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ABSTRACT 

Si,H,(g) has been studied as an equilibrium mixture of three isomers characterized by 
recent quantum chemical calculations, and it has been shown that the molar heat capacity 
term of this mixture can be enhanced by as much as 179.8 J K-’ mol-’ compared with the 
molar heat capacity of the ground state structure. This is the largest enhancement of heat 
capacity by isomeric interplay reported in the literature so far. 

INTRODUCTION 

Small silicon species with a few Si atoms have recently been subjected to 
relatively intensive theoretical studies [l-35], which is connected with the 
overall lively interest in this branch of chemistry [6]. In theoretical studies, it 
is not unusual to find several stationary points on studied hypersurface, all 
the points being relevant to the problem type given. The finding of this type 
of isomerism is due partly to the progress made in the development of 
automatic techniques for the location and characterization of these sta- 
tionary points of hypersurfaces using analytically constructed energy gradi- 
ents [36], and partly to the nature of the Si-Si bond itself. With suitable 
differences between the potential energy terms of these isomers and their 
rotational-vibrational motions, it is possible that sufficient amounts of these 
isomers will coexist at temperatures which, in principle, allow their observa- 
tion. Their relative stability order may even be interchanged. Such inter- 
changes in silicon-containing systems have also been described from compu- 
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tational studies [13,14,23,35]. These effects are most noticeable [35] in the 
S&H, isomeric system. In the light of recent interesting reports [37-401 
concerning the possibility of fairly distinct enhancement of the heat capacity 
term by isomeric interplay alone, it seemed useful to investigate this in the 
S&H, system itself. 

DESCRIPTION OF THE SYSTEM AND FORMULATION OF THE PROBLEM 

The characterization of the S&H, system begins with computational 
studies [9,25] one of which [25] has postulated the existence of at least three 
S&H, isomers. In terms of the potential energy, the lowest lying (the global 
minimum) structure is hexasilaprismane with D3h point group symmetry. 
The second is the silicon analogue of benzene, hexasilabenzene, whose 
potential energy was evaluated to be about 41 kJ mol-’ higher than that of 
the ground state structure. However, the symmetry of hexasilabenzene was 
found [25] to be lower than that of benzene: Qd rather than &,. Finally, 
the third structure is hexasila-Dewar benzene with C,, symmetry: it lies 
more than 100 kJ mol-’ higher than the second isomer, hexasilabenzene. As 
well as the energetics this study [25] provides structural and harmonic 
vibrational data for these isomers, except for hexasilabenzene for which 
there is only an incomplete set of vibrational frequencies. For our purposes, 
therefore, the frequencies of hexasilabenzene given in ref. 9 were used, with 
the two sets unscaled and scaled being used in conjunction. The scaling [9] 
was carried out with a factor of 0.9, the scaled set being taken as repre- 
senting the true fundamental frequencies. 

Using the structural and vibrational data of the isomers, their partition 
functions in the rigid rotor and harmonic oscillator (RRHO) approximation 
can be determined. Thus, the molar fractions of the isomers in their 
(generally n-membered) equilibrium mixture can be expressed [35,37-401 

4i exP( - AfG/(W) w. = 
I 

i 4j exP( -AfJCj/(RT)) 
0) 

j=l 

where the terms A&,: denote the ground-state energy difference between 
the ith and the isomer labelled with index 1. It is advantageous and usual to 
assign the latter isomer to the global minimum, i.e. to the structure with the 
lowest ground-state energy term, in this case hexasilaprismane. For testing 
purposes, the approximation admitting the vibrational motion alone was 
also considered as well as the usual RRHO approximation. These two 
approaches will be referred to as those with admitted and suppressed 
rotation, AR and SR treatments, respectively, the translational contribution 
being always cancelled out in eqn. (1). The SR treatment could be applied, 
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for example, to the approximation of isomers chemisorbed at a solid surface 
(provided that the problems of configurational factors connected with the 
arrangement of adsorption sites [41] are ignored). 

Obviously, the molar thermodynamic characteristics of this equilibrium 
mixture of isomers will be different from those of the individual isomers. 
For this reason, the notions of overall and partial terms were introduced 
[37-401. Consideration of the isomerism contributions to the values of 
thermodynamic quantities has also been introduced in terms of the dif- 
ferences between the molar thermodynamic term corresponding to the 
equilibrium isomeric mixture considered and the molar term corresponding 
to the isomer 1 [37-401; these isomerism contributions are then denoted as 
relating to structure 1 as the reference species, SnXr@@. Our attention is 
focused primarily on the contributions to enthalpy ( X = H), entropy ( X = S) 
and heat capacity at constant pressure (X = C,). In the last case it is [37-401 

8”C&y = t wi AC; + --$ (2) 
i=l 

I? W,(AHi”)‘- [ :lY AK-]‘i 
i=l 

where ACPy denotes the differences in molar heat capacity between the i th 
and the first isomers, and AH,* are the analogous differences in the 
enthalpy term (at a general temperature, in contrast to the AH$ terms 
which effectively correspond to the absolute zero temperature). 

RESULTS AND DISCUSSION 

Figure 1 presents the temperature courses of the molar fractions, wi. A 
distinct feature of these courses is the interchange of the relative stabilities 
of hexasilabenzene and hexasilaprismane (the third isomer appears to be 
insignificant throughout the temperature interval studied [35]). These inter- 
changes are detailed in Table 1; for the scaled vibrational set [9], interchange 
occurs near room temperature in both the AR and SR approximations. 

