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Monte Carlo (MC) simulations for liquid hydrogen fluoride (HF) were carried out using a new type of inter-

molecular potential function.

The bonding energy distribution function was found to have three peaks corre-

sponding to the distributions of molecules which have one, two, and three hydrogen bonds with neighbors. A
partition function of liquid HF was derived referring to the results of MC simulations, where a simple Hamiltonian
consisting of harmonic oscillators and hydrogen bond energies was employed. The thermodynamic properties

calculated by the partition function reasonably reproduced the experimental data.

Moreover, the effects of

hydrogen bondings on various thermodynamic properties were revealed based on the partition function.

Liquid HF is one of the interesting substances used to
study the effects of hydrogen bonding on structures and
thermodynamic properties. HF molecules can form
hydrogen bonds as strong as the water dimer in the gas
phase.!) However, unlike liquid water, the anomaly of
the thermodynamic properties of liquid HF is not recog-
nized, except for the large isothermal compressibility.?
The purposes of this work were as follows:

1. Elucidation of the unique structure of liquid HF by
Monte Carlo (MC) simulations using a new type of
intermolecular potential function generated by ab
initio intermolecular interaction energies.

2. Elucidation of hydrogen bonding effects on thermo-
dynamic properties of liquid HF using a partition
function which is constructed by a simple model
involving the results of MC simulations.

Several MC and molecular dynamics simulations have
been carried out for liquid HF.3"® The calculated sta-
tistical properties greatly depended on the intermolecular
potential functions used in the simulations. For in-
stance, in some studies®® an F-F radial distribution
function having a shoulder in the first peak was obtained.
However, in other studies*> it had no shoulder. The
potential functions used in the previous work were the so-
called atom-atom type potentials. They may be diffi-
cult to represent intermolecular potentials accurately for
molecules having lone pair electrons. For such mole-
cules,>"8) atom-atom type potentials require additional
virtual interaction sites located at physically unreason-
able places. For example, in H,O it is located at oppo-
site to the lone pairs.® For HF molecules, one can
introduce interaction sites only on the axis along the HF
bond, since the molecular symmetry of Cw, should be
maintained. This restriction, however, results in diffi-
culties to obtain an accurate atom-atom type potential
for (HF)---(HF).

In the present study we used a new type of inter-
molecular potential function” which is expressed in
terms of the overlap integrals over localized orbitals of
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the molecules. Our potential function may be called a
bond-bond type potential, which reasonably well repro-
duces the interaction energies calculated by the ab initio
MO method without introducing any artifical interaction
sites, even for molecules which have lone pair electrons.

Since the potential function is derived based on mo-
lecular orbital theory for intermolecular interactions, 9 it
takes the quantum mechanical effects into accounts to
some extent.

The MC simulations of liquid HF were performed
using our potential function. The first peak of the F-F
radial distribution function does not have any shoulders,
compared with the Jorgensen’s result,%> but not with
Klein’s.»6) The bonding energy distribution function,
however, is quite different from that of Jorgensen’s. We
obtained a bonding energy distribution function with two
shoulders at both sides of the main peak, which was not
found in previous work. This result suggests that there
are three different environments of molecules in liquid
HF, which correspond to molecules having one, two and
three hydrogen bonds with neighbors, respectively.
Such a multiplet is supposed by the mixture model of
liquid water.!) However, as far as we know, it has been
found only for liquid alcohols.’?  Our result is only the
second case of such a multiplet.

In order to elucidate the thermodynamic properties of
liquid HF, we derived a partition function while referring
to the results of MC simulations, and evaluated various
thermodynamic properties. The effects of hydrogen
bondings on the various thermodynamic properties were
analyzed using the partition function, and comparisons
were made between liquid HF and liquid water.

Potential Function

The intermolecular potential function for (HF)- - -(HF)
is expressed as follows:
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A HF molecule has five localized orbitals:!'¥ H-F
bonding (HF), H-F antibonding (HF*), o lone pair (oL),
and two 7 lone pair (nL) orbitals. S; in Eq. 1 refers to
the intermolecular overlap integral associated with
localized orbitals, i and j. Cas is the parameter for a
given bond-bond pair, which is determined so as to
reproduce ab initio interaction energies. The last term
is the Coulomb interaction between molecules, which
comprises electrostatic interactions between fractional
point charges (Qr) on atom r in molecule A and Qs on
atom s in molecule B. Ry is the internuclear distance
between atoms rand s.  Details concerning the potential
function are referred to in our previous paper.”

