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Abstract: A free energy perturbation study of solvation in hydrazine and carbon tetrachloride is carried out to examine the
process of solvation of different solutes in these two solvents. For this purpose, models of liquid hydrazine and liquid carbon
tetrachloride were generated by molecular dynamics simulations. The structure of liquid hydrazine obtained from the molecular
dynamics simulation is discussed in detail. Differences in the free energies of solvation of different solutes belonging to different
classes of ions and molecules have been determined. The solutes studied include closed shell ions, tetraalkylammonium ions,
normal alkanes, and tetraalkylmethane molecules. The calculated differences in free energy of solvation, AG, between two
different solutes in these solvents compare well with the experimental values. Detailed analysis of the solvation behavior in
these solvents and their comparison with the behavior of solvation in water suggest that solvation behavior in hydrazine resembles
that in water for many solutes, whereas the behavior in carbon tetrachloride is different. The results of this study support
the view that the special phenomenon observed in the hydration of apolar solutes is a result of the structural peculiarity of

liquid water.

Introduction

As a part of our on-going research on solvation in different
solvents using the free energy perturbation method, we have been
investigating the characteristics of solvation of a variety of solutes
in several solvents. Earlier, we reported'? in this journal the results
of such solvation studies in water, methanol (MeOH), and di-
methyl sulfoxide (DMSO). In addition to demonstrating the
usefulness of the free energy perturbation method? in calculating
differences in the free energies of solvation in three different
solvents, the work reported in the two papers has brought out
several important differences between the solvation of neutral
alkanes and tetraalkylammonium ions in aqueous and nonaqueous
media. We have shown that the patterns of free energy variation,
AG, with the mutation parameter, A, for the apolar solutes in water
is dictated by the reorganization of the tightly bound solvent cage
around these solutes in water, in addition to the change in the
solute—solvent interaction energies. Even when the polarization
energy is included explicitly for the calculation of free energies,?
the trends in the variation patterns of AG with A showed a behavior
similar to that noted earlier. Such a behavior is not observed in
MeOH in spite of the close resemblance between this liquid and
water. The same is found to be true for solvation in DMSO as
well. It appears from these results that the hydration of apolar
solutes is different from solvation of these solutes in nonaqueous
solvents and the hydrophobic hydration results primarily from
some unique features of water. The unique structural features
of water as a cause of hydrophobic effect have been emphasized
since the early work of Frank and Evans®. Several later studies5®
of hydrophobic effect emphasize the structural aspects of water.
On the other hand, the studies® with scaled particle theories
suggested that water is unique in its behavior due to its smaller
molecular size and not due to its special structural features. A
recent study!® analyzing the data from extensive computer sim-
ulation studies on several liquids shows that hydrophobic hydration
is a consequence of special structural features of water and is not
due to the smaller size of water as suggested by scaled particle
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Table I. Some Properties of Water, Hydrazine, and CCl,

property H,O hydrazine CCl,
mol wt, g/mol 18.015  32.042  153.823
bp, °C 100.0 113.5 76.638
mp, °C 0.0 1.8 -23.0
density, g/cm? 0.997 1.00 1.58436
dielectric constant 78.3 51.7 2.238
dipole moment, D 1.82 1.83 0.0
viscosity, cP 0.89 0.9 0.9
surface tension, dyn cm™! 71.81 66.67 26.15
trouton constant, cal deg™ mol™? 26.0 25.23 22.14

theories. This study has compared the “work of formation of hard
spherical cavities of atomic size” in six molecular solvents which
include n-hexane, n-dodecane, and n-undecyl alcohol, chloroform,
carbon tetrachloride, and water. Our studies so far have compared
water with methanol and dimethyl sulfoxide. The relative im-
portance of the molecular size of water may be examined by a
comparison of the behavior of solvation in water with that in a
liquid such as hydrazine, which is extensively hydrogen bonded
in the liquid state, but its molecular size is larger than that of
water.

Hydrazine, which was labeled as inhibited “water” by Frank,!!
has close similarity with water in several of the physical and
molecular properties.!> Some of these properties are given in
Table I. The liquid ranges (melting points and boiling points),
densities, dipole moments, surface tensions, and trouton constants
for the two liquids are nearly identical. The properties of water
that differ dramatically from those of hydrazine or other solvents
are the isobaric expansibility up to 4 K above the melting point
and the temperature coefficient of the isothermal compressibility
up to 46 K above the melting point.!> Tt has been reasoned by
Frank!! that hydrazine could reproduce the properties of water
that originate in its extensive hydrogen bonding but not those
properties that result from changes in the unique structure of
water. The gas-phase solubility data!# bring out some of the
differences between the two liquids. The Gibbs free energies of
transfer of apolar solutes like argon and nitrogen from cyclohexane
to water and hydrazine are very much similar but the enthalipies
and entropies are different.'* Similar results were obtained for
micellization in these two liquids.!S These studies suggest that
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hydrophobic properties of water and hydrazine are very similar.
However, the experimental data for solvation in liquid hydrazine
are very limited so far and no such data are available for larger
hydrophobic solutes such as alkanes and tetraalkylammonium ions.
In the present study, we intend to investigate the solvation of larger
hydrophobic solutes in hydrazine by the free energy perturbation
approach to find out if the solvation process in hydrazine is dif-
ferent from that in water. If any differences are observed between
the two solvents, it should be possible from the free energy variation
patterns to find out if such differences are a consequence of the
structural differences of the two solvents. For this reason, we
simulated the structure of liquid hydrazine by molecular dynamics
to understand its similarities and differences with the structure
of water.

