw| = 0.152 for water to account for the additional
unfavorable effect produced in hydrogen bonding. With this

favors solvation, which for water as solvent gives 89.1 cal/
mol/A2 term. These terms were calculated here only to provide
a basis for comparison with other, previous models and not
because we assign any special physicochemical meaning to
them.

Partition into Water. For two immiscible solvents, the
corresponding interaction coefficients must have considerably
different valueswii = wip. Otherwise, the two solvents would
be miscible to some reasonable degree. A solute that partitions

correction, we obtain for water 74.7 and 60.3 mN/m from the paiveen these two solvents will be in equilibrium when its

adjusted versions of eq 20 and 21, respectively, which are in

very good agreement with the experimental value twr water

(71.99 mN/m). This indicates again that many unusual properties Py

chemical potential in the two phases is equalizgd!! = ;52
From here, within the present model, the partition coefficient
which is defined as the ratio of the molar concentrations

of water may be accounted for even by the present, admittedly of the solute i in the two different phases, is obtained as

oversimplified, model through a combination of nonspecific

interactions as extrapolated from other liquids, considerations
for the unusually small size of water molecules, and a reasonable

model of hydrogen bonding.
From similar considerations, the interfacial free energy of
hydrocarbor-water surfaces can be obtained as the part

gt 1 _ 11
log P, = log 0, ~in 1O(wil i, + v UZ)Ui (24)

Hexadecanewater partition datan(= 69, r2 = 0.956) for

responsible for the disruption of hydrogen bonding by using solutes that are not subject to specific interactions gave a

this time only|Aw| = 0.152 instead of, because the attractive

somewhat more negative intercept(.550 + 0.107) than

interactions themselves are not disrupted (they are considerecexpected (0.000), but a slope (0.0394) that agrees very well
to be similar between water and hydrocarbon molecules). The with that which was predicted by this equation (0.082.070

obtained value of 48.5 mN/m (from eq 20 with the modified
value) is in excellent agreement with the experimental value of
about 51 mN/m (erg/cA).% It is important to note that within
this formalism, the entire controversy of different macroscopic/

microscopic free energy of interactions per surface area that

has been raised by Tanfdfdand has resurfaced recently in the

(96) Dec, S. F.; Gill, S. 3. Solution Chem1985 14, 827-836.
(97) Tanford, C.Proc. Natl. Acad. Sci. U.S.A979 76, 4175-4176.

+ 1/232— 1/14.6)/2.303= 0.0381¢ Octanol-water partition

data gave an even better agreement (Figure 7), and for these
data, imposing a zero intercept did not worsen the correlation
giving®

log P, = 0.0327¢ 0.0002) (25)

n=118,r>=0.973,0 = 0.242,F = 4219.6
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Figure 7. Log octanot-water partition coefficient as a function of  rigyre 8. Log water solubility as a function of molecular volume for
molecular volume for 118 compounds having no strongly polar or gg compounds having no strongly polar or hydrogen-bonding substit-

hydrogen-bonding substituents (no N or O) and a total of 130 alcohols, \;ens (no N or O) and a total of 55 alcohols, amines, esters, and ketones.
amines, esters, and ketones. The continuous line is the trendline obtainedrne continuous line is the trendline for compounds with no N or O.

using an imposed zero intercept for compounds with no N or O. oyygen- or nitrogen-containing aliphatic monofunctionalized molecules
Oxygen- or nitrogen-containing aliphatic monofunctionalized molecules ¢how a very similar size-dependence, as illustrated here by the four

show a very similar size-dependence, as illustrated here by the four sonarate trendlines for alcohols, amines, esters, and ketones (dashed).
separate trendlines for alcohols, amines, esters, and ketones (dashedyq jjustrate the similarity between the problem of solubility and

partition as treated here, log\P/(eq 26) is subtracted, and the vertical
However, the slope of the above equation, when compared axis is inverted.

to that of eq 24, indicates a value @f, = 0.066 for solute-

octanol ¢, = 127.5 A3) interactions, which is somewhat smaller values with the similaN; values derived for acceptor sites by
than the values used until now (0.082) to describe nonspecific Edward from the totaNy number of hydrogen bonds from the
solute-solvent interactions (none of these solvents was, how- vVolume decrement caused by the polar functiamthe partial
ever, an alcohol). In fact, by assuming that this deviation is molal volumeV'° of organic solutes in watéf? and by the
also due to disruption of hydrogen bonding in wet (water general agreement between this model and that which was
saturated) octanol, one can almost quantitatively account for it. obtained recently from molecular dynamics simulations by
As shown earlier, the disruption of hydrogen bonding in water Duffy and Jorgense#*

caused a\w = —0.152 change in the size-related interaction ~ Solubility in Water. The problem of solubility (for liquids)

coefficient. Although a (formal) density of hydrogen bonds in can be approached as the partitioning of a solute between a
water (two H-bonds per moleculey, = 14.6 A% can be solvent and the solute itself because the two phenomena are

calculated as 2/14.6 0.137 A3, in water-saturated octanol identical at the molecular level. Therefore, for the present model,
(one H-bond per molecule;, = 127.5 A3 mole fraction of as long as the solubility is not very high, an expression for the
water in octanol, 0.275), the same density can be estimated assolubility can be obtained by simply using=2i (solvent 2=

