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The available data for determining the thermochemical parameters for Si2F6 and SiF4
has been assembled. With this information, the thermochemical functions for Si2F6 and
SiF4 have been calculated as ideal gases in the harmonic oscillator approximation. These
results are presented in the format of the NIST–JANAF Thermochemical Tables, as well
as in the format of the CHEMKIN Thermochemical Database. Using the vapor pressure
data, the thermochemical parameters for Si2F6 in the solid phase and SiF4 in both the
solid and liquid phases have been calculated. These results are compared with available
experimental and calculated data. The earlier results are in good agreement with our
results. However, the Si2F6 results were not previously available in the JANAF format,
and the results for both species are on a much firmer footing with the new experimental
data we used. The anharmonicity constants measured earlier for SiF4 permitted a deter-
mination of the effect of anharmonicity on the thermochemical properties for this species.
For this species at least, the harmonic oscillator approximation is very good. Differences
between the harmonic and anharmonic calculations were only significant at temperatures
above 1000 K. ©2001 American Institute of Physics.
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1. Introduction

The thermal and photochemical reactions of Si2F6 have
received attention in recent years because of the potentia
of the molecule in some significant applications. The first
J. Phys. Chem. Ref. Data, Vol. 30, No. 1, 2001
se
f

these is as a reagent for deposition of thin films of silicon,1–4

while the second is silicon isotope separation by infra
multiple-photon dissociation.5–9 This species has also bee
recognized as a photolytic source of SiF2.

10,11 Information is
available on the thermochemical functions of this spec
but more recent spectroscopic data on the Si2F6 molecule
suggests an improved calculation of its thermochem
functions. The thermochemical functions are essential
any chemical kinetic or equilibrium modeling of chemic
processes involving this species.

The species SiF4 also has many applications. The mo
important application is a silicon source for chemical vap
deposition.12 It is also a product of many reactions of Si2F6.
These applications and reactions make knowledge of its t
mochemical functions essential as well. Its thermochemis
is reasonably well understood, but some prec
spectroscopic13 and calorimetric14 measurements, reporte
since the previous evaluations were made, make possib
confirmation of the thermochemical functions.

The information necessary for calculation of the compl
sets of thermochemical functions for the gas phases of th
species in the harmonic oscillator approximation includ
molecular weight of the species; structure~or rotational con-
stants! of the molecule; enthalpy of formation of the speci
at one temperature; complete set of fundamental vibratio
frequencies for the species; rotational symmetry for the m
ecule; internal rotation barrier when one exists; standard s
entropy of the constituent atoms; and standard state enth
of the constituent atoms.

Another potential contributor to the thermochemical p
rameters is electronically excited states of the molecu
Neither of these two species have any low-lying electro
states, so no contribution of electronic states is included.
calculation of the temperature dependence of the parame
for polyatomic molecules normally relies on the harmon
oscillator approximation. The reason for the use of this
proximation is: first, it seems to work well; second, the s
tistical mechanical expressions for the temperature dep
dence of heat capacity, entropy, and enthalpy are particul
simple ~see Sec. 3.1!; third, complete sets anharmonicit
constants~second order! are available for only a few large
molecules. The species SiF4 is one of those for which those
constants have been measured. One can take the calcu
of the thermochemical functions for this species to the n
level of approximation by calculating them directly from
their definition in terms of the vibrational partition function
We do this in Sec. 5.3. This calculation not only provides
estimation of the effect of molecular anharmonicity on tho
functions, but also allows us to evaluate the correctnes
the harmonic oscillator approximation for polyatomic mo
ecules. Calculation of the effect of anharmonicity on t
thermochemical functions requires the complete list enum
ated above for the harmonic oscillator approximation, p
the complete set of anharmonicity constants, including
cross terms.

Less information is available on the thermochemical fun
tions of the condensed phases of these two species. The
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phase functions, in connection with available vapor press
data, allow the estimation of the entropy and enthalpy
formation for the condensed phases of these two silicon fl
rides. Some experimental heat capacity data is also avail
for both the solid15 and liquid16 phases of SiF4.

2. Current Status of Experimental
and Theoretical Data

2.1. Disilicon Tetrafluoride

Ho and Melius17 have calculated the enthalpy of formatio
for Si2F6 at 298.15 K. Two other calculations18,19are consis-
tent with that value. They have also reported the entropy,
heat capacity, and the temperature dependence of the G
energy of the molecule. These were based on their own
culation of bond strengths and fundamental vibrational f
quencies for Si2F6. Some of the fundamental vibrational fre
quencies for Si2F6 were available from earlier experiment
measurements. The more recent work of Tosaet al.20,21gives
a complete experimental set of accurate values of these
quencies. These make possible the calculation of accu
thermochemical parameters for the ideal gas in the harm
oscillator approximation. The latter paper21 also has a sug
gested height for the barrier to internal rotation about
Si–Si bond of Si2F6. The hindered rotation influences th
heat capacity, entropy, and other thermochemical par
eters. That barrier (6.3460.24 kJ/mol) is substantially highe
than an earlier electron diffraction measurement22 (2.59
60.46 kJ/mol). It is also substantially lower than a calcu
tion of the barrier in the same paper (10.0460.84 kJ/mol)
using the CNDO/2 approximation.22 We use the value for the
barrier height suggested by Tosaet al.21 The thermochemica
parameters for Si2F6 may also be calculated from the co
stants available in the THERMO.DAT file of the CHEMKIN
database.23 The information in that database probably cam
from the calculations of Ho and Melius.17 Melius was at the
Combustion Research Laboratory, Sandia Livermore
tional Laboratory, when the paper was published, which
the organization that produced CHEMKIN. The National I
stitute of Science and Technology~NIST! also has an online
data source,24 which has some Si2F6 thermochemistry. Its
source is CHEMKIN.

2.2. Silicon Tetrafluoride

Contrary to the situation for Si2F6, thermochemical func-
tions for the species SiF4 are available in the NIST–JANAF
Thermochemical Tables.25 Some additional spectroscop
measurements13 have been made on that species, and a
consideration of the effect of those measurements on
thermochemical functions is appropriate. An improved ca
rimetric measurement of the enthalpy of formation of S4
has also been made.14 Wise et al.26 made the measuremen
of the enthalpy of formation on which the values in the c
rent NIST–JANAF Thermochemical Tables25 are based.
These measurements also seem to be the major sourc
enthalpies of formation in other compilations.18,19 They all
re
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agree that the enthalpy of formation of SiF4 at 298.15 K is
the value initially measured by Wiseet al.,26 1614.94
60.79 kJ/mol. Confusion about the enthalpy of formation14

of SiO2 brought that value into question. Therefor
Johnson,14 of the same laboratory, did another direct me
surement of the enthalpy of formation of SiF4 from the ele-
ments. He also had some questions about the heat prod
by a reaction of fluorine during the calorimetric measu
ment. He made a correction for that reaction and found t
the new value for the enthalpy of formation of SiF4, in the
gas phase was

D fH
0~298.15!5~21615.7860.46!kJ/mol, ~1!

which he believes to be more accurate. It still falls within t
error bars of the initial measurement. This value has b
accepted as the basis for our calculations of the enthalpie
formation of SiF4 at all temperatures.

The infrared spectroscopic measurements and analysi
SiF4 by McDowellet al.13 not only gives accurate fundamen
tal vibrational frequencies for the molecule, but it also giv
all of the anharmonicity constants. Recently, Wanget al.27

have calculated the structure and spectroscopic constan
SiF4, including all vibrational frequencies and anharmonic
constants. They used the highly accurate coupled-clu
single double~triple! method for these calculations. The
values are consistent with the experimental values of M
Dowell et al.13 The calculated values27 for the vibrational
frequencies are within the experimental error bars.13 Most of
the anharmonicity constants are as well. Using the calcula
constants27 would not appreciably change the results that
presented in Sec. 5.3.

