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Abstract

An evaluation has been carried out of the thermodynamics of the gas-phase association of
HF and CIF which gives two isomeric complexes, HF - CIF and CIF-HF. The evaluation has
been carried out in terms of the RRHO partition functions and the energetics supplied with
molecular data from recent quantum-chemical calculations. Special attention has been paid to
the internal rotational motion in these complexes which, as well as being described as a
harmonical torsion, has also been treated by another limiting approach, namely the free
internal rotation. To describe the thermodynamics of the latter motion, the technique of
direct summation, recently introduced for these purposes, was used. Under certain conditions
both limiting approaches to this motion can lead to relatively great differences in the values
of the thermodynamic terms. Special attention has been paid to the interplay of both isomeric
structures within their equilibrium mixture which is characterized in detail. In particular it
has been shown that the order of the relative stabilities of both isomers can be interchanged
with temperature.

INTRODUCTION

In the current intensive studies of multiparticle clusters (see, for example,
ref. 2), gradually increasing attention has been paid to the temperature term
as one of the determining and limiting factors. At the same time, however,
there is a difference in the nature of the temperature phenomena obtained
from experiment and treatable by current computational theory. The prob-
lem lies in the fact that cluster experiments often deal with thermodynami-
cally non-equilibrium situations, whereas theory works in terms of the
equilibrium thermodynamical concepts. Of course, this does not mean that
equilibrium situations cannot be observed, but merely that non-equilibrium
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conditions can be useful for some observations. For computational theory,
interest is frequently focused on the evaluation of the standard thermody-
namic characteristics of cluster formation [3-14], namely on the basis of
partition functions, the parameters required to characterize the individual
quantum models being taken from the computations within the methods of
quantum chemistry or molecular mechanics. With respect to the computa-
tional demands, these partition functions are typically constructed in terms
of the usual rigid rotor and harmonic oscillator (RRHO) approach, treat-
ments beyond this approach, though undoubtedly necessary, being neverthe-
less exceptional at present [5].

Recently, theory has indicated the possibility of isomerism in these
clusters, which would, of course, have its thermodynamical consequences
[15-19]. These cases of cluster isomerism fall within a more general region
of reaction-component isomerism and its impact on equilibrium behaviour
[20-27]. Nevertheless, in the case of cluster isomerism, the problems [23] of
attaining thermodynamic equilibrium, of deviations from the RRHO model,
of distinguishing the individual isomeric structures etc. become particularly
important. These studies are also directly connected with the organization of
observation: they can suggest estimated optimum conditions leading to the
experimental appearance of this isomerism.

The present work deals with this set of problems using a particular system
—the gas-phase heterosystem HF-CIF.

CHARACTERIZATION AND TREATMENT OF THE HF-CIF(g) COMPLEX

The system studied is interesting both theoretically {28,29] and experimen-
tally [30]. So far, the most detailed quantum-chemical description of this
system has been presented by Rendell et al. [29]. Their computations adopt
two approaches: one in terms of a mere SCF treatment, and the other, on a
more sophisticated level uses the coupied-pair functional (CPF) formalism.
When optimizing the structure of the complex in terms of minimization of
the potential energy, they found two local minima in each of the two
approaches: the energetically lower-lying structure bonded via the F atom of
the HF monomer (HF:-CIF) and the H-bonded structure (CIF - HF).
Harmonic vibrational analysis was carried out in these local minima which
led to the frequencies of the intermolecular vibrational modes. The respec-
tive constituent monomer units were similarly described. Hence it was
possible to determine both the potential energy changes, AE, and the
ground state energy changes, AH for the reactions

HF(g) + CIF(g) — HF - CIF(g) (1)
HF(g) + CIF(g) — CIF - HF(g) (2)

as shown in Table 1. The F-bonded structure lies lower on both these energy
scales and in both approaches to the potential energy (SCF, CPF).
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TABLE 1
Energetics ? of the gas-phase associations of HF and CIF
Association process SCF® (k] mol™1) CPF ® (kJ mol™ 1)
AE, AHy, AE, AHS,
IR HT IR HT

HF(g)+CIF(g) » HF-CIF(g) —-841 —612 —555 —870 —637 —596
HF(g)+CIF(g) > CIF-HF(g) 795 —487 —300 —837 —496 —345

* Potential energy changes, AE,, and ground state energy changes, AH, (i.e. the standard
enthalpy changes at absolute zero).
b According to ref. 29.