The energies of the generated potential function are
compared with the ab initio interaction energies at
various intermolecular distance and various mutual
orientations of the dimer (Fig. 1). The potential energy
curves along some geometrical parameters are also
shown in Fig. 2. As can be seen from these figures, our
potential function describes reasonably well the orienta-
tional dependencies of the interactions between the
hydrogen bonding molecules without introducing any
artificial interaction sites.

The optimized geometries of the HF dimers are shown
in Fig. 3. The linear configuration is an energy mini-
mum, while the cyclic configuration is not. The cyclic
dimer is obtained by optimizing only the geometrical
parameters of r and §. The calculated F-F distance of
the linear dimer is shorter than that of the experiment.
This is due to the poor STO-3G basis set used in
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Fig. 1. Comparisons of the interaction energies of the

HF dimers from ab initio STO-3G calculations and the
potential energy function, Vurur, at the sampled dimer
configurations.
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calculating the ab initio interaction energies to generate
the potential function. The calculated hydrogen bond
energy (23.8 kJ mol™) is accidentally almost equal to the
experimental energy (20.9£6.3 kJ mol™! 19).  The sever-
al optimized geometries of the trimers and the tetramers
are also shown in Figs. 4 and 5, respectively. The geom-

R/A

R/A

Fig. 2. Potential energy curves for the HF dimers.
—: ab initio STO-3G, @: potential function of this
work, X: Jorgensen’s potential function. (Ref. 5),

0=58°.
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Fig. 3. Optimized geometries of HF dimers. R in A
and 0 in degrees. In the parenthesis are given the
ab initio STO-3G calculations. The experimental
geometrical parameters of linear dimer are 2.79 A and
115° for R and 6 (Ref. 14), respectively.
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Fig. 4. Optimized geometries of trimers. RinA and 8
in degrees. The molecules lie on a plane for all geom-
etries. The point group symmetries of ¢ and d are C,
and Cy, respectively.

etries obtained from our potential function agree satis-
factorily with those from the ab initio MO calculations.

MC Simulations

The MC simulations were performed on liquid HF in
the standard manner using the periodic boundary condi-
tion and the Metropolis sampling algorithm!%17 for 125
molecules in the base cell using the potential function
discussed in the previous section. The first 10 K steps
were discarded and the successive 30 K steps were used
for statistical averaging (a step means 125 random trials).

A drawback of our potential function is that it con-
sumes much computer time to calculate the overlap
integrals. A speed-up is possible by using tables of
overlap integrals for atomic pairs; it is prepared at the
beginning of an MC run. Computational details con-
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Fig. 5. Optimized geometries of tetramers. R in A

and 0 in degrees. The point group symmetry of c is

Cy.

cerning overlap integral calculations were described in a
previous paper.!8)

Results and Discussion

Distribution Function. The radial distribution func-
tions at a temperature of 273 K and a density of 1.0 g
cm™ are shown in Fig. 6. No experimental data are avail-
able. Our results compare with those of Jorgensen’s.>
The locations of the first peaks of the distribution
functions roughly correspond to the interatomic dis-
tances of theé linear HF dimer shown in Fig. 3. Taking
this and the broad second peaks into account, we
consider that the structure of liquid HF comprises
flexible chains of hydrogen bonded molecules.>® It has
been suggested that interactions between chains cause a
shoulder at the first peak of the F-F radial distribution
function.>% However, in our result, there is no shoulder
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Fig. 6. Radial distribution functions of liquid HF at
the temperature of 273 K and the density of 1.0 g cm™3.
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Fig. 7. Temperature dependence of pair energy
distribution functions at a density of 1.0 gcm™3. —:
273K, 300 K, 325K. The arrow
indicates the pair energy threshold (see text).
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in the first peak. It would be desirable to examine
whether the first peak has a shoulder or not for real liquid
HF by using a more sophisticated potential function.
Figure 7 shows the pair energy disiribution functions
at various temperatures and at a density of 1.0 gcm™.
The peak of the distribution function is located at an
energy of about —20.0kJmol™!. The distributions
around the peak correspond to the hydrogen bonded
molecules. As can be seen in Fig. 7, with an increase in
the temperature the height of the peak becomes lower,
while that of the valley at an energy of about —10.0 kJ
mol! becomes higher. This result suggests that the
number of hydrogen bonds in the system decreases as the
temperature rises. The density dependence of the distri-
bution function is shown in Fig. 8. The distribution of
non-bonded molecular pairs becomes broad as the den-
sity increases. However, the distributions correspond-
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Fig. 9. Temperature dependence of bonding energy
distribution functions at a density of 1.0 gcm™3. —:
273K, ----: 300K, —-—-—: 325 K.
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ing to the hydrogen bonded pairs are almost unchanged.
Thus, the number of hydrogen bonds slightly depends on
the density of the liquid.

