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Abstract 

A computational evaluation of relative stabilities and thermodynamics of two ClHCl- 
isomers in ideal gas phase has been carried out on the basis of recent quantum-chemical 
data (five different approximations of potential energy). In four of the approximations a 
relative stability interchange takes place at quite a low temperature. The relative stability 
interplay is reflected in the isomerism contributions to heat capacity in the form of a 
pronounced temperature maximum. It causes an enhancement of the standard overall heat 
capacity at constant pressure by more than 15% and interesting irregularities in the 
temperature course of the latter term. The system is considered as a simple but useful 
model of thermodynamic consequences of isomerism originating in a strong hydrogen bond. 

INTRODUCTION 

Representation of potential-energy hypersurfaces by their sole stationary 
(critical) points has become a prevailing approach in computational treat- 
ments of organic (and also inorganic) species (see, for example, refs. 1-3). 
Quite frequently, several relevant stationary points were located, all of 
them representing a particular chemical system. This isomerism has re- 
cently been examined more closely [4-61 and considerable thermodynamic 
consequences have been proved. Quite recently, an interesting system, 
namely ClHCl-, was comprehensively described [7]; it is being considered 
in this study as a convenient model for treating thermodynamics of iso- 
merism originating in a strong hydrogen bond. 

COMPUTATIONAL TREATMENT 

Let us consider a set of II isomers characterized by the values of the 
mole fractions wi of the individual isomers. In a first approximation, the 

r Permanent and reprint-order address: The J. Heyrovslj Institute of Physical Chemistry 
and Electrochemistry, Czechoslovak Academy of Sciences, DolejSkova 3, CS-18223 Prague 
8-Kobylisy (Czech and Slovak Federal Republic). 

0040-6031/92/$05.00 0 1992 - Elsevier Science Publishers B.V. All rights reserved 



182 

isomers can be described by their potential energy terms AEi (related to 
the global minimum). However, if their rotational-vibrational motions are 
also considered then relevant quantities are standard enthalpy changes at 
the absolute zero AH,P, and the isomeric partition functions qi. Under 
conditions of inter-isomeric thermodynamic equilibrium the mole fractions 
are given [2,4-61 as 

C qj exp[ -AH{j/(RT)] 
j=l 

(1) 

where R denotes the gas constant and T the temperature. It is useful to 
mention a critical difference from rather frequent treatments based on so 
called simple Boltzmann, configurational or steric factors [8-121 

Wf= n 
exp[ - AEJW)] 

C exp[ -AEj/(RT)] 
j-l 

(2) 

In the latter case no reference to the rotational-vibrational motions is 
made. 

In terms of partition functions and energetics the whole system thermo- 
dynamics can of course be described. For isomeric systems it has become 
customary to distinguish [2,4-61 two categories of quantities. One of the 
categories refers to standard partial terms AXi belonging to the individ- 
ual isomers. The other deals with the standard overall terms AX,“, into 
which all the isomers contribute accordingly, i.e. according to their mole 
fractions We. In other words, for the overall terms the equiiib~um isomeric 
mixture operates as one pseudospecies. Finally, in addition to the partial 
and overall terms a third quantity has been introduced, namely the so 
called isomerism contributions to thermodynamic terms SX, defined as 

SX, = AX; - AX1 (3) 

The values of 6X1 however generally depend on the choice of the refer- 
ence isomer labelled by i = 1. It is convenient that the most stable species 
(in the low temperature region) be chosen as the reference structure 
(mostly, but not necessarily [2], the global minimum; the zero-point vibra- 
tional energy contribution in principle can change the energy ordering of 
structures). In our connections X denotes one of the three key standard 
thermodynamic terms: enthalpy X = H, entropy X = S, or heat capacity at 
constant pressure X = C,. It holds for X = C, that 

~C,,l = q?,w,1+ - AH,“)‘- @Hi)* 1 
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where SC, W,l denotes the so called isofractional isomerism contribution to 
heat capacity 

qw,1 = k wi( AC,qi - AC;,) 
i=l 

and the isomerism contribution 

SH, = ~ Wi(AHi” - AH,“) 

(5) 

to enthalpy is given by 

(6) 
i=l 

Accordingly the SCP,r term in eqn. (4) considers the effects of changes in 
composition upon a temperature change (being called the relaxation iso- 
merism contribution to heat capacity). The relaxation term is reduced to 
the isofractional contribution if Wi values are considered to be temperature 
independent (this situation is practically reached in both high- and low- 
temperature limits). 

