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Monte Carlo studies of hydrogen fluoride clusters: Cluster size distributions

in hydrogen fluoride vapor
Changyin Zhang® and David L. Freeman

Department of Chemistry, The University of Rhode Island, Kingston, Rhode Island 02881-0801

J.D. Dol

Chemistry Division, Los Alamos National Laboratory, MS G738, Los Alamos, New Mexico 87545

(Received 14 March 1989; accepted 25 April 1989)

An investigation into the structure and composition of hydrogen fluoride vapor is reported.
Calculations are performed using a modified central force model potential developed by Klein
and McDonald. Using a simulated annealing procedure, minimum energy structures for HF
clusters are investigated ranging in size from n = 2 to 7. Good agreement is found for the
structural parameters obtained from the model potential and other theoretical and
experimental information. The Monte Carlo method is used to determine the thermodynamic
energy, entropy, and Gibbs free energy of the hydrogen fluoride clusters at 1 atm pressure and
100 and 273 K. A minimum in the Gibbs free energy change is found at n = 4 implying that

tetramers are very important in the vapor.

I. INTRODUCTION

The great importance of hydrogen bonding to physical
and biological processes has led to considerable experimen-
tal and theoretical interest in hydrogen bonded systems over
many years. One of the most widely studied hydrogen bond-
ed materials is hydrogen fluoride in the gas, liquid, and solid
phases. The particular interest in HF is a consequence of its
small size and the strength of the hydrogen bonds that it
forms. Experimental efforts have included infrared and mi-
crowave spectroscopy in the gas'~® and liquid®'° phases, and
electron diffraction experiments in the gas phase.!' There
are a number of intriguing structural questions which have
arisen from the experimental efforts. In the gas phase, HF is
believed to consist primarily of ring-like clusters. It has been
inferred that the dominant species in the gas phase within 50
deg of the boiling point may be either dimer, tetramer,”'® or
hexamer.'"'? The relative populations of these species is un-
known, and the mechanism which would favor one species
over another is also uncertain. In the condensed phases, HF
is known to form long chains.'? The mechanism that induces
the transition between the ring-like structures expected for
small HF clusters and the chains known to occur in the solid
state is of considerable interest.

To understand the structure of HF more fully in its con-
densed phases, there has been considerable theoretical effort
in providing descriptions of the system. Much of the work
has focused on ab initio investigations of small HF clusters
and the parallel development of approximate empirical po-
tentials useful in the description of the system. One of the
earliest ab initio studies was by Del Bene and Pople'? who
investigated HF clusters of size 3 to 6 using a minimum basis
at the Hartree—Fock level. From the calculations, Del Bene
and Pople concluded that all clusters of size three and above
should be cyclic and the gas phase could be expected to be a
mixture of monomers through hexamers. They also found
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the hexamer structures to be planar. Additional ab initio
studies on the dimer, trimer, and tetramer were performed
by Gaw er al.,'* Scuseria and Schaefer,'* Karpfen et al.,'¢
Liu ef al.,"” and Latajka and Scheiner.'® Good agreement
was obtained between the ab initio results and the known
experimental structure of the dimer.> The trimer, whose ex-
perimental structure only has been inferred quite recently,®
is now agreed to have a cyclic planar structure. The compu-
tational work on the trimer seems to indicate that the cluster
has no local minima in the potential surface other than the
cyclic structure.'” Of course, verifying that potential minima
do not exist is quite difficult, and we will discuss this finding
later in this paper.

From a combination of theoretical computations and
experimental parameters, a number of model potential func-
tions have been developed to describe the interactions
between two HF monomers.'*->* These potentials have been
used in quantum scattering calculations and in numerical
simulation studies of liquid HF.?%*"?* In the liquid state cal-
culations it has been assumed that the many-body potential
can be represented as a pairwise sum over the HF dimer
potentials. Although the assumption of two-body additivity
has been critiqued,’® the agreement between computed
properties and experiment has been reasonable. Structural-
ly, HF liquid was found to consist of long intertwined
chains.?® There was no evidence of the formation of rings in
the simulations.