The bonding energy distribution functions at various
temperatures and at various densities are shown in Figs.
9 and 10, respectively. There are two shoulders in the
main peak of the distribution functions. This very inter-
esting multiplet feature has not yet been obtained in the
previous work on liquid HF. The multiplet of the bond-
ing energy distribution function has been observed only
for liquid alcohols.’? The multiplet suggests that there
are different environments of molecules in the liquid
phase. In the following section we analyze the distri-
bution function in detail from the viewpoint of the hydro-
gen bonding structures.
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Fig. 10. Density dependence of bonding energy distri-
bution functions at a temperature of 273 K. —:
0.8gem3, ----: 1.0gem™, —-——: 1.2 gcm™.
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Fig. 11. Bonding energy distribution function decom-
posed into three Gaussian functions at a temperature
of 273K and a density of 1.0 gcm™. Gp: branch
molecules. G¢: chain molecules, G;: terminal mole-
cules.

Hydrogen Bonding Structures. We decomposed the
bonding energy distribution function into three Gaussian
functions. The centers and exponents of the Gaussian
functions were determined by a non-linear least-squares
method under the normalization requirement of the dis-
tribution function (Fig. 11). The centers of the three
Gaussians are at energies of —32, —45, and —57kJ
mol™!, respectively. Among the molecules in the various
configurations generated by the MC simulations, we
picked up some typical molecules which have bonding
energies corresponding to the three Gaussians, and found
that they have one, two, and three hydrogen bonds with
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Fig. 12. Local hydrogen bond structures in liquid HF.
a: chain, b: terminal ended with F atom, c: terminal
ended with H atom, d: branched at F atom.
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Fig. 13. Temperature dependence of the “molar
fraction” of branch, A, chain, B, and terminal, X,
molecules. The number of hydrogen bonds per mole-
cule is indicated by @.

neighbors, respectively, where the number of hydrogen
bonds was counted using a threshold bonding energy
of 10 kJ mol! between two molecules. The threshold
energy was estimated referring to the pair energy
distribution function (Fig. 7). There are only a few non-
bonded molecules throughout the temperature range
from 240 K to 350 K. A more detailed analysis of the
hydrogen bonded structures revealed that there are four
main local configurations, as shown in Fig. 12. The
molecules having one, two and three hydrogen bonds
with neighbors are hereafter referred to as the terminal,
the chain and the branch molecules, respectively.

The ‘molar fractions’ of the terminal, the chain and the
branch molecules were calculated from the three
Gaussians (Fig. 13). The main species is a chain mole-
cule. With an increase in the temperature, the popula-
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Fig. 14. Schematic representation of the structure of
liquid HF.

tion of the chain molecules decreases and that of the
terminal molecules increases, while the population of the
branch molecules remains almost unchanged. From
these facts, we can understand the structure of liquid HF
as comprising chains of hydrogen bonded molecules with
some branches. As the temperature rises, some hydro-
gen bonds are broken. This bond breaking occurs
mainly at the chains, not at the branches. Hence, the
chains become shorter at higher temperatures.

A schematic illustration of the structure of liquid HF is
given in Fig. 14. There are zigzag hydrogen bonded
chains aligned both parallel and antiparallel, depending
on the type of holding and branching of chains. It is
noted that we could not find molecules with two hydro-
gen bonds at the site of an H atom in the configurations
generated by the MC simulations.  This type of hydrogen
bonded structure is energetically unfavorable. ~Actually,
there is no corresponding stable structure of the HF
trimers (Fig. 4). The hydrogen bonding structure of
liquid HF reflects the structures of the dimers and tri-
mers; especially, the modes of chain branching are re-
stricted by the possible structures of the trimer (Fig. 12).

