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Abstract

Continuum model predictions of the conformational equilibria of idealized polar and charged linear polymers in water are compared to
complementary simulations in explicit water. The continuum model of hydration predicts with reasonable accuracy the conformational
dependence of the hydration free energy of these solutes observed in the simulations. However, a prerequisite for accurate predictions is the
optimization of the phenomenological parameters inherent to the continuum model using the simulation results for a subset of the solutes, in
this case the uncharged polymer and two amphiphilic polymer chains with a single positive or negative charge on one terminal group. Our
results demonstrate that the continuum model can be used to discriminate among the conformational preferences for different sequences of
backbone charges. Finally, an unexpected finding of this study is the stabilization in water of the more compact conformations of the polymer
chains with a fixed dipole moment. The driving force for this behavior is greater than the hydrophobic driving force and is electrostatic in

nature. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In a previous study [1], we considered whether a conti-
nuum model of hydration optimized to reproduce vacuum-
to-water transfer free energies also describes the conforma-
tional equilibria of the same solutes at infinite dilution in
water. Three model oligomers were studied: a simple hydro-
phobic tetramer, modeled as butane, and two amphiphilic
tetramers, modeled as butane with either a positive or
negative charge (*1le, where e is the fundamental unit of
electrostatic charge) on one terminal methyl group. Conti-
nuum model predictions for vacuum-to-water transfer free
energies and the conformational dependence of the free
energies of hydration were compared to results obtained
from explicit water simulations.

One conclusion drawn from this study was that the conti-
nuum model fails to predict both the transfer free energies
and the conformational dependence of the hydration free

¥ This paper was originally submitted to Computational and Theoretical
Polymer Science and received on 19 October 2000; received in revised form
on 2 January 2001; accepted on 2 January 2001. Following the incorpora-
tion of Computational and Theoretical Polymer Science into Polymer, this
paper was consequently accepted for publication in Polymer.
* Corresponding author. Tel.: +1-410-516-7170; fax: +1-410-516-5510.
E-mail address: michaelp@jhu.edu (M.E. Paulaitis).

energies for these solutes. Specifically, the continuum
model parameters (i.e., the hydrophobic free energy/surface
area coefficient and the Born radii of the charged methyl
groups) fit to the transfer free energies are significantly
different from those obtained by fitting the conformational
dependence of the free energies of hydration. This observa-
tion has important implications for continuum model
descriptions of macromolecular self-assembly in aqueous
solutions, since the phenomenological parameters inherent
to the continuum model are typically optimized to repro-
duce transfer free energies for a representative set of model
solutes and then applied to macromolecular self-assembly in
aqueous solution.

A question that naturally arises from our previous study is
whether the continuum model parameters, fit instead to the
conformational dependence of the hydration free energy for
a subset of solutes, can be used to predict the conformational
equilibria for a much wider range of polar and charged
polymeric solutes in aqueous solution. To address this
question, we extend our previous analysis to consider
polar and charged tetramers with positive or negative
charges assigned to several constituent groups along the
polymer backbone. Continuum model predictions of the
conformational dependence of the hydration free energies
for these solutes are compared to complementary explicit
water simulations.

0032-3861/02/$ - see front matter © 2001 Elsevier Science Ltd. All rights reserved.
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2. Theoretical background
2.1. Conformational equilibrium

The normalized probability for observing a solute with a
single conformational degree of freedom, taken to be the
backbone dihedral angle ¢, in a given conformation is

exp[—BAA(P)]
P(p) = — PP (1)
| exol-paacn a0

where B*1 = kT is the thermal energy, and AA(¢) is the
change in free energy as a function of ¢. This expression is
readily generalized to solutes with multiple conformational
degrees of freedom. In aqueous solution, AA(¢) has contri-
butions from the intramolecular potential energy, AE;,(¢),
and the free energy of hydration, AAy4(¢). The first contri-
bution can be determined from ab initio quantum mechan-
ical [2] or molecular mechanical calculations [3]. This work
focuses on the determination of AAyy4(¢) using two funda-
mentally different theoretical approaches: explicit water
simulations and continuum models of hydration.