The NIST–JANAF Thermochemical Tables25 also contain
functions for the lower silicon fluorides: SiF3, SiF2, and SiF.
Although there are some additional calculations11,21,22 and
measurements28 of the bond strengths for these silicon flu
rides, it does not appear that any recalculation of their th
mochemical functions is necessary. They seem to be s
ciently accurate as they stand.

2.3. Condensed Phases

The condensed phases of Si2F6 and SiF4 are not as well
understood. Some experimental information is available t
allows estimation of the thermochemical parameters for
solid phase of Si2F6 and both the liquid and solid phases
SiF4.

Si2F6 has no liquid phase at atmospheric pressure. Con
quently, we only consider the solid phase thermochem
parameters for Si2F6. Vapor pressure measurements29 over
the solid allow determination of the enthalpy and entropy
sublimation for the species. These in turn, with the therm
chemical parameters for the ideal gas, enable us to calcu
the entropy and enthalpy of formation for solid Si2F6 in the
temperature range near its sublimation temperature. One
obtain the heat capacity from the enthalpy function. Ph
change temperatures are also available for the species.29
J. Phys. Chem. Ref. Data, Vol. 30, No. 1, 2001
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The liquid phase of SiF4 is also nonexistent at atmospher
pressure; however, both heat capacity and vapor pres
data are available for both the solid phase and for the liq
phase at pressures higher than atmospheric. Therefore
present thermochemical parameters for both phases.
and Moser15 reported a careful measurement of the satura
heat capacity for SiF4 from a temperature of 15 K up throug
the triple point and into the liquid phase. They also obtain
a precise value of the triple point,186.35 K. Touloukian a
Buyco30 also has a table and a graph of the constant pres
heat capacity of SiF4, which is attributed entirely to Pace an
Moser;15 however, the values have what appears to be
error in compiling the table which results in some of th
heat capacity values being lower than those of Pace
Moser15 between 83 and 152 K. This error led the authors
assign a phase transition to SiF4 at 83 K. The values in Pac
and Moser15 are correct, those in Touloukian and Buyco30

are only correct at the temperature extremes. Yawset al.16

have also measured the heat capacity for liquid SiF4 to much
higher temperatures.

The phase-change temperatures for SiF4 are reported in
the CRC Handbook.31 However, this Handbook relies on th
early work of Stull29 and is not correct. The phase chan
temperatures of Pace and Moser15 are more reliable.

Kalish and Tabachnikov32 have analyzed the available va
por pressure data to 1982 for SiF4 and have concluded tha
the most correct data are from Pace and Moser.15 They also
speak highly of the early work of Ruff and Asher33 over
solid SiF4 at low temperature and that of Booth an
Swinehart34 at high temperature~and high pressure! over liq-
uid SiF4. They discount the measurements of Stull,29 which
appear to be low in the region of the triple point. Stull29 has
vapor pressure measurements over a range of tempera
These are also the data in the ‘‘Vapor Pressure’’ section
the CRC Handbook,31 which are also incorrect. The sectio
entitled ‘‘Sublimation Pressure of Solids’’ gives the sublim
tion pressure of SiF4 over the same temperature range. The
data have at least some contribution from the experiment
Pace and Moser15 and appear to be much more correct. T
measurements of Panode and Papish35 in the temperature
range near the triple point appear to be uniformly high a
are probably contaminated by some volatile impurity. T
much earlier compilation of vapor pressure data from
International Critical Tables36 give a value for the triple
point and few values of the vapor pressure of SiF4. Those
agree qualitatively with later work, but they are much le
precise and are not considered in this paper. We agree
the assessment of Kalish and Tabachnikov32 and have used
that vapor pressure information to estimate the enthalpy
entropy changes for vaporization of the condensed phas

The CHEMKIN23 chemical kinetic package has constan
for calculation of thermochemical function for SiF4. These
are based on the NIST–JANAF Thermochemical Tables25

3. Approach

The values of the different thermochemical functions
calculated by following the procedures for polyatomic m
J. Phys. Chem. Ref. Data, Vol. 30, No. 1, 2001
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ecules in the introduction to the NIST–JANAF Therm
chemical Tables.25 The thermochemical functions for gas
eous polyatomic molecules and statistical mechan
expressions follow. These expressions all rely on the sta
tical mechanical relationship between the vibrational pa
tion function and the thermochemical functions. Statisti
mechanics texts37,38 give more detail on the derivation o
these expressions.

3.1. Formulas for the Thermochemical Functions
for Gas-Phase Species

3.1.1. Heat Capacity

For heat capacity

Cp
0/R55/213/21(

i 51

n

ui
2e2ui/~12e2ui !2. ~2!

The first term is the translational contribution; the seco
the rotational contribution; and the third, the vibrational co
tribution.R is the gas constant; the sum is over each of thn
vibrational modes of the molecule; andui for each vibra-
tional mode is

ui5c2 n i /T. ~3!

The constantc25hc/k51.438 764 5, andn i is the funda-
mental vibrational frequency~wave number! of the i th mode.

3.1.2. Enthalpy

The temperature dependence of the enthalpy is a sim
expression

@H0~T!2H0~298.15!#/RT

55/213/21(
i 51

n

uie
2ui/~12e2ui !. ~4!

3.1.3. Entropy

For entropy, the translation contribution is

St
0/R53/2 lnMr15/2 lnT1 ln k/p0~2pk/Nh2!3/2,

~5!

whereMr is the molecular weight,k is the Boltzmann con-
stant,p0 is the standard state pressure~0.1 MPa!, andh is
Planck’s constant. The rotational contribution is

Sr
0/R53/213/2 lnT11/2 ln@p/~s2I aI bI c!#, ~6!

wheres is the rotational symmetry parameter andI aI bI c is
the product of the three moments of inertia. These are rela
to the rotational constants by

I b5h/8p2B, ~7!

whereB is the rotational constant.
The vibrational contribution for each fundamental vibr

tional mode is

Svi
0 /R5uie

2ui/~12e2ui !2 ln~12e2ui !. ~8!
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The total entropy is the sum ofSvi
0 for each fundamenta

vibrational mode plusSt
0 and Sr

0 as given in Eqs.~5!, ~6!,
and ~8!.

3.1.4. Gibbs Energy Function

The temperature dependence of the Gibbs energy func
is

@G0~T!2H0~298.15!#/T

52S0~T!1@H0~T!2H0~298.15!/T. ~9!

3.1.5. Enthalpy of Formation

The temperature dependence for the enthalpy for for
tion requires the value of the enthalpy of formation at o
temperature, the enthalpy for the compound@Eq. ~4!# and the
enthalpy for the elements

D fH
0~T!5D fH

0~298.15!1@H0~T!2H0~298.15!#compound

2( @H0~T!2H0~298.15!#elements. ~10!

3.1.6. Gibbs Energy of Formation

The Gibbs energy of formation is

DG0~T!5D fH
0~T!2T@S0~T!compound2DS0~T!elements#.

~11!

The enthalpy and entropy information for the elements
and F is available in the NIST–JANAF Thermochemic
Tables.25

3.1.7. Equilibrium Constant

The parameter2 logKeq is the negative logarithm of the
equilibrium constant for formation of the species from
elements in their standard state. It is just

2 logKeq5D fG
0~T!/RT. ~12!

3.1.8. Hindered Rotation

We also find it necessary to account for the effect of
hindered rotation about the Si–Si bond in Si2F6. The proce-
dure we used is that suggested by McClurg,et al.39 It formu-
lates an approximate partition function that fits the exact c
culation well for either a low or high rotational barrier. Th
single parameter necessary for calculation of the effec
hindered rotation isr , the ratio of the rotational barrie
height to the harmonic oscillator frequency of the vibration
mode that becomes the hindered rotation. The correctio
the heat capacity for that mode is

DCv /R521/21z2/2$122@ I 1~z!/I 0~z!#21I 2@z#/I 0@z#%,

~13!
where
on

a-
e

i
l

e

l-

f

l
to

z5r /2Q, ~14!

and

Q5kT/hn5T/~c2•nh!. ~15!