The thermodynamics of reactions (1) and (2) were described in terms of
the RRHO approximation to the partition functions using the calculated
structural, vibrational and energy parameters [29). Beyond the usual RRHO
approach, attention was paid to the approaches that describe the harmonic
vibrational torsion in these complexes. This harmonic torsion follows from
the harmonic vibrational analysis as an equivalent corresponding to the
internal rotation. Although there is not enough information available so far,
it is presumed that in the complexes of the type considered this internal
rotation is close [31,32] to the free internal rotation. Free internal rotation
represents a limiting case of hindered internal rotation [33] which maximizes
the contributions of this type of motion to the values of the equilibrium
constants. Therefore two limiting approaches were considered in the present
work when evaluating the thermodynamics: (i) the description of internal
rotation in the complexes as the harmonic torsion (HT) and (ii) its descrip-
tion as the free internal rotation (IR). The reduced moments of inertia, I,
necessary for approach (ii) were calculated by a known procedure [33].

The partition function of the internal free rotation was used in the
standard way in a simple form:

go=(w/0)""* (3)

where o is a quantity inversely proportional to the product of I, and the
temperature 7. However, function (3) fails in the region of large o values
(which are significant for molecular complexes); this is dramatically mani-
fested in the limiting case of ¢ — oo where eqn. (3) gives an entropy
contribution value of — oo instead of the expected [34,35] value of zero.
Therefore approximations were suggested which exhibit the correct limiting
behaviour [34-38]:

G =¢qgot1 (4)
g, =(7/6)""*+1+exp(—0) — (n/0)*®(c'?) (5)

where ® is the error function. However, even the relatively most sophisti-
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cated formula, eqn. (5), does not exhibit quite satisfactory behaviour (39] in
the region of o = 1. Therefore it was finally recommended that the modified
technique of direct summation [40] be used. This technique is also used
exclusively in approach (ii) in the present work. Nevertheless, it should be
noted that quite recently a closed-form formula has been suggested which is
even more sophisticated than eqn. (5), namely that derived by Pan [41]
starting from the Korsch semiclassical approximation [42,43]

45 = qo + 29, exp( —mqZ) + 24, exp(—4mq?) (6)

This three-term formula suggested by Pan exhibits excellent behaviour
around the point ¢ =1, and from this standpoint it is clearly superior to
eqn. (5). Moreover, by its precision in this region it is quite comparable with
the results obtained from the direct summation, being of course more
appropriate for practical calculations. Nevertheless, for large o values (i.e.
for g, — 0), g, is reduced to 5q, and hence has the same limiting features as
given above for g,. Therefore in the present context it seemed more
appropriate to retain the technique of direct summation [40].

From the thermodynamics of the partial equilibria in which the individual
isomeric structures take part (eqns. (1) and (2)), it is also possible to describe
the thermodynamics of the overall association process

HF(g) + CIF(g) —» HF—CIF(g) (7

leading to an equilibrium mixture of both structures. For this purpose, a
method developed for describing the thermodynamics of equilibrium iso-
meric mixtures [44-47] was used. The proportions of the relative popula-
tions of both isomers were expressed by their mole fractions, w,. For
evaluation of the effects of isomerism for the overall thermodynamics (eqn.
(7)) we used the isomerism contributions to the values of the thermodynamic
function A X ® related to isomer 1:

SXU = AX® — AXP (8)

defined as the difference between the overall standard term of this quantity,
AX*® (i.e. in our case the value corresponding to reaction (7)), and the
partial term A X,® corresponding to the structure which is more stable at
low temperatures, labelled 1 (i.e. in our case the value corresponding to
reaction (1)).