A simple measure of the effect of hydration on solute
conformational equilibrium is the trans < gauche equili-
brium constant:

27/3
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where x; is the fraction of gauche (¢ = 60 and 300°) or trans
(¢ = 180°) conformers. In vacuum, the conformational
probability depends solely on AE;,(¢). Using the bond
torsional energy defined by Eq. (3) in the following section,
the trans < gauche equilibrium constant for butane in
vacuum at 25°C is 0.469, corresponding to a trans/gauche
population ratio of 68.1%/31.9%. The hydration of butane is
expected to shift this equilibrium towards the gauche
conformer (K > 0.469), consistent with the notion that
hydrophobic interactions tend to minimize the solvent
accessible surface area of the solute. The role of polar
electrostatic interactions is more complex.

2.2. Explicit water simulations

For notational convenience, we denote an uncharged
methyl group as Z, and +1e or —le charged methyl groups
as P or M, respectively. A tetramer with a +1e charge on
one terminal methyl group, a — le charge on the adjacent
methylene group, and the remaining groups uncharged
would be designated PMZZ. The tetramers studied in
order of increasing number of charges on the solute were
7777, 7277, MZZ7Z, PMZZ, MPZZ, PMPZ, MPMZ, and
PMPM. Lennard—Jones (LJ) interactions for the methyl and
methylene groups were modeled using the OPLS united
atom parameters for butane [4]. The bond torsional energy

of butane is expressed as a truncated Fourier series

1
AE;(¢) = 5 Vil £ cos ¢)

+ %Vz(l — cos 2¢) + %V3(1 +cos3¢p) (3)

whose coefficients (V| = 1.522 kcal/mol, V, = —0.315 kcal/
mol, and V5 = 3.207 kcal/mol) were fit to the results of
MM2 molecular mechanics calculations [3,5]. The LJ inter-
action parameters for the charged tetramers were taken to be
the same as those for an uncharged tetramer. Water was
modeled using the simple point charge (SPC) potential
[6]. The LJ parameters for solute—water interactions were
obtained using geometric mean combining rules, o, =
(()'SSO'WW)”2 and €, = (esseww)l/z, where o and € are the
LJ diameter and well-depth, respectively. Minimum image
LJ interactions were truncated on a site-by-site basis at half
the simulation box length.

Electrostatic interactions were evaluated using the gener-
alized reaction field (GRF) method introduced by Hummer
et al. [7]. It has been shown that hydration free energies and
pair correlation functions determined from the GRF method
compare quantitatively with rigorous Ewald summation
simulations if ‘self-interactions’ are taken into account
[7-10]. The GRF electrostatic energy of a system of N,
SPC water molecules and a single solute molecule is

33
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where @ggr is the effective GRF electrostatic pair potential,
Yerr is the self-interaction potential, g, and g, are the
water and solute charges, and v is the number of charged
solute sites. A factor of 1/41re, is neglected in Eq. (4) for
notational simplicity, where €, is the permittivity of free
space. @grr depends only on the minimum image separa-
tion, r, between charges and has the form of a screened
Coulombic interaction cut-off at a separation of r, [8,9].

1 r\* 8r 2,2 174
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where @(x) is the Heaviside unit-step function. An electro-
static cutoff of r. = L/2 is used throughout this work. The

@cre(r) =
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Table 1
Continuum model parameters optimized to the conformational equilibrium
of tetramers ZZZ7., PZ77, and MZZ77 [1]

Parameter Description Value
r Hydrophobic free energy/surface 109 cal/(molA?)
Area coefficient
R, Water probe radius 1.40 A
Ry vdW radius of an uncharged 1.90 A
methyl group
R, Radius of a cationic methyl 201 A
group
R_ Radius of an anionic methyl 1.78 A
group

self-interaction potential is defined as Ygrp(r) = @grr(r) —
1/r [8,9].

The GRF self-interaction energy of a rigid molecule is
constant and affects only the absolute magnitude of the
electrostatic energy, not the outcome of a Monte Carlo
(MC) simulation move. This condition holds for SPC
water since the OH bond length and the HOH bond angle
are fixed. Thus, the total water self-interaction energy, the
third term in Eq. (4), is constant, independent of the config-
uration of water molecules in the simulation. For a flexible
molecule, however, the self-interaction energy may change
with its conformation. Since the intramolecular charge
separations for all of the charged tetramers, except
PMPM, are independent of the solute conformation, the
self-interaction energy does not affect their conformational
equilibrium. For PMPM, the distance between the opposing
charged groups changes with its conformation. There-
fore, the solute self-interaction energy contributes
Gs,9s,Wre(rs;s,(¢)) to the change in conformational
energy in solution.