The frequencynh is that of the vibrational mode that be
comes the hindered rotation. The Mathieu functions40 in Eq.
~13! are

I v~x!5 (
k50

`

~x/2!n12k/~k! ~k1n!! ! for x,3.75

~16!

and

I v~x!5exp~x!/~2px!1/2(
k50

`

~~21!kG~n1k11/2!!/

~2x!kk!G~n2k11/2!) ~17!

for x.3.75. A correction similar to Eq.~13! for the enthalpy
is

D@H0~T!2H0~298.15!#/RT

521/221/~2116r !/Q1z$12I 1@z#/I 0@z#%. ~18!

~We note that the enthalpy expression is not correct
the original reference.39 It is correct here.41! The entropy
correction is

DS/R521/21z$11I 1@z#/I 0@z#%2z

1 ln@~2pz!0.5I 0~z!#. ~19!

The physical constants necessary for calculation of the t
mochemical functions of ideal gas polyatomic molecules
the harmonic oscillator approximation are listed in Sec. 1

3.2. Thermochemical Functions
in CHEMKIN Format

For modeling applications, the thermochemical functio
are often expressed in polynomial form for use in applic
tions such as CHEMKIN. The approach23 for obtaining these
constants is first to fit the heat capacity to the followi
five-parameter polynomial

Cp /R5a11a2T1a3T21a4T31a5T4. ~20!

We then solve the enthalpy equation

H0/R5a11a2/2T1a3/3T21a4/4T31a5/5T41a6 /T
~21!

for the constanta6 with the added information of the valu
of D fH

0(298.15). Finally, we solve the entropy equation

S0/R5a1 ln T1a2T1a3/2T21a4/3T31a5/4T41a7
~22!
J. Phys. Chem. Ref. Data, Vol. 30, No. 1, 2001
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for the constanta7 with the added information of the valu
of S0(298.15). It is best to obtain the set of constants
both low and high temperature ranges. The common t
perature is most often 1000 K. We use that temperature
the values presented in this paper.

3.3. Thermochemical Functions Corrected
for Anharmonicity

Few molecules have had sufficiently complete infrar
analysis to determine the effect of the harmonic oscilla
approximation on the thermochemical functions of a po
atomic molecule. McDowell,et al.13 have made the neces
sary analysis to allow making the evaluation for SiF4. We
may not use Eqs.~2!–~12! to calculate the effect of molecu
lar anharmonicity on the thermochemical functions. Tho
equations are based on statistical mechanical partition fu
tions, which follow directly from the harmonic oscillator ap
proximation. We can, however, obtain the vibrational part
the partition function, and hence the thermochemical fu
tions, from a direct count of vibrational states. The vib
tional part of the partition function is just

qv5 (
k51

`

gk exp~2Ek /kT!. ~23!

The sum is over all vibrational states of the molecule. O
can calculate the energies of those statesEk from the funda-
mental vibrational frequenciesn i and the anharmonicity con
stantsXi j . The vibrational energy13 of statek, correct to
second order, is

Ek5(
i 51

n

v i1(
i 51

n

Xii n i~n i1di !~1/2!

3(
i 51

n

(
j Þ i

n

Xi j n i~n j1dj !1W8, ~24!

wheren is the number of vibrational modes of the molecu
n i is the vibrational quantum number of vibrational modei ,
di is the degeneracy of vibrational modei , v i is the vibra-
tional frequency, andW8 is all of the second order shifts an
splittings of the state. We ignoreW8 for this calculation. The
effective harmonic vibrational frequency,v i

0, for modei is
related to this set of constants by

v i
05v i1Xii di1~1/2!(

j Þ i

n

Xi j dj . ~25!

The constantn54 is the number of vibrational modes. Th
is the frequency of the transition fromn i50 to n i51 with
n j50 for j Þ i . It is the observed vibrational frequency us
in the calculations for the harmonic oscillator approximatio
Using Eq.~25! and neglectingW8 simplifies Eq.~24! as

Ek5(
i 51

n

v i
0n i1 (

i ,5 j

n

Xi j n in j , ~26!
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wheren is the number of vibrational modes. We use Eq.~26!
to obtain the state energies for the vibrational partition fu
tion @Eq. ~23!#. The state degeneracies,gk , in Eq. ~23! are
simple functions of the mode degeneraciesdj and the vibra-
tional quantum numbersn j in Eq. ~24!

gk5)
i 51

n

$~n i1di21!!/ @n i ! ~di21!! #%. ~27!

In this expression ‘‘i ’’ indexes then ~four! vibrational quan-
tum numbers. The degeneracy of statek is then the product
of four factors that follow from the vibrational quantum
numbers and the mode degeneracies. Calculation ofqn @Eq.
~23!# requires counting all of the vibrational states by co
sidering all combinations of the four quantum numbers. T
number of states counted is up to the energy where the s
have no more significance at the highest temperatures
sidered. We performed this count for all vibrational states
to a total vibrational energy of 100 000 cm21.

4. Thermochemical Parameters for Si 2F6

4.1. Thermochemical Parameters
for Si 2F6 „Ideal Gas …

4.1.1. Parameters in NIST–JANAF Thermochemical
Tables Format

Given the above expressions@Eqs.~2!–~19!# and the mo-
lecular properties called for in those equations~Table 1!, the
thermochemical parameters for Si2F6 ideal gas are calcu
lated. The results are given in Table 2 the format of t
NIST–JANAF Thermochemical Tables.25 The calculations
include the effect of the hindered rotation about the Si–
bond. Figure 1 shows that the hindered rotation effects
heat capacity most at high temperature. The limiting corr
tion at high temperature is21/2 R. The hindered rotation
increases the heat capacity@Eq. ~13!# at low temperature and
decreases the heat capacity at high temperature. It has a
lar effect on the enthalpy and entropy functions@Eqs. ~18!
and ~19!#.

4.1.2. Parameters in CHEMKIN Format

Table 3 gives the constants that produce the thermoche
cal parameters for Si2F6 ~ideal gas! in the format of the
CHEMKIN parameters, Eqs.~20!–~22!.

To see how these calculations compare with the therm
chemical parameters given in the earlier version23 of the
CHEMKIN parameters we plot both the heat capacity a
the entropy for the molecule. Figure 1 shows the compari
of the heat capacity and Fig. 2 shows a comparison of
entropy. We note that the values of the heat capacity
nearly identical, but the CHEMKIN values are higher by
small amount. It appears~Fig. 1! that the CHEMKIN formu-
las included the hindered rotation effect because the h
capacity is correct in the high temperature limit. Th
CHEMKIN values for entropy~Fig. 2! are also higher over
the same temperature range.
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TABLE 1. Parameters for calculation of the thermochemical properties for Si2F6 ~ideal gas!

