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Abstract: Relationships between the enthalpy and entropy changes resulting from perturbations of a system
have been discussed in the literature for some time. Both positive correlations (compensation) and negative
correlations (anti-compensation) between AH and AS have been observed in various experimental contexts,
including chemical reaction, physical association, solvation, and protein folding. Many examples have been
demonstrated to be statistical artifacts, but some are genuine signatures of the perturbations in molecular
characteristics. In particular, recent literature claims that compensation is a general feature of bimolecular
associations arising from weak intermolecular interactions. We employ a statistical mechanical framework
to predict the magnitude and direction of enthalpy—entropy correlation in bimolecular association. The
theory links the macroscale thermodynamic correlation to the relationship between the intermolecular
potential parameters. Using a harmonic approximation to the Lennard-Jones model and potential parameters
taken from the literature, we show examples of both compensation and anti-compensation for gas-phase
self-association among five homologous series. Furthermore, an aggregate presentation of data for 48
different chemical species shows no correlation in either direction, for the case of self-association in a
dilute gas phase.

Introduction like eq 1 are often referred to as extra-thermodynamic, due to
d their lack of basis in the laws of thermodynamics. Positive
correlation betweeAH andASis referred to as compensation
(since this behavior tends to minimize changes\i@ across

the series), and negative correlation is referred to as anti-
ompensation.

Analyseg1>have shown that the apparent compensation seen
in many data sets is a statistical artifact linked to experimental
uncertainties in the measured quantitiA&); and AH);. Anti-
compensation is also a subject of debate with respect to statistical
significance'®1” Furthermore, for some choices of the perturba-

Background. There are both energetic (enthalpic) an
entropic contributions to the free energy difference upon a
change in thermodynamic stdtas reflected in the statement
AG = AH — TAS This equation represents a combined
statement of the first and second laws of thermodynamics and®
is of course widely accepted. In many different classes of
physicochemical processésesearchers have observed a cor-
relation between the enthalpic and entropic contributions to the
free energy, as in the linear relationship

(AH), = a(AS), + b (1) tion variablei (e.g., temperature), compensation is a trivial
consequence of thermodynamiésiowever, when “false” cases
where the subscrigt denotes a perturbation variable aadb are weeded out, many instances of valid extra-thermodynamic

are constants. The perturbation variable typically representsrelationships remain, and they are apparently reflections of the
some aspect of molecular identity, such as the primary structuremolecular level changes in the system.

in a set of protein folding experimeftsr the molecular structure Molecular modeling can be helpful in understanding the
in a series of chemical species undergoing the same processprigins of these relationships. Classical atomistic modefiig§
such as reactiofisolvation26 adsorptior;® or physical (weak)
associatiof 12 The solvent used during such processes has also