In the current work, we present results of Monte Carlo
calculations of the thermodynamic properties and structure
of HF clusters ranging in size from # = 2 to 7. Our particular
interest is in the composition of HF vapor. Consequently,
our primary focus has been in the calculation of the Gibbs
free energies of the clusters. Our interest in this system has
been somewhat motivated by previous work on argon clus-
ters.?>2¢ In studies of the Gibbs free energy of argon clusters,
it was found that certain clusters sizes were particularly sta-
ble. The extra stability of such cluster sizes in argon were
related to the magic numbers observed in cluster beams.?” It
seems natural to identify the analog of the magic number
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structure observed for weakly bound clusters like argon,
with extra stable clusters that should be observable for
strongly bound complexes like HF in the vapor phase. Con-
sequently we expect that we can identify the most important
species in HF vapor by their Gibbs free energy minima. Cor-
relation of magic number behavior in the Gibbs free energy
with zero temperature structures was quite successful in the
case of argon,”® and a comparison of structure with stability
will be made in the case of HF.

The contents of the remainder of this paper are as fol-
lows. In Sec. IT we discuss the model potential used in this
work. Since the potential surface we have chosen is one of the
simplest available, we also consider our criteria for assessing
the quality of the potential function. Our principal test is the
structures predicted by the model potential. We identify
these potential minima by a Brownian simulated annealing
procedure, which we outline in Sec. III. In Sec. III, we also
present the results of our annealing studies. In Sec. IV we
examine the method used to calculate the Gibbs free energies
of the clusters. In Sec. V we present our results, and a discus-
sion of their significance is given in Sec. V1.

Il. THE MODEL POTENTIAL

A number of model potentials have been developed for
the interaction of two HF molecules.'*->* The most sophisti-
cated of these potentials?*** have been used primarily in
quantum scattering calculations. For the most part, the po-
tentials used in numerical simulation studies of condensed
phases'®2! have been significantly simpler. One of the sim-
plestis a strict central force model (named HF2) adopted by
Klein and McDonald*! from a potential developed by Stil-
linger.?® When used by Klein and McDonald,?! the intramo-
lecular degrees of freedom were suppressed so that each
monomer unit in the dimer was kept rigid. The HF2 poten-
tial was found to have at least two minima; one in a linear
structure and another of lower energy in the experimentally
known bent structure.®> We have verified the Klein—-Mc-
Donald model predicts these two potential minima. As we
shall show in Sec. III, when the restriction of rigid monomer
bond lengths is removed from the HF2 potential, only the
bent structure is a minimum of the potential surface. Indeed,
as we shall see, the molecular structural parameters are in
good agreement with ab initio calculations and experimental
information. For future reference, we display the potential
we used in the calculations here. The units of energy are
kcal mol~! and the units of length are angstroms. The po-
tential function for the intermolecular interactions is given
by

Ve (r) = (3X 10Y)/7° —exp[ — 4(r — 2.9)%] + 56.72/r,
(1a)

Vi (r) = 20/{1 4 exp[20(r — 1.95)1}

—21.7 exp[ — 4.5(r — 1.412)?]

4 0.7 exp[ — 12(r — 2.7)%] + 56.72/r, (1b)
Ve (r) = 3.87/8 — 0.7 exp[ — 10(r — 3)?]

—5/{1 +exp[5(r—2)]} — 56.72/r, (lc)

where Vg, Vyuu, and Vyy represent interactions between
two fluorine atoms, two hydrogen atoms, and a fluorine and
a hydrogen atom, respectively. For the interactions of hy-
drogen and fluorine atoms on the same molecule we use a
Morse potential

Ve (r) = 141.4{1 — exp[ —~ 2.256(r —0.917)1}*.  (2)

The parameters in Eq. (2) were obtained by a fit to spectro-
scopic data.?®

As is well known, the definition of a cluster in a vapor is
ambiguous. This ambiguity has led to a number of useful
approaches to assigning molecules to a particular clus-
ter.>®3! In previous Monte Carlo calculations of the free en-
ergy of clusters of argon®>?%*! and water,>>*? the clusters
were defined with reference to a constraining potential. Al-
though the work reported here is strictly classical, we are
currently extending the calculations to include quantum ef-
fects using Fourier path integral methods.>* As in previous
work on argon, path integral calculations are facilitated by
applying a continuous constraining potential. Consequently
we define our clusters by confining each monomer unit with
the continuous constraining potential

Ve(ry,re) = [(Ryp — RC.mA)/Rc:Izoﬁ 3)

wherer and ry are the coordinates of the hydrogen and the
fluorine atoms respectively, Ry is the coordinate of the cen-
ter of mass of the HF monomer,

Ryr = (myry + mere)/(my +mg), 4)