Parameter Symbol Value da Reference

Molecular weight Mr 170.161 — 31

Rotational constants A 0.06875 — 21

Bb 0.03194 — 21

Vibrational frequencies/cm21 n1 915 1 21

n2 545 1 21

n3 218 1 21

n4 38 1 21

n5 823.6 1 21

n6 406 1 21

n7 991.6 2 21

n8 310 2 21

n9 103 2 21

n10 979 2 21

n11 340 2 21

n12 203 2 21

Barrier for internal rotation W 530620c — 21

Enthalpy of formation, 298.15 K D fH
0 2569.6263.47d — 17

Symmetry parameter s 6 — 17

aDegeneracy of the vibrational modes.
bThe molecule is a symmetric top, the rotational constantC5B.
ccm21.
dkcal/mol. The value in Pedley and Iseard18 is 2565.5668.17 kcal/mol and McClurg41 gives an upper limit of
2558.56 kcal/mol. Both are consistent with the value in the table.
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We can trace the difference between our parameters
those of CHEMKIN to differences in the vibrational freque
cies. As we noted above the CHEMKIN source is the cal
lations of Ho and Melius.17 An individual comparison of
each of the experimental vibrational frequencies in Tabl
~from Tosaet al.21! with the calculated vibrational frequen
cies of Ho and Melius17 indicates that each of the experime
tal frequencies exceeds the corresponding calculated
quency. The average experimental frequency21 is 4.6%
greater than the corresponding calculated value.17 The largest
deviation is for the lowest frequency. The lowest experim
tal frequency (38 cm21) is 60% greater than the lowest ca
culated frequency.

4.2. Thermochemical Parameters for Si 2F6 „Solid …

4.2.1. Vapor Pressure of Si 2F6

The vapor pressure over solid Si2F6 has been reported b
Stull.29 Figure 3 shows the vapor pressure over the temp
ture range of the experiments of Stull.29 The enthalpy and
entropy changes for sublimation follow directly from tho
measurements using the Clapeyron–Clausius38 equation

DSs5171.878 J/K/mol ~28!

and

DHs543.674 kJ/mol. ~29!
nd

-

1

e-

-

a-

4.2.2. Parameters for Si 2F6 „Solid …

Using the values given in Eqs.~28! and~29! with the Si2F6

~ideal gas! thermochemical parameters in Table 2, the e
tropy, enthalpy of formation, and Gibbs energy function f
Si2F6 ~solid! are calculated. The heat capacity for Si2F6

~solid! follows directly from the temperature derivative o
the enthalpy function (H0(T)2H0(Tr)). Table 4 shows
these four functions fromT/K50 to T/K51500.

The boiling point29 for solid Si2F6 at a pressure of 1 bar i
254.3 K, which is below the melting point, 254.6 K. Thus, n
data are presented for liquid Si2F6.

5. Thermochemical Parameters for SiF 4

5.1. Thermochemical Parameters for SiF 4
„Ideal Gas …

5.1.1. Parameters in the NIST–JANAF
Thermochemical Tables Format

As we noted above, the thermochemistry of SiF4 is quite
well known. Newer spectroscopic measurements13 were not
available at the date of the SiF4 entry in the NIST–JANAF
Thermochemical Tables.25 The enthalpy of formation, deter
mined by Johnson,1 and given in Eq.~1! is used in these
calculations. The parameters for each isotopomer are ca
lated and then averaged over the natural isotope distribu
for the three silicon isotopes. Table 5 shows the parame
used for calculating the thermochemical parameters. The
sults for SiF4, as an ideal gas using the harmonic oscilla
J. Phys. Chem. Ref. Data, Vol. 30, No. 1, 2001
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TABLE 2. Thermochemical properties of disilicon hexafluoride~ideal gas! ~enthalpy reference temperature5Tr5298.15 K, standard state pressure5p0

50.1 MPa!

T/K

J K21 mol21 kJ mol21

log KfCp
0 S0

2@G02H0

(Tr)]/T
H02H0

(Tr) D fH
0 D fG

0

0 0.000 0.000 infinite 226.682 22377.061 22377.061 Infinite

100 76.707 278.148 492.223 221.408 22381.040 22356.977 1231.142

200 110.468 343.014 402.288 211.855 22382.632 22332.178 609.094

225 116.144 356.364 396.459 29.021 22382.873 22325.954 539.972

250 121.262 368.866 393.075 26.052 22383.053 22319.592 484.646

275 125.921 380.644 391.412 22.961 22383.191 22313.180 439.369

298.15 129.877 390.983 390.983 0.000 22383.290 22307.255 404.216

300 130.180 391.787 390.986 0.241 22383.298 22306.783 401.641

325 134.073 402.364 391.459 3.544 22383.378 22300.434 369.725

350 137.627 412.431 392.599 6.941 -2383.434 22294.119 342.374

375 140.863 422.037 394.240 10.424 22383.462 22287.769 318.665

400 143.805 431.225 396.270 13.982 22383.457 22281.242 297.896

450 148.898 448.467 401.125 21.304 22383.384 22268.566 263.325

500 153.087 464.379 406.665 28.857 22383.234 22255.707 235.649

600 159.395 492.884 418.716 44.501 22382.761 22230.241 194.157

700 163.759 517.802 431.129 60.671 22382.143 22204.869 164.527

800 166.857 539.883 443.369 77.211 22381.448 22179.589 142.311

900 169.116 559.673 455.212 94.015 22380.731 22154.402 125.037

1000 170.805 577.583 466.567 111.015 22380.025 22129.294 111.221

1100 172.095 593.925 477.413 128.163 22379.346 22104.252 99.921

1200 173.100 608.944 487.757 145.424 22378.721 22079.273 90.507

1300 173.897 622.832 497.620 162.776 22378.159 22054.344 82.543

1400 174.539 635.744 507.030 180.199 22377.672 22029.453 75.719

1500 175.064 647.804 516.018 197.680 22377.272 22004.596 69.805

1600 175.497 659.117 524.611 215.208 22376.963 21979.761 64.632

1700 175.859 669.767 532.840 232.777 22477.099 21954.047 60.040

1800 176.164 679.828 540.729 250.378 22476.518 21923.300 55.812

1900 176.424 689.360 548.303 268.008 22476.554 21893.191 52.047

2000 176.647 698.415 555.584 285.662 22475.371 21861.889 48.627

2100 176.840 707.038 562.592 303.337 22474.796 21831.231 45.549

2200 177.008 715.269 569.347 321.029 22474.210 21800.596 42.751

2300 177.154 723.141 575.864 338.737 22473.606 21769.991 40.197

2400 177.283 730.683 582.158 356.459 22472.974 21739.409 37.857

2500 177.398 737.922 588.245 374.194 22472.302 21708.863 35.704

2600 177.499 744.882 594.137 391.938 22471.584 21678.337 33.718

2700 177.590 751.583 599.845 409.693 22470.807 21647.841 31.879

2800 177.671 758.043 605.380 427.456 22469.968 21617.378 30.172

2900 177.744 764.279 610.752 445.227 22469.050 21586.948 28.584

3000 177.810 770.306 615.971 463.005 22468.055 21556.546 27.102

3100 177.870 776.137 621.044 480.789 22466.974 21526.180 25.716

3200 177.924 781.785 625.979 498.578 22465.803 21495.848 24.417

3300 177.974 787.261 630.784 516.373 22464.536 21465.549 23.197

3400 178.019 792.575 635.465 534.173 22463.166 21435.311 22.051

3500 178.060 797.735 640.028 551.977 22461.700 21405.097 20.970

3600 178.098 802.752 644.479 569.785 23228.424 21354.005 19.646

3700 178.133 807.632 648.822 587.597 23225.919 21301.968 18.380

3800 178.166 812.383 653.064 605.412 23223.312 21250.008 17.182

3900 178.196 817.012 657.209 623.230 23220.601 21198.110 16.047

4000 178.223 821.523 661.261 641.051 23217.786 21146.292 14.969

4100 178.249 825.925 665.224 658.874 23214.871 21094.534 13.944

4200 178.273 830.220 669.101 676.700 23211.849 21042.861 12.970
J. Phys. Chem. Ref. Data, Vol. 30, No. 1, 2001
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TABLE 2. Thermochemical properties of disilicon hexafluoride~ideal gas! ~enthalpy reference temperature5Tr5298.15 K, standard state pressure5p050.1
MPa!—Continued