The total number of hydrogen bonds of the 125 mole-
cules in the base cell is calculated by two different
manners. One is to calculate from the bonding energy
distribution function of the terminal, the chain, and the
branch molecules described above. By integrating the
Gaussian distribution functions and normalizing the
total number of molecules to be 125, one obtains the
number of terminal (<n=>), chain (<n.>) and branch
(<n,>) molecules. The total number of hydrogen
bonds (<n>) is evaluated by

_ <n>+2<n> 4 3<mp>
2

<n> 2
since the terminal, the chain, and the branch molecules
have one, two, and three hydrogen bonds, respectively.
Another way is to count the number of hydrogen bonds
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directly in the MC simulation using a threshold bonding
energy for the molecular pairs. The threshold energy
employed was 10 kJ mol™!, which was the same as the
threshold energy used in an analysis of bonding energy
distribution function. The total numbers of hydrogen
bonds at 273 K and at a density of 1.0 gcm™ were
obtained to be 108 and 119 by the former and the later
methods, respectively. They are comparable to each
other, and our analyses of the bonding energy distribu-
tion function are rationalized.

Partition Function. i) Formulation: Various statis-
tical models!®19-22) have been proposed for liquid water in
order to understand anomalous thermodynamic proper-
ties. The anomalous properties are due to the strong
hydrogen bonds formed among water molecules in these
models. The HF molecules can form strong hydrogen
bonds as water molecules. The effects of the hydrogen
bonds on the thermodynamic properties are also ex-
pected to be very important in liquid HF. No anomaly
of the thermodynamic properties, however, has been
observed for liquid HF, except for the large isothermal
compressibility.? To elucidate the differences of the
hydrogen bonding effects in these two liquids, we derive
a partition function which allows us to calculate the
thermodynamic properties and to analyze the hydrogen
bonding effects on each thremodynamic property.

Let’s assume that all of the local minima on a potential
energy surface are known for M molecules in a base cell
at a fixed volume. The potential energy (E) around the
i-th local minimum may be expanded as

E(Ry; Rio) = E(Ri) + ITSFA‘_,/I kij(Rij — Ri)?, 3
7

where E(Rp) is the potential energy at the local minimum
(Ruw), and the second term is a quadratic expansion of the
potential energy along the normal coordinates (Ry)
around the minimum. The degree of freedom is 5M for
the M HF molecules, since the rigid molecule approxima-
tion is employed. Therefore, R and R;; comprise SM
structural parameters. Using the approximation for the
potential energy, the configurational partition function
is evaluated as a sum of contributions from each local
minimum:

oM, Vv, T =U-~Jexp{—E(r1, ry, -+ ry)/ (ksT)}dridr---dry

= fj . 'ICXP{_E(Rij; Rio)/ (kBT)}dndrz o drM, (4)

where 4;is a subspace containing the i-th local minimum
(Fig. 15). Actually, it is impossible to obtain all of local
minimum configurations for a system comprising many
molecules. It is therefore desirable to find a simple way
to represent all of the possible minimum configurations
of a system as well as their potential energies. We are
following the approach referring to the results of the MC
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Fig. 15. Two-dimensional example of the quadratic
expansion of the potential energy around local

minima.
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Fig. 16. Average configuration energy for a 125 molecular

system plotted against the number of hydrogen bonds (#)
at adensity of 1.0 gem™3. —: 273K, -—--: 300K, ——
-—: 325 K.

simulations.

The configuration energies obtained by the MC simu-
lations were averaged over configurations whose number
of hydrogen bonds were the same, where the numbers of
hydrogen bonds were calculated using a threshold pair
energy of —10 kJ mol™!. Figure 16 shows that the con-
figurational energies are linearly dependent on the num-
ber of hydrogen bonds (n) at a fixed temperature and
density. The zigzags at both sides of the straight lines in
Fig. 16 are due to statistical error, since the appearance
probabilities are rather small in these energy regions.
From the results, it is reasonable to assume that all of the
possible configurations of an M molecular system are
represented by index, n, and that their energies can be
approximately written as a linear function of n. Thus,
the potential energy around the i-th local minimum
(Eq. 3) may be rewritten as
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1 M
E(Ryj; Rio) = Ewni+ Eo + —-3 ky(Ryj — Ruo)?, )
J

where Ey is the energy associated with one hydrogen
bond and Fp is the background potential energy, which
does not depend on n.