B ; ; ; B (10) Westwell, M. S.; Searle, M. S; Klein, J.; Williams, D. 8.Phys. Chem.
been considered as a perturbation variablé.Relationships 1996 100, 16000-16001.
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has focused mainly on solvation processes, yielding observations _[AB] 1 H(r Q)P0 gr 4o 5
of (and explanations for) both compensation and anti-compensa- 28 T IAIB] 82 f (r.Q)e r ()
tion. Compensation was observed when changing the solvent
in an ab initio modeling study on the formation of van der Waals wherer andQ are the position and orientation of B= 1/ksT
complexes® A more abstract statistical mechanical density of with kg being the Boltzmann constant aficthe temperature,
states model by Shatpyielded an elliptical entropyenergy o is the potential of mean force between B and A, &{d,Q)
diagram that admits the possibility of both compensation and is a bonding function that is 1 when the AB complex exists,
anti-compensation. and 0 otherwise. The molecular geometry of the bound state,
This paper focuses on molecular association. Previous theoryH(r,Q) = 1, may be specified using heuristic energy criteria or
in that specific area mainly comprises a widely referenced paperinformation about a particular experimental detection technique.
by DunitZ® and complementary work by Searle, Westwell, and The free energy change associated with binding is given by
Williams.2° Dunitz's approach was based on assumptions about
the changes in translational, rotational, and vibrational degrees —B(AGg) = IN(Kyg/Vie) 3)
of freedom that occur during a weak binding event. Using a
standard expression for harmonic vibrational entropy of the
stretching mode, and order-of-magnitude estimates for the othe
contributions, he generated an enthahepntropy plot for
prototype hydrogen bonding interactions. Dunitz’'s result pre-
dicted compensation behavior only, &S monotonically
increased witlAH; however, the curve was not linear as in eq
1 but rather showed a flattening ofS at lower values ofAH
(stronger binding). Searle, Westwell, and Willigfhdeveloped
a qualitatively similar curve based on arguments about (1) the ; : ) )
correlation between vibrational entropy and the depth of the Potential between A and B is harmonic, witlir) = Umin +
potential energy well and (2) the existence of a practical upper (/2)* Note that we have assumed that molecule A is fixed
limit on the entropy loss during association. A collection of SUCh that the potential energy minimum for the AB complex is
233 experimental data points for association in nonpolar solvents/ocated at the origing = 0. Following Luo and Sharg; we

provides strong support for the compensation trérafthough ~ @PProximate the integral in eq 2 by one in whidfr £2) = 1
resolving the degree of curvature is difficult. over all of space since the Boltzmann factor, exff(r,€)],

Present Work. In this paper, we revisit the classical will vanish for high energy (unbound) configurations anyway.

(nonquantum) theory of weak bimolecular association. In the Within these approximations we have
next section, we describe a statistical mechanical formulation

of association recently presented by Luo and SHatpat —B(AGpg) = In
requires no assumptions about the characteristics of the degrees

of freedom and no approximate partition functions. Using this
theory, we develop an analytical result that admits both
compensation and anti-compensation, and we show how the

whereVs is the volume that determines the reference concen-
ftration 1M of species B.

In the simplest case, we ignore the solvent and any internal
structure of species A and B (we discuss below the possible
incorporation of these features). The potential of mean force
then simplifies tow(r,2) = u(r), whereu(r) is the potential
energy between A and B that depends only upon the scalar
distance between the centers of mass. For the convenience of
obtaining an analytical result, we further assume that the binding

Y/

ref

-3/
e—ﬁumm(zn)Blz(ﬂK) 1 (4)

Furthermore, we use the Gibbklelmholtz relationship to obtain
the entropic and enthalpic components, as

trend depends on the relationship between the well depth and 3

force constant of the underlying potential function. In the Results AHpg = Upin + SkgT (5)
section, we discuss the general implications of this finding,

especially in the context of previous work in the literature. We AS,g 3 3/2(ﬁ’<)_3/

then apply the analytical result to predict the enthalpgitropy ke = In|e™(27) V. (6)

trends for weak self-association of molecules in the gas phase,
based on potential parameters from the literature. We observeResults and Discussion
both compensation and anti-compensation for several homolo-

gous series and no correlation in a large set of data General Implications. The molecular criteria for an extra-

thermodynamic relationship between enthalpy and entropy of
Theoretical Basis association may be obtained by examining egs 5 and 6. If a
change is made to the molecular pair (A,B) such that and

x move in theoppositedirection, the result will be compensation
(i.e., AHag and ASag both decrease or both increase). On the

We assume the classical limit in our theoretical development,
which is acceptable for the physical (nonchemical bonding)

forces_ otf Interest hterg. We imgloz a forr;e;lzllfm fto_r rtnolecdular other hand, if a change is made to the molecular pair (A,B)
association presented recently by Luo an dhat is trace such thatumi, and« move in thesamedirection, the result will

back to Bjerrum. The basic model consists of a molecule of | anti-compensation (a decrease\iias accompanied by an
species A (assumed fixed near the origin) associating with a increase iNASn, Or vice versa).