T/K

J K21 mol21 kJ mol21

log KfCp
0 S0

2@G02H0

(Tr)]/T
H02H0

(Tr) D fH
0 D fG

0

4300 178.295 834.415 672.897 694.529 23208.730 2991.256 12.041

4400 178.316 838.515 676.615 712.359 23205.508 2939.722 11.156

4500 178.336 842.522 680.257 730.192 23202.186 2888.264 10.311

4600 178.354 846.442 683.827 748.026 23198.768 2836.888 9.503

4700 178.371 850.278 687.328 765.863 23195.255 2785.573 8.731

4800 178.387 854.033 690.762 783.701 23191.652 2734.341 7.991

4900 178.402 857.712 694.132 801.540 23187.954 2683.194 7.283

5000 178.416 861.316 697.440 819.381 23184.169 2632.104 6.603

5100 178.429 864.849 700.688 837.223 23180.302 2581.113 5.952

5200 178.442 868.314 703.878 855.067 23176.349 2530.168 5.326

5300 178.454 871.713 707.013 872.911 23172.316 2479.340 4.724

5400 178.465 875.049 710.094 890.757 23168.205 2428.547 4.145

5500 178.475 878.324 713.123 908.604 23164.017 2377.859 3.589

5600 178.485 881.540 716.102 926.452 23159.760 2327.239 3.052

5700 178.495 884.699 719.032 944.301 23155.431 2276.696 2.536

5800 178.504 887.803 721.915 962.151 23151.036 2226.213 2.037

5900 178.513 890.855 724.753 980.002 23146.572 2175.850 1.557

6000 178.521 893.855 727.546 997.854 23142.050 2125.527 1.093
J. Phys. Chem. Ref. Data, Vol. 30, No. 1, 2001
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FIG. 1. Heat capacity of Si2F6 ideal gas
up to 1000 K. The solid diamonds ar
the calculation of Cp without the hin-
dered rotation correction. The solid
squares~Table 2! are with the correc-
tion. The open circles are calculate
from the CHEMKIN constants.23 The
solid triangles are the hindered rota
tion correction, right axis.

FIG. 2. Entropy of Si2F6 ideal gas up to 1000 K. Solid squares indicate our calculation of the entropy~Table 2!, and the open squares are from the CHEMKI
constants of Leeet al.23

TABLE 3. Si2F6 ~ideal gas! coefficients, CHEMKIN format

Low ~100–1000 K! High ~1000–5000 K!

a1 5.52450090E100 1.84343713E101

a2 5.19161565E202 3.31723030E203

a3 27.49444734E205 21.41645424E206

a4 5.26341581E208 2.69792894E210

a5 21.45880530E211 21.90290332E214

a6 22.90035364E105 22.92978079E105

a7 2.96443224E100 26.05666535E101
J. Phys. Chem. Ref. Data, Vol. 30, No. 1, 2001
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FIG. 3. Sublimation pressure29 of
Si2F6.
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approximation@Eqs. ~2!–~12!#, are given in Table 6 in the
format of the NIST–JANAF Thermochemical Tables.25 The
values in Table 6 are very close to those in an ear
publication.25 The vibrational frequencies used in each c
culation differ slightly. The experimental values used in th
calculation are given in Table 5. The average frequency

TABLE 4. Thermochemical properties of disilicon hexafluoride~solid! ~en-
thalpy reference temperature5Tr5298.15 K, standard state pressure5p0

50.1 MPa!

J K21 mol21 kJ mol21

T/K Cp
0 S0 D fH

0 D fG
0

0 0.000 0.000 22420.735 22420.735
100 82.718 106.271 22424.713 22383.463
200 109.750 171.137 22426.306 22341.476
225 115.370 184.486 22426.547 22330.955
250 120.572 196.988 22426.727 22320.297
254.1 121.366 198.685 22426.739 22318.876
275 125.373 208.766 22426.865 22309.587
298.15 129.453 219.105 22426.964 22299.683
300 129.793 219.910 22426.971 22298.894
325 133.849 230.487 22427.052 22288.247
350 137.561 240.554 22427.108 22277.636
375 140.945 250.159 22427.136 22266.989
400 144.021 259.348 22427.131 22256.165
450 149.321 276.589 22427.058 22234.895
500 153.608 292.501 22426.908 22213.442
600 159.726 321.006 22426.435 22170.788
700 163.549 345.924 22425.817 22128.229
800 166.252 368.005 22425.122 22085.761
900 169.007 387.795 22424.405 22043.385

1000 172.988 405.705 22423.699 22001.090
1100 179.369 422.047 22423.020 21958.860
1200 189.323 437.066 22422.394 21916.693
1300 204.024 450.954 22421.833 21874.576
1400 224.645 463.866 22421.346 21832.498
1500 252.359 475.926 22420.946 21790.453
r
-

in

that table is lower than the frequencies used in the NIS
JANAF Thermochemical Tables25 by 0.6 cm21. This results
in a small increase in most of the thermochemical para
eters. Figure 4 shows the difference between the parame
in Table 6 and those in the NIST–JANAF Thermochemic
Tables.25 The figure shows the difference for heat capaci
entropy, and Gibbs energy function temperature depende
each of which has units of J/K/mol. For all three functio
and all temperatures the difference is in the range
20.1– 0.2 J/K/mol. We have attempted to determine the r
son for the higher values for the entropy difference and
the Gibbs energy function temperature dependence in Fig
The differences are about what one would expect if the
thors of the NIST–JANAF Thermochemical Tables used
standard state pressure of 1 atm instead of 0.1 MPa. The
MPa standard state pressure would increase the ent
about 0.11 J/K/mol@see Eq.~5!#. The additional difference
can be accounted for by the minor differences in vibratio
frequencies and averaging the parameters for the three
topes.

Figure 5 shows the difference for the functions with un
of kJ/mol, the enthalpy@H2H(Tr)#, the enthalpy of forma-
tion, and the Gibbs energy of formation. The enthalpy a
the enthalpy of formation differences are both similar
magnitude to those of the heat capacity~Fig. 4! if expressed
in similar units by dividing by temperature. These diffe
ences reflect the small spread in the fundamental vibratio
frequencies. The trend with temperature for the Gibbs ene
of formation follows from the difference we saw in the e
tropy function~Fig. 4!.

5.1.2. Parameters in CHEMKIN Format

Table 6 was also used to derive the coefficients in
format of the CHEMKIN thermochemistry databases f
J. Phys. Chem. Ref. Data, Vol. 30, No. 1, 2001
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TABLE 5. Parameters for calculation of the thermochemical properties for SiF4 ~ideal gas!

Parameter Symbol Value da Reference

Molecular weight Mr 104.0791b — 31

(Mr
32SiF45103.8913)

(Mr
33SiF45104.8913)

(Mr
34SiF45105.8913)

Rotational constant Bc 0.13814d — 25

Vibrational frequencies n1 800.6d 1 13

n2 264.2d 2 13
32SiF4 n3 1027.977d 3 13
33SiF4 1018.997d

34SiF4 1010.577d

32SiF4 n4 388.50d 3 13
33SiF4 386.95d

34SiF4 385.50d

Enthalpy of formation, 298.15 K D fH
0 2386.1860.11e — 14

Symmetry parameter s 12 — 25

aDegeneracy of the vibrational modes.
bg/mol.
cThe molecule is a spherical top, and the rotational constants are all equal.
dcm21.
ekcal/mol.
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SiF4 ~ideal gas!. The results are given in Table 7 for the tw
temperature regions above and below 1000 K. These c
stants differ by a small amount from those in the ear
CHEMKIN thermochemical database.23

5.2. Thermochemical Parameters for SiF 4
in Condensed Phases

5.2.1. Vapor Pressure of SiF 4

The vapor pressure of SiF4, the sources of which were
discussed above, provide a connection between the idea
thermochemical parameters and those of the conde
phases. Figure 6 shows the vapor pressure measuremen
both solid and liquid SiF4. The recommended values of Ka
ish and Tabachnikov,32 which is the solid line in Fig. 6, are
used. This gives values of the entropy and enthalpy of s
limation just below the critical point, 186.35 K, and the e
tropy and enthalpy of vaporization just above the critic
point. This, along with some additional phase change in
mation, is given in Table 8. The entropy and entha
changes are sufficiently precise to give some tempera
dependence away from the critical point.

