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The partition functionQ, of water is calculated by explicit summation €f200 000 vibration—
rotation levels computed using variational nuclear motion calculations. Temperatures up to 6000 K
are studied. Estimates are obtained for the heat capaCjfy, the Gibbs enthalpy factdgef), the
Helmholtz function(hcf), and the entropy$) of gas-phase water as a function of temperature. To
get converged results at higher temperatures it is necessary to augment the accurate list of energy
levels. This is done using estimates for all the vibrational band origins to dissociation and rotational
levels calculated using Padgproximants. The widely used method of computing the internal
partition function as the product of vibrational and rotational partition functions is tested and found
to overestimate the partition function by up to 10%. The present estima@§gI9f C(T), gef(T),

hcf(T), andS(T) are probably the most accurate available for water at temperaiyrabpve 2000

K. Errors, as a function of temperature, are estimated in each cas&99® American Institute of
Physics[S0021-960808)02141-3

I. INTRODUCTION A corresponding study by Neale and Tenny$amn the
) . _astronomically important H molecular ion found that the
Data on the thermodynamic behavior of water at highyeyious estimate of the Hpartition function was an order
temperature is important for modeling combustion, exhaush magnitude too low at high temperature! Too much careful
gases, and the atmosphere of cool stars to give but a few gfork has been performed on the water system for gross er-
the examples. This data is very difficult to obtain from labo-yors of this sort to be likely, but the results presented here
ratory measurements and standard compilatibneely  snouid still represent a significant improvement over previ-

heavily on theoretical estimates. _ _ ous estimates of the data in the high temperatufe (
In principle, it should be possible to determine the inter-- o000 K) region.

nal partition function of water, and hence other thermody-

namic properties, by explicit summation of the energy levels

of the system. However, despite very significant advances in

analyzing water spectra, only about 8000 energy levels of- METHOD

H,%0 have thus far been determined from experimentaln. General considerations
data® This is far too few levels to give an accurate partition
function at temperatures greater than a few hundred Kelvin. ) ! o
At higher temperatures it is, therefore, necessary to resort tBroduct of translational and internal contributions
theoretically determined energy levels to get the sums to Q=QuanQint- (1)
converge.

There are two aspects which determine the accuracy dTlere we follow the universal aSSUmption that the transla-
theoretically determined energy levels: The accuracy of thdional partition function can be obtained from the perfect gas
potential-energy surface used and the reliability of the modeformula® We, therefore, concentrate on the internal partition
used to determine the levels from a given surface. Both ofunction which itself is usually expressed as a product
these steps have been the subject of systematic o -
investigationd~’ Since these studies, there have been major Qun=QurQe=QrQuQe. @
advances in the determination of very high accuracy effecwhereQ, represents the contribution from excited electronic
tive potential-energy surfaces for water from spectroscopictates to the partition function. As for water excited elec-
data®1° Furthermore, variational nuclear motion calcula- tronic states lie well above the dissociation energy of the
tions have been developed to the point where large-scalgystem,Q, is assumed to be unity. Martiet al®*° found
computations of energy levels, and associated transition datthis to be a safe approximation for water but not for other
have been performed-1?In this paper we use energy levels systems, such as NH which have low-lying electronic
obtained from very extensive variational calculatitnsn a  states. It is also common to assume that the vibration—
high accuracy spectroscopically determined potehtiable-  rotation partition functiorQ,, can be expressed as a product
termine the partition function of $1%0 up to 6000 K. Cor- of separate vibrational and rotational partition functios,
responding estimates for other important thermodynami@nd Q,, respectively. This is an approximation we test be-
properties are also obtained. low.

It is standard to express the partition functi@p, as a
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The vibration—rotation partition function as a function of referencef,, was found to have a value of 9895.4 J imol
temperature], can be obtained by explicit summation of the This can be compared with 9904 J mblused by JANAE
vibration—rotation energy levels of the system and 9902 J mol* by Martin et al® Differences of this mag-

E nitude have some effect on the results at low temperatures

Qur=2> i ex;{ - ﬁ) (3 (T=<1000 K) but are negligible at the higher temperatures

! which are our main concern here. It is not possible to deter-
wherek is Boltzmann’s constant. The energy of itie level  mine an exact value fdE, from the data of Woolley,so in
relative to the vibration—rotation ground state is givenlhy comparisons presented below his resultsG¢iT) andH(T)
and its degeneracy by, . For water in a state of total rota- were shifted using a value &,=9902 J mor™.