R, ... is the coordinate of the center of mass of the cluster,
N
Rc.m. =(1/M)2miri’ (5)

and R, is a constraining radius to be specified later. In Eq.
(5), M is the total mass of the cluster containing NV atoms.
This same form for the constraining potential was used in the
path integral Monte Carlo calculations on argon clusters by
Freeman and Doll.*>*¢ In the case of argon, the calculated
free energies were found to be insensitive to the chosen con-
straining radius.?' We shall verify that the same insensitivity
applies in the case of HF later in this paper.

lll. SIMULATED ANNEALING STUDIES

Aswe indicated in Sec. I, Klein and McDonald?! found
that the HF2 potential predicted at least two minima for the
HF dimer when the intramolecular motions were excluded.
As we shall show shortly, when the coordinates of the hydro-
gen and fluorine atoms within a monomer are allowed to
relax, only one structure for the dimer is found, and it agrees
well with experiment and theoretical ab initio calculations.
In general, we have tested the quality of the potential by
locating the minimum energy structures for the clusters
studied. We have found the HF2 potential to give a structure
for the trimer which also agrees well with experiment and ab
initio calculations. The structures of clusters larger than
n = 3 have not been explored in any detail elsewhere.

As in any many-body system, the larger clusters can be
expected to have many local potential minima, and the num-
ber of such minima can be expected to grow exponentially
with cluster size.>> A method of locating potential minima

J. Chem. Phys., Vol. 91, No. 4, 15 August 1989
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FIG. 1. The structure for (HF), obtained from the HF2 potential. The la-
bels for the angles and bond lengths are in accord with the data in Table I.
The dark lines represent covalent bonds between H and F atoms on the same
molecule and the light double lines represent the hydrogen bonds.

which has proved useful at least for small clusters is simulat-
ed annealing. The simulated annealing method used here is
similar to the Brownian quench approach used by Biswas
and Hamann?® for silicon clusters and identical to that used
by Freeman, Doll, and Amar®’ for argon clusters. In this
approach, for a cluster of size n, we place n HF monomers
with random coordinates within a hard wall constraining
potential and the system is “placed” in a Brownian heat
bath. For the simulated annealing studies, the temperature
of the bath was arbitrarily set to 300 K. The coordinates of
the atoms in the cluster were then propagated by solution of
the Langevin equation :

dv,
dt
where v, (¢) is the velocity of particle / with mass m; at time 7,

y is a friction constant, F, is the force on particle / due to the
other atoms in the system as well as the constraining poten-

= — v, + (I/m;)F, + (1/m)F,(1) , (6)

TABLE I Structural parameters for the HF dimer.

tial {Egs. (1)-(3)] and F,(¢) is a random force having the
property that

(F()F, (")) = 2ym2kTS(t —t") . N

Equation (6) was solved by methods implicitin Eq. (240) of
the classic review of Brownian dynamics by Chandrasek-
har>® using Gaussian random noise for the integrated ran-
dom force. After a warmup period the temperature of the
system was set instantaneously to zero, and the cluster was
allowed to relax to a potential minimum. With the exception
of the dimer, multiple minima were found for all clusters
studied. While we cannot prove that all local minima are
found in this fashion, by performing on the order of 1000
annealing trajectories for each cluster size, we can be reason-
ably sure that we have found the lowest energy isomer as well
as most of the important isomers.

In the case of the dimer, only one potential minimum
was found. The structure, displayed in Fig. 1, has the same
qualitative features to the known experimental® structure
and the structures obtained from a number of ab initio calcu-
lations.'®!” In Table I, we compare the calculated param-
eters for the dimer structure obtained from the HF2 poten-
tial with previous experimental and theoretical work. The
definitions of the parameters shown in Table I are given in
Fig. 1. The agreement between the predictions of the HF2
potential and structural parameters found by others is excel-
lent.

The trimer was found to have five local minima in the
HF?2 potential. The lowest energy structure is the planar ring
shown in Fig. 2. This planar structure is in good qualitative
agreement with the known experimental® and theoreti-
cal'®!” structure of the cluster. The parameters for the
trimer are defined in Fig. 2, and a comparison of the param-
eters with previous work is given in Table I1. The agreement
between the calculations is quite good, although there is
more uncertainty in the known structure of the trimer than
the dimer. The probable cause of the stability of the trimer
relative to an open chain structure is the extra hydrogen
bond that is formed.

The additional local minima for the trimer have not
been found in previous calculations. The structure next low-
est in energy to the planar triangle is shown in Fig. 3. As can
be seen, it is an open chain of cis geometry. A natural ques-
tion is the energy barrier to deformation of the local mini-
mum to the planar lowest energy structure. We have ex-
plored this energy barrier by using the modification of the

r? r® r® a, a,
Liu et al® 2.804 0.903 0.910 121° 7
Karpfen et al®  2.83 123° 6
Howard etral® 2.72 +0.03 - 17+ 6° 10° 4 6°
(experimental)
Present 2.702 0.918 0.930 115° 10°

* Distances in angstroms.
> Reference 17.
°Reference 16.