5.2.2. Parameters for Condensed Phases in NIST–JANAF
Thermochemical Tables Format

With that dependence and the ideal gas thermochem
parameters of Table 6, the entropy and enthalpy of forma
for SiF4 in the two condensed phases at low temperatures
be obtained. Furthermore, with independent measurem
of the heat capacity for both solid15 SiF4 and liquid16 SiF4, a
full thermochemical table can be constructed. Figure 7 sh
the heat capacity results from those two sources. Tab
. Data, Vol. 30, No. 1, 2001
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gives the thermochemical parameters at selected temp
tures for SiF4 ~solid! and Table 10 gives the parameters f
SiF4 ~liquid!.

To show the differences among the three phases of S4,
the enthalpies of formation for the three phases in the te
perature range below 400 K are shown in Fig. 8.

5.3. Thermochemical Parameters for Anharmonic
SiF4 „Ideal Gas …

The effect of the measured13 anharmonicity for SiF4 is
calculated by counting the vibrational states and determin
both the energy and degeneracy of each state. Equation~26!
gives the energy and Eq.~27! the degeneracy of each of th
k states counted. Equation~23! gives the vibrational partition
function. It is assumed that the translational and rotatio
contributions to the partition function are unchanged by
molecular anharmonicity. Table 11 shows the anharmoni
parameters13 used in the calculations. The values of Wa
et al.27 are similar. Only their value forX14 (0.109 cm21)
differs significantly from those in Table 11. Again, as f
Table 6, the values obtained for the anharmonic assump
are an average over the natural distribution of silicon i
topes.

A direct count of the vibrational states up to an energy
100 000 cm21 was made. Figure 9 shows the density of v
brational states for both the harmonic and anharmonic
sumptions between 10 000 and 100 000 cm21. We note that
the density-of-states lines are about equal near 18 000 cm21,
but they spread to where they differ by about a factor of 2
the high energies. The zero values forX22 and for X24 and
the positive value forX14 are sufficient to make the anha
monic density of states at low energies lower than that of
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TABLE 6. Thermochemical properties of silicon tetrafluoride~ideal gas, harmonic oscillator! ~enthalpy reference temperature5Tr5298.15 K, standard state
pressure5p050.1 MPa!

T/K

J K21 mol21 kJ mol21

log Kf
Cp

0 S0
2@G02H0

(Tr)]/T
H02H0

(Tr) D fH
0 D fG

0

0 0.000 0.000 infinite 215.361 21610.273 21610.273 infinite

100 41.826 220.789 339.175 211.839 21612.831 21600.452 835.979

200 60.905 256.074 289.260 26.637 21614.666 21587.287 414.551

225 64.557 263.461 285.987 25.068 21615.011 21583.897 367.703

250 67.910 270.439 284.087 23.412 21615.307 21580.411 330.204

275 71.007 277.059 283.149 21.675 21615.566 21576.876 299.514

298.15 73.666 282.905 282.905 0.000 21615.780 21573.594 275.683

300 73.870 283.361 282.907 0.136 21615.797 21573.332 273.938

325 76.509 289.380 283.175 2.017 21616.002 21569.799 252.298

350 78.936 295.140 283.825 3.960 21616.186 21566.273 233.750

375 81.160 300.663 284.765 5.962 21616.345 21562.719 217.672

400 83.193 305.967 285.925 8.017 21616.476 21559.064 203.590

450 86.735 315.976 288.715 12.268 21616.683 21551.923 180.140

500 89.672 325.272 291.912 16.680 21616.822 21544.665 161.368

600 94.130 342.040 298.900 25.884 21616.940 21530.219 133.216

700 97.240 356.798 306.139 35.461 21616.915 21515.766 113.106

800 99.461 369.935 313.307 45.302 21616.801 21501.322 98.025

900 101.087 381.749 320.267 55.334 21616.640 21486.898 86.296

1000 102.305 392.465 326.959 65.506 21616.460 21472.492 76.914

1100 103.238 402.262 333.366 75.785 21616.275 21458.103 69.239

1200 103.967 411.277 339.488 86.147 21616.104 21443.732 62.843

1300 104.545 419.623 345.335 96.574 21615.957 21429.375 57.432

1400 105.011 427.388 350.922 107.052 21615.842 21415.027 52.795

1500 105.392 434.646 356.264 117.573 21615.767 21400.687 48.776

1600 105.708 441.459 361.378 128.129 21615.735 21386.349 45.259

1700 105.971 447.875 366.279 138.713 21665.926 21371.564 42.142

1800 106.193 453.939 370.982 149.322 21665.757 21354.256 39.299

1900 106.383 459.686 375.501 159.951 21665.897 21337.259 36.763

2000 106.545 465.147 379.848 170.597 21665.427 21319.660 34.466

2100 106.686 470.348 384.035 181.259 21665.258 21302.377 32.394

2200 106.808 475.314 388.072 191.934 21665.081 21285.100 30.512

2300 106.915 480.064 391.969 202.620 21664.891 21267.832 28.793

2400 107.009 484.617 395.735 213.316 21664.682 21250.571 27.218

2500 107.093 488.987 399.378 224.022 21664.444 21233.324 25.769

2600 107.167 493.189 402.906 234.735 21664.176 21216.083 24.431

2700 107.233 497.234 406.325 245.455 21663.868 21198.854 23.193

2800 107.292 501.135 409.642 256.181 21663.518 21181.639 22.043

2900 107.345 504.901 412.862 266.913 21663.115 21164.437 20.974

3000 107.393 508.541 415.991 277.650 21662.660 21147.249 19.975

3100 107.437 512.063 419.034 288.391 21662.148 21130.077 19.041

3200 107.477 515.475 421.995 299.137 21661.574 21112.921 18.166

3300 107.513 518.783 424.878 309.887 21660.936 21095.781 17.345

3400 107.546 521.993 427.687 320.640 21660.230 21078.673 16.572

3500 107.576 525.111 430.426 331.396 21659.459 21061.578 15.843

3600 107.604 528.142 433.099 342.155 22042.765 21034.044 15.003

3700 107.630 531.090 435.707 352.916 22041.439 21006.040 14.203

3800 107.653 533.961 438.255 363.681 22040.045 2978.077 13.444

3900 107.675 536.757 440.745 374.447 22038.580 2950.146 12.726

4000 107.695 539.484 443.180 385.216 22037.045 2922.261 12.043

4100 107.714 542.143 445.561 395.986 22035.444 2894.407 11.395

4200 107.732 544.739 447.892 406.758 22033.770 2866.600 10.778
J. Phys. Chem. Ref. Data, Vol. 30, No. 1, 2001
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TABLE 6. Thermochemical properties of silicon tetrafluoride~ideal gas, harmonic oscillator! ~enthalpy reference temperature5Tr5298.15 K, standard state
pressure5p050.1 MPa!—Continued