tional angular momentuml, g; is given by (21+1) times Corresponding expressions for the entrof®y &nd spe-
the nuclear spin factog, . cific heat at constant pressur€ ) aré
For H,'%0 the nuclear spin states are occupied in a 3:1 ,
ratio corresponding to the so-called ortho and para states. S(T):RQ—+R In Q, (8)
Results given below usegl,= 2 and %, respectively, for the Q
ortho and para nuclear spin degeneracy factors. This factor is " 2
the one generally employed by astronomers although work-  Cc_(T)=R Q__ (Q_) ) 9
) . P
ers in some other areas use nuclear spin degeneracy factors Q Q

of 3 and 1. The difference between the two conventions igxpressions for the translational contribution to the partition
whether a separated H-atom is assumed to have a nuclegfyction, and other thermodynamic properties, for an ideal
spin degeneracy factor of 2 or 1. gas are standardlt should be noted that the specific heat
In principle the sum in Eq(3) runs overall vibration—  gepends on the difference between the second moment and
rotation states of the molecule. In practice it has usually beegye square of the first moment. This makes this property
necessary to truncate this sum according to some suitablgyticularly sensitive to convergence of any summation used

criterion. Below we explore methods of, at least approxi-tg estimate the partition function. The results presented be-
mately, accounting forll truly bound vibration—rotation |oy illustrate this behavior.

states in the molecule. This raises the question of what, if

any, role is played by the quasi-bound states of the molecule.

Since we have essentially no information about these states,

we have simply neglected them and neglected any enerdy: ENeray levels

level which lies above dissociation. A similar procedure was  The main source of energy levels for the summations

used by Irwin to derive high-temperature partition functions(3)—(5) is a calculation by Viti and Tennysdri:}’ This cal-

for diatomics®® culation was performed to produce a comprehensive linelist,
In order to obtain temperature-dependent estimates of T2, of water transitions suitable for modeling radiative

various thermodynamic quantities it is necessary to obtaifransport in the atmosphere of cool stars and other hot bod-

the first and second derivative of the partition function withjes. The results of the calculation will be presented

respect to temperature. In principle these could be obtaineglsewhert’ and only a brief summary is given here.

by differentiatingQ(T), but a numerically more reliable pro- The VT2 linelist was generated by performing nuclear

cedure is to analytically differentiate the right-hand-side ofmotion calculations on the experimentally determined

Eq. (3) and then perform the summation. One can write thepotential-energy surface of Polyansky, Jensen, and

first and second moments of the partition functioh as Tennysor?, known as PJT2. The calculations were performed
dQ E E. in Radau coordinates using a full discrete variable represen-
Q’ =Tﬁ=2 gi(k—+) exp{ — k—+) (4)  tation (DVR) of the vibrational coordinates as implemented
|

in the DVR3D program suité® The calculation produced
E \2 E, estimates for all K% energy levels below 30 000 crh
T eXPp — o= (5 above the ground state up to a given value of the total rota-
kT kT . .
tional angular momentum]. In this work we used energy

In terms of these quantities, the internal contribution tolevels for all rotational states witd=<35, giving a list of
the ideal gas thermodynamic functions Gibbs enthalpy funcabout 200 000 levels. The PJT2 potential reproduced all the
tion (gef) and the Helmholtz functiokhcf), are given by the experimentally determined energy levels witks 14 known

2

d
Q”:T2W+2Q,:2i gi

expressions® at the time of its construction with a standard deviation of
[G(T)—E,] E only 0.6 cm %, Low-lying levels, which are particularly im-
gef(T)=— fo: RIn Q- ?0, (6) portant for determining properties at low temperature, are

reproduced much better than this.
Q’ As will be discussed below, the VT2 linelist does not
hcf(T)=H(T)—-Eq=RT——E,, (7) contain enough energy levels to fully converge the partition
Q function at higher temperatures. It was not considered worth-
where the functions are expressed, as in JANA€lative to  while to extend the comprehensive nuclear motion calcula-
a the reference point of the Helmholtz function at a temperations to higher energies. These calculations are computation-
ture of 298.15 Ki.e., H(298.15). In our calculations, the ally expensive and the absence of a reliable potential-energy
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surface at these high energies makes it hard to justify suc | " J L %
calculations. Instead an alternative procedure, used succes 1600 ' ‘ -
fully for H3,** was employed.