¢ Reference 5.
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FIG. 2. The cyclic structure for (HF); obtained from the HF2 potential.
The labels for the angles and bond lengths are in accord with the data in
Table IL. The dark lines represent covalent bonds between H and F atoms on
the same molecule and the light double lines represent the hydrogen bonds.

simulated annealing procedure employed by Freeman, Doll,
and Amar.’” Starting with the system in the cis open chain
geometry, we instantaneously heat the confined cluster to
temperature T and propagate the system with Brownian dy-
namics for a fixed time period. We then instantaneously
quench the system to zero degrees. The rate at which the
system will escape the local potential barrier is proportional
to the fraction of total trajectories whose final structure
differs from the initial structure. Assuming Arrhenius be-
havior, a plot of the logarithm of the rate as a function of 1 /T
gives the activation barrier from the slope. Using this meth-
od we found the activation energy to be approximately 0.5
kcal mol™?, or about 20% of the energy difference between
the isomers depicted in Figs. 1 and 2. Further investigation
of high energy isomers by ab initio methods is warranted.
To our knowledge, the only information on the HF te-
tramer is the structural and energetic properties of (HF),
calculated in a square planar configuration.’*'” Qur Brow-
nian quench studies have found the lowest energy configura-
tion for the tetramer to be the puckered ring shown in Fig. 4.
Figure 4(a) shows the evident symmetry from a top view,
and the puckering is seen in the side view shown in Fig. 4(b).
We believe the puckering is favored energetically because
the bond lengths and angles become very close to those seen
in the dimer (see the caption to Fig. 4). Such puckering is
not possible in the trimer where the angles and bond lengths

TABLE II. Structural parameters for the cyclic HF trimer.

r® r? a
Liu et al® 0.909 2.692 26.3°
Karpfen et al.© 2.73 27°
Present 0.929 2.760 20.2°

* Distances in angstroms.
®Reference 17.
¢ Reference 16.

FIG. 3. The cis open chain structure for (HF), obtained from the HF2
potential. The dark lines represent covalent bonds between H and F atoms
on the same molecule and the light double lines represent the hydrogen
bonds.

differ significantly from the dimer. We believe the relaxed
puckered structure to be responsible for the stabilities of the
tetramers which we will discuss in our thermodynamic cal-
culations, below.

The two lowest energy structures we found for the hex-
amer are shown in Fig. 5. The lowest is reminiscent of the
“boat” form of cyclohexane and the next lowest is the
“chair” form. From our annealing studies, we found in ex-
cess of 100 local minima for the hexamer, although*we made
no extensive search to attempt to find all the local minima.

In Table III we give the potential energies V of the
lowest energy isomer for cluster sizes n = 2 to 7. We also give
th/q diff/grencg\ in energy between successive isomers,
AV, =V, —V,_,. The information in Table III will en-
able a structural analysis of the thermodynamic resulits to be
discussed later.

IV. EVALUATION OF THE THERMODYNAMIC

PROPERTIES

We performed calculations of the internal thermody-
namic energy, entropy, and Gibbs free energy of the clusters

() (b)

FIG. 4. The top (a) and side (b) views of cyclic (HF),. The dark lines
represent covalent bonds between H and F atoms on the same molecule and
the light double lines represent the hydrogen bonds. The bond lengths and
angles, 7, =0.9324, 7, =2.6854, r, = 1.783 A, and @ = 11.8", are close to
the values obtained in the dimer structure.

J. Chem. Phys., Vol. 91, No. 4, 15 August 1989
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FIG. 5. The boat (a) and chair (b) forms of (HF),. The dark lines repre-
sent covalent bonds between H and F atoms on the same molecule and the
light double lines represent the hydrogen bonds.

using standard Metropolis Monte Carlo methods.*® Details
of the Monte Carlo approach to computational statistical
mechanics can be found in numerous other references,*® and
we make no effort to discuss the details here. As is well
known, Monte Carlo methods are most suitable for the cal-
culation of mechanical properties like the energy. For the
nonmechanical properties like the entropy and the Gibbs
free energy, a number of special techniques have been devel-
oped for cluster systems. In our calculations, we evaluated
the Gibbs free energy by a modification of a method intro-
duced by Mruzik, Abraham, Schreiber, and Pound?*? for cal-
culations of the properties of ion—water clusters. The modifi-
cations of the original procedure were necessary owing to the
intramolecular degrees of freedom included in this work and
the continuous form of the constraining potential used. We
sketch this approach below.