Canonical ensemble MC simulations [11] were carried
out for a single tetramer in 212 SPC water molecules at
25°C and a water density of 0.997 g/lem®. A simulation
run consisted of 40,000 MC passes for equilibration,
followed by 160,000 MC passes for sampling (1 MC
pass =212 attempted water moves and four attempted
solute moves). Preferential sampling [12] was applied to
enhance water moves in the vicinity of the tetramer. The
relative free energy difference between the solute in a refer-
ence conformation defined by ¢, and perturbed conforma-
tion defined by ¢ + d¢, was evaluated using the free energy
perturbation (FEP) formula [13]:

AA(p — & + 6¢)
= —kgT€n(exp{ — BIE(d + 6¢) — E(P)1})y  (6)

where the brackets (---)4 denote averaging over molecular
configurations generated while holding the solute fixed in ¢.
Twelve tetramer conformations were simulated from ¢ =
7.5 to 172.5° in increments of 15°. Conformations corre-
sponding to 180° < ¢p < 360° need not be considered due
to symmetry. Perturbations of 6¢p = *+7.5° were performed

every MC pass. Smaller perturbations of 8¢ = *£3.75°
yielded identical free energies. Therefore, only results
from the larger perturbations are reported. A simulation
uncertainty was estimated by dividing each simulation run
into five equivalent blocks that were assumed to be statisti-
cally independent of one another.

2.3. Continuum model of hydration

In the continuum model, AA,, is evaluated at fixed solute
conformation by dividing the hydration process into three
steps [1,14]. In the first step, charges on the solute, initially
in vacuum, are turned off to give AA,,.(¢; — 0). In the
second step, the uncharged solute is transferred from
vacuum into water to give the free energy of hydrophobic
hydration, AAyg. Finally, the charges are turned back on in
aqueous solution to give AA,4(0 — g,). The sum of these
three contributions is the hydration free energy: AA,,q =
AAyuc(gs — 0) + AAyg + AA4(0 — ¢g,), where the indivi-
dual contributions are calculated as follows.

The free energy of hydrophobic hydration is calculated
from the following linear relationship between the free
energy and solute surface area:

Ay =T/ +b (7

where .o/ is the surface area, I' is the hydrophobic free
energy/surface area coefficient, and b is the free energy of
hydration for a point solute (.« = 0). The value of b is
inconsequential to conformational equilibrium, since it
cancels in the normalization of P(¢). Simulations of butane,
pentane, and hexane in SPC water have shown that the van
der Waals (vdW) surface provides a reasonable, quantitative
description of the conformational dependence of AApe
[1,15]. The vdW radius of the uncharged methyl group
and I" are given in Table 1.

Electrostatic contributions to the free energy of hydration
are calculated by treating the solute as a charged cavity
embedded in a structureless macroscopic dielectric medium.
At the solute boundary, defined by the molecular surface
[16], the dielectric constant changes discontinuously from
an interior value, €;, to an exterior value, €, =1 or 65
(dielectric constant of SPC water [9]) depending on whether
the solute is in vacuum or aqueous solution. To compare the
continuum model calculations with our simulation results,
we take € = 1 since the simulations neglect molecular
polarizability. The electrostatic potential is determined by
solving Poisson’s equation at a point r within the solute
cavity [17,18]:

1 & 4
D(r) = e+ D
M= e ; oy P (®)

where r, denotes the solute charge positions. The first term
on the right-hand side of Eq. (8) is due to direct Coulombic
interactions with the fixed solute charges, and @y (r) is
the potential due to interactions with the induced surface
charge density in the solvent at the solute boundary. The
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Table 2
trans < gauche equilibrium constants. The numbers in parentheses are the
simulation uncertainties reported to one standard deviation

Solute Ksimula[iun Kcominuum
7777 (in vacuum) 0.469 N/A

7777 0.570 (0.031) 0.596
PZ77Z 0.0925 (0.0157) 0.0919
MZ77Z 0.0768 (0.0106) 0.0723
PMZZ 1.65 (0.29) 1.69
MPZZ 1.08 (0.17) 1.18

PMPZ 0.0808 (0.0110) 0.0710
MPMZ 0.0533 (0.0110) 0.0384
PMPM 228%1077 (1.8%x107%) 1.26x 1077

electrostatic free energy of transferring the solute from
vacuum to aqueous solution is

1 14
AAelec = E Z QSa[q)surf(ra: € = an) - ¢surf(ra, € = 1)]
a=1

&)

where AAgee = AAy,(gs — 0) + AA, (0 — g,). The direct
Coulombic interaction contribution does not appear in
Eq. (9) since it is the same in vacuum and aqueous solution.