DESCRIPTION OF THE ClHCl- SYSTEM 

The ClHCl- anion has received considerable interest [13-161 as a 
convenient model of a strongly hydrogen-bonded system. For our model 
purposes we shall employ just one of its features, possible isomerism. The 
anion can assume two different structures, non-centro-symmetric C,, and 
centro-symmetric Dmh. Structure, energetics and vibrational frequencies of 
the system have been comprehensively studied [7], the energetics evaluated 
in five different potential-energy approximations being surveyed in Table 1 
(of course the potential-energy terms presented there are to be corrected 
for vibrational zero-point energy contributions prior to their application as 
the ground-state energies in eqn. (1)). For our methodical purposes (i.e. in 
order to ascertain the sensitivity of thermodynamic isomeric effects to 
energetics) it is convenient to consider all. the energy approximations 
(though they exhibit different degrees of reliability [7]). For present pur- 

TABLE 1 

Survey of the ClHCl- relative energetics a 

Approximation [7] Acronym b AE a &.I mol-‘) 

MP2 2 6.95 
MP3 4 3.68 
MP4SDQ 43 2.64 
MP4SDTQ 44 4.10 
CISD(Q) CI 3.01 

a Potential-energy changes AE for the isomerization ClHCl-(g; C,) = ClHCl-(g; D_,,). 
b Used in Table 2 and in the figures. 
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poses SCF geometry evaluated in a large basis set [7] is considered for the 
C,, species while in the I&., case MP2 geometry [7] is employed. Finally, 
the C,, SCF harmonic vibrational frequencies are used for the partition 
function construction. With the I&,,, structure, vibrational frequencies were 
evaluated [7] at several different methodical levels and here just two of 
them are considered; namely, MP2 (harmonic in their nature) and 
~P4SDTQ (reflecting potential ~nharmonici~) terms, Again, this diversity 
of vibrational frequency set enables one to study sensitivity of thermody- 
namic isomeric effects to the molecular parameters. Combining the five 
energy-difference estimations (Table 1) and the two evaluations of the Dmh 
vibrations results altogether in ten different situations. 

RESULTS AND DISCUSSION 

Figure 1 presents temperature evolutions of the weight factors wi and 
simple Boltzmann factors WI. With an exception of the MP2 energetics the 
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Fig. 1. Temperature dependences of the weight factors wi and simple Boltzmann factors q 
(broken curves) for the ClHCl- isomeric system. For an expianation of the X/Y labels, 
see Tables 1 and 2. 
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TABLE 2 

Characterization of some distinguished points of the ClHCl- isomeric interplay 

Approxi- 
mation a [7] 

Type b T 
(K) ““’ 

q3,l d c&Y 
(J K-l (J K-’ 

“&,I /C,” 
(a/o> (%) 

mol-‘) mol-‘) 

2/2 

2/44 

312 

3/44 

43/2 

43/44 

44/2 

44/44 

CI/2 

U/44 

MW,,, 37 96.1 1.7 31.6 5.4 
M:S& 708 79.5 0.9 54.6 1.7 
MSC,,, 75 97.5 1.3 34.8 3.8 
M:SC,,, 7.56 82.9 0.7 55.0 1.3 
Cross 255 50.0 4.4 46.4 9.6 
MSC,,, 145 25.7 7.0 43.7 16.0 
Cross 169 50.0 2.6 40.3 6.3 
MW,,, 71 15.7 5.1 38.2 13.3 
Cross 344 50.0 5.1 50.7 10.1 
M:SC,,, 189 23.9 8.9 47.6 18.6 
Cross 257 50.0 4.0 46.0 8.7 
M:SC,,, 139 23.3 6.8 43.2 15.6 
Cross 219 50.0 4.0 44.2 9.0 
M:gC,,, 124 25.8 6.0 41.9 14.4 
Cross 131 50.0 1.7 37.9 4.5 
MW,,, 44 10.7 5.8 36.4 15.9 
Cross 311 50.0 4.9 49.3 10.0 
MW,,, 174 24.6 8.3 46.3 17.9 
Cross 226 50.0 3.5 44.1 8.0 
MW,,, 120 23.1 6.1 41.8 14.6 

The notation X/ Y is used where X stands for the potential-energy approximation and Y 
denotes the origin of vibrations of the ClHCl-(g; I&,,) species (see Table 1). 
Point of two-isomer equimolarity (Cross), or maximum in the isomerism contribution to 
heat capacity SC,,, (M:SC,,,). 
Mole fraction of the ClHCl-(g; CV> species in the equilibrium isomeric mixture with 
ClHCl - (g; I&,). 
Isomerism contribution to heat capacity related to the species more stable in the very low 
temperature region, i.e. to the ClHCI-(g; C_,> species. 