Additionally, we study the solvation behavior in carbon tetra-
chloride (CCl,), which is a nonpolar and nonassociated liquid.
The solvation behavior in CCly is expected to be remarkably
different from that in water and hydrazine. Some of its prop-
erties!? listed in Table I are very different from those of water
or hydrazine. Nevertheless, increased gauche population of n-
butane observed!® in dilute CCl, solutions has been attributed to
solvophobicity of this liquid based on RISM and computer sim-
ulation studies.!”!® However, the results of these studies must
be viewed with caution as they were found to be model depend-
ent.!® For instance, in one of the simulation studies by Bigot and
Jorgensen!? the increased gauche population of butane in CCl,
was not predicted. Similarly, the ability of the infinite dilution
HNC-RISM theory to correctly describe the changes in solvent
structure and thermodynamics that occur when an apolar solute
is placed into water is also questioned.’® Such limitations of other
macroscopic theories such a scaled particle theory in calculating
thermodynamic properties of solutions have also been pointed out.!
Therefore, a detailed microscopic simulation at the atomic level
including explicitly all the interaction between the solute and
solvent molecules is essential to resolve some of the contradictory
conclusions drawn from the theoretical studies of solvation in liquid
CCl,.

In the present study, we consider explicitly all the atoms of all
solute and solvent molecules. In addition to obtaining the structure
of liquid hydrazine, we employed the free energy perturbation
method to study the following transformations ion hydrazine and
CCl,: (1) CI" — Br~, (2) Na* — K*, (3) Me,N* — NH/*, (4)
Et4N+ - MC4N+, (5) C2H6 - CH4, and (6) MC4C - CH4. Since
ionic solutes are expected to be insoluble in CCl,, it is not ap-
propriate to study transformations 1-4 in this solvent. However,
the calculations for transformations 1 and 2 in CCl, were carried
out for the purpose of comparison only. Transformations 3 and
4 were not simulated in CCl,. The results of the first two
transformations are expected to bring out the differences in
solvation of anions and cations in these solvents. The last four
transformations, which brought out important differences between
solvation in water and MeOH or DMSO, should give insights into
the differences between water and hydrazine as well. These results
of the present study are compared with those of our earlier
studies.!?

The Free Energy Perturbation Method

The free energy perturbation method? is employed in the
present study. This method and its implementation into the AMBER
program have been described in detail earlier.2! Briefly, in the
free energy perturbation approach, the free energy difference
between two states of a system is computed by transforming one
state into the other by changing a single coupling parameter in
several steps. For instance, the two states, A and B, represented
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by Hamiltonians, H, and Hpg, are coupled by a dimensionless
parameter, A, as

Hyo=XH,+(1-NHy O0sAsI (1)

When X\ = |, H, = H, and when A = 0, H, = Hg. Therefore,
state A can be smoothly transformed to state B by changing the
value of X in small increments, AX, such that the system is in
equilibrium at all values of A. At any intermediate value of A,
the state of the system is a hypothetical mixture of A and B.

The Gibbs free energy contribution due to the perturbation at
every value of X is given by

G, = -% In (exp(-8Hy))q @)

where 8 = 1/RT. The average of exp(-B8H,) is computed over
the unperturbed ensemble of the system. If the perturbation from
X = 1to0is carried over N intervals, then the total free energy
change equals the sum over all these intervals

N
AG = glcl()\.') (3)

To circumvent some sampling difficulties during transformation,
it is advantageous to decouple AG into two parts: an electrostatic
part, AG,, and a van der Waals part, AG,q,. The AG,) represents
the free energy change due to the mutation of the partial charges,
whereas the AG,q, represents the free energy change due to the
mutation of the size of the molecule. This is achieved by
transforming state A to state B through an intermediate state A’
such that only the partial charges are mutated during the first
part of the transformation (A — A’) and the van der Waals
parameters are mutated during the second part of the transfor-
mation (A’ — B). Further, the technique of coordinate coupling
is applied during the mutation of the van der Waals parameters.
The details of these methods are described in our earlier paper.!

Computational Details

All calculations were carried out with the AMBER (Version 3.1) pro-
gram.22 The details of the protocol used in the computation of the free
energy differences with this program are discussed in earlier papers.!??
A few modifications made for simulations with solvent boxes other than
water were also described.?

Potential Functions. Hydrazine is a unique molecule because of the
lone pairs of electrons on the two nitrogen atoms, which are connected
by a covalent bond in this molecule. The quantum mechanical studies
on this molecule showed that the rotational barrier about the N-N bond
is dictated by the lone pair-lone pair interaction which causes splitting
of the lone pair energy levels. Thus, the minimum energy configuration
of the hydrazine molecule is attained when the two lone pairs are per-
pendicular to each other, which is the gauche conformation of the mol-
ecule. We have generated the potential function, V(¢), for the internal
rotation around the N-N bond of hydrazine by ab inito quantum me-
chanical method using the 6-31G**/MP3 level and fitted it to a four-
term series given in the equation below.

4
V() = %k);l Ve(l = cosk ) @

¢ is the tetrahedral angle between the two NH, groups (or the bisectors
of the two HNH angles). The coefficients V), V,, V3, and ¥V, are -5.640,
-5.664, -2.056, and 0.240 kcal/mol, respectively. The values of these
coefficients agree well with those reported in an earlier calculation. A
plot of the potential function is shown in Figure 1. The parameters of
this potential function for the rotational barrier was incorporated into the
molecular mechanics force field used in the calculations. Since the
rotational barrier potential of hydrazine includes 1,4 interactions of the
atoms attached to the nitrogen atoms, these interactions (which include
both van der Waals and electrostatic interactions) were not included in
the calculation of the total energy. The partial charges for the atoms of
hydrazine were obtained by the ab initio program QUEST? with a 6-31G*

(22) aMBER (Version 3.1) is a fully vectorized version of AMBER (Version
3.0) by Singh, U. C.; Weiner, P. K.; Caidweli, J. W.; Koliman, P. A.; Univ-
ersity of California: San Francisco, 1986. AMBER (Version 3.1) aiso includes
coordinate coupling and intra/inter decomposition.
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Figure 1. The barrier to internal rotation around the N-N bond obtained
from quantum mechanical calculations.

