JOURNAL OF CHEMICAL PHYSICS VOLUME 117, NUMBER 24 22 DECEMBER 2002

Temperature dependent partition functions and equilibrium constant
for HCN and HNC
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Ab initio vibration-rotation energy levels are summed to estimate a partition function for the total
HCN system. By assigning individual levels to HCN and HNC, separate partition functions are
obtained for the isomers. These are used to give a temperature dependent equilibrium constant
which suggests that at temperatures typical of cool carbon stars, about 20% of the HCN system is
actually HNC. Errors in the partition functions and equilibrium constant are estimate@002
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I. INTRODUCTION function, is available in JANAF and fits to the JANAF
partition function itself have been presented by IRit?

The HCN and HNC linear molecules provide an impor-gyer an extended temperature range. However the spectro-
tant_and well-studied prototype of an isomerizing system. 'rbcopic data used by JANAF and hence Irwin to generate the
particular these molecules are probably the only chemicallyartition function is both old and very limited. Whereas there
bound isomers amenable to full, accurateinitio study not 516 some data on the HCN partition function, there appears
only of their electronic potential energy surfaces, see, fokg pe no data available for HNC. There is only one previous
example, Refs. 1-4, but also their nuclear motion states Ugstimate for the equilibrium constant, an unreliable
to and including those “delocalized” states which link the empirically-determined one by Maki and Safhhich gave
two linear minima>~*° an energy separation between the isomers significantly lower

The HCN system is important in its own right. It is @ than all previous and subsequent determinations.
trace constituent of our own atmosphere and is widely seen  as our calculations use energy levels from first prin-
in space. In contrast, the high abundance of the metastablgp|es, variational nuclear motion calculatidh& based on

HNC isomer which is frequently observed in cold, denseihe yse of arab initio potential energy surfackthey them-
molecular cloud$? remains something of a mystery. Such gelves can be considered to &k initio.

non-LTE (local thermodynamic equilibriujrbehavior is out-
side the scope of the present study. Of more relevance is ttna METHOD
presence of HCN in the atmospheres of cool carbon stars’
where it provides a major source of opacity* The atmo- The present calculations are based on the energy levels
spheres of cool stars are LTE environments and HCN isalculated by Harri®t al?? who used them and the associ-
widely observed at temperatures of 2000-3000 K. As weated wave functions to give a comprehensive line-list of tran-
show below, at such temperatures there should also be sitions for the HCN/HNC system. These energy levels were
significant amount of HNC present in the atmospheres.  found by solving the bound state nuclear motion for the
There are various methods of computing molecular parVQZANO+ potential of Van Mouriket al? This surface was
tition functions. One that we have exploited successfully forobtained by combiningb initio electronic structure calcula-
water, up to temperatures of over 5000°%%is the explicit  tion for the isomerizing HCN/HNC system at several levels
summation of energy levels obtained from variationalof theory including explicit allowance for electronic relativ-
nuclear motion calculations. No calculation has yet obtainedstic effects and the adiabatic correction to the Born Oppen-
all the bound rotation-vibration energy levels for a chemi-heimer approximation. Although not as accurate for the
cally bound triatomic. This means that in practice, in order toknown energy levels as surfaces that have been empirically
obtain convergence at higher temperatures, explicit summadjusted to spectroscopic dafsthe VQZANO+ is the best
tions over calculated energy levels must be augmented withvailableab initio potential for the system. With this surface
estimates for higher-lying levels not otherwise included. Thishe HNC metastable isomer lies AtE,\c=5185.6 cmt
is the strategy that we employ here. above the HCN isomer, once allowance is made for zero
In this work we compute three separate temperaturepoint energy corrections. This prediction is in agreement
dependent partition functions: one for the whole HCN sys-with the experimental results of Pau and He#reyho ob-
tem, one for HCN and one for HNC. Clearly, to obtain the tained 5186700 cmi !, rather than 3608400 cni ! given
last two partition functions it is necessary to identify indi- by Maki and Sam&® Pau and Hehre’s result is supported by
vidual energy levels as belonging to either HCN or HNC. Wea recent reanalysis by Wenthdfd.
then use these two partition functions to estimate the HNC  The VQZANO+ potential gives a barrier to isomeriza-
— HCN equilibrium constant as a function of temperature.tion which is 16 798 cm* above the HCN minimurfi.De-
Thermodynamic data for HCN, computed from its partitionlocalized states, which cross the barrier and therefore cannot
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be uniquely associated with a particular isomer, occur at ené, for each state since energy levels only exist for which
ergies above 15 000 cm relative to the HCN ground state, <J. Thus for J=0 there are only states with=0, new
see Bowmaret alX? for a detailed discussion of this. vibrational states appearing fér=1 havef =1 and so forth.