T/K

J K21 mol21 kJ mol21

log KfCp
0 S0

2@G02H0

(Tr)]/T
H02H0

(Tr) D fH
0 D fG

0

4300 107.748 547.274 450.174 417.532 22032.032 2838.831 10.190

4400 107.763 549.752 452.409 428.308 22030.225 2811.103 9.629

4500 107.777 552.174 454.599 439.085 22028.352 2783.415 9.094

4600 107.791 554.543 456.746 449.863 22026.414 2755.777 8.582

4700 107.803 556.861 458.852 460.643 22024.413 2728.170 8.093

4800 107.815 559.131 460.917 471.424 22022.352 2700.612 7.624

4900 107.826 561.354 462.944 482.206 22020.227 2673.103 7.175

5000 107.836 563.532 464.934 492.989 22018.046 2645.627 6.745

5100 107.846 565.668 466.889 503.773 22015.808 2618.208 6.332

5200 107.855 567.762 468.809 514.558 22013.514 2590.815 5.935

5300 107.864 569.817 470.695 525.344 22011.167 2563.490 5.553

5400 107.872 571.833 472.549 536.131 22008.767 2536.186 5.186

5500 107.879 573.812 474.373 546.918 22006.316 2508.942 4.833

5600 107.887 575.756 476.166 557.707 22003.819 2481.739 4.493

5700 107.894 577.666 477.930 568.496 22001.273 2454.582 4.166

5800 107.900 579.542 479.665 579.285 21998.683 2427.459 3.850

5900 107.907 581.387 481.374 590.076 21996.048 2400.409 3.545

6000 107.913 583.200 483.056 600.867 21993.372 2373.381 3.251
J. Phys. Chem. Ref. Data, Vol. 30, No. 1, 2001
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FIG. 4. Difference between our calculation and the NIST-JANAF Thermochemical Tables25 for the heat capacity, entropy, and Gibbs energy funct
temperature dependence for SiF4.

FIG. 5. Difference between our calculation and the NIST-JANAF Thermochemical Tables25 for the enthalpy, enthalpy of formation, and the Gibbs energy
formation for SiF4.
J. Phys. Chem. Ref. Data, Vol. 30, No. 1, 2001
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FIG. 6. Vapor pressure of SiF4 over
liquid and solid. Sources: P&M,15

B&S,34 R&A,33 P&P,35 Stull,29

K&T. 32

TABLE 7. SiF4 ~ideal gas! coefficients, CHEMKIN format

Low ~300–1000 K! High ~1000–5000 K!

a1 2.182 457 35E100 1.077 615 15E101

a2 3.378 291 81E202 2.402 784 65E203

a3 24.689 755 45E205 21.025 031 39E206

a4 3.173 358 34E208 1.951 170 21E210

a5 28.497 066 84E212 21.375 598 96E214

a6 21.961 315 04E105 21.981 392 82E105

a7 1.333 659 03E101 22.919 303 08E101

TABLE 8. Phase change information for SiF4

Quantity Value Units References

Boiling pointa 177.83 K 31, 15

Triple point 186.35 K 31, 15

DHSub 26.087 kJ mol21 31, 15

DSSub 146.682 J K21 mol21 31, 15

DHVap 15.802 kJ mol21 31, 15

DSVap 91.503 J K21 mol21 31, 15

aTemperature at which vapor pressure is 1.0 bar.
J. Phys. Chem. Ref. Data, Vol. 30, No. 1, 2001
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FIG. 7. Heat capacity of SiF4 in
condensed phases as measured
Pace and Moser15 ~solid! and Yaws16

~liquid!.
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harmonic density of states. We use standard statistical
chanical procedures38 to calculate the thermochemical p
rameters in the NIST–JANAF Theromchemical Tables25 for-
mat. The results are given in Table 12. The differen
between the harmonic~Table 6! and the anharmonic~Table
12! assumptions only become significant at temperatu
above 1000 K. Figure 10 shows the heat capacity for the
assumptions and Fig. 11 shows the differences for entha
heat capacity, and entropy.

6. Discussion of Results

The main conclusion drawn from the results presen
here is confirmation of the previously known values of t
thermochemical parameters for SiF4 and Si2F6. Some minor
differences, in the parameters for both species in the
phase, were determined. With the more reliable experime
spectroscopic and calorimetric measurements used in
structing the tables of the parameters, the current values
on a much better foundation than the earlier results. Furt

TABLE 9. Thermochemical properties of silicon tetrafluoride~solid! ~en-
thalpy reference temperature5Tr5298.15 K, standard state pressure5p0

50.1 MPa)

T/K

J K21 mol21 kJ mol21

log KfCp
0 S0 D fH

0 D fG
0

0 0.000 0.000 21637.598 21637.598 infinite

50 39.599 40.479 21632.583 21624.838 1697.434

100 61.690 69.495 21639.394 21611.886 841.952

150 82.510 92.099 21640.018 21598.278 556.562

186.351 16.000 106.768 21640.363 21588.314 445.205
e-

s

s
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y,

d

as
al
n-
re
r-

more, the thermochemical parameters for the conden
phases of both species were not known before this work

The discussion of the earlier work by others of the sub
mation and vapor pressures for SiF4 gives a clearer assess
ment of the accuracy of the different experimental measu
ments. Although the measurements of Pace and Mos15

were thought to be most correct, a nonjudgmental averag
all measurements would result in a vapor pressure curve
was very close to the Pace and Moser measurements.
results of Stull29 were too low in the region of the triple
point, but this error was approximately canceled by the h
values of Patnode and Papish.35 The compilation of Lide and
Kehiaian42 takes this approach.

The authors, and others, have discounted the vapor p
sure measurements of Stull29 for SiF4, but the Stull sublima-
tion pressure measurements for Si2F6 were used to derive the
entropy and enthalpy of sublimation. This is because no b
ter measurements exist. A confirmation of the Stull measu
ments would make the thermochemical properties repo
here more secure.

With the enthalpies of formation in Tables 2 and 7 a

TABLE 10. Thermochemical properties of silicon tetrafluoride~liquid! ~en-
thalpy reference temperature5Tr5298.15 K, standard state pressure5p0

50.1 MPa!

T/K

J K21 mol21 kJ mol21

log KfCp
0 S0 D fH

0 D fG
0

186.351 16.000 160.345 21630.257 21588.192 445.171

200 124.332 165.456 21630.296 21584.793 413.900

225 133.635 173.751 21630.447 21579.343 366.646

250 150.636 181.240 21630.620 21573.424 328.745
J. Phys. Chem. Ref. Data, Vol. 30, No. 1, 2001
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FIG. 8. Enthalpy of formation for the three phases of SiF4 in the temperature range from 0 K to 400 K.
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similar information for SiF2 from the NIST–JANAF Ther-
mochemical Tables,25 the enthalpy change for reaction

Si2F6→SiF41SiF2

can be calculated; the values is 141.2 kJ mol21 at 298.15 K.
This is a small value. The stability of Si2F6 is probably en-
hanced by additional energy required to promote the re
tion. This is confirmed by the fact that Bainset al.43 report
an activation energy for the reaction that is 50 kJ•mol21

greater than the enthalpy change.
The highly accurate spectroscopic measurements of T

et al.21 for Si2F6 and McDowellet al.13 for SiF4 were used. It
is unlikely that any significant improvement would follo
from more accurate measurements. Even less accurate v
of the vibrational frequencies still give reasonable resu
The calculated frequencies of Ho and Melius17 gave results

TABLE 11. Anharmonicity constants for SiF4 ~ideal gas!

Symbol Value/cm21 Uncertainty/cm21 Reference

x11 20.57 0.05 13

x12 20.6 1.2 13

x13 23.8 0.3 13

x14 10.64 0.07 13

x22 0.0 0.5 13

x23 21.5 1.0 13

x24 0.0 0.5 13

x33 23.0058 0.0007 13

x34 20.5 0.4 13

x44 20.22 0.10 13
J. Phys. Chem. Ref. Data, Vol. 30, No. 1, 2001
c-

sa

ues
.

for entropy and heat capacity for Si2F6 that were about 15
J/K/mol greater than our values~Figs. 1 and 2!.