molgpu!e of Species B to form the ’/T\B bound complex. The The main argument underlying the theoretical development
equilibrium association constant is given by of Searle, Westwell, and WilliamM%is that the former trend,

(19) Dunitz, J. D.Chem. Biol 1995 2, 709-712. and thus compensation, should be expected always. To our
(20) Searle, M. S.; Westwell, M. S.; Wiliams, D. H. Chem. Soc., Perkin  knowledge, there is no fundamental principle of weak interac-

@1 TLL%nSHZ.lsggssﬁi;lE}iroc. Natl. Acad. Sci. U.S./2002 99, 10399 tions that dictates the relative dependence of well depih
10404. and force constant A recent detailed comparison of the various
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L e O L e e
[ —&— chloromethanes

measures othemical bondstrength concluded that “contrary

to general belief” bond stretching force constants are often not 7.5 [ felomethanes N
even qualitatively related to bond dissociation energies, except [ % bromoalkanes

possibly for a “group of closely related molecules with similar & [~ alkenols

bonds” for which the relationship should still be checkd. \g -8.0 [ ]
There is no reason to expephysical bondswhere a broad 2 I ]
range of interaction mechanisms may occur, to exhibit stronger I ]
correlations between force constant and well depth. In the next -8.5 - 7]
section, we present results for weak gas-phase associations that L ]
exhibit both compensation and anti-compensation in homologous 1.0 05 00 05
series and do not support any correlation in aggregate form. AH, g (kcal/mol)

T_he theoretic_al reSUItjc’ pres_ented by Dulfigo not pr?diCt Figure 1. Relationship between entropy and enthalpy of self-association
anti-compensation. While this may be due to an inherent for five different molecular series.

limitation of the theory, we suspect that it is due to the way in

which the potential parameters were varied to generate the 78 prom AR AR ™
enthalpy-entropy curve. Apparently, only the energy parameter 78 F .
(i.e., well depth) was varied while the size parameter (i.e., most 8ok . ®e ]
probable bond length) was held fixed. In the next section, we g’ OFe e00®Fe o 7
present expressions fak,n and « within the Lennard-Jones 2 82 ’0 ° .
potential; combining those expressions with eqs 5 and 6 indicates 3 5.4 Le 8% "o'.‘o o

that our model would predict only compensation under condi- T Cee o ]
tions wheree varies ando is fixed. In real systems, both -8.6 |- - .
parameters would change as the species’ identities were 88 bliniiin, Liiiins Leeiin L]
perturbed. In any case, the Bjerrum approach embodied in eq 2 08 -04 00 04
is free of the assumptions employed by Dunitz. AH,; (kcal/mol)

_ Specific CaIcuIations.AS- an example, consider self-associa- Figure 2. Relationship between entropy and enthalpy of self-association
tion (A=B) of molecules in the gas-phase based on van der for 48 different chemical species.

Waals interactions. We chose as model systems five molecular | ) L . )
series for which high-quality interaction paramet&?4 are weights; this qualitative behavior of the compensation curve

available. The first two series represent typical alchemical Was predicted previousip:?The halomethane series exhibits
strong compensation that is more nearly linear. On the other

changes. The first one is the complete set of chloromethanes, SR T 8 :
where methane (Ciiis changed to carbon tetrachloride (GICI hand, the bromoalkanes exhibit significant anti-compensation,
while the primary alkanols show mild anti-compensation.

by sequentially replacing the hydrogen atoms with chlorine. The . ! :
second one is a series of halomethanes. where methane i§€rhaps the most interesting result is for the chloromethanes,

modified to chloro-. bromo-. and iodomethane. The last three where the curve changes slope in the middle of the series. These

series are-alkanes (C+C10 and C13), brominatetalkanes five data sets, chosen as a random sampling from the available