We wish to calculate the Gibbs free energy change for
the process

(HF),_, + HF - (HF), (8)

in the approximation that all species obey the ideal gas law in
a standard reference state of 1 atm pressure. From elemen-
tary statistical mechanics, the Gibbs free energy change AG,
associated with Eq. (8) can be written

(q,/L) ]
(g._,/LY(q/L) ]’

where L is Avogadro’s number, and g,, is the molecular par-
tition function for a cluster containing # molecules,

g, = [1/Cn) ] Quemy kT /h 232 (2amekT /h?)"*Z, .
(10)

AG,/RT=1n

9

TABLE III. The total potential energy and potential energy difference of
successive cluster sizes for the lowest energy isomer of each cluster size.

n ’f’,,“ A?’,,“

2 — 6.40 —6.40
3 —16.97 —10.57
4 —27.75 —10.78
5 — 35.00 - 125
6 — 4393 —8.93
7 —52.50 — 8.57

® Energies in kcal mol ',

In Eq. (10), Z,, is the standard configurational integral
Zn =fd3rﬂl d3rFl d3rH2 . 'd3an
X exp[ — BV, (ry,,-re,) ] (11)

Efd"'exp[ —-BV.], (12)

where 8 = 1/kT and V,, is the interaction potential for the
cluster including the constraining potential. Using Eq. (10),
Eq. (9) can be written

AG,/RT= —InL +Inn—[Z,/(Z,_,Z)].
(13)

The ratio of configurational integrals appearing in Eq. (13)
can be conveniently calculated by defining a scaled potential
function V(4) given by

V(i)=q>n—1+/1[/int+Vc’ (14)

where @, _, is the potential of a cluster consisting of
(n — 1) molecules plus the Morse function on the nth mole-
cule, V., is the constraining potential for the full n molecule
cluster, and ¥, is the interaction potential between the nth
molecule in the cluster and the remaining (n — 1) mole-
cules. For example, for an HF trimer we write

V(A) = T/l + AV2+ AV3+ Vie+ V. +A(Vis+Vy3),
(15)

where 7, is the Morse function binding the hydrogen and
fluorine atoms on molecule i, and V; is the interaction po-
tential between molecules / and j. From Eq. (14) it is clear
that

VA=1)=V, (16)
and

ViA=0)=V,_ ,+V.+7V,. (17)
We now define

Z(l):fd“"rexp[—BV(zl)] ; (18)
From Eq. (18) we can write

ZA=1)=2Z, (19)
and

ZM:O):fd(,n,exp[_g( Vi i +V.+¥V)] (20)
=Jd°""”rexp[ —BWV,_ + Vcnq)]

deGrexp[ —B(T/,,+Vc”)] ; @2n

In Eq. (21), ¥, _ and V¥, are expressed as follows. We let
R, .. . be the center of mass of the cluster consisting of
(n — 1) molecules, and welet R, , be the center of mass of
the tagged monomer. We define the center of mass for finite
A by

Rc.m. (/1) = (Rc‘m.,n—l +/1Rc.m.,l )/(1 +A') . (22)

J. Chem. Phys., Vol. 91, No. 4, 15 August 1989
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ThenV, is the constraining potential for the (» — 1) mol-
ecule cluster and

V.,={[Rur —Rem. (A =0)]/R.}*, (23)
i.e., the constraining potential for the » molecule cluster de-
fined with respect to the center of mass of the (n — 1) mole-
cule cluster. Clearly,

[ase-vrespp -, 47, D) =Z. 1.

(24)
so that

ZA=0)=2Z,_, J-d6rexp[ ~BV,+V.)]. (2%

If we transform the integral on the right-hand side of Eq.
(25) to center of mass coordinates, we obtain

ZUA=0)=2Z,_, fd3rexp[ —A7,] fdsR
X exp[ —B(R /R,)*] (26)

=0.2Z, , fd’rexp[ ~B7,]. 2n

The second integral on the right-hand side of Eq. (26) can be
viewed as an effective constraining volume ()., which has
been evaluated previously in argon cluster work,?® and is
given by