For high energy or rotational angular momentum, energy

levels were obtained as

E, =E,+E,. (10)

Estimates for the higher vibrational band origiis,, were

obtained from the recent calculation of Mussa and Tennysol

(MT).X® MT computedall the vibrational band origins of

H,®0 for theab initio potential of Hoet al?° These calcu-

lations were performed with a parallel version of the DVR3D

program, PDVR3D.2! MT obtained 1053 bound vibrational

states withJ=0 below 39 821.1 cm', of which 631 lie at

energies 30 000 cnt or more above the ground state. In fact 15000 ‘ ‘

MT have also performed some calculations which obtainec =~ © 10000 ey o 20000 30000

all the bound states for certain rotationally excited states of

water. However, these calculations are at present limited anlaG. 1. Convergence of our calculation for the internal partition function,

we only used theid=0 results. A full description of MT’s (bgvr, atT:4?n29 K as function of truncating the levels mc‘Iuded in thfx sum
. . Pt y energy,E™® solid curve and lower scale, and rotational staX&>

CalCU|at|0n5_ will be prese_nted elsewhete. _ _ dashed curve and upper scale. See text for details.

To obtain energy estimateg, , for rotationally excited
levels not in the VT2 linelist, we used a simple, effective

Hamiltonian expression for the rotational energy levels Our high-temperatureT(~6000 K) results almost certainly

15500 -

c2 show some sensitivity to the choice Bfy, but this is not
E(J,K)= 0 , something that we have explored.
Co—Cy Our best results are obtained using the val&&8*
=30 000 cm* andJ™®*=35 which specify the limits of the

J(J+1), (11) VT2 energy levels used here. However, to help estimate the
error introduced by using the approximdtg, energy levels

a series of calculations were performed which tested the ef-
fect of reducing eitheE™® or J™® Figure 1 illustrates the
This Padeapproximant form, which is due to Polyanszi?y, convergence of our partition function dt=4500 K as a
has the advantage over standard forms that it does not diunction of varyingE™ or J™®. Table | summarizes the
verge at high values al. It is, however, fairly crude and estimated percentage error for the partition function and
makes no allowance for splitting between levels with theother computed thermodynamic properties as a result of
same value oK (=K,) but differing inK,. Such splitings these tests. No results are presented in Table | Tor
are small, especially for most high states. We used the <3000 K as the use of approximate energy levels at high
constants fitted by Polyans#for the ground state of water. energy orJ introduces no significant error in any of the
These constants have the feature that levels With) are  quantities we compute at these temperatures.

too low at highJ and, in fact, converge to a value below the ~ While truncation of summatio3) will usually lead to
dissociation energy. We, therefore, arbitrarily truncated ougn underestimate of the partition function, and associated
calculations at}=71, the last value off for which theK  quantities, especially at higher temperatures, this was not
=0 level is bound. found to be so for our calculations which used approximate
E,, energy levels. Lowering o™ to which our results
were more sensitive thad™® led to an overestimate of the
partition functions at all temperatures. This appears to be a

o (s B*C| ., (BEC
0= 2 T2

Ci=—A [J(I+1)]?P—AK2I(I+1)— AgK™

C. Summation procedure and error analysis

Our temperature-dependent partition function is obtained _ _

using a sum of the form of E(ﬂ3) but split into two reaions TABLE I. Estimated percentage error as a function of temperature, due to
9 . P max 9 *approximation of higher levels. See text for details.

For levels lying below some energy cuto™® and rota-

tional cutoff,J™® the VT2 levels were used. For levels out- T= 3000 K 4500 K 6000 K

side this range, th&,, value estimated above were used.

The sum over estimated levels was truncated such that only 8::: 8 ; g
energy levels for whichgE,, <D, were included. For this Qi 2 7 8
work we used a value for the dissociation enerBy,, of hef 0.8 3 2
39 821.1 cm?. This value was estimated from the results of ~ 9&f 0 0.1 0.3
Ho et al?° and is approximately 1000 ch lower than the 2'1 2'5 3'8

accepted experimental value. This difference arises because "
the ab initio data fitted by Hoet al. is, of course, not exact. 2ForC, at T=6000 K the error is too large to be estimated reliably.
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TABLE II. Internal partition,Q,, , from this work and Irwin(Ref. 2. The vibrational partition functiorQ, ,
the rotational partition functiorQ, , and the internal partition function given as the simple product of these are
also given for comparison.