Table 1I. Charges and Nonbonded Parameters for Hydrazine and
ca,

solute charge R* A ¢, keal
N -0.75 1.900 0.1700
H 0.375 1.000 0.0200
C 0.392 1.7960 0.1013
Cl —0.098 2.,0402 0.3470

basis set.? Since ab initio calculations with the 6-31G* basis set are
known?” to overestimate partial charges by a factor of 0.87, we scaled
these charges by the same factor. The van der Waals parameters were
determined by adjusting them to get the correct density and total energy
by doing trial molecular dynamics simulations. These van der Waals
parameters along with the partial charges of hydrazine are listed in Table
11.  The bond lengths and angles of hydrazine used in the calculations
were those determined by electron diffraction.?

CCl, is a simple molecule having a tetrahedral symmetry. The van
der Waals parameters for C and Cl atoms of CCl, were taken from
Evans.?® The partial charges on the atoms of CCl, were obtained by the
same method described earlier with both STO-3G and 6-31G* basis sets.
1t was found that the higher basis set makes carbon more electronegative
than chlorine, which is contradictory to the chemical intuition. Therefore,
the charges obtained with the STO-3G basis set were used in the present
study. These charges and the nonbonded parameters of hydrazine are
listed in Table 1I.

The force field parameters and the partial charges for the solute
alkanes and tetraalkylammonium ions are taken from our earlier paper.!
The van der Waals parameters, R and ¢ for alkali ions (Na* and K*) and
halide ions (CI” and Br”) from Lybrand et al.,>**! were used in the present
study as well as in our earlier study.?

Generation of Solvent Boxes. The initial geometry of a hydrazine
molecule modeled for the creation of a solvent box has gauche confor-
mation, which has C; symmetry. This is usually considered as the
equilibrium conformation.?? A hydrazine molecule has six atomic cen-
ters. The solvent molecule with the largest number of atomic centers used
in our simulations so far is DMSO, which has 4 atomic centers (the two
methyl groups of the DMSO molecules were considered as two centers
in a united model representation). The coordinates of the DMSO box
were used to generate a hydrazine box in the following way. Two ad-
ditional centers were generated for each DMSO molecule which are
connected to the O atom so that the new molecule will have C, symmetry.
The S and O positions were substituted by the two N atoms of hydrazine
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Table III, The Cutoff Distance and the Number of Solvent
Molecules

no. of
hydrazine/

simulation  solute ref solvent R, A CccCl,
i Cl- Br- hydrazine 14.0 413
ca, 18.0 292
2 Na* K* hydrazine  14.0 413
CCl, 18.0 292
3 Me,N*  NH,2*  hydrazine 120 397
4 Et,N*  MeN* hydrazine 12.0 457
5 C,Hg CH, hydrazine 4.0 498
CCl, 18.0 327
6 Me,C CH, hydrazine 12.0 397
cql, 18.0 381

and the other four positions (which include the positions of the two
methyl groups of DMSO and the newly generated positions) were sub-
stituted by the four hydrogens of hydrazine. The sides of the new box
of hydrazine were initially scaled by an appropriate factor to get the right
density for hydrazine. This box of 216 hydrazine molecules was mini-
mized by the conjugate gradient method for 5000 cycles, followed by a
minimization with SHAKE?? for an additional 100 cycles. The minimized
coordinates were used for molecular dynamics simulations of liquid hy-
drazine with use of SHAKE and periodic boundary conditions. The time
step used in this simulation was 0.001 ps. The trial simulations for
obtaining the van der Waals parameters were run for 10-30 ps several
times at constant temperature (300 K) and pressure (1 atm). The pa-
rameters listed in Table 11 gave the best results in agreement with the
experimental values. For structural analysis, the simulations were run
for 100 ps and the coordinates were collected every 0.1 ps. The density
and the radial distribution functions (rdfs) of liquid hydrazine were
computed from the coordinates over the last 80 ps. The average density
of the simulated hydrazine is 1.015 £ 0.010 gm/cm?, which is in good
agreement with the experimental value of 1.00 gm/cm3,

The CCl, box was created from the water box by generating two
additional centers on the central oxygen of water such that the positions
of the two oxygens and the the two new centers form a tetrahedron. The
position of the O atom at the center of the tetrahedron is substituted by
the C atom of CCl, and the 4 Cl atoms were placed at the four vertices.
The length of the CCl, box was initially scaled so as to get the correct
density of CCl,. The bond lengths and angles of CCl, molecules were
constrained to the experimental values during the present simulation
studies. The box of 216 CCl, molecules was minimized in two stages as
described earlier. Then it was equilibrated at constant temperature (300
K) and pressure (1 atm) for 20 ps by a molecular dynamics run with a
time step of 0.001 ps. SHAKE was used during the dynamics run also.
Since a great deal of structural information on liquid CCl, is available
from both the experimental studies® and the computer simulation stud-
ies,* we have not attempted here to analyze our molecular dynamics
results in any extensive way except to see that our model gives the correct
density and structure. The density of the simulated liquid CCl, is 1.5935
% 0.010 g/em? which is in good agreement with the experimental value
of 1.58436. The calculated radial distribution functions are also in good
agreement with the experimental and the simulation results.?*3* The
coordinates obtained at the end of the simulation were used for the free
energy calculations.

Free Energy Stmulations, The solutes were solvated by hydrazine and
CCl, as described earlier.!2# The cutoff distance and the number of the
solvent molecules solvating each solute are listed in Table 111 for all
transformations. Each system was minimized in four stages. First, the
solvent around the solute was minimized for 500 cycles with the steepest
descent method. Second, it was minimized for the next 2000 cycles with
the conjugate gradient method. Third, the whole system was minimized
with the conjugate gradient method for another 1000 cycles followed by
a minimization of 100 cycles with SHAKE. The system was initially
equilibrated for 10.0 ps at constant temperature (300 K) and pressure
(I atm) with use of a time step of 0.002 ps. During minimization,
equilibration, and the subsequent perturbation runs, periodic boundary

(32) Ryckaert, J. P.; Ciccotti, G.; Berendsen, H. J. C. J. Comput. Phys.
1977, 23, 327.

