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ABSTRACT. 

The ideal gas chemical thermodynamic properties for NO, N02, N20,, 

and N204 for the temperature range 50 to 5000 K were evaluated by the statistical 
thermodynamic method using the most recent molecular parameters. In the calcula- 
tions for NO and Nor, the effects of anharmonicity and vibration-rotation interaction 
were included_ The contributions due to centrifugal distortion were also included for 
NO=. For evaluation of the thermodynamic properties for N,O, and NzO, molecules, 
the rigid-rotor and harmonic-oscillator model were adopted. A free internal rotation 
was assumed for N20, and an internal rotation barrier height ( Vz) of I 58 kcal mol- ’ 
was derived for N20J_ The thermodynamic properties due to hindered internal rota- 
tion were calculated using a partition function formed by summation of internal 
rotation energy levels. The thermodynamic properties for two equihbrium mixtures: 
NO,-N,O, and N203-NO-Not-N201 were also calculated. The effects of tempera- 
ture and pressure on heat capacities and compositions of these two mixtures are 
illustrated graphically and the calculated heat capacities and equilibrium constants 
are in good agreement with available experimental values. 

The nitrogen oxides are important compounds in air pollution, rocket propul- 
sion, and chemical industries. Due to the recent revision of fundamental constants’ 
and the availability of new molecular and spectroscopic data for some of these 
nitrogen oxides, their chemical thermodynamic properties in the ideal _easeous state in 
the temperature range 50 to 5000 K were evaluated by the statistical thermodynamic 
method. For all calculations the atomic weights2 N = 14.0067 and 0 = 15.9994 
and the new physical constants recommended by Taylor et al. ’ in 1969 were employed. 

The thermodynamic properties of N20, and N204 were calculated based on the 
zigid-rotor and harmonic-oscillator @RHO) models. A free internal rotation was