RESULTS AND DISCUSSION

Figure 1 represents the temperature courses of the mole fractions, w,, of
both isomers in their equilibrium mixture for both approximations of
potential energy [29] and both approaches to the description of internal
rotation (IR and HT). In all four cases thus considered it is observed that
the F-bonded structure is predominant at the lowest temperatures, but with
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Fig. 1. Temperature dependences of the mole fractions w, for the gas-phase equilibrium
mixture of HF - CIF and CIF- HF. The results based on the SCF and CPF approaches [29] are
given in the left-hand part and right-hand part respectively; the solid and broken lines
represent the IR and HT results respectively.

increasing temperature the relative stabilities of the two structures approach
each other. In three out of the four situations considered in Fig. 1, the
relative stabilities are even interchanged; hence the H-bonded structure
becomes relatively more abundant above a certain temperature. Within the
SCF approach these temperatures of interchange are 75.5 K and 248.8 K in
the IR and HT approximations respectively. In the CPF description of
potential energy this crossing is only observed with the IR approximation
where the temperature of equimolarity is 93.4 K. Thus it can be concluded
that all four combinations of the methodical approaches considered show
that, except for the lowest temperatures, it is necessary to presume the
considerable coexistence of both isomers. The fact that only the F-bonded
structure was observed experimentally [30] seems to indicate that a very low
effective temperature [34] was used in this observation.

Figure 2 represents the temperature dependences of the isomerism contri-
butions related to HF - CIF as the reference structure for three thermody-
namic quantities: enthalpy (X = H), entropy ( X =) and heat capacity at
constant pressure (X = C,). An especially interesting course is that of the
8CU¥ term because of the presence of a relatively high local maximum.
Within the SCF approximation this maximum appears at 46.4 K (the
maximum height is 16.6 J K~! mol~') and 79.0 K (the maximum height 9.9
J K~ ! mol™!) for the IR and HT approaches respectively. Similarly, in the
CPF method the local maxima appear at 50.7 K (maximum height 14.3 J
K~ mol~!) and 76.2 K (maximum height 6.7 J K~! mol~!) for the IR and
HT partition functions respectively. Although these maxima are one order
lower than the highest maximum of this type reported so far [47], neverthe-
less they are sufficiently distinct and represent another interesting illustra-
tion of the possibility of enhancement of heat capacity by isomeric interplay
[44-47].

Table 2 lists the values of standard changes of enthalpy, entropy and heat
capacity at constant pressure for the partial reactions (1) and (2), and for the
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Fig. 2. Temperature dependences of the isomerism contributions to enthalpy, SH{*, ent-

ropy, 85{°, and heat capacity at constant pressure, 8C;ff§°), in the HF-CIF gas-phase

equilibrium system (the isomerism contribution terms are related to the HF - CIF isomer as
the reference structure). The results based on the SCF and CPF approaches [29] are given in
the left-hand part and right-hand part respectively; the solid and broken lines represent the
IR and HT results respectively.

overall association, eqn. (7). The data are evaluated again for both
quantum-chemical methods considered, SCF and CPF, and also for both
approaches to the description of internal rotation in the complexes, IR and
HT. These data make it possible to determine the limits within which we can
expect the values of the standard thermodynamic characteristics of the
reactions studied to fall. In the particular case of standard changes of heat
capacity, AC,?,, it can be seen that the partial terms increase steadily with
temperature, but the overall term (as already found with the isomerism
contribution, 6C;§f,s°)) exhibits a local maximum, This qualitative difference
in behaviour between the partial and overall standard changes could serve as
a diagnostic tool to prove the presence of isomers in this system, if it were
possible in the observation to ensure the fulfilment of conditions of equi-
librium and the recording of the overall term of standard change of heat
capacity.

In spite of the quantitative differences between the individual approxima-
tions (at least at some temperatures), it can be stressed, in conclusion, that
two qualitative features of the system were found in all four methodical
combinations considered: the coexistence of both structures within a sub-
stantial part of the relevant temperature interval, and the existence of local
temperature maxima with the terms of heat capacity, indicating isomerism.
The study describes, to a sufficient extent from the standpoint of possible
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applications, the thermodynamics of formation of the HF—CIF(g) associates.
Nevertheless, a complete description of the behaviour of the associating
mixture of HF(g) and ClF(g) represents a more general problem whose
solution will also require the analogous description of the thermodynamics
of formation of the corresponding homodimers.
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