This work
Irwin (Ref. 2

T/IK Q. Q QuXQ, Qur Qur

100 1.000 00 8.788 26 8.788 26 8.788 23

200 1.000 01 24.3453 24.3455 24.3453

300 1.000 48 44.4734 44.4947 44.4931

400 1.003 24 68.3434 68.5648 68.5518

500 1.010 33 95.4919 96.4783 96.4132

600 1.022 66 125.632 128.479 128.268

700 1.040 35 158.581 164.980 164.455

800 1.063 24 194.219 206.501 205.403

900 1.091 12 232.461 253.643 251.617
1000 1.12385 273.245 307.086 303.670 304.073
1100 1.161 33 316.523 367.588 362.203 362.676
1200 1.203 49 362.253 435.968 427.918 428.437
1300 1.250 31 410.400 513.127 501.575 502.122
1400 1.301 75 460.932 600.018 583.987 584.547
1500 1.357 83 513.822 697.683 676.023 676.574
1600 1.418 54 569.044 807.212 778.608 779.119
1700 1.48391 626.573 929.778 892.718 893.147
1800 1.553 99 686.384 1066.63 1019.39 1019.68
1900 1.628 82 748.454 1219.10 1159.72 1159.79
2000 1.708 47 812.758 1388.57 1314.85 1314.63
2100 1.793 00 879.271 1576.53 1486.01 1485.38
2200 1.882 49 947.964 1784.53 1674.49 1673.30
2300 1.977 03 1018.81 2014.22 1881.63 1879.73
2400 2.076 71 1091.77 2267.29 2108.87 2106.06
2500 2.181 63 1166.82 2545.57 2357.72 2353.75
2600 2.291 90 1243.92 2850.94 2629.76 2624.33
2700 2.407 62 1323.03 3185.35 2926.69 2919.42
2800 2.528 92 1404.12 3550.91 3250.27 3240.70
2900 2.655 90 1487.13 3949.67 3602.38 3589.94
3000 2.788 69 1572.04 4383.93 3984.98 3968.99
3100 2.927 42 1658.78 4855.95 4400.17 4379.77
3200 3.072 20 1747.33 5368.15 4850.13 4824.30
3300 3.22317 1837.64 5923.03 5337.18 5304.69
3400 3.380 45 1929.67 6523.15 5863.76 5823.14
3500 3.544 16 2023.37 7171.15 6432.43 6381.93
3600 3.714 45 2118.70 7869.81 7045.89 6983.46
3700 3.891 42 2215.62 8621.91 7706.95 7630.21
3800 4.075 22 2314.10 9430.47 8418.59 8324.77
3900 4.265 95 2414.10 10298.4 9183.88 9069.84
4000 4.463 76 2515.58 11 228.9 10006.1 9868.22
4100 4.668 75 2618.53 12 225.3 10888.5 10722.8
4200 4.881 05 2722.89 13 290.6 11834.7 11 636.7
4300 5.100 77 2828.66 14 428.3 12 848.2 12613.0
4400 5.328 03 2935.81 15642.1 13932.9 13654.9
4500 5.562 94 3044.32 16 935.4 15092.5 14 766.0
4600 5.805 60 3154.16 18 311.8 16 331.0 15 949.7
4700 6.056 11 3265.33 19775.2 17 652.5 17 209.6
4800 6.314 59 3377.80 21329.4 19061.2 18 549.6
4900 6.581 12 3491.57 22978.4 20561.3 19973.6
5000 6.855 80 3606.63 24 726.3 22157.1 21485.8
5100 7.13871 3722.98 26 577.3 23853.0 23090.3
5200 7.429 95 3840.60 28535.5 25653.4 247915
5300 7.729 59 3959.49 30 605.2 27 562.9 26 594.1
5400 8.037 72 4079.66 32791.2 29 586.0 28 502.6
5500 8.354 40 4201.10 35097.7 317271 30522.1
5600 8.67971 4323.82 37529.5 33990.8 32 657.6
5700 9.01372 4447.81 40 091.3 36 381.7 34914.3
5800 9.356 48 4573.08 42 787.9 38904.3 37 297.7
5900 9.708 06 4699.64 45 624.4 41 563.0 398134
6000 10.0685 4827.50 48 605.7 44 362.4 42 467.2
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TABLE IIl. Gibbs enthalpy function, gef, in J K mol™* as a function of
temperature]. Results from WoolleyRef. 4, JANAF (Ref. 1), and Martin
et al. (Ref. 6 are given for comparison.