(33) (a) Narten, A. H. J. Chem. Phys. 1976, 65, 573. (b) Egelstaff, P.
A.; Page, D. L; Powels, J. G. Mol. Phys. 1971, 20, 881.

(34) (a) Adan, F. S.; Banon, A.; Santamaria, J. Chem. Phys. Lett. 1984,
107, 475. (b) McDonald, 1. R.; Bounds, D. G.; Kiein, M. L. Mol. Phys. 1982,
45, 521. (c) Steinhauser, O.; Neumann, M. Mol. Phys. 1980, 40, 115. For
A R]SZM study, see: (d) Lowden, L. J.; Chandler, D. J. Chem. Phys. 1974,
61, 5228.
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Figure 2. Population densities of different conformers of hydrazine ob-
tained from molecular dynamics over 80 ps.

conditions were applied only for solute-solvent and solvent—solvent in-
teractions. The SHAKE procedure is used during simulation runs also. A
constant dielectric of 1 was used for all simulations. Cutoff distances of
12 and 14 A in hydrazine and CCl,, respectively, were employed for the
nonbonded interactions. All solute-solute nonbonded interactions were
included. The nonbonded pair list was updated every 100 molecular
dynamics steps. For the transformations involving closed shell ions, 101
windows were employed with 0.4 ps of equilibration followed by 0.4 ps
of data collection at each window. For the molecular solutes, the mu-
tation was achieved in two stages with the free energy decoupling me-
thod.! The partial charges were mutated first by using 21 windows with
1.0 ps of equilibration and 1.0 ps of data collection at each window. The
van der Waals parameters were mutated with coordinate coupling over
201 windows with 0.2 ps of equilibration and 0.2 ps of data collection.
The time step used during the equilibration and data collection was 0.002
ps.

Results

The molecular dynamics results obtained for the box of 216
hydrazine molecules were analyzed for obtaining the structural
information on this liquid. The population densities of different
conformers of hydrazine molecules are analyzed to understand
the behavior of these molecules in the liquid state, and the radial
distribution functions were calculated to get the intermolecular
arrangement. A plot of the averaged population densities of
hydrazine molecules as a function of the dihedral angle is given
in Figure 2. The dihedral angle used for this plot is that between
the lone pair positions on the two N atoms of the hydrazine
molecule. This shows that most of the 216 molecules stay in the
gauche conformation for the duration of the simulation. In other
words, the molecule stays in either of the potential wells described
in Figure 1. However, several molecules reach the transition
structure and stay there for a very short period and then revert
back to the initial structure (see Figure 3a), and some molecules
rol} to the other potential well (see Figure 3b). These results also
show that different conformational states of hydrazine molecules
are adequately sampled in the present simulation.

(a) Radial Distribution Functions. The radial distribution
functions (rdfs) for all intermolecular pairs of atoms of hydrazine
are given in Figure 4. As the intramolecular bond distances were
constrained, these pairs were not included in the calculated rdfs.
The rdf for the N-N pair shows well-defined maxima, whereas
the rdfs of N-H and H-H do not show any sharp maxima. The
pair distances obtained from the positions of the first one or two
maxima in these rdfs are given in Table IV. For some pairs, the
coordination numbers were obtained from the areas under the
corresponding peaks. These coordination numbers are also given
in Table IV. The N-N rdf shows the first maximum at 3.35 A,
a shoulder at 4.10 A, and a broad maximum at around 7.0 A.
The N-H rdf shows the first small peak at 2.50 A followed by
a broad maximum around 4.0 A. The H-H rdf raises initially
monotonically up to 2.75 A and then shows a plateau with smail
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Figure 3. The dihedral angle for a hydrazine molecule as a function of
time during the course of the molecular dynamics run. (a) The profile
for a molecule that reaches the transition structure for a brief period. (b)
The profile for a molecule that crosses the barrier to go from one po-
tential well to the other well.
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Figure 4. Radial distribution functions of (a) N-N, (b) N-H, and (c)
H-H pairs of liquid hydrazine.

fluctuations. The two broad maxima may be located around 3.6
and 4.5 A following the initial peak in the H-H rdf. The inte-
gration of the N-N peak up to the shoulder gives a coordination
number of 8.5. When the integration is extended up to the first
real minimum at 5.45 A, then the coordination number is 24.5.
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Table IV. Pair Distances and Coordination Numbers (CN)

pair distance, A CNe
N-N 3.35 8.5 (3.95)
4.10 24.5 (5.45)
N-H 2.50 2.10 (2.7)
4.05
H-H 2.75
3.6

9The values in parentheses are the cutoff distances used in the inte-
gration of the first peaks of the rdfs to get the coordination numbers.
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Figure 5. Variation of AGg, with A for transformations in hydrazine and
CCl;: (a) Me,N* — NH,* in hydrazine; (b) Et,;N* — Me,N* in hy-
drazine.

The integration of the N-H peak at 2.5 A gives a coordination
number of 2.10.

(b) Free Energy Differences. The calculated free energy dif-
ferences and the experimental values from the literature for all
the transformations are summarized in Table V. For each
transformation, the electrostatic part, AGg,, and the van der Waals
part calculated with coordinate coupling, AG,qy/cc, and their sum
are listed. The reported AG,,, and AGyyy o Values are the averages
of the values obtained from the forward and the backward sim-
ulations. The data for different transformations in water are taken
from our earlier papers.? For all cases, the dominant contribution
to the total free energy difference comes from the AG,q, /o term.
The AG,. values are very small in most cases and are almost
negligible for neutral alkanes. The experimental values available
in the literature® are listed for comparison in the last column of
Table V. The calculated solute-solvent interaction energies for
the solutes in the three solvents are given in Table VI.

For neutral alkanes, AG,, varies very little with A. The values
of AG,, for the transformations of these solutes are smaller than
0.1 kcal/mol in most cases. For positively charged alkyl-
ammonium ions in hydrazine, however, AG,, decreases with A.
The variations of AGg, with A for the two transformations involving
these ions in hydrazine are shown in Figure 5. The AG,, decreases
to —1.94 and -0.54 kcal/mol for the Me,N* — NH,* and the
Et,N* — Me,N* transformations, respectively. These values are
also small compared to the corresponding AG,g o values for the
same transformations.