For molecular solutes, Poisson’s equation is solved
numerically using the boundary element method (BEM)
[17,19-22]. The molecular surface of the solute was discre-
tized using Zauhar’s SMART (Smooth Molecular Triangula-
tor) program [23]. An angle parameter of 25° was used to
triangulate the solute surface. Using a finer element size
(i.e., a smaller angle parameter) did not affect the results
significantly. The SMART discretized surface was the input
for the BEM Poisson equation solver [24]. The water probe
radius, R, and Born radii of the uncharged, R, and charged,
R, and R_, methyl groups that define the solute molecular
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2 0 2 4 6 8 10
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Fig. 1. Comparison of AAy4(f < g) evaluated by simulation and the conti-
nuum model. The diagonal line corresponds to perfect agreement between
the simulation and continuum predictions. The symbols denote the tetra-
mers: (O) ZZ77; (®) PZZZ; (OJ) MZZZ; (A) PMZZ; (B) MPZZ; (X)
PMPZ; (A) MPMZ; and (+) PMPM.
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Fig. 2. AA;yq of PMZZ and MPZZ as a function of ¢. The closed (®) and
open (O) circles are the simulation and continuum model results for PMZZ.
The closed (A) and open (A) triangles are the simulation and continuum
model results for MPZZ, respectively. The simulation results for AAyy4 are
referenced to AAy,q(0°) = 0 and —0.25 kcal/mol for PMZZ and MPZZ,
respectively. The continuum predictions have been shifted by an arbitrary
constant that minimizes the mean square difference between the simulation
and continuum results for AAy,,q. The simulation error bars correspond to
one standard deviation.

surface are given in Table 1. R, and R_ were optimized in
our previous study [1] to reproduce the conformational
dependence of AA, for tetramers PZZZ and MZZZ.

3. Results and discussion
3.1. trans < gauche Equilibria

The trans < gauche equilibrium constants for all eight
tetramers are given in Table 2. The difference in hydration
free energy between the trans and gauche conformations of
a tetramer is related to the ratio of the equilibrium constant
in aqueous solution to that in vacuum as follows [25]:

AApyy(t = g) = —kBT£n< Kag ) (10)

vac

A negative AAy4(f < g) indicates that hydration favors the
gauche conformation, while a positive value indicates that
hydration favors the trans conformation. Continuum model
predictions are plotted against the simulation results for
AAypyq(t < g) in Fig. 1. The diagonal line in this plot repre-
sents a perfect agreement between these two values. Over-
all, the continuum model predictions are excellent. The root
mean square difference is 0.15 kcal/mol for values of
AApyq(t < g) that range from —8.61 (PMPM) to 0.75
(PMZZ) kcal/mol, or ~16kT. Ranking AAy,4(t <> g) yields:
PMZZ < MPZZ <7777 < PZ77 <MZZZ = PMPZ <
MPMZ < PMPM. The general pattern that emerges from
this ranking when the tetramers are grouped based on
number of charges, v, is: v=2<v=0<v=1=v=
3 < v=4. Within each grouping, the AA;4(t <> g) for a
tetramer with a positive terminal group is less than
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Fig. 3. AA,j.. of PMZZ and MPZZ as a function of ¢ calculated from the
continuum model. The closed (®) and open (O) circles are the molecular
and spherical representations of PMZZ. The closed (A) and open (A)
triangles are the molecular and spherical representations of MPZZ, respec-
tively. AA,. is referenced to AA..(0°) = 0 and —0.25 kcal/mol for PMZZ
and MPZZ, respectively.

AAyyq(t < g) for the tetramer with a negative terminal
group; e.g., PMPZ < MPMZ.