b

T/K a ¢ €
100 218.33 218.53 218.61

200 191.73 191.89 191.98 191.77 191.77
300 188.68 188.83 188.92 188.71 188.71
400 190.01 190.15 190.24 190.04 190.04
500 192.53 192.68 192.76 192.57 192.57
600 195.40 195.55 195.63 195.43 195.43
700 198.31 198.46 198.54 198.35 198.35
800 201.17 201.32 201.39 201.21 201.21
900 203.93 204.08 204.15 203.97 203.97
1000 206.58 206.73 206.80 206.62 206.62
1100 209.13 209.28 209.35

1200 211.58 211.73 211.79

1300 213.93 214.08 214.13

1400 216.19 216.34 216.39

1500 218.37 218.52 218.56

1600 220.47 220.62 220.66

1700 222.51 222.65 222.69

1800 224.47 224.62 224.65

1900 226.38 226.52 226.55

2000 228.23 228.37 226.85 228.26 228.28

2100 230.03 230.16 230.18

2200 231.77 231.90 231.91

2300 233.47 233.60 233.60

2400 235.12 235.25 235.25

2500 236.73 236.86 236.85

2600 238.30 238.42 238.40

2700 239.84 239.95 239.92

2800 241.33 241.44 241.41

2900 242.80 242.89 242.85

3000 244.23 244.32 244.27 244.23 244.33

3100 245.63 245.71

3200 247.00 247.07

3300 248.34 248.40

3400 249.65 249.70

3500 250.94 250.98

3600 252.21 252.23

3700 253.45 253.45

3800 254.66 254.66

3900 255.86 255.84

4000 257.04 256.99 256.97 257.14

4100 258.19 258.13

4200 259.33 259.25

4300 260.14 260.34

4400 261.55 261.42

4500 262.63 262.48

4600 263.69 263.52

4700 264.74 264.55

4800 265.77 265.56

4900 266.79 266.55

5000 267.79 267.53 267.60 267.82

5100 268.78 268.49

5200 269.75 269.44

5300 270.71 270.37

5400 271.65 271.29

5500 272.56 272.19

5600 273.49 273.09

5700 274.39 273.97

5800 275.28 274.84

5900 276.16 275.69

6000 277.02 276.54 276.75 276.98

aThis work.

BJANAF (Ref. 1).

‘Martin et al. (Ref. 6.
“Woolley, “1982 version” (Ref. 4.
Woolley, “1984 version” (Ref. 4.
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general problem with effective Hamiltonian representations
of rotational motion and should be remembered when com-
paring with previous results, all of which used effective
Hamiltonians for all energy levels.

It should be noted that the errors referred to in Table |
only refer to errors introduced due to our use of energy es-
timates to top up the incomplete VT2 energy levels. Other,
systematic errors, due to such factors as(thior) inaccu-
racies in the VT2 levels or value of the dissociation energy,
are harder to estimate. However, one would expect errors
introduced by any inaccuracy in the VT2 levels to be most
significant at lower temperatures, where the partition func-
tion and other properties are more strongly dependent on the
correct representation of relatively few levels. As demon-
strated below, at low temperature our results are in very good
agreement with previous estimates, especially those due to
Woolley? This suggests that there is no significant problem
with the accuracy of the VT2 levels.

Ill. RESULTS AND DISCUSSION

Tables II-VI give the main results of this work. Com-
parison is made with the available high temperature data
from previous work. It should be noted that the JANAF
results quoted in Tables IlI-VI are for water in its natural
abundance whereas our results, as well as those quoted from
Woolley? Irwin,? and Martinet al,® are for pure H®0. In
practice this only leads to very minor differences; a direct
measure of these differences & 3000 K is given by Mar-
tin etal® Martin et al. found that the differences depend
only very weakly on temperature and are less than
0.01 JK*mol™* for gef andS, 0.001J K*mol™* for C,,,
and 0.06 kJ mal* for hef. Compared with other differences
between the various calculations discussed below, these dif-
ferences are negligible.