(bromoethane through bromoheptane), and primary alkanols (1_Iiterature on van der Waals fluids, indicate that both compensa-
hexanol through 1-nonanol). In these three series, the perturba{ion @nd anti-compensation should be expected in problems of
tion variable is obviously the carbon number in the alkyl weak association. Furthermore, this rich variety of behavior was

backbone. The Lennard-Jones (LJ) potential was chosen as th@Pserved with the bare intermolecular potentials, without
basis for the calculations. Of course, representing these complexconsideration of complex solvation effects. ,
molecules with a single LJ site is not very sophisticated in light  Figure 2 shows a broader perspective, including all 48 species
of modern molecular modeling capabilities, but the effective [OF Which data are given in ref 24. The list spans substituted
interaction parameters were obtained by fitting to an equation- 2/kanes (as in Figure 1), alkenes, ketones, aromatics, and even
of-state and thus are in some sense optimized to capture thetMmonia (methane is not in this list appears in ref 23). The
thermodynamic behavior; they should predict at least qualitative well depthsumin range from—0.5 to —1.7 kcal/mol, and the
trends. Further study using detailed atomistic simulation would fOrce constants range from 1.6 to 3.4 keal/(mol % Clearly,

be of great interest. The harmonic approximation applied to the N° Strong correlation in either direction is supported by the
minimum of the LJ attractive well yields values ofin = —e aggregate data; a linear fit yields a Pearsovalue of 0.0235.

andk = (72 x 2-13)(e/0?). The volumeVier was chosen to be The results of Figure 2 stand in contrast to similar plots for
37 220 A/molecule (22.414 Limol) based on an ideal gas at SClution-phase associatiéhwhich span a much wider range
standard temperature (273.15 K) and pressure (1 atm). of AHag (on the order of 20 kcal/mol) and appear quite linear
Figure 1 shows entropyenthalpy plots for the five series (with a positive correlation). Barring any issues with statistical
described above. Methane is the point in the upper right of the significance of the correlations, the following is a reasonable
plot, common to three of the series. Tinalkane series exhibits hypothesis that reconciles the different results: the compensation
compensation (positive slope), which is stronger at low molec- effect observed for solution-phase association is govenoéd

ular weights and progressively weaker at high molecular by the details of the bare AB interaction potential curve, but
rather by solvent effects. In fact, a recent molecular model for

(22) Cremer, D.; Wu, A. N.; Larsson, A.; Kraka, E. Mol. Model.200Q 6, hydration in an alchemical series predicted dominance of the
(23) ?ége%ﬁgfz D.. Herschbach, D. ®.Phys. Chem199Q 94, 1038-1047 solute-water attractive energy over the other enthalpic contribu-
(24) Benamotz, D.; Willis, K. GJ. Phys. Chem1993 97, 7736-7742. tions (although in this case, the result was anti-compensdtion).
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Conclusions described herein may be applied to more complex systems. Luo

Using the Bjerrum approach, we have developed a simple _and Sharf have already develqped an expr_es_sio_rﬁﬁ?AB of .
criterion for predicting the degree and direction of extra- Ntérnally complex molecules in solvent within in the quasi-
thermodynamic effects in molecular association. The key point harmonic approximation, ‘,Nh'Ch could be used 'to extend t.he
is how changes in the molecular system simultaneously affect Present work to more detailed molecular models in the solution
the depth and curvature of the potential well. If molecular-level Phase (in conjunction with simulation). Extension to arbitrary
modifications increase the well depth (lowegi,) and also ~ (nonharmonic) shapes of the potential energy surface, via a
increase the curvature (highey, the result will be compensa- ~ diréct application of eq 2, is possible, as well. Of course, the
tion. Anti-compensation will be observed if the modifications Molecular-level rationale in this work can be mapped to related
simultaneously deepen the well and decrease the curvature. LPhysical problems, such as protein folding, solvation, adsorption,
molecular parameters from the literature were used as input to2@nd reaction.
the model to create enthalpgntropy plots for weak gas-phase
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