3.2. PMZZ and MPZZ

The simulation results for AA,y(¢p) of the two dipolar
tetramers, PMZZ and MPZZ, are shown in Fig. 2 as a func-
tion of ¢. In both cases, the hydration free energy of the
trans conformation is higher than that of the cis conforma-
tion. Moreover, Kpyizz > Kypzz > Kz777. This observation is
counterintuitive and indicates that electrostatic interactions
in the absence of a conformationally dependent dipole
moment [26] can stabilize the more compact conformation
of the polymer, an effect typically associated with a poor

AApya (keal/mole)

-2.0 4 L

-2.5 L

-3.0 T T T
0 60 120 180
0 (degrees)

Fig. 4. AAyyq of PMPZ and MPMZ as a function of ¢. The closed (®) and
open (O) circles are the simulation and continuum model results for PMPZ.
The closed (A) and open (A) triangles are the simulation and continuum
model results for MPMZ. The simulation results for AAj, 4 are referenced to
AAya(0°) = 0 and —0.5 keal/mol for PMPZ and MPMZ, respectively. The
continuum predictions have been shifted by an arbitrary constant that mini-
mizes the mean square difference between the simulation and continuum
results for AA;. The simulation error bars correspond to one standard
deviation.

solvent or hydrophobic interactions. The continuum model
also predicts the destabilization of the frans conformation
relative to the cis conformation, as shown in Fig. 2.

The electrostatic destabilization of the trans conforma-
tion of the dipolar tetramers can be understood using Kirk-
wood’s continuum model of solvation [27], which assumes
a spherical solute, thereby simplifying the theoretical treat-
ment. The electrostatic contribution to the free energy of
hydration can be expanded analytically in terms of the
moments of the solute charge distribution. Truncating this
expansion at the level of dipolar interactions gives

My = (! (1)
elec dmeyr’ 26, + 1

where u is the solute dipole moment, and r is the radius of
the solute cavity. Eq. (11) suggests that changes in either
or the solute volume V, = 47133 affects AAge.. For many
solutes, minor changes in conformation dramatically change
w, while Vi is relatively unaffected. Moreover, the impact of
changing w is magnified since AA. is proportional to u>.
Thus, electrostatic contributions to conformational equili-
bria usually are assumed to depend on w alone [18,26,28].
However, for these dipolar tetramers, w is independent of ¢.
Thus, only changes in V affect AA,.. In particular, if V
increases for the cis — trans conformational transition, then
AA,. similarly increases.

AAge. for PMZZ and MPZZ calculated using both Egs.
(8) and (9), and Eq. (11) are shown in Fig. 3. To calculate
the free energy using Eq. (11), the tetramers are treated as
spherical cavities with V; equal to the molecular volume
(the volume subtended by the molecular surface) and u =
7.4 Debye, the dipole moment of both tetramers. The quan-
titative agreement between the molecular and spherical
representations is poor for both tetramers. This poor agree-
ment is attributed to the simplified description of the solute
surface used in Eq. (11). Nonetheless, Eq. (11) does predict
that the net electrostatic free energy of the trans conforma-
tion is greater than that of the cis conformation, and
AA e (0° — 180°) = AA1c(180°) — AA . (0°) evaluated
using either description is similar in magnitude for each
tetramer. Furthermore, AA...(0°— 180°) for PMZZ is
approximately twice that for MPZZ based on either descrip-
tion. We conclude, therefore, that the observed destabiliza-
tion of the frans conformation relative to the cis
conformation is due to an increase in volume of the low
dielectric solute cavity corresponding to the cis— trans
conformational transition.

3.3. PMPZ and MPMZ

The conformational dependence of the hydration free
energies for the PMPZ and MPMZ tetramers are shown in
Fig. 4. For both charged tetramers the frans conformation is
favored relative to the cis conformation, similar to the beha-
vior observed for PZZZ and MZZZ, their singly charged
counterparts having the same net charge (see Table 2 and
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Fig. 5. AAyyy of PMPM as a function of ¢. The closed (®) and open (O)
circles are the simulation and continuum model results for PMPM. The
simulation results for AA; are referenced to AAy 4(0°) = 0. The conti-
nuum predictions have been shifted by an arbitrary constant that minimizes
the mean square difference between the simulation and continuum results
for AApyq. The simulation error bars correspond to one standard deviation.

Ref. [1]). The trans < gauche equilibrium constants for
both PMPZ and MPMZ are, however, lower than those for
PZ7Z7Z and MZZZ (e.g. Kvpmz < Kuzzz). Moreover, the
conformational equilibria of PMPZ and MPMZ are not
simply the superposition of dipolar and charge interactions,
as indicated by the greater stabilization of the trans confor-
mations relative to PZZZ and MZZZ, respectively.