The variation of AG 4y With X for the transformation of ClI-
— Br~ in water, hydrazione, and CCl, is given in Figure 6. In
all three solvents, AG, 4,/ increases linearly with A. However,
the rate of increase in AG g4y is lower in CCl, than in water and
hydrazine. The final values of AGyqy/cc in hydrazine and CCl,

(35) Free energy values for solvation of alkali ions and halide ions are taken
from: (a) lzmailov, N. A. Dokl. Akad. Nauk. SSSR 1963, 149, 1364. The
values for alkanes in CCl, are taken from: (b) Abraham, M. H. J. Am. Chem.
Soc. 1982, 104, 2085,
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Figure 6. Variation of AGqy /e With A for CI~ — Br~ transformation in
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Figure 7. Variation of AG,aw/c With A for Na* — K* transformation in
(a) water, (b) hydrazine, and (¢) CCl,.
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Figure 8. Variation of AG,aw/oc With A for Me,N* — NH,* trunsfor-
mation in (a) water and (b) hydrazine.

are 2.65 and 0.71 keal/mol. The variation of AG,4y/cc With A for
the transofmration of Na* — K* in water, hydrazine, and CCl,
is given in Figure 7. In this case also, AG gy increases linearly
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Table V. Calculated and Experimental Free Energy Changes®

Rao and Singh

solute ref solvent AG,, AGygw/ce total expt

CI- Br- H,0 3.23 £ 0.05 3.23 £ 0.05 33
hydrazine 2.65 £ 0.37 2.65 £ 0.37 2.5
CCl, 0.71 £ 0.04 0.71 £ 0.04

Na* K* H,0 20.09 £ 0.07 20.09 £ 0.07 17.5
hydrazine 2332 £0.11 23.32£0.11 17.0
CCl, 1.46 £ 0.03 1.46 = 0.03

Me N+ NH* H,0 —0.65 = 0.00 -29.17 £ 0.52 -29.82 £ 0.52 -31.7
hydrazine -1.94 £ 0.02 -23.60 £ 0.33 -25.54 £ 0.35

Et,N* Me, N+ H,0 —0.64 £ 0.01 -6.10 £ 0.25 -6.74 £ 0.26 -1.0
hydrazine —0.54 = 0.03 -3.62 £ 0.25 -4.16 £ 0.28

C,H; CH, H,0 —0.09 + 0.01 —0.33 £ 0.02 —0.42 £ 0.03 0.2
hydrazine —0.11 £ 0.01 0.74 = 0.04 0.67 £ 0.05
CCl, —0.01 £ 0.01 1.09 = 0.04 1.08 % 0.05 1.2

Me,C CH, H,0 —0.05 £ 0.01 -0.81 = 0.07 —0.86 = 0.08 -0.5
hydrazine 0.03 £ 0.01 3.61 £ 0.06 3.64 £ 0.07
Cccl, 0.00 £ 0.00 3.53£0.17 3.53£0.17

2 All values are in keal/mol.

Table VL. Interaction Energies of Solutes in Water, Hydrazine, and

CCle

solute H,0 hydrazine CCl,
cr -1343 5.7 -1143 £26 -5.0%1.3
Br- -1322 50 -106.4 £ 2.4 -55%£04
Na* -195.7 £ 8.8 -189.8 £ 5.5 -3.9%£09
K* -1556 %75 167.8 £ 4.0 -42%08
NH,* -138.5 6.4 -151.7 £ 4.9

Me,N* -100.2 £ 7.0 -113.5%£ 5.6

Et,N* -96.7 £ 5.9 -105.6 £ 4.5

CH, -28 £0.6 -4.6 £ 0.7 -3.5%£0.3
C,H¢ -4.9 £ 0.7 -6.5 £ 0.7 -6.0 £ 0.8
Me,C -84 0.8 -129 £ 0.7 -11.7 £ 0.7

2 All values are in kcal/mol.

with A, The rate of increase in AGyqy,c. is highest in hydrazine,
which is closely followed by that in water. In contrast, the increase
in AGy4y/e in CCly is very marginal. The final AG 4y values
are 23.32 and 1.46 kcal/mol respectively in hydrazine and CCl,.

The variation of AGqy,cc With ) for the transformation of
Me,N* — NH,* in water and hydrazine is given in Figure 8.
This transformation in CCly is not simulated. The AG,qy,/c. de-
creases linearly and the rate of decrease is slightly lower in hy-
drazine than in water. The final AG,q, . value in hydrazine is
~23.60 kcal/mol and the corresponding total free energy difference
is —25.54 kcal/mol. The variation of AG,g4y /e With A for trans-
formation of Et,N* — Me,N* in water and hydrazine is given
in Figure 9. This transformation is also not simulated in CCl,.
The AG 4y /¢ initially decreses more sharply than in the later part
of the transformation. This pattern is more striking in hydrazine
than in water. The final AG,q4,/c Value in hydrazine is -3.62
keal/mol and the corresponding total free energy changes are —6.74
and -4.16 kcal/mol in water and hydrazine, respectively.

The variation of AG,q,,/c With A for the transformation of C,H,
— CH, in water, hydrazine, and CCl, is given in Figure 10. In
CCl,, the AG 4,/ increases almost linearly, whereas it initially
decreases in hydrazine and then increases later almost parallel
to the curve corresponding to CCl,. In contrast, the curve for water
shows a broad dip. The final AG4y e values are 0.74 and 1.09
keal/mol in hydrazine and CCly, respectively. The corresponding
total free energy differences are 0.67 and 1.08 kcal/mol, re-
spectively. For the Me,C — CH, transformation, the variation
of AGgu/cc versus A, shown in Figure 11, is qualitatively similar
to that of the C;Hg — CH, transformation. However, the pattern
of the curve in hydrazine is close to that in CCl, than to that in
water. The final values of AG,qg,/cc are 3.61 and 3.53 kcal/mol
in hydrazine and CCl,, respectively. The corresponding total free
energy differences are 3.64 and 3.53 kcal/mol.