Q. = (7/5)(kT)*'* R 3I'(3/20), (28)
where I'(x) is the gamma function.*' It is easy to see that

Z, = Qfd3rexp[ —BV1, (29)
where () is the molar volume. Then we can write

Z,/(Z,_\Z))=(Q./MZA=1)/Z(A=0), (30)
so that

AG,/RT = —In(p/p.) +Inn

—In[Z(A=1)/Z(A=0)], (31)

where

p. =RT/Q, (32)

and p is the pressure of the defined standard state (1 atm in
our case). It is easy to show that

1
=f g dmzZé) (4
(V]

In[Z(A=1)/Z(A=0
n[Z( )/Z( )] )

1
=-ﬂj (Vi) 2dR, (34)
0

where the bracket in Eq. (34) implies a canonical average
with respect to V(A), i.e.,

Vi)t =fd°"rexp[ —ﬁV(A)]Vm/fdwr
X exp[ — BV(A)]. (35)

Equation (35) can be evaluated by the standard Metropolis
Monte Carlo procedure.*®

V. RESULTS

We performed calculations of the change in the internal
energy, the Gibbs free energy, and the entropy of HF clusters
associated with the processes expressed in Eq. (8). The in-
ternal energy was calculated using the standard Metropolis
Monte Carlo algorithm.*® The initial configuration for each
cluster size was taken to be the lowest energy structure found
in the Brownian dynamics simulated annealing calculations.
Approximately one-million Monte Carlo moves were in-
cluded during an initial warmup period followed by an addi-
tional one-million Monte Carlo moves during which data
were accumulated. Moves were made sequentially for each
atom in the cluster followed by periodic moves of the center
of mass of each constituent molecule. The constraining radii
were taken to be 5 A for the dimer and 20 A for the remain-
ing clusters. Results of the energy calculations for 100 and
273 K are given in Table IV. The error bars listed in Table IV
as well as in the tables which follow are at the single standard
deviation level.

The Gibbs free energy change was calculated from Eqgs.
(34) and (35). In order to evaluate Eq. (34) a one-dimen-
sion integration over A must be performed computationally.
Since this integral is known to have numerical difficul-
ties,>>*? it is necessary to outline the approach used in this
work. The key to an efficient evaluation of Eq. (34) is the
application of Gauss quadrature techniques along with a ju-
dicious choice of the constraining radius. As observed in
studies of argon clusters®! and as we shall see in the current
work on HF, the calculated free energies are insensitive to
the value chosen for the constraining radius. We found the
functional dependence of (¥;,, ) ; on A to be quite sensitive to
the choice of R, . Since the calculated value of AG,, is rough-
ly independent of R, the constraining radius can be chosen
to facilitate numerical evaluation of the integration in Eq.
(34). As an example, in Fig. 6 we plot (V. ) ; for a dimer at
100K as a function of A for various values of R ... The expres-
sion for (V,,, ), was evaluated from Eq. (35) using standard
Metropolis Monte Carlo methods.?® The initial configura-
tion was taken to be the structure which minimized V(A4) as
obtained from a Brownian quench study of the scaled poten-
tial function. As in the energy calculations, approximately
one-million Monte Carlo moves were included in a warmup
step followed by one-million Monte Carlo passes where data
were accumulated. As seen in Fig. 6, (¥;,, ), becomes very
sharply peaked for small A. This same behavior has been
noted in previous work on water cluster ions®? and impuri-

TABLE IV. The change in the thermodynamic energy associated with the
process given in Eq. (8) as a function of cluster size at 100 and 273 K.

n AU, (100K)* AU, 273K)*
2 —591+£0.02 —4.60 £ 0.05
3 —10.11 4 0.02 —7.02+£02
4 —9.99 1+0.02 —10.63 + 0.4
5 —6.53 +0.06 —586+05
6 —7.54+0.18 —629+0.5
7 —7.02 +£0.36 —6.11+0.5

® Energies in kcal mol~'.

J. Chem. Phys., Vol. 91, No. 4, 15 August 1989
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FIG. 6. (¥;,,), as afunction of A for R, = 5 (closed diamonds), 20 (open
squares), and 40 (circles). The smoother behavior of the functional de-
pendence on A for small R, is evident from the figure.

ties in crystal lattices.*? The sharp rise in {¥,,, ), for small A
makes the numerical integration in Eq. (34) rather difficult.
It is also clear from Fig. 6 that the region of small A over
which (¥, ), changes rapidly is only a2 nominal fraction of
the total range of A values in the HF cluster system. Conse-
quently, the small range can be expected to make little con-
tribution to the total integral in the case of HF. Data to verify
this unimportance of the contribution from the small A re-
gion are given in Table V. In Table V we give contributions
to the overall integration from the region from 0 to 0.02 and
0.02 to 1 separately as a function of the number of Gauss—
Legendre quadrature points included 7 and the constraining
radius R, for a dimer at 100 K. The contribution from the
region for A = 0 to 0.02 is well within the statistical uncer-
tainty of the calculation of the total integral. In the final
column of Table V, we give the result of a numerical evalua-
tion of the integral using Gauss~Legendre points appropri-