behaviour of the wi terms is quite similar. They approach one another 
rather fast and finally they cross. This means a relative stability interchange 
is present. The exceptional behaviour of the MP2 energetics can be well 
rationalized. The MP2 AE term [7] is in fact overestimated owing to a 
large electron correlation contribution of the &,, structure. Table 2 gives a 
more detailed specification of the crossing points. The crossing point is 
located below or in the vicinity of room temperature so that it could 
certainly be of experimental importance. Thus, we can arrive at the 
conclusion that in a hydrogen-bonded system consisting of two isomeric 
configurations the potential-energy difference cannot itself be considered 
as decisive. A compensation of the latter term by temperature excitations 
of the rotational-vibrational motions could take place resulting in the 
reported stability interchange. Incidentally, it is interesting to note that the 
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Fig. 2. Temperature dependences of the isomerism contribution to heat capacity at constant 
pressure SC,,, (relaxation term related to the ClHCl-(g; C,) species) or 6C,,,,, (isofrac- 
tional term, dashed curves) for the ClHCl- isomeric system. For an explanation of the 
X/Y labels, see Tables 1 and 2. 

simple Boltzmann factors generally are not a good representation of the 
rigorous weight factors feqn. (1)). In particular, the Boltzmann factors are 
unable to produce any relative stability crossing (i.e. if A Ei > AEj, then 
always W; < w,!). In other words this finding states that the rotational- 
vibrational (and the vibrational in particular) motions are indeed important 
in the system behaviour. 

Figure 2 deals with temperature dependences of the isomerism contribu- 
tion to heat capacity at constant pressure, SCp,r and SCp,w,f. The striking 
temperature maximum in the SC?,i term, present in any of the approxima- 
tions considered, is of particular interest. It is essentially a consequence of 
the relative-stabili~ temperature approach observed with Fig. 1. The 
pronounced maximum is always located below room temperature and if 
there is a crossing point, below this crossing point. Moreover, in the 
crossing-free MP2 treatment there is also a rather flat second maximum. 
Table 2 again presents a more detailed specification of all the temperature 
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Fig. 3. Temperature dependences of the standard molar heat capacity at constant pressure 
for the equilibrium mixture of the ClHCl- isomers (C,O> and for the sole ClHCl-(g; C,) 
structure CC;,, dashed curve). For an explanation of the X/Y labels, see Tables 1 and 2. 

maxima. Finally, Fig. 2 demonstrates a clear difference between the full 
relaxation term and its isofractional component. 

The isomerism contributions to thermod~amics are useful; however 
they are still auxiliary terms and they cannot be directly observed. There- 
fore, Fig. 3 compares the standard overall molar heat capacity at constant 
pressure for the equilibrium mixture of the ClHCl- isomers taken as one 
pseudospecies CC,” term) and for the sole ClHCl- (g; CJ structure (CP:,>. 
Although the temperature maxima from Fig. 2 are not conserved as such, 
they are still felt in the apparent irregularities of the overall Ci term 
compared with the C,9’ partial one. Such irregularities could be recorded 
experimentally and thus, they could serve as experimental evidence for the 
presence of isomerism. The enhancement of the heat capacity term by the 
isomeric interplay at the temperature of the 6C,r maximum can be higher 
than 15%, this being of clear importance from the point of view of 
the~od~~i~ quantities evaluation. 

There is one gas-phase ClHCl- vibrational observation; Kawaguchi [17] 
detected one band of the Dmh species. The species was produced in a 
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discharge of a CHCl,, H,, and He mixture. The observation was carried 
out using a cell cooled to - 30 ‘C. Relating the fact to the computational 
results one should first investigate the question of thermodynamic equilib- 
rium. It is however difficult to decide whether the equilibrium was reached 
under the observation conditions. It could be speculated that just the Dmh 
species was selectively generated in the particular arrangement. In fact, 
there are eight points of equimolari~ in Table 2, of which six are below 
room temperature. Thus, the calculations tend to suggest that close to 
room temperature the Dmh species represents a more stable component of 
the equilibrium mixture, i.e. it is more easily observable. 

Our study considers the ClHCl- system as a model. The results are 
primarily important for qualitative conclusions (rather than for a precise 
description of the particular system). The computed characteristics of the 
ClHCl- species can still be the subject of a substantial future improvement 
(particularly regarding the energy difference and probably the vibrational 
frequencies). From that point of view, of the two vibrational frequency sets 
considered in our study with the Dmh structure the MP4SDTQ frequencies 
should clearly be given preference as they respect the potential anhar- 
monicity. Moreover, some improvements can be expected from a direct 
inclusion of vibrational-anha~onici~ corrections into the partition func- 
tions in eqn. (1). Nevertheless, such improvements should not change the 
qualitative conclusions of this paper, supposing that the finding itself of the 
two-fold isomerism is conserved. In other words, in spite of the consider- 
able diversity of the considered energy (and to some extent also vibrational) 
terms they produce qualitatively the same kind of thermodynamic isomeric 
effects. Nevertheless, a further study with similar model systems [18] can 
bring a deeper understanding of some aspects. 

The study was carried out during a research stay at the Max-Planck-In- 
stitut fiir Chemie (Otto-Hahn-Institut) supported by the Alexander von 
Humboldt-Stiftung. The support as well as the valuable discussions with 
Professor Karl Heinzinger and the kind hospitality of him, of his group, 
and of the Institute are gratefully ac~owledged. 
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