Using the expression of the potential energy (Eq. 5),
the configurational partition function (Eq. 4) becomes

oM, ¥, 1) = 3 [expl—(Ewni+ B9 (ks D)}

1 M

(kBT)}dndrzmdrM]. (6)

Here, we introduce further simplifications by assuming
that the force constants in the third term of Eq. 5 do not
depend on n but only on the volume of the system. In
other words, the harmonic potentials are replaced by
hypothetical harmonic potentials which are regarded as
being averaged harmonic potentials for all configura-
tions. Then, Eq. 6 becomes

oM, vV, D= [ZiICXp{—(EH'mJF Eo)/ (kBD}]

o450

d(AR1)d(AR:)---d(ARs»)

= [ strexpt—(Em+ B/

SM

X lj'[ f_ exp[— %EARJ'Z/ (kBT)}d(AR/‘)}a ©)

where g(n) is the degeneracy or the density of states of the
configurations which have n hydrogen bonds. k;jand 4
are the averaged force constant and the averated integral
region, respectively. We can not explicitly show just
how averaged they are, but only conceptual ones.

To go further it would be necessary to estimate the
density of state (g(n)). We assume that g(n) is approxi-
mately represented by

Ing(n)=an>+ bn, ®)

where a and b are parameters which must be determined
from the results of the MC simulations. The pertinence
of this approximation should be certified. This is done
later in the following section, where the distribution
function of » is derived from the partition function; it is
compared with that obtained directly from the MC
simulations. Substituting Eq. 8 into Eq. 7 and replacing
the sum over n with the corresponding integral, we obtain
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oM, T, V)= U Wexp(anz + bn)-exp{(—(Eu'n + Eo)/
(kBT)}dn]
x [r‘f [ exel- %EAR,-Z/(km}d(AR,-)], )

where the integral over 7 is limited t0 #imax, the maximum
number of hydrogen bonds in an M molecular system.
For liquid HF, 7m. is assumed to be 2M/2, since HF
molecules have two hydrogen bonds in the crystal
form.?

By combining the kinetic energy term together with the
configuration partition function (Q) the total partition
function (Z) can be written as

Z(M, T, V) =J; rmcxp(anz + bn)-exp{(—(Ew'n + Eo)/(ksD}dn

«([H]]

[ (ksT)

ex {—( i -I-LFAR-Z)
p 2m; 5 KAR

N

N——

d(ARj)dP,], (10)

where p; is the conjugate momentum and m is the
reduced mass associated with the normal coordinate of
R;. Although the range of integrals should be limited
within a certain range of configuration space (4), for
simplicity we expanded the range of the integral to all
space, expecting that the actual contributions from the
high-energy parts of the harmonic potentials would be
small, at least in the range of the temperature of interest.
Then, the second terms of Eq. 10 is nothing but the
partition function of harmonic oscillators and the equa-
tion becomes

Z(M, T, V)= J; rmexp(anz + bn)-exp{(—(Eun + Eo)/(ksT)}dn

M 1

X I
i 2sinh {hv;/ (2ksT)}

(I

The partition function comprises three terms (the hydro-
gen bond term (Z¥), the background potential term (Z7)
and the harmonic oscillator term (Z°)):

{b — Eu/(ksD)}
4a

Z"(M, T, V) = exp{—Eo/ (ksT)},

ZYM, T, V) =exp| — X AQD,

and

M
Z°(M, T, )=11

I— ) 12)
7 2sinh {hy;/ QksT)}

where
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X+Nmax

AQp) = f exp(ar?)dt

X
and

b— Eu/(ksT)
=T, 13)
This feature of the partition function allows one to ana-
lyze the effects of the hydrogen bonds or contributions of
the hydrogen bond term (Z") to the thermodynamic
properties. This partition function is similar to that for
liquid water,!® which is derived based on different
assumptions.

Until now, we assumed that M is the number of mole-
culesin a base cell of the MC simulations. The partition
function of N molecular system may be written as

Z(N, T, V) < {Z4Z° 20}, (14)
where the proportional constant is not defined, since the
absolute value of Z is not a matter of concern, though the
expectation values of properties with respect to Z are.
N is set to Avogadro’s number in calculations of the
thermodynamic properties.

ii) Determination of Parameters: The parameters
involved in the partition function must be determined
while referring to the results of the MC simulations.