Harris et al. used the exact kinetic energy operator For J=14 to 38, 302 vibrational states were aligned, span-
nuclear motion program suite DVR3DPto obtain rotation-  ning energies up to 12 500 cm. Because vibrational states
vibration energy levels and corresponding wave functionswith € up to 12 were analyzed, there are somewhat fewer
They considered all levels of the system with rotational an-states for lowed values.
gular momentumJ, up to 60 which lay up to 18 000 cm Having aligned the data, values for the rotational con-
above the ground state of HCN, which is taken below as oustantsB, and D, were obtained for each vibrational series
zero of energy. Details of the calculation procedure used argsing the fourth-order rotational term value formula
given in Ref. 22 and the levels can be obtained by either _ ) 922
anonymous ftp from ftp.tampa.phys.ucl.ac.uk and changing E=B,[J(J+1)=€7]-D,[I(I+1) - £7]% 1)
to the directory /pub/astrodata/HCN, or via the web pageyc levels could readily be associated with those levels for
http://www.tampa.phys.ucl.ac.uk and following the links for nich B,<1.51 cm! and HNC withB, values above this
“Astrodata and Molecular data” then “Astrodata” then 41ue. However some HCN states with relatively high values
“HCN.” ) ) ) ) of D, were found to haveB, values somewhat above 1.51
~ Comparisons with experimétft' suggest that the vibra-  ¢yy1 By analyzing the constants for each case, isomer as-
tional spacings agree with experiment to within a few ¢m  sjgnments were made to each of the vibrational states. These
or 0.15%, in most cases with the worst case being the HN(éssignments, with only one exception, were found to agree
v, fundamental mode where the error rises to 0.4%. Thgyith the previous analysis of Harrist al?* who made in-
calculations are particularly good at reproducing the obtomplete but more extensive isomer assignments on the ba-
served rotational structure of the systéhthe errors for the ;s of dipole transition intensities. A third method of making
rotational levels are therefore less than the vibrational onegossible isomer assignments, involving the sign of the per-
These systematic errors dominate the errors in our partitioggnent dipole momenf, was not tested here.
functions at low temperature. At laboratory temperatures the energy levels considered

Altogether, Harriset al”” computed over 168 000 en- ahove are sufficient to converge the partition function sums,
ergy levels for the HCN/HNC system. At temperatures whereyyt for higher temperatures it is necessary to consider the
this number of levels is sufficient to converge the summacontribution from both higher rotational and higher vibra-
tion, computation of the partition function for the total sys- tional states. In practice, because of thed{2l) weighting
tem can be achieved by a straightforward summation ovefy the partition function sum, the inclusion of higher rota-
these levels. However, to obtain Separate partition funCtionﬁona| states is the more important at temperatures up to 4000
for HCN and HNC is more difficult. This is because the K (at higher temperatures, the omission of higher vibrational
energy levels obtained by Harrét al. are not labeled as to states becomes increasingly signifioartates withJ>38
which isomer they belong to. It is therefore necessary, aivere included by extrapolating using Ed) and theB, and
least in principle, to assign each energy level to an isomeD  constants whose determination is discussed above, with
For 168 000 levels this is a formidable task and we havehe exception that in the few cases where a negative value of
therefore made some simplifying assumptions discussed b@& & was obtainedd,=0 was used instead. States upJo
low which mean that in practice we have explicitly assigned=91 were explicitly included in our final summation and the
only approximately 10 000 levels to an isomer. The validity contribution from highetd’s (up to 150 was approximated
of several of these assumptions can be checked by showirngy assuming the contribution tQ(T) from successivel's
that they result in a negligible error in the equivalent parti-followed a geometric progression with a temperature depen-
tion function for the total system. dent common multiple. The geometric factor, which includes