(1 x 0.725+ 2 x 0.275)/(127.5x 0.725+ 14.6 x 0.275)= solute) in eq 24. Based on these considerations, for water
0.013 A-3. Accordingly, as compared to water, one might expect solubility (ow) one obtains

a proportionally smaller change in the interaction coefficient

of octanol: Aw = —0.152x 0.013/0.137= —0.014. This makes  fog ., — log Vio _ ﬁ) [_1 " (wiw o+ i),,i] _
i

the total solute-octanol interaction coefficienbj, = 0.082— Uy,
0.014=0.068, which is in almost perfect numerical agreement —0.434— 0.0361 (26)
with the value obtained from the slope of the experimental data

(0.066). Here p refers again to molar concentrations (mol/L), and=

As Figure 7 indicates, the size-dependence (the slope of log 1/Vi® was used for the solute when in pure liquid phase. Water
Poiw Versusy) is essentially the same for oxygen- or nitrogen- Solubility data on nonfunctionalized solvents gives a slightly
containing aliphatic monofunctionalized molecules (e.g., alco- more positive intercept and a slightly more negative slope than
hols, amines, esters, ketones). This indicates the similarity of predicted, but an excellent general agreement with this equation
the nonspecific interactions and the possibility to generalize the (Figure 8%
model. In fact, the generalization already has been achieved
for log octanot-water partition coefficients by the introduction  log p,, — log N = 0.036¢ 0.097)— 0.04006- 0.0009)y
of a new, quantified parametét (the shift of ~1.5 log units (27)
between the two essentially parallel trendlines of Figure 7
corresponds to aN = 2 value for alcohols, amines, esters, and n=68,r>=0.966,0 = 0.221,F = 1848.1
ketones$2526 This N parameter is most likely related to the
changes in hydrogen bonding at the acceptor sites of the soluteFurthermore, in a manner very similar to that of IBg,, the
produced by the octanet water transfer. This assumption is  size-dependence (the slope versls essentially the same for
supported by the agreement between the related Gibbs freeoxygen- or nitrogen-containing aliphatic monofunctionalized
energy changeGn® = 0.72RTp In 10 = 4.2 kJ/mol) and that molecules (e.g., alcohols, amines, esters, and ketones) (Figure

accepted for hydrogen bonds in water-@ kJ/mol)3468.98hy 8). The vertical axis of Figure 8 is inverted to further emphasize
the correlation betweerN va}lqes g;’;md the solvatochromic (99) Kamlet, M. J.: Doherty, R. M.: Abraham, M. H.: Marcus, Y - Taft,
hydrogen bond acceptor basicit§) £° by the agreement dfl R. W. J. Phys. Chem1988 92, 5244-5255.
(100) Edward, J. TCan. J. Chem1998 76, 1294-1303.
(98) Jeffrey, G. A.; Saenger, WHydrogen Bonding in Biological (101) Duffy, E. M.; Jorgensen, W. LJ. Am. Chem. So00Q 122

Structures Springer: Berlin, 1994. 2878-2888.
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the analogy between the treatment of the problem of patrtitioning level picture that forms its basis is, at least to a reasonable
and solubility, which now becomes evident through the similar- degree, correct. Molecules in the liquid phase can be considered
ity of Figures 7 and 8. It is hoped, therefore, that the as moving in a completely disordered and essentially free
development of a general predictive method for aqueous manner in a small fraction of the total volume that is not

solubility within the present, unified framework in a manner excluded by their own size and under the influence of an average
similar to that developed for loBow Will be possible. Because  attractive potential of the surrounding molecules that can be
the shift between the essentially parallel trendlines of nitrogen- described by molecular volume through a simple, linear

or oxygen-containing monofunctionalized molecules and non- ye|ationship. Furthermore, many unusual properties of water may
functionalized molecules in logw — log 1V (1.96 & 0.04 be accounted for by a proper combination of the nonspecific
without the amines, Figure 8) is close to the similar shift in 109 jnteractions as extrapolated from other liquids, the unusually

Porw (1.61% 0.03, Figure 7), the adequacy of a similar approach g size of its molecules, and an adequate model of hydrogen
is even more likely. bonding

Conclusions

Th | t betw . tal data f id Supporting Information Available: Table listing data
varieg/gci‘np?r?pggirgserrg?:te deto ?rigrﬁ(gligmg? ii te;gtigrrlsag: deincluded in the present study. This material is available free of
the predictions of the present, admittedly oversimplified, size- charge via the Internet at htp://pubs.acs.org.
based model for organic liquids suggests that the molecular- JA0017880