First, we proceed to determine Ey and Eo. The con-
figuration energies obtained from the MC simulations
are given in Fig. 16, while the corresponding expectation
value (<Eg>) derived from the partition function (Eq.
(12)) becomes as follows:

<Eg>= Eu<n>+ Eo + 17 <E°>, (15)
where
sm[ hy; hy; ]
<Eo>= + ) 16
Z 2 expthn (e} — 1 (16)

The contribution from the kinetic energy terms is
subtracted in Eq. 15. It is impossible to estimate the
intermolecular vibration frequencies (v) from the MC
simulations. Therefore, we simply assumed that the
vibrational frequency for the translation and libration
modes are 145 and 569 cm™!, respectively, at a density of
1.0gem™3.24 E,, F, and the vibrational frequencies
may depend on the density of the system. Ey and Eo are
represented by a quadratic function of the density of the
liquid (p), the Griineisen’s approximation?® is applied to
the vibrational frequencies:

dlny;, vy
v an

The parameters were determined by a least-squares fit of
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Eq. 15, while referring to the configuration energies ob-
tained by the MC simulations.  Ey, Eo and the Griineissen’s
v were obtained as

Ey=0.296 (p + 2.65)* —14.2,
Eo/ M= 3.47 (p— 2.00)>—23.5,

and

v=0.33, (18)
where the units of the energy and the density are kJ
mol™! and g cm™, respectively.

Ey was calculated to be —10.3 kJ mol™! at a density of
1.0 gcm™. This energy is surprisingly small compared
with the hydrogen bonding energy of the HF dimer in the
gas phase, which was estimated to be —20.9%6.3 kJ
mol™.19  The intrinsic hydrogen bond energy is con-
sidered to be split into two parts (Ey and Eo) in our
treatment. Ey measures the energy associated with the
formation or breaking of a hydrogen bond in the liquid
phase, but does not a measure of the intrinsic hydrogen
bonding energy. We can also estimate Ey from the
bonding energy distribution function. As discussed in
the section concerning the hydrogen bonding structure,
the bonding distribution function is regarded as being a
superposition of three Gaussian-type distributions of
molecules which have one, two and three hydrogen
bonds. The energy differences between the centers of
the distributions correspond to the energy per one hydro-
gen bond in the liquid phase (Fig. 11). It is estimated to
be about 12 kJ mol™!, which is comparable with the Ej
obtained here.

Next, the distribution function of n was calculated by
MC simulations using a threshold pair energy of
—10.0 kJ mol™! (Fig. 17), while that derived from the
partition function became

1.2 . .
1-[] ®q
0.8 r

0.6 1
0.4 ¢
0.2
0.0

Py ¥10

80 100 120 140

n

Fig. 17. Distribution function of z at a temperature of
273K and a density of 1.0 gcm™3. The solid line
indicates the calculation by Eq. 19 and the circles were
obtained by a Monte Carlo simulation.
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P,=exp(an? + bn)-exp{—Ewn/(ksD}/ ZX(M, T, V) (19)

By a least-squares fit of the function, the parameters of
the density of states were obtained to be —0.0270 and 1.93
for a and b, respectively. The distribution function of n
is well represented by Eq. 19 (Fig. 17). This rationalizes
the functional form (Eq. 8) for the density of states.
Thermodynamic Properties. In this section we evalu-
ate the thermodynamic properties of liquid HF using the
partition function. Before presenting discussion con-
cerning each thermodynamic property, the average
number of hydrogen bonds (<n>>) is discussed, since it is
a fundamental quantity in our model. <ln>> is given as

Nmax

<n> =I n-exp(an? + bn)-exp{—Ey'n/(ksT)}dn/ Z#

0

X+nmax
=f (t — p)exp(arr)de| Z"
X
1 dln A(x)

STt Ty (20)
Thus <#n> at 273 K and at a density of 1.0 gcm™ was
calculated to be 118, which compares to 119 obtained
directly from the MC simulations and 108 obtained
through an analysis of the bonding energy distribution
functions (the section concerning the hydrogen bonding
structure).

When the range of the integral of Eq. 20 is sufficiently
large to cover the entire integrand, and the integration is
performed from —o° to +o°, <n> becomes simply

b— Eq/(k
<> = LT EnltaD) o
2a
125
120 1
115 4
110 L
g
105
100 -
95 4
90 T T T — —
240 260 280 300 320 340 360 380 400
T/K
Fig. 18. Temperature dependence of the averaged

number of hydrogen bonds in a 125 molecular system
at a density of 1.0 gcm™. The arrow indicates the
point of inflection.
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Namely, <n> decreases in proportion to 1/7. This is
the case of liquid water,'® but not the case of liquid HF.
The difference is due to the fact that the hydrogen bonds
in liquid water are considerably broken, i.e., <n>>is only
about 58% of nmax at 300 K, whereas the bonds are not
broken so much in liquid HF, i.e., <n>> is 95% of nma.x at
273 K. The temperature dependence of <n> is shown
in Fig. 18. There is a point of inflection at the temper-
ature where <»>> is about 106. In both the low- and
high-temperature regions the second term of Eq. 20
contributes and the rate of change becomes small as
either <<n> approaches to it maximum (fm.x) Or to it
minimum (zero).