Both HCN and HNC are linear molecules. This meansthe degeneracy factor, rose from 0.691Tat 1000 K to
that for states withJ>0 andl>0 there are two, nearly de- 0.912 atT=4000 K, numbers that are consistent with the
generate states, conventionally designatee aadf. For J pattern for lowerJ’s. At the temperatures considered here,
=0 only thee state exists. Since the splitting betwezand  the contribution toQ from J>150 was found to be negli-

f states is very small we have only analyzed ¢hstates and gible.
doubly weighted those levels wiih>0. Tests using an extra termy,, obtained using a sixth-

To analyze the energy level data, all data &states order fit gave very similar results. The lower-order fit was
with J=<38 was read into a spreadsheet. These data wergreferred for reasons of numerical stability. In particubar
then aligned so that states with the sadeere all in the was found to always be at least®l§reater tharD, which is
same column and states with a common set of vibrationasignificantly bigger than the values af considered.
guantum numbers and belonging to same isomer were in the Below 1000 K the 302 vibrational states explicitly ana-
same row. As there were many state crossings in the originalyzed above are sufficient to give 99.99% of the partition
purely energy-ordered, data many realignments were necesums. However at 3000 K only about 87% of the partition
sary. States were aligned by computing the rigid rotor quanfunction arises from these lower vibrational states. Harris
tum numberpB, , using a formula based on three neighboringet al?! assigned approximately 70% of the energy levels be-
states. In the course of sorting the data it was also possible tween the 302 vibrational levels assigned here and the
assign the vibrational angular momentum quantum numbef,8 000 cm* cutoff to either HCN, HNC or delocalized
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states on the basis of transition intensities. At higher enerIABLE I. Partition functions of the total HCN system and its component

gies these assignments were subject to increasing uncépplecules as a function of temperature. The % error applies to@Qftbtal)
) . i . dQ(HCN).

tainty, nevertheless, Harrist al's assignments were used andQ(HCN)

a_lbove thg 302 energy level and the_contribgtion to.the parti-T/K Q(Tota)  Q(HCN)  Q(HNC) Q(Delog % Error

tion function sums from the unassigned higher vibrational

states was allocated to each isomer by assuming that the ga| 0 gé'gg gé'gg 8 8 g'j
in Harris's assignments had no ble_ls to one or the othe_r iS0-55 121.81 121.81 0 0 0.4
tope. Analysis showed that approximately 40% of the higher 300 150.99 150.99 0 0 0.4
levels are HCN and 60% HNC. The higher proportion of 350 183.79 183.79 0 0 0.4
HNC levels at high energies is due to the much broader400 220.87 220.87 0 0 0.3
potential well about the HNC minimum which leads to a 4 gig'gg ?15(2)'83 8 8 8'2
higher density of states. Tests suggest that this assumptiogg, 3633 363.3 0 0 0.3
leads a possible 5% error in the equilibrium constaatt the 600 422.9 422.9 0 0 0.3
highest temperatures considered. 650 489.6 489.6 0 0 0.3
700 564.0 564.0 0 0 0.3