TABLE V. The results of the one-dimensional A integration as a function of
the number of quadrature points n and the constraining radius R, for a
dimer at 100 K.

n R.® S0P Wi 22dA° o0 Vi )2dA®  §5 (Vi) 1dA®
4 5 0.026 + 0.005 —4.20+0.02 —4.25+0.02
4 20 0.0003 + 0.0002 —3.38+0.15 —~3214+0.15
6 20 0.0004 + 0.0002 —3.3940.15 —~34740.15
8 20 0.0005 + 0.0002 -—3.40+0.15 —~348 +0.15
4 40 0.0004 4- 0.0002 ~—2.96+0.15 —3.03+0.15

* Distances in angstroms.
*Energies in kcal mol ',
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TABLE VI. The Gibbs free energy change at 1 atm pressure and 100 K for
the formation of (HF), as a function of the number of quadrature points »
and the constraining radius R_.

R, (A)\n 4 6 8
5 —3514002 —3414003 3434002
10 — 348 4+0.05
15 —3.29 +0.05
20 —3204005 —346+005 —3.474005
30 —3.24 +0.05
40 —3364010 —3434015 —379+0.16

*Energies in kcal mol ™',

ate for the interval [0,1]. In this last column, the special
difficulties of the integrand for small A are completely ig-
nored. The differences between the results given in the last
column and the sum of the preceding two columns are within
the statistical uncertainties of the calculations. We found
similar results in calculations performed at 273 K. From Fig.
6 it is clear that the functional behavior of the integrand on A
is smoother for small R, than for large R, . As we shall show
in the next paragraph, the free energy calculated is very
weakly dependent on R_. Consequently, in the calculations,
we chose small values of R, to facilitate the convergence
with respect to the number of Gauss-Legendre points.

A measure of the sensitivity of the free energy to the
number of quadrature points included in the evaluation of
Eq. (34) and the constraining radius is given in Table VI.
The calculations are for the dimer at 100 K. In Table VII we
give the free energy change for the reaction of the dimer and
monomer to form trimer at 100 K as a function of the num-
ber of quadrature points included in the evaluation of Eq.
(34). In this case the constraining radius was taken to be 20
A. We find six quadrature points to be adequate, and the
calculated free energy change to be independent of the size of
the constraining potential to within the precision of the cal-
culation.

In Table VIII we list the calculated Gibbs free energy
changes associated with Eq. (8) at 100 and 273 K. The con-
straining radii were taken to be 5 A for the dimer, 8 A for the
trimer, 10 A for the tetramer and the pentamer, and 12 A for
the hexamer and the heptamer. Six Gauss—-Legendre quad-
rature points were used in the evaluation of Eq. (34). The
cluster size listed corresponds to the right-hand side of Eq.
(8). For all cluster sizes, the Gibbs free energy changes were
calculated with approximately the same number of Monte
Carlo points. We believe the marked increase in the variance

TABLE VII. The Gibbs free energy change for the reaction of HF with
(HF), at 1 atm pressure as a function of t}u: number of quadrature points n
at 100 K for a constraining radius of 20 A.

n AG?

4 —69 +0.1
6 —6.49 £0.11
8 —6.41 +0.10

*Energies in kcal mol ",
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TABLE VIII. The Gibbs free energy change associated with Eq. (8) as a
function of cluster size at 1 atm pressure.

AG, (100K)* AG, (273K)*
(HF), —3.42 1002 +0.99 +0.14
(HF), —6.19 £ 0.10 —0.04 £+ 0.09
(HF), — 6.84 + 0.28 —1.23+£030
(HF), —4.374£0.20 —0.58 + 0.40
(HF), —5.314£035 —0.15 £ 0.80
(HF), —5.70 £ 0.40 +0.09 +0.70

*Energies in kcal mol ™.

with cluster size is a consequence of the increasing numbers
of structures available to the aggregates as 7 increases. The
entropy change for the growth process can be calculated
from the usual expression

AS = (AH - AG)/T 36)
and the results of the entropy changes are given in Table IX.