Discussion

(a) Radial Distribution Functions for Liquid Hydrazine. It is
very striking that the positions of the two major maxima in the
calculated rdf of the N-N pair in liquid hydrazine coincide with
those of the experimental N-N rdf in liquid ammonia.* Similar

AG ygw/ce (kcal/mol)

1.0

Figure 9. Variation of AG,4w/ec With A for Et,N* — Me,N* transfor-
mation in (a) water and (b) hydrazine.
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Figure 10. Variation of AG\qw/ec With A for C;Hg — CH, transformation
in (a) water, (b) hydrazine, and (c) CCl,.

expeirmental data are not available for liquid hydrazine in the
literature. The present results show that the intermolecular
correlations in liquid ammonia and liquid hydrazine are quite
similar. Therefore a detailed comparison of the present results

(36) Narten, A. H. J. Chem. Phys. 19717, 66, 3117.
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Figure 11. Variation of AG gy With A for Me,C — CHj transformation
in (a) water, (b) hydrazine, and (c) CCl,.

with the X-ray diffraction results on liquid ammonia is expected
to bring out the similarities and differences in the structures of
these two liquids. The experimental rdf for the N-N pair in liquid
ammonia has its first maximum at 3.4 A, followed by a shoulder
at 3.7 A, and a subsidiary maximum at 4.6 A. Additionally, there
is a broad maximum around 7 A. The maxima at 3.4 and 3.7
A were attributed to the N-N pairs making hydrogen bonds and
van der Waals contacts, respectively. The peak at 4.6 A is at-
tributed to N-N pairs not making either of the above interactions,
but being in the first coordination. In contrast, the N-N rdf in
liquid hydrazine is indicative of only two kinds of N-N pairs in
the first coordination sphere. The snap shot picture of the
equilibrated box of 216 hydrazine molecules shown in Figure 12
reveals that the coordination around a hydrazine molecule in the
liquid state is complex. The configuration shown in the figure
is obtained at the end of the 100-ps simulation run. An exami-
nation of this structure shows that each N atom has both hy-
drogen-bonded and non-hydrogen-bonded neighbors. The shoulder
at 4.1 A following the first maximum in the rdf of hydrazine may
be associated with the N=N pairs that are not hydrogen bonded.
This is, however, mainly a consequence of the nature of the hy-
drazine molecule, in which two N atoms are bonded. When two
hydrazine molecules are hydrogen bonded, only one N atom on
each molecule is involved in this interaction, for which the pair
correlation appears around 3.4 A in the rdf curve. An additional
well-defined N-N correlation around 4 A is expected in this
configuration, in which the first N atom in the N-N pair belongs
to the first molecule and is involved in hydrogen bonding and the
second N atom of the pair is that of the second molecule which
is not involved in hydrogen bonding. Such a pair correlation is
depicted schematically in Figure 13. When the first peak is
integrated up to the beginning of the shoulder in the N-N rdf
of hydrazine, it shows that about 8 N atoms coordinate an N atom
in a distance range of 3.1-3.95 A. Since the intramolecular N-N
distance is 1.45 A, all 8 N atoms may belong to 4 hydrazine
molecules. The integration of the first peak up to the first real
minimum distance in the rdf gives a coordination number of about
24, This suggests that an N atom of a hydrazine molecule is
coordinated by at least 12 hydrazine molecules. It should be noted
that most of these 12 molecules are also in the first coordination
of the second N atom of the same central hydrazine molecule.
Therefore, these results show that each hydrazine molecule in the
liquid state is surrounded by at least 12 other hydrazine molecules.
The well-defined maximum around 7 A observed in the N-N rdfs
of ammonia and hydrazine suggests a significant degree of order
in the two liquids.

The rdfs of the N-H and H-H pairs in liquid hydrazine look
similar to the rdfs of the same pairs in liquid ammonia obtained
from the computer simulation studies.?”*® The experimental
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information on N-H and H-H pair correlations in liquid ammonia
is not available. The rdf of the H-H pair is almost structureless
for both liquids. This rdf has broad peaks at 3.75 and 4.1 A in
liquid hydrazine. The N-H pair rdfs show a clearly defined first
peak at 2.5 A, which is indicative of hydrogen bonding between
these molecules in the liquid state. The integration of this peak
up to 2.7 A shows that there are about two hydrogen bonds on
each N atom of each hydrazine molecule. Similar results were
obtained for the N-H pair in the computer simulation study®® on
liquid ammonia as well.

Some of the structural features of liquid hydrazine noted so
far are also common with those of water. In particular, hydrogen
bonding seems to be an important factor in both of these liquids
and the number of hydrogen bonds per molecule is about four in
both cases. The H-H rdfs of hydrazine indicate a coordination
number of 5.7 which is close to that in water.?® However, the
first peak in the N-H rdf in liquid hydrazine is not so well defined
as the peak in the O-H rdf of liquid water,*® suggesting that
hydrogen bonds in liquid hydrazine are not as strong as those in
water. The present analysis of the structure of liquid hydrazine
is not complete and it is not yet possible to say if there is any
network of hydrogen bonds in liquid hydrazine as found in water.
The examination of Figure 12, however, shows that the coordi-
nation around a hydrazine molecule in liquid is much more
complex than that in water. Clearly the present model structure
of hydrazine shows features common with both liquid water and
liquid ammonia and it resembles the structure of liquid ammonia
more closely than that of liquid water. Therefore, the behavior
of hydrazine as a solvent is expected to be close to that of ammonia
in most of the cases discussed in the next section. If any differences
are observed between the solvation of apolar solutes in water and
hydrazine, those differences may be attributed to the differences
in the structures of the liquids noted in this section.