For SiF4 the vibrational frequencies available for th
NIST–JANAF Thermochemical Tables25 averaged only
about 0.1% greater than the more accurate values used h13

~Table 6!. The lower frequencies increased the heat capac
entropy, and enthalpy by at most 0.09 J/K/mol~Fig. 5!. Vi-
brational frequencies were available earlier44 from Raman
measurements on liquid SiF4. These frequencies were les
than 0.4% greater than the ones we used.13 Using the liquid
frequencies would decrease the heat capacity, entropy,
enthalpy by less than 0.4 J/K/mol.

A comment about anharmonic correction for SiF4 ~Sec.
5.3, Table 12! is appropriate. SiF4 probably has the lowes
anharmonicity of any polyatomic molecule because of
very strong bonds. Some of the anharmonic cross terms
also positive. The effects we see~Figs. 10 and 11! for SiF4

are probably less than for any other polyatomic molecu
The anharmonicity effect is mainly at high temperatur
This means that it is mostly the high-energy vibration
states that are most effected. It is the highly excited sta
that are most important to consider in chemical reactio
Reaction rate theories for both unimolecular and bimolecu
reactions that employ an activated complex may at so
point need to consider the effect of anharmonicity. The e
dence from SiF4, however, is not compelling.

Another caveat about the anharmonic correction is that
method used here was only a second order correction and
an exact solution. Higher order spectroscopic terms are
available for polyatomic molecules.
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FIG. 9. Density of vibrational states o
SiF4 for harmonic and anharmonic as
sumptions up to 100 000 cm21.

TABLE 12. Thermochemical properties of silicon tetrafluoride~ideal gas, anharmonic oscillator! ~enthalpy reference temperature5Tr5298.15 K, standard state
pressure5p050.1 MPa!

T/K

J K21 mol21 kJ mol21

log KfCp
0 S0

2@G02H0

(Tr)]/T
H02H0

(Tr) D fH
0 D fG

0

0 0.000 0.000 infinite 215.367 21609.482 21610.273 infinite

100 41.827 220.811 339.260 211.845 21612.039 21600.455 835.981

200 60.929 256.102 289.316 26.642 21613.874 21587.291 414.552

250 67.964 270.475 284.137 23.416 21614.503 21580.315 330.184

298.15 73.764 282.954 282.954 0.000 21614.982 21573.601 275.684

300 73.969 283.411 282.956 0.137 21614.999 21573.339 273.939

350 79.095 295.209 283.875 3.967 21615.407 21566.307 233.755

400 83.423 306.062 285.980 8.033 21615.662 21559.073 203.591

450 87.043 316.104 288.776 12.298 21615.870 21551.948 180.143

500 90.062 325.436 291.981 16.728 21615.977 21544.677 161.369

600 94.691 342.289 298.992 25.978 21616.048 21530.232 133.216

700 97.971 357.146 306.260 35.621 21615.957 21515.781 113.108

800 100.360 370.393 313.463 45.544 21615.762 21501.339 98.026

900 102.151 382.322 320.463 55.673 21615.503 21486.918 86.298

1000 103.532 393.159 327.199 65.959 21615.209 21472.514 76.916

1100 104.628 403.080 333.652 76.370 21614.900 21458.128 69.240

1200 105.519 412.223 339.824 86.879 21614.574 21443.759 62.845

1300 106.262 420.700 345.724 97.469 21614.265 21429.405 57.434

1400 106.892 428.598 351.365 108.128 21613.969 21415.058 52.796

1500 107.438 435.992 356.762 118.844 21613.698 21400.721 48.777

1600 107.918 442.941 361.934 129.612 21613.449 21386.385 45.260

1700 108.349 449.497 366.893 140.427 21663.409 21371.603 42.144

1800 108.740 455.701 371.656 151.281 21662.996 21354.296 39.300
J. Phys. Chem. Ref. Data, Vol. 30, No. 1, 2001
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TABLE 12. Thermochemical properties of silicon tetrafluoride~ideal gas, anharmonic oscillator! ~enthalpy reference temperature5Tr5298.15 K, standard state
pressure5p050.1 MPa!—Continued

T/K

J K21 mol21 kJ mol21

log KfCp
0 S0

2@G02H0

(Tr)]/T
H02H0

(Tr) D fH
0 D fG

0

1900 109.099 461.590 376.236 162.173 21662.875 21337.302 36.764

2000 109.434 467.195 380.645 173.100 21662.127 21319.704 34.467

2100 109.749 472.542 384.895 184.060 21661.660 21302.424 32.396

2200 110.049 477.654 388.996 195.049 21661.169 21285.150 30.513

2300 110.337 482.552 392.957 206.069 21660.646 21267.883 28.794

2400 110.616 487.254 396.789 217.116 21660.083 21250.625 27.219

2500 110.886 491.775 400.499 228.191 21659.477 21233.380 25.770

2600 111.151 496.129 404.094 239.293 21658.819 21216.142 24.432

2700 111.412 500.329 407.581 250.422 21658.105 21198.915 23.194

2800 111.670 504.385 410.966 261.576 21657.327 21181.701 22.044

2900 111.925 508.308 414.255 272.756 21656.477 21164.503 20.975

3000 112.180 512.108 417.455 283.961 21655.551 21147.317 19.976

3100 112.435 515.791 420.567 295.191 21654.540 21130.146 19.042

3200 112.690 519.364 423.599 306.448 21653.437 21112.993 18.167

3300 112.946 522.836 426.554 317.729 21652.236 21095.855 17.346

3400 113.204 526.211 429.435 329.037 21650.927 21078.750 16.573

3500 113.466 529.497 432.247 340.370 21649.507 21061.657 15.844

3600 113.730 532.697 434.993 351.730 22032.278 21034.125 15.004

3700 113.999 535.816 437.677 363.116 22030.373 21006.123 14.204

3800 114.272 538.860 440.300 374.530 22028.360 2978.163 13.445

3900 114.551 541.832 442.865 385.971 22026.242 2950.234 12.727

4000 114.836 544.736 445.376 397.441 22024.021 2922.350 12.044

4100 115.127 547.575 447.834 408.939 22021.697 2894.499 11.396

4200 115.424 550.353 450.242 420.466 22019.273 2866.695 10.779

4300 115.727 553.072 452.601 432.023 22016.750 2838.927 10.191

4400 116.039 555.736 454.915 443.612 22014.129 2811.202 9.630

4500 116.358 558.348 457.185 455.231 22011.411 2783.517 9.094

4600 116.683 560.909 459.412 466.883 22008.597 2755.880 8.583

4700 117.016 563.421 461.598 478.568 22005.689 2728.276 8.094

4800 117.356 565.889 463.745 490.287 22002.687 2700.720 7.625

4900 117.703 568.312 465.855 502.040 21999.592 2673.213 7.176

5000 118.055 570.693 467.928 513.828 21996.405 2645.739 6.746

5100 118.414 573.035 469.966 525.651 21993.128 2618.323 6.333

5200 118.779 575.338 471.970 537.511 21989.760 2590.933 5.936

5300 119.148 577.604 473.942 549.407 21986.303 2563.610 5.554

5400 119.522 579.834 475.882 561.340 21982.759 2536.307 5.187

5500 119.900 582.031 477.792 573.312 21979.127 2509.066 4.834

5600 120.281 584.195 479.673 585.321 21975.409 2481.865 4.494

5700 120.665 586.327 481.525 597.368 21971.606 2454.710 4.167

5800 121.052 588.429 483.350 609.454 21967.720 2427.590 3.851

5900 121.440 590.502 485.149 621.578 21963.750 2400.542 3.546

6000 121.829 592.546 486.922 633.742 21959.699 2373.516 3.251
J. Phys. Chem. Ref. Data, Vol. 30, No. 1, 2001
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FIG. 10. Heat capacity for anharmonic and harmonic assumptions for SiF4.

FIG. 11. Difference between anharmonic and harmonic assumptions for enthalpy, entropy, and heat capacity for SiF4.
J. Phys. Chem. Ref. Data, Vol. 30, No. 1, 2001
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