Figure 2 presents the temperature courses of the isomerism contribution 
to heat capacity related to hexasilaprismane as the reference structure, these 
courses being given for both vibrational sets of hexasilabenzene [9] and for 
both AR and SR approximations. In all four cases the isomerism contribu- 
tions show extremal temperature courses with a distinct maximum lying at a 
temperature somewhat lower than that corresponding to the relative stability 
interchange, see Table 2. The values of the isomerism contributions to heat 
capacity found for the S&H, system are indeed high (the highest reported in 
the literature so far [37-401); this is indicated by the comparison of the 
overall heat capacity term with its value for hexasilaprismane (Table 2). In 
terms of the AR approach, the isomerism contribution is 36.5 and 51.6% of 
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Fig. 1. Temperature evolution of molar fractions, 4, of hexasilaprismane and hexasilaben- 
zene in various approximations. The order of the equimolarity points reads from left: scaled 
and AR, scaled and SR, unscaled and AR, unscaled and SR (at low temperatures hexa- 
silaprismane is always more stable while the third isomer, hexasila-Dewar benzene, is 

negligible, see Table 1). 

the total CP* value for the unscaled and scaled vibrational set [9], respec- 
tively (at the temperature at which the maximum is reached for the S3C$s”’ 
term). 

Although the values of the isomerism contribution to heat capacity are 
lower in the SR approximation than in the AR approximation, the lowering 
is relatively small. This indicates the importance of the contributions of 
vibrational motion which are more different between the two isomers than 
are the rotational terms. The differences in vibrational frequencies of low 

TABLE 1 

Temperature positions of the relative stability interchanges between hexasilaprismane (Ds,,) 
and hexasilabenzene ( DJd) in various approximations 

Approximation T(R) wD,h 6%) wD,, @> WC,, = (W 

Unscaled and AR 627 50.0 50.0 4x10-9 
Unscaled and SR 675 50.0 50.0 7x10-9 
Scaled and AR 340 50.0 50.0 2x10-19 
Scaled and SR 360 50.0 50.0 1 x lo-r8 

a Hexasila-Dewar benzene. 
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Fig. 2. Temperature evolution of the isomerism contribution, &C$“), to heat capacity (related 
to hexasilaprismane); the order of maxima reads from left: scaled and AR, scaled and SR, 
unscaled and AR, unscaled and SR (see Table 2). 

TABLE 2 

Positions of the maxima in the 8,C$“) term a and comparison with the corresponding overall 
term belonging to the equilibrium isomeric mixture b 

Approximation T (K) s,c$’ 
(J K-’ mol-‘) 

c,” 
(J K-r mol-‘) 

s,c$‘/cr* ( W) 

Unscaled and AR 588 123 337 36.5 
Unscaled and SR 627 108 292 = 36.9 
Scaled and AR 328 180 348 51.6 
Scaled and SR 347 164 305 c 53.8 

a Related to hexasilaprismane as the reference isomer 1. 
b Corresponding to 1 mol of hexasilaprismane, hexasilabenzene and hexasila-Dewar benzene. 
’ Both the rotational and translational contributions are suppressed. 

values are particularly critical: these primarily compensate 
value of the AHoT term. 

CONCLUDING REMARKS 

for the higher 

The present study is important as it demonstrates the possible high values 
of the isomerism contribution rather than predicting the precise values of the 
thermodynamic characteristics of the S&H,(g) system. This latter goal is 
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unattainable at present because the computational description of the sta- 
tionary points of the hypersurface is insufficiently accurate [9,25]. Neverthe- 
less it is clear that isomerism contributions can assume such high values that 
they could affect the presentation of data in thermodynamic tables (it would 
be desirable to give the overall terms as well as the partial ones), the 
comparison of theory and observation, or predictions of observed values. 

Although the transition to partition functions of higher quality than 
RRHO also makes the isomerism contribution values more accurate, their 
importance is not diminished and nor are qualitative features such as the 
extremal temperature course observed with the 8&$@ term. Nevertheless, 
this treatment of isomerism effects is connected with a number of concep- 
tual problems. The accessibility of conditions of thermodynamic equilibrium 
presupposes a reasonably high separation of the potential barriers. If, 
however, these barriers are too low, it could be difficult to distinguish the 
individual structures and to assign energy states to these structures. It seems 
relevant to mention here the studies [42-461 concerning the basic differences 
between symmetrical and asymmetrical double-minimum potentials with, 
for example, regard to tunnelling or state localization. These results 
strengthen the possibility of distinguishing structures separated by even 
relatively low barriers, presuming a distinct difference from the symmetrical 
double-well potential. 

The applicability of eqn. (2), moreover, gives rise to questions concerning 
the limits of establishing thermodynamic equilibrium. It is presumed that 
thermodynamic equilibrium is established sufficiently fast to follow a tem- 
perature change. If wi were unable to follow the temperature change 
sufficiently fast, the last term of eqn. (2) would be irrelevant. This rate of 
re-establishment of thermodynamic equilibrium must be understood with 
respect to the time scale of the technique used in the observation; see refs. 
37-41. 

A limiting case of the relatively rigid structures considered here is repre- 
sented by the fluxional behaviour of systems which, at present, is studied in 
the case of clusters [47-511. This limiting case indicates the importance of 
considering the entire potential energy hypersurface, rather than its isolated 
harmonic wells. Of course, so far the only computationally feasible altema- 
tive for the chemical systems exemplified by Si,H, consists in the method 
presented, of weighting the contributions of individual local minima; this 
can be considered a particularly easy way of including hypersurface topol- 
ogy in thermodynamic values. 
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