i) Heat Capacity at Constant Volume: The heat
capacity at constant volume (Cy) is given as
<E>\ _ N o
o=[EE2) = e+ en @
<>
CH=Ey aT
_ E {_ 1 9%n A()
T 2aksT 2a 2 i 23)
and
expi{hy;/(k
o=ty H—— SR aD} gy, (24)

7 [expthy/(ksD)} — 1F

where C* and Cy° are the contributions of the heat
capacity from the hydrogen bond and the harmonic
oscillator terms. From Eq. 22, Cy is calculated to be
50.8 J K-'mol'at273 Kand at0.1 MPa. Itiscompared
with the experimental value® 0f 42.8 J K mol"!. Cypof
liquid HF is larger than that of simple liquids. The
contribution from the H-bond term, the first term of Eq.

60

50

40 1

30 1

CV/JK'lmol'1

20 1

10

T/K

Fig. 19. Temperature dependence of the heat capacity

at constant volume, Cy, at 0.1 MPa. —: from the
partition function, - : from the hydrogen bond
term, ----: from the harmonic oscillator term, @:

experimental data. (Ref. 2).
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22, is responsible for the large Cy of the hydrogen bonded
liquids.

The temperature dependence of Cr at 0.1 MPa shown
in Fig. 19 along with the experimental values. Cy of lig-
uid HF increases with an increase of the temperature.
The temperature dependence is quite different from that
of water.26 Namely, Cy of liquid water decreases as the
temperature rises. To understand the hydrogen bond
effect on Cy, we concentrate on Cy*; Cy* is proportional
to the derivative of <n>> with respect to the temperature.
(Refer to the discussions concerning <n>> given above.)
From Eq. 21, Ci* of liquid water is

N 4 __N_E
MCVH_ M 2aksT

(25)
This equation clearly shows that Cy* decreases with an
increase in the temperature. On the other hand, C/* of
liquid HF becomes larger as the temperature rises in low
temperature region, and reaches it maximum at the point
of inflection. Since the temperature of liquid HF cor-
responds to the low temperature region of <n>>, the effect
of hydrogen bonds on Cy is opposite to that of liquid
water.

ii) Equation of State:
is

The pressure of the system (P)

—_[9E

P= (GV)T

_N(_ _ _ 9Es 9B <E>

i e G,

where <E°> is the average energy of the harmonic
oscillators (Eq. 16). The p-p projection of the equation

400

200

g, -
= 0
~
-200
-400 T T T ¥
1.00 1.05 1.10 1.15 1.20
p/gem™
Fig. 20. Pressure versus density at a temperature of
273 K. —: from the partition function, ------ : from
the hydrogen bond term, ----: from the harmonic
oscillator term, —-——: from the background potential

term. @: experimental data. (Ref. 27).
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of state for liquid HF is shown in Fig. 20, along with the
contributions from the three terms: the H-bond, the
background potential and the harmonic oscillator term.
The density of liquid HF at 273 K under the atmosphere
was calculated to be 1.02 g cm™, which compares well
with the experimental value?” of 1.02 gcm™ (Fig. 20).
Among the three components, the H-bond and the har-
monic oscillator term contribute to a positive pressure,
while the background term contributes to a negative
pressure. The balance of the former and the later deter-
mines the volume of the system. The same tendency has
been pointed out regarding liquid water using a similar
partition function.!® The contribution of the H-bond
term to the pressure of the system is considerably larger in
liquid HF than in liquid water. This suggests that the
volume of liquid HF is considerably expanded by the
effect of hydrogen bonds.