(b) Free Energy Differences. The calculated free energy dif-
ference for CI- — Br~ transformation in hydrazine agrees well
with the experimental value. It may be noted here that the
parameters used for these anions are the same as those used in
our earlier study, in which the free energy difference for the same
transformation in water was calculated to be 3.23 kcal/mol which
is closer to the experimental value reported by Krishnan and
Freedman®? (3.3 kcal/mol) and is smaller than that reported by
Marcus*! (6.2 kcal/mol). It is interesting that the parameters
optimized to reproduce the experimental value in water reported
by Freedman and Krishnan estimates correctly the difference in
free energy of solvation of these two ions in hydrazine. The
calculated free energy difference for this transformation in CCl,
is much smaller (0.71 kcal /mol) than in water or hydrazine. This
is clearly due to the fact that the ion—solvent interaction energies
are much smaller in CCl, than in water or hydrazine. This also
explains why CCl, is not a good solvent for anions. Further, the
interaction energies of these two ions in CCl, are almost equal
to each other whereas the interaction energy of the Cl~ ion is lower
than that of the Br™ ion in hydrazine. Therefore, the calculated
free energy difference for the two ions in CCl, is much smaller
than that in hydrazine or water. This is depicted in the rate of
change of AG,qy /e With A shown in Figure 6, for the three solvents.
The rate is high in water and hydrazine compared to CCl,. It
shows that the nature of interaction of these ions in water and
hydrazine is similar. The CI- interacts with hydrazine through
a hydrogen bond as in water, but the strength of this interaction
is lower in hydrazine than in water since hydrazine is not as good
a hydrogen bond donor as water. No such specific interaction
is possible between the CI™ ion and CCl,. Liquid CCl, is like a
low-dielectric, hard-sphere solvent with higher probability of larger

(37) Hinchliffe, A.; Bounds, D. G.; Klein, M. L.; McDonald, 1. R.; Righini,
R. J. Chem. Phys. 1981, 74, 1211.

(38) Sagarik, K. P,; Ahirichs, R.; Brode, S. Mol. Phys. 1986, 57, 1247.

(39) (a) Palinkas, G.; Kaiman, E.; Kovacs, P. Mol. Phys. 1977, 34, 525.
(b) Soper, A. K.; Silver, R. N. Phys. Rev. Lett. 1982, 49, 471.

(40) Freedman, H. L.; Krishnan, C. V. in Water——A Comprehensive
Treatise, Franks, F., Ed.; Plenum Press: New York, 1973; Vol. 3, p 1.

(41) Marcus, Y. fon Solvation; John Wiley & Sons: New York, 1985; p
108.
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Figure 12. Stereopicture of 216 hydrazine molecules at the end of the 100-ps molecular dynamics run. The solvent boxes of hydrazine and CCl, were

made as described in the text.

3A
4A
2.
T e, 04
\:5;37
t HDZ 16
2A

Figure 13. A schematic representation of different pair correlations
between two hydrogen-bonded hydrazine molecules.

cavity sizes than in water!® and hence CCl, does not differentiate
between the two ions either by any specific interaction or by the
size difference of the two ions.

For the transformation of Na* — K* in hydrazine, the cal-
culated free energy difference is slightly overestimated. According
to the present calculation, the difference in the free energy of
solvation between the two cations is slightly larger in hydrazine
than in water, though the experimental values are almost equal.
The calculated free energy difference for this transformation in
CCl, is much smaller than that in water or hydrazine. This is
again due to negligibly small ion—solvent interaction energies in
CCly, which are almost equal for the two cations. Further, the
interaction energies for the cations in CCl, are only slightly smaller
than those for the anions suggesting that the nature of the charge
on the solute has little effect on the interaction of these solute ions
with CCl,. The interaction between ions and CCl, is mainly due
to ion—octopole interactions, whereas the interaction of ions with
water and hydrazine is dominated by strong ion—dipole interaction.
It may be noted here that dipole moments of water and hydrazine
are almost equal, whereas CCl, has no dipole moment. The change
in the solute size affects the solute-solvent interaction energies
to a greater extent in water and hydrazine than in CCl,, which
is reflected in the variation of AGq, versus A shown in Figure
1.

For the Me,N* — NH,* transformation, the calculated free
energy difference is smaller in hydrazine (-25.54 kcal/mol) than
in water (-29.82 kcal/mol). Similarly for the Et,N* — Me,N*
transformation, the calculated free energy difference is smaller
(—4.16 kcal/mol) than that in water (-6.74 kcal/mol). No ex-
perimental values are available for these transformations in hy-
drazine. However, if we take the trend of solvation of other cations
in hydrazine® as compared to water as a guide, it is expected that
the free energy changes for these transformations in hydrazine
will be almost the same or slightly smaller than those in water.
The present results are in qualitative agreement with the observed
trend. For these transformations in water and hydrazine, an
examination of the variation pattern of AG,4,/cc versus A shown
in Figures 8 and 9, respectively, leads to the following three
observations: (a) AG.gw/ for this transformation decreases

continuously with X. (2) The rate of decrease in AG,q, ¢ is initially
higher than that in the later part of the transformation. (3) The
rate of decrease at higher values of X is higher in water than in
hydrazine. The continuous decrease in AGy,o Observed for these
transformations seems to result from large differences in inter-
action energies. For the first transformation, the interaction energy
decrease by about 38 £ 6 kcal/mol in both solvents. For the
second transformation, the decrease in interaction energy is only
marginal (about 5 kcal/mol) in the two solvents. The important
observation to be made here is that the decrease in the free energy
for the two transformations in water is larger than that in hy-
drazine, though the decrease in the interaction energies for these
transformations in the two solvents is almost the same. It is
reasonable to assume that an additional factor contributes to the
free energy change for transformations in water. These obser-
vations were made in our earlier study? also, where the behavior
in water is compared with that in MeOH and DMSO. The
behavior in water was explained by presuming that the water
molecules around the solute are “repulsed” by the hydrophobic
methyl groups and form a strongly bound solvation shell around
the solute in accordance with Frank and Evans' hypothesis.’
Because of the presence of the unit positive charge of tetra-
alkylammonium ions, the solvent is strongly pulled toward the
solute which results in configurations wherein the solute and the
surrounding solvent are further pushed into the repulsive region
of the solute—solvent interaction potential surface. Since the van
der Waals interaction due to four methyl groups is made to
disappear during mutation, the repulsive solute—solvent interaction
is relieved and the tight water structure around the solute is
loosened. Alternatively, it may be conceived that reduction of
the van der Waals size and well depth parameters has the effect
of increasing the temperature locally around the perturbed solute
in the system and the structure of the solvent cage around the
solute is progressively disrupted on increasing this fictitious tem-
perature causing an increase in entropy of the system. Therefore,
the free energy decreases aided by both decrease in interaction
energy and increase in entropy due to solvent reorganization. The
larger decrease in free energy for the two transformations in water
may be attributed to the contribution due to the reorganization
of the tightly bound solvent cage around these solutes in water.
The results for hydrazine suggest that such a tightly bound solvent
cage around the tetraalkylammonium ions is not as strong as in
water. For tetraalkylammonium ions, the behavior of hydrazine
as a solvent seems to be somewhat different from that of water.