750 646.8 646.7 0 0 0.2

800 738.6 738.5 0.1 0 0.2

Il. RESULTS 850 840.3 840.1 0.2 0 0.2
900 952.6 952.2 0.4 0 0.2

Table | presents our calculated partition function for the 950 1212-2 igﬁg 2; g g-;
whole HCN system,Q(Total), ~the partition fUthIOI’]. .for 1100 1527 2 15042 29 0 0.2
HCN, Q(HCN), that for HNC, Q(HNC), and the partition 1200 1904.5 1897.9 6.6 0 0.2
function for the delocalized states i.e., those that cannot b&s00 2355.1 2341.6 135 0 0.2
assigned to only one isome@(Delod. The error estimates 1400 2890.6 2865.0 25.5 0.1 02
) bl derived f h ol ¢ 1500 3523.9 3478.6 45.1 0.2 0.2
in Table | are derived from three possible sources o €aor 500 1270 2193 76 05 0.2
the underlying error in thab initio data,(b) errors due to the 1700 5145 5021 122 1 03
approximate treatment of levels with>38 and(c) errors 1800 6166 5975 189 2 0.3
due to possible misidentification of isomer levels. At low 1900 7355 7067 284 4 0.3
temperature,(@) is the dominant source of error. Far 8731 8311 414 7 03
=2500 K there is a further source of error due to the omis-2100 19319 o720 >88 2 03
= i g U 152200 12143 11 308 815 20 0.4
sion of high-lying vibrational states from our model. This 2300 14 228 13 089 1108 31 0.4
will be discussed below. 2400 16 600 15077 1477 47 0.5
All partition functions in Table | are expressed using the2500 19 288 17284 1935 68 0.5
J=0 state of HCN as the energy zero. Of course this is no 600 22317 197725 2495 97 0.6
" ) 700 25717 22410 3172 135 0.6

the_ standard form for the HN_C partition functioQ(HNC), 2800 29514 25 353 3977 184 07
which should expressed relative to the lowest level of HNC 2900 33734 28564 4926 244 0.8
The two partition functions are related by the expression 3000 38 405 32054 6031 319 0.8
3100 43550 35833 7307 410 0.9

AEpnc) ~ 3200 49194 39909 8766 519 1.0

Q(HNC)=ex Q(HNC), (2 3300 55 358 44291 10 420 647 1.0

kT 3400 62 063 48 986 12281 796 1.1

o ) L 3500 69 329 53 999 14 361 969 1.2

where in this workA Eyyc is taken to be 5185.6 ciit. Fig- 3600 77 172 59 337 16 668 1167 1.3
ure 1 plots the partition functions as a function of tempera-3700 85 608 65 004 19213 1391 1.3
ture showing thatQ(HNC) forms a larger proportion of 3800 94650 71003 22004 1643 1.4
Q(Total) as the temperature increases. Of course this is to b3900 104311 77338 25048 1925 L5
P : 114 599 84 009 28352 2238 1.6

expected, but the effect is increased by the fact that the HNC
side of the potential is much broader than the HCN side. This

means that HNC supports a higher density of states meaning

that actuallyQ(HNC) is consistently bigger tha@(HCN). _ N ) )

Figure 1 compares our partition functions with the most _ SiNce partition functions are usually required at a range
recent fit by Irwirf® to the data in JANAR’ JANAF is en- of rather precise t_emperatures we have fitted our data to a
tirely based on HCN data and so, presumably, Irwin's fitStandard polynomial form:
should correspond tQ(HCN); in practice it lies intermedi-
ate betweer@Q(HCN) and Q(Total). 4 _

Maki et al?’ give room temperature values for the 10g10Q(T) =2, a;(logso T)'. 3
Q(HCN) as 148.72 at 296 K and 149.94 at 298 K. These =0
values are consistent with our calculations fQ(HCN)
which are 148.530.54 and 149.750.54 at the same tem- Constants forQ(Total), Q(HCN) and Q(HNC) are given in
peratures. The corresponding values@HNC) are 169.48 Table Il. These constants reproduce the partition functions up
and 171.22, respectively, also with an errorz00.54. to 4000 K to within 0.2% or better.
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FIG. 1. Partition functions as a func-

0 60000 tion of temperature. Solid curves: this
work Q(Total) highest, Q(HCN)
middle curve andQ(HNC) lowest.