There seems to be little published data on the high-
temperature partition function of water available in the lit-
erature. The most extensive appears to be due to irwimo
produced a fit based on the partition function data of
McBride et al?® updated with moderfJANAFY) physical
constants. Irwin’s fit is only valid for 2000 T=<6000 K,
but in this range the agreement with our internal partition
function is remarkable. Table Il shows that over this range
the two partition functions agree to within the error estimates
of both works and at most temperatures, much better than
this.

Of course the Gibbs enthalpy function, gef, can also be
used to give a measure of the partition function. Compari-
sons, see Table IlIl, with previous work suggest that (eud
Irwin's) partition function is somewhat lower at high tem-
perature than those of the other studies discussed here. Rea-
sons for this are given below.

For some applications it is useful to have the partition
function as a function of temperature represented in analytic
form. We have, therefore, fitted our results to the following
function?*

6

log Q,, =2, a(log T)". (12)

1=0
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A fit in the rangeT =100 to 6000 K in steps of 100 K gave TABLE IV. Helmholtz function, hcf, in kJ K* mol™* as a function of tem-

ap=—14.238 480 506 262 7a,;=38.053 702 726 924 ZX, perature,T.

=—42.649 044 013 388 9,a3=25.238 163 093 783 1,a,

= —8.056 218 790 085 96a5=1.317 838 936 167 98, and K

a

b

c

ag=—0.086 022 746 786 300 4. This functional form repro- 100
ducesQ,, to within 0.1% over the entire range, and Qg ggg
to better than 0.02%. 400
Tables Ill, IV, V, and VI give results for the Gibbs en-  gqg
thalpy function(gef), the Helmholtz functionhcf), the en- 600
tropy (S), and specific heat(,), respectively. In general 700
our results are in good agreement with previous studies up to ggg
intermediate temperaturesT £2000 K), with particularly 1000
good agreement being obtained with the results of Woolley 1100
to about 4000 K. In general the agreement between the vari-1200
ous results forC, are worse than for the other quantities, 1288
although our results remain in excellent accord with those of ;- -
Woolley up to 4000 K. 1600
In order to discuss the differences between the various 17gg
models considered here, it is necessary to understand howgoo
the results of the previous works quoted were constructed.1900
The JANAF data is the standard input for many models. 2288
Therefore, considerable care has been taken in making this,,q,
compilation. The 1985 JANAF compilation for gas-phase 2300
water quoted here used preliminary results due to Woolley 2400
(see below for S(T) and C,(T) below 2000 K. Between 2288
2000 and 5000 KC, was obtained from the calculations of
Friedman and Hafflg. Friedman and Haar’s 1954 calculation ,gqq
represented a pioneering use of electronic computers but can2900
not be considered accurate by today’s standards. Above 500®000
K JANAF's C, is simply a linear extrapolation of the Fried- 2288
man and Haar data. It is not explicitly stated how the other 55,
data for gaseous water given in JANAF was obtained. 3400
Martin et al® used various potential-energy surfaces to 3500
obtain constants which were then used to compute separat&600
vibrational and rotational partition functions. The vibrational 3800
partition function used harmonic plus leading anharmonic zg0q
terms to represent the vibrations; the rotational partition 4000
function used a conventional rigid-rotor based effective 4100
Hamiltonian expansion. It is well-known that such expan- 4290
. . . 2 : 4300
sions are divergent for water at relatively law?? Martin 4400
et al. “best” results, which are the ones quoted here, were 4500
based on constants from their ovab initio calculations. 4600
Strongly suggestive of cancellation of errors is that they ob- 4700
tained significantly worse results when they used a more ac-*

o ) . 4900
curate, empirically determined, potential due to Jerfen. 5000
Table Il compares our partitionq,,) with one calcu- 5100
lated from the same energy level data but as a product ofs200
vibrational and rotational partition functiongQ(xQ,). It 5300

shows that this product is not reliable except at the lowest 2400
temperatures. Indeed at 3000 R, is 10% less tharQ, 600
X Q,. This error is enough to account for the differences s57qq
between our data and Martiet al., although it should be 5800
noted that their perturbative treatment of rotational motion is 5900
also likely to have led to an overestimate of the rotational 6990