For the C,H; — CH, transformation in CCl,, the agreement
between the calculated free energy difference and the experimental
value is surprisingly good. For this transformation in water, the
calculated value was not in good agreement with the experimental
value. The experimental value for this transformation in hydrazine
is not available for comparison. The discrepancy between the
calculated and the experimental values in water was explained!
as due to very small interaction energies of these molecules with
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water (Table VI) and to the unsymmetric change in the shape
of the solute molecule with mutation. Since water forms a strongly
bound solvent shell round apolar solutes, it is possible that water
may not reorganize fast enough from a peanut shaped solvent shell
around ethane to a spherical solvent shell around methane. It
may be easier for CCl, to reorganize during this transformation
as these solvents may not form a tight solvent shell around these
solutes. Hence the error caused by the unsymmetric nature of
the transformation may be less in CCl, than in water. The ex-
perimental values for the Me,C — CH, transformation in hy-
drazine and CCl, are not available in the literature. For these
two transformations involving alkanes, AG g, o in CCl, increases
almost linearly. In hydrazine, however, the variation of AG 4y, /o
is different in the two transformations. For the C,;Hs — CH,
transformation, AG g4, decreases initially as A varies from 1.0
to around 0.8 and then it increases almost parallel to the curve
for the same transformation in CCl,. For the Me,C — CH,
transformation, AG g/ increases almost monotonically, but the
rate of increase is lower initially than in the later stage of the
transformation. In water, AGvdw/“ initially decreases until A is
between 0.7 and 0.5 and then it increases. The behavior of the
two transformations in hydrazine does not completely resemble
the behavior noted for water, nor does it resemble that observed
in CCl,. The interaction energies of these solutes in water are
lower than those in hydrazine and CCl,. Nevertheless, the in-
teraction energy increases with decreasing size of the solute in
each case. The change in the interaction energy for the C,Hs —
CH, transformation is almost the same (about 2 kcal/mol) in all
three solvents, whereas the change in the interaction energies for
the Me,C — CH, transformation is smaller in water (about 4
kcal/mol) than in hydrazine or CCl, (about 6 kcal/mol). If the
enthalpic term has dominant contribution to the change in free
energy of these transformations, then the free energy should
continuously increase in all cases. Such an increase is indeed
observed in CCl,, and also in MeOH and DMSO reported in our
previous study.? Though the interaction energies for three alkanes
in hydrazine are almost equal to those in CCl,, the behavior of
the two transformations in hydrazine does not resemble that in
CCl,. This may be indicative of a solvent cage around these solutes
in hydrazine similar to the solvent cage around apolar solutes in
water. Note that the behavior in water, with a dip in the variation
of AAG gy cc. has been explained as resulting form the reorgan-
ization of the tightly bound water cage around the apolar solutes.
For the first transformation for this series in hydrazine, a clear
dip is observed in Figure 10. Though no dip is observed for the
second transformation ion hydrazine, the shape of the curve for
hydrazine in Figure 11 around A = 0.8 shows a marked departure
form the linearity observed for the curve of CCl,. It must be noted,
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however, that the change in interaction energies for the second
transformation is larger than that for the first one. Hence, the
relative contribution of the enthalpic term compared to the entropic
term to the free energy change is larger in the second transfor-
mation. The present data show that the signature of the structural
effect noted for the behavior of alkanes in water is also present
in hydrazine and the magnitude of this effect is definitely smaller
in hydrazine than in water. No such effect is observed for CCl,.

Conclusions

The structure of a model of liquid hydrazine has been obtained
for the first time with use of molecular dynamics simulations and
compared with the structures of liquid ammonia and water. The
simulation results show that hydrazine molecules in the liquid state
are associated through hydrogen bonding as in liquid ammonia
and water. These results also indicate that the molecular ar-
rangement in liquid hydrazine is ordered to a significant degree
even beyond the first coordination sphere. However, the hydrogen
bonding in liquid hydrazine is not found to be as extensive as in
water. The molecular arrangement in liquid hydrazine seems to
be closer to that in liquid ammonia than in liquid water.

The calculated free energy changes and interaction energies
are affected by the size of ionic solutes, like small anions and
cations, and tetraalkylammonium ions to a similar extent in water
and hydrazine. In CCl,, these ionic solutes are very weakly
interacting and the nature of the charge and the size of the solute
ions have only marginal effect on the free energy change in this
liquid. The characteristic feature of hydrophobicity observed in
the variation patterns of free energy change for alkanes and large
tetraalkylammonium ions in water is not observed in CCl,. On
the other hand, the variation patterns of AG g,/ Observed for the
mutations of alkanes in hydrazine resemble those in water hy-
drogen bonds among the solvent molecules. These aspects of
solvation in liquid hydrazine need further investigation before a
firm conclusion is drawn about the nature of the solvation shell.
The present study suggests that the hydrophobic effect arises
mainly from the structural features of water that are common
with those of liquid hydrazine. We hope that the present work
provides an impetus for further experimental research in this
important area of nonaqueous solvation.
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