The continuum model accurately predicts the free energy
profile for PMPZ, but overestimates the free energy differ-
ence between the cis and trans conformations for MPMZ—
the predicted Kypvz, however, lies within two standard
deviations of the simulation value. The continuum model
also correctly predicts that the stabilization of the frans
conformation of MPMZ is greater than that of PMPZ in
water (i.e., Kypmz < Kpmpz). Given the simplifications
made in the continuum description of hydration, we
conclude that the predicted conformational dependence of
the free energy of hydration for MPMZ is reasonable.

3.4. PMPM

Compared to the other tetramers, PMPM is unique
because its dipole moment changes substantially with ¢:
n=4.9Debye for the cis conformation and w=
14.7 Debye for the trans conformation. The corresponding
decrease in solute volume is, however, inconsequential.
Based on Eq. (11), we anticipate that dipolar interactions
with water will strongly favor the trans conformation of this
tetramer. The same mechanism has been applied to explain
the conformational equilibrium of 1,2-dichloroethane
(DCE) in water [26]. For DCE, however, the dipole moment
of the cis conformation is greater than that of the frans
conformation, resulting in the stabilization of the gauche
conformation. Our expectations are confirmed by the simu-
lation results for PMPM shown in Fig. (5). The free energy
of hydration for the frans conformation is 28.3 kcal/mol

lower than that of the cis conformation,' which corresponds
to an exceptionally small value for the equilibrium constant:
2.28 +0.18 X 10”7 (Table 2). Thus, the frans conformation
of PMPM is essentially ‘locked’. The continuum model
predicts a similar hydration free energy profile that is in
good agreement with the simulation result.

4. Conclusions

A comparison of continuum model predictions to results
from explicit water simulations of a series of polar and
charged flexible polymer chains in water shows that the
continuum model of hydration predicts with reasonable
accuracy the conformational dependence of the free energy
of hydration of these model solutes. In this implementation
of the continuum model, the phenomenological parameters
inherent to the model are optimized to reproduce the confor-
mational equilibria in water for a subset of the solutes. This
subset includes the uncharged tetramer and the two amphil-
philic tetramers with either a single positive or negative
charge on one terminal methyl group. We also find that
both the explicit water simulations and the continuum
model give the same ranking of tetramers in terms of their
relative trans/gauche stabilities in aqueous solution. While
this investigation was not exhaustive, our results suggest
that the continuum model can be used to discriminate
between conformational preferences in water of flexible
polymer chains with different sequences of backbone
charges.

An unexpected finding of our study is that dipolar inter-
actions stabilize the more compact conformations of the two
tetramers with a fixed dipole moment, to an extent greater
than hydrophobic interactions. This behavior was observed
in the explicit water simulations and predicted by the
continuum model. While the simulations gave little insight
into the origin of the behavior, the continuum model
provided a convenient framework to interpret the observa-
tion. In particular, based on Kirkwood’s model of hydration
(Eq. 11), we conclude that hydration stabilizes the more
compact solute conformations of these dipolar tetramers in
order to reduce the cavity volume of the low dielectric
solute and gain favorable electrostatic interactions with
the high dielectric solvent. This electrostatic driving force
for the compact conformation is significant for the tetramers
with dipole moments that are fixed, independent of solute
conformation; i.e. PMZZ and MPZZ.

Finally, we note that the continuum model is perhaps the
simplest implicit treatment of hydration that can success-
fully capture the observed conformational equilibria in

' The GRF self-interaction contribution to the electrostatic energy,
s, qs, YGre (75,5, (@), amounts to 8.4 kcal/mol, or about 30% of the cis to
trans hydration free energy difference. Had this contribution not been
included in the simulation energy, the agreement between the simulation
result and continuum model predictions would have been significantly
worse.
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aqueous solution. Models based on linear free energy—
solute surface area correlations have been developed to
describe the hydration of both hydrophobic and polar
groups. A surface area-dependent model would fail,
however, to predict simultaneously the stabilization of the
trans conformations for PZZZ and MZZZ, and the gauche
conformations for PMZZ and MPZZ. Moreover, the change
in hydration free energy between the cis and trans confor-
mations of PMPM is too large to be predicted by a simple,
additive surface area correlation.
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