40000 The dashed curve is the HCN partition
function given by Irwin(Ref. 19.
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The partition functions for HCN and HNC can be used
to obtain a temperature-dependent estimate of the equilibraBLE 111. Equilibrium constant,K, for HCN < HNC as a function of

rium constantK, for the simple isomerization reaction temperature. The percentage of HNC for a thermalized sample is also given.
(Numbers in parenthesis denote powers of)ten.
HCN—HNC (4)
. TIK K(T) % Error % HNC
using the formula
3 300 1(-11) 0.8 2(-9)
Q(HNC) Q(HNC) p( AEHNC) 5) 400 1-9) 0.6 1(-6)
= = - . 500 4-7) 0.6 4(-5)
Q(HCN)  Q(HCN) kT 600 6(—6) 0.6 6(—4)
Calculated values fdok are given in Table Ill which suggests ;88 3(60531 0664 4(0_ 314
tr_lat at tempgratures above 1000 I_(there are sh(_)uld be appresy, 0.0004 0.4 0.040
ciable quantities of HNC present in any thermalized sample;qgg 0.0010 0.4 0.095
Indeed at the temperature of the atmosphere of cool carborioo 0.0019 0.4 0.193
stars, up to 20% of the HCN system should be in the form of.200 0.0035 0.4 0.347
HNC. As the absorption bands HNC are generally strongef390 8-8822 8-2 g-g;i
than those of HCN'?2 HNC should therefore provide an 0.0130 04 18
important source of absorption at these temperatures. .FugBOO 0.0181 0.4 1.78
thermore the ratio of HNC/HCN has the potential to provide17oo 0.0243 0.6 2.38
a useful temperature diagnostic. 1800 0.0317 0.6 3.07
In considering the results presented here it is importan%ggg g-gjgg 8-2 2-32
to try and assess _the errors _assomated with what is, after a 100 0.0605 0.6 5 69
a completelyab initio theoretical treatment of the problem. 55qq 0.0721 0.8 6.71
In such treatments the errors are essentially all systemat&zoo 0.0846 0.8 7.79
which makes the giving of meaningful error bars difficult. 2400 0.0980 1.0 8.90
These systematic errors essentially arise from two source$>00 g-iég 1(2) 1(1’-2
errors in the energy levels used and errors introduced b 700 0.1415 1o 123
cause the data set of levels used is mcomplete. 2800 0.1569 1.4 135
The use of incomplete data necessarily leads to an urpgoo 0.1725 1.6 14.6
derestimate of the associated partition functions and the a§000 0.1882 16 15.7
sociated error increases with Given that we allow, albeit 3100 0.2039 18 16.8
3200 0.2196 2.0 17.8
3300 0.2353 2.0 18.8
. . 3400 0.2507 2.2 19.8
TABLE II. Fitted constants for fourth-order fit tQ(X), see Eq(3). 3500 0.2659 24 20.7
X 2 a, 2 ag a, 3600 0.2809 26 21.6
3700 0.2956 2.6 22.4
Total —46.411 039 65.619 568- 33.437 298 7.485 6164-0.599 286 97 3800 0.3099 2.8 23.2
HCN —104.971 96 146.918 09-75.853 937 17.337515—-1.4556821 3900 0.3239 3.0 24.0
HNC —55.717 312 79.913 945-41.641 528 9.570 450 68-0.797 169 03 4000 0.3375 3.3 24.7
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somewhat approximately, for levels associated Witralues tem. From these data the calculation of the total partition
up to 150, larger errors are likely to come from the truncationfunction for the HCN system is fairly straightforward, how-
of the energy levels sums at 18 000 chrabove the ground ever the calculation of separate partition functions for the
state. As the ground state of HNC is higher in energy tharHCN and HNC isomers required each level in the system to
that of HCN, we would expect such truncations to have e separately labeled according to which isomer it was asso-
larger effect orQ(HNC) thanQ(HCN) for a given tempera- ciated with. This task has been achieved for sufficient levels
ture. To estimate this truncation error we modeled the higheto obtain the individual partition functions and hence the
vibrational levels by extrapolating the energy level distribu-temperature-dependent equilibrium constant for the HCN
tion using a quadratic formula. Using this data suggests thasomerization reaction. These calculations suggest, for ex-
there is no significant contribution from these levels belowample, that approaching 20% of HCN present in the atmo-
2500 K; the contributions are 0.4% at 3000 K, 1.4% at 3500sphere of cool carbon stars should be in the form of HNC, a
K and 3.2% at 4000 K. Above this 4000 K this error risesmolecule which, of course, has a completely different spec-
rapidly and is the reason why these higher temperatures ateal signature.

not considered here. Our partition functions and other data
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