The calculated densities of the liquid are in good
agreement with the experiment over the entire range of
temperature of liquid (Fig. 21).

iii) Isothermal Compressibility: The isothermal com-
pressibility (x7) becomes

__L(ﬂ)
ey \ar ),

1
NV( < NEy  9<n> By  9E ych°T—<£">(y+yz))'
_ NV n osn> dEw  0Phe | vy T SE Ay T v

vz 14 v ar 1
27
where
N o<n> __ CPT 9Es 28)
M oV Ey? av

K1 is plotted-against the temperature in Fig. 22 along with

1.1

.g 1 0 -
& .
Q
0.9 T T T T
220 240 260 280 300 320
T/K
Fig. 21. Temperature dependence of the density of HF
liquid. —: calculated from the partition function, @:

experiment (Ref. 27), X: experiment. (Ref. 29).
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Fig. 22. Temperature dependence of the isothermal
compressibility (k). —:from the partition function,
@®: experiment. (Ref. 2)

experiments. The calculated x; well compare with the
experimental values. Unlike liquid water, xr of liquid
HF increases monotonically as the temperature rises.
k1 has been observed to be 4818X10712 Pa™! at 273 K and
at 0.1 MPa.? It is very large compared to that of non-
polar liquids whose xr is about 100010712 Pa™1.28) The
calculation reproduced the large x: of luquid HF
successfully. The density of liquid HF (1.0 gcm™) is
very small compared to that of a solid?® (1.6 gcm™).
The effects of hydrogen bonds work to expand the
volume of liquid HF, as pointed out in ii). The low
density may be responsible for the large x: of the liquid,
as well as for the direct effect appearing in the first two
terms of the denominator in Eq. 27.
iv) Coefficient of Thermal Expansion:

cient of thermal expansion (ap) is written as

o ( aV)
ap— —
P

The coeffi-

v iar
_ N |(_ 9<n> 9Eq C°
_M( T ey YTy fem 29
where
N 9<n> _ o 30)

M dT E,;

The calculated ap is give in Fig. 23. The calculation
somewhat stresses the temperature dependence. It is
known that ap of liquid water becomes negative at low
temperature.?® For liquid water, we could show that
the first negative term of Eq. 29 becomes larger in
magnitude than that of the second positive term at low
temperature, while the negative term, especially d<n>>/
dT, is too small to overcome the positive term in liquid
HF. Thus, ar of liquid HF remains positive in the
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Fig. 23. Temperature dependence of the thermal
expansion coefficient (ap). —: from the partition
function, @: estimated from experimental data of
density (Ref. 28), X: experiment. (Ref. 2)
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Fig. 24. Temperature dependence of the heat capacity
at constant pressure (cp). —: from the partition
function, @: experiment. (Ref. 30)

temperature range of the liquid.

v) Heat Capacity at Constant Pressure: The heat
capacity at constant pressure (Cp) was calculated using
Cv, Kr, and ap:

apVT

KT

Cr=Crt €D

Figure 24 shows the temperature dependence of Cpalong
with the experimental values. The calculations repro-
duced the experimental values satisfactorily.

Concluding Remarks

We generated a new type of intermolecular potential
function for HF molecules. It reproduces the ab initio
interaction energies of the HF dimer to reasonable accu-
racy over a wide range of potential energy surfaces.

The MC simulations using the present potential func-
tion revealed that the bonding energy distribution func-
tion has three peaks. Detailed analyses of the distribu-
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tion function and the hydrogen bonding structures
revealed that there are three different environments of
molecules in the liquid: molecules having one, two and
three hydrogen bonds with neighbors. Since the sta-
tistical property may depend on the potential function
used in the simulations, it is safe to say that this is true in
liquid of ‘STO-3G HF’. To ascertain whether this is
true or not in real liquid HF, a more accurate potential
function may be required. In any case, as far as we
know, the multiplet has been known only for liquid
alcohols and our observation is only the second one.

A partition function of liquid HF was derived and the
thermodynamic properties were evaluated from it. The
calculated thermodynamic properties compared well
with the experimental values. Moreover, we have shed
some light on the effects of hydrogen bonds on each
thermodynamic property, and have compared them with
those of liquid water based on the partition function.
The hydrogen bonds are considerably broken in liquid
water, while those of liquid HF are not broken very
much. This results in the different features of hydrogen
bonding effects on the thermodynamic properties of
these liquids.

There remain some difficulties concerning how to
estimate the parameters involved in our partition func-
tion. Especially, it is impossible to estimate the inter-
molecular vibrational frequencies of the harmonic oscil-
lators using the MC simulations. A recently developed
quenching technique3!32) will be helpful in evaluating the
parameters of our partition function, since the structures
and potential energies at the local minima and inter-
molecular vibrational frequencies will become available.
However, this will be practically very difficult for quite
some time, since it requires a huge amount of computer
time.

Numerical calculations were partly carried out at the
Computer Center of the Institute for Molecular Science.
This work was supported by a Grant-in-Aid for Science
Research on Priority Areas from the Ministry of Educa-
tion, Science and Culture.
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