— 6606
—3275
67
3454
6925
10500
14 190
18 000
21936
26 000
30191
34 509
38 949
43504
48 169
52 936
57 799
62 750
67 782
72 891
78 071
83317
88 625
93 992
99 415
104 892
110 420
115998
121 626
127 302
133 025
138 795
144 610
150471
156 375
162 321
168 308
174 334
180 395
186 490
192 615
198 766
204 939
211130
217 334
223545
229760
235973
242178
248 371
254 545
260 697
266 820
272911
278 965
284978
290 946
296 864
302 731
308 544

—6615

—3282
62
3452
6925
10501
14 192
18 002
21939
26 000
30191
34 506
38 942
43 493
48 151
52 908
57 758
62 693
67 706
72790
77941
83153
88421
93741
99 108
104 520
109973
115 464
120990
126 549
132139
137 757
143 403
149 073
154 768
160 485
166 222
171980
177 757
183 552
189 363
195191
201 034
206 892
212 764
218 650
224 548
230458
236 380
242 313
248 258
254 215
260 184
266 164
272 157
278 161
284 177
290 204
296 244
302 295

—6613

—3281

62
3449
6919
10492
14 182
17 983
21911
25965
30 145
34 448
38870
43 403
48 042
52779
57 605
62 515
67 500
72 555
77673
82 850
88 079
93 356
98 677
104 037
109 434
114 864
120 325
125812

—3280
64
3454
6727
10503
14 194
18 004
21939
26 001

72 086

126 930

184 891

245294

307 659

—3280
64
3454
6727
10503
14 194
18 005
21941
26 005

73 034

127 653

185 848

246 061

307 871

partition function.

aThis work.

Woolley’s* and Topperet al.” are the only previous bjanap (Ref. 1.

studies which appear not to have assumed that the partitiofartin et al. (Ref. 6.

function can be represented as a product of vibrational anélvoolley, “1982 version” (Ref. 4.
rotational parts. Woolley recognized that the rotational ex*woolley, “1984 version” (Ref. 4.
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TABLE V. Entropy, S, in JK Y mol™! as a function of temperaturg,

b

d

Harris et al.
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TABLE VI. Heat capacity at constant pressu,, in J Klmol™tas a

function of temperatureT.