VI. DISCUSSION

In previous studies of the thermodynamic properties of
argon clusters, magic numbers of extra stability were identi-
fied by minima in the Gibbs free energy as a function of
cluster size.?® To clarify the relative stabilities of hydrogen
fluoride clusters, a graph of AG,, is given in Fig. 7. The lower
curve represents AG,, at 100 K and the upper curve gives the
calculated results at 273 K. At both temperatures, thereis a
well defined minimum at n = 4. The relative depth of the
free energy function about the tetramer is evidently more
pronounced at low temperatures, but the minimum is pres-
ent under all conditions studied in this work.

An understanding of the extra stability associated with
the tetramer can be obtained by examining the structures
previously discussed in Sec. III. As mentioned, in forming
the planar ring structure for the trimer, the hydrogen bond
angles and lengths are significantly distorted from those ob-
served in the dimer. Although two additional hydrogen
bonds are formed in making the cyclic trimer, the energy
gained can be expected to be diminished owing to the strains
arising from the distortions. In contrast, the tetramer struc-
ture is puckered so that the bond lengths and angles which
seem to be natural for the system (as determined by the
dimer structure) can be secured. We can measure the effect

TABLE IX. The entropy change associated with Eq. (8) as a function of
cluster size and temperature at 1 atm pressure.

1
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FIG. 7. AG, as a function of n at a pressure of 1 atm. The free energy is
expressed in kcal/mol. The upper graph is calculated at a temperature of
273 K and the lower graph at 100 K. Single standard deviation error bars
are included for each point. The points are connected by straight lines for
clarity. The minimum at # = 4 is clearly evident.

of strain on the system by examining the energy of each clus-
ter per hydrogen bond. The energy per hydrogen bond E, is
given in Table X at 0, 100, and 273 K. The structure at 0 K is
assumed to be the lowest energy isomer, whereas at the high-
er temperatures, all structures contribute owing to the Boltz-
mann distribution. The decrease in E, is evident for the
trimer at all three temperatures. There is a dramatic increase
in E, for the tetramer. Indeed, for (HF),, the energy per
hydrogen bond is greater than the dimer by 0.54 kcal mol
at 0 K. It is likely that the extra energy for the tetramer is a
result of the additional favorable interactions possible when
the ring puckers. The extra energy per hydrogen bond in-
creases as the size of the rings increase, again providing evi-
dence for the importance of the additional interactions when
the structures are nonplanar.

The preceding discussion of stability is based on energet-
ic arguments. In the previous studies of argon clusters,?® it
was found that entropic effects were relatively unimportant
in determining relative stabilities. Similarly, the entropy
function is relatively smooth in the case of HF clusters as can
be seen in Table IX.

The temperatures chosen in this work are representative

TABLE X. The energy per hydrogen bond as a function of cluster size and
temperature.

AS, (100K)* AS, 273K)* E, (0K)® E, (100K)*  E, (213K)"
(HF), —270+03 —225+15 (HF), — 6.40 ~5714+004 — 405+ 005
(HF), —412+10 —27.6+20 (HF), —5.67 —5244+004 —3.61+005
(HF), —~ 355428 — 364430 (HF), ~6.94 —6451004 —529+0.10
(HF), —256+2.1 — 214435 (HF), —17.00 — 649 £0.04 - 535+0.20
(HF), —~253+39 — 245140 (HF), -7.32 —670+005 —5464+0.20
(HF), —172154 — 247+ 43 (HF), —7.50 — 6744005 —5.5240.20

* Entropies in cal mol = ! K.

*Energies in kcal mol~!.
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of HF vapor in equilibrium with its solid (100 K) and liquid
(273 K)) phases. Physical hydrogen fluoride melts at 181 K
and boils at 292 K. Of course the melting and boiling points
associated with the HF2 potential are unknown. As in any
numerical simulation, the extent to which the conclusions
are an artifact of the chosen potential function must be ques-
tioned. The structures predicted by the HF2 potential for the
dimer and trimer agree well with known information, and
the structural features associated with the tetramer and hex-
amer are very intuitive. Confirmation of the tetramer and
hexamer structures by careful ab initio calculations would be
welcome. In spite of the inherent limitations in the HF2 po-
tential, we feel it to be very likely that (HF), is a very impor-
tant species in physical hydrogen fluoride vapor.

In the current work, we have ignored quantum contri-
butions to the internal motions. Such quantum effects may
be of particular importance in this system, since the zero
point motions can be expected to weaken the hydrogen
bonds. Investigations of the importance of quantum contri-
butions using Fourier path integral methods®* are in prog-
ress.
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