TIK 2 c e
TIK a b c d e
100 152.26 152.38 152.48
200 175.35 175.48 175.57 175.37 175.37 100 33.204 33.299 33.303
300 188.90 189.04 189.12 188.93 188.93 200 33.332 33.349 33.339 33.350 33.350
400 198.64 198.78 198.86 198.67 198.67 300 33.571 33.596 33.578 33.596 33.596
500 206.38 206.53 206.60 206.42 206.42 400 34.239 34.262 34.237 34.262 34.262
600 212.89 213.05 213.11 212.94 212.94 500 35.208 35.226 35.193 35.226 35.226
700 218.58 218.73 218.79 218.62 212.62 600 36.315 36.325 36.283 36.324 36.326
800 223.66 223.82 223.87 223.71 223.71 700 37.492 37.495 37.443 37.494 37.498
900 228.30 228.45 228.50 228.34 228.35 800 38.723 38.721 38.658 38.719 38.727
1000 23258 232.73 232.77 232.62 232.62 900 39.993 39.987 39.909 39.982 39.999
1100 236.57 236.73 236.75 1000 41.278 41.268 41.173 41.259 41.291
1200 240.33 240.48 240.49 1100 42.553 42.536 42.423
1300 243.88 244.03 244.03 1200 43.795 43.768 43.634
1400 247.26 247.40 247.39 1300 44.986 44.945 44.788
1500 250.48 250.62 250.59 1400 46.114 46.054 45.876
1600 253.55 253.69 253.65 1500 47.173 47.090 46.889
1700 256.50 256.69 256.57 1600 48.160 48.050 47.828
1800 259.33 259.45 256.38 1700 49.078 48.935 48.692
1900 262.05 262.16 262.08 1800 49.929 49.749 49.486
2000 264.67 264.76 264.67 264.66 264.80 1900 50.718 50.496 50.212
2100 267.20 267.28 267.17 2000 51.452 51.180 50.875 51.309 51.756
2200 269.64 269.70 269.57 2100 52.136 51.823 51.481
2300 272.00 272.04 271.90 2200 52.776 52.408 52.034
2400 27428 27431 27414 2300 53.380 52947 52.537
2500  276.49 27650  276.32 2400  53.953 53444  52.996
2600 27864 27862 27842 2500 54.500  53.904  53.414
2700 28073  280.68  280.46 2600 55026 54.329  53.795
2800 28276 28268 28243 2700 55536 54.723 54141
2900 284.73 284,61 284 35 2800 56.033 55.089 54.455
3000  286.66 28650  286.21 28654  286.88 2200  56.519 55430 54740
2100 288 53 288 33 3000 56.996 55.748 54.997 56.394 56.824
Jev e oo
3300 292.15 291.85 : :
3300 58.381 56.583
3400 293.90 293.55
3400 58.824 56.828
3500 295.62 295.20
3500 59.255 57.058
3600 297.29 296.81 3600 20671 7276
3700 298.93 298.38 ' '
3700 60.067 57.480
3800 300.54 299.91 3800 60.441 57675
3900 302.11 301.42 3900 60.788 =7 859
4000 303.66 302.88 303.19 303.60 4000 61104 £8.033 59.312 59.330
4100 305.17 304.32 4100 61385 58.190
4200 306.65 305.72 4200 61627 58,957
4300 30810  307.10 4300 61827 58507
4400 309.53 308.44 4400 61.981 58650
4500 310.92 309.76 4500 62087 58787
4700 313.62 312.32 4700 62147 50.044
4900 316.21 314.79 4900 61.997 59.275
5000 317.46 315.99 316.66 317.03 5000 61.844 59.390 61.425 61.040
5100 318.68 317.17 5100 61.639 59.509
5200 319.88 318.32 5200 61.384 59.628
5300 321.04 319.46 5300 61.081 59.746
5400 322.18 320.58 5400 60.732 59.864
5500 323.29 321.68 5500 60.340 59.982
5600 324.38 322.76 5600 59.907 60.100
5700 325.43 323.82 5700 59.438 60.218
5800 326.46 324.87 5800 58.934 60.335
5900 327.47 325.90 5900 58.400 60.453
6000 328.44 326.92 328.02 328.30 6000 57.838 60.571 63.268 62.556
&This work. aThis work.

bJANAF (Ref. 1).

‘Martin et al. (Ref. 6.
“Woolley, “1982 version” (Ref. 4.
®Woolley, “1984 version” (Ref. 4.

PIANAF (Ref. 1).

“Martin et al. (Ref. 6.
YWoolley, “1982 version” (Ref. 4.
“Woolley, “1984 version” (Ref. 4.
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pansions are potentially divergent and treated these in tarFhe results presented here, therefore, represent a significant

dem with the bending motion. He parameterized his expresimprovement on previous data, although work remains to be

sions using empirically derived constants. He used twalone obtaining accurate high-temperature values for the spe-

different sets of constants to give two sets of results, theific heat of water.

#1982 and “1984" versions. Rather than claiming one set

to be superior, he states that the two sets give an error eshRCKNOWLEDGMENTS

mate for his procedure. For this reason we quote both sets of \ye thank Oleg Polyansky for advice on effective Hamil-

his results. _ _ tonian expansions. This work was supported by the United
Woolley’s procedure for treating nuclear motion would kingdom Particle Physics and Astronomy Research Council,

seem to be significantly better than the others with which Weyng the United Kingdom Engineering and Physical Sciences
compare. Itis, therefore, not surprising that we obtain muctResearch Council under various grants.
better agreement with his results. However there is one as-
pect of Woolley's work which is somewhat surprising. HiS iy, w. chase, Jr.,, C. A. Davies, J. R. Downey, Jr., D. J. Frurip, R. A.
sums include a very large number of vibrational states, over McDonald, and A. N. Syveraud ANAF Thermodynamic Table3rd ed.
13 000 at the highest temperatures. Our explleit0 calcu- (American Chemical Society and American Institute for Physics for the

. . National Bureau of Standards, New York, 1983. Phys. Chem. Ref.
Ia_1t|on_s suggest that water _h_as a IlFtIe over a 1900 b_ound Data Suppl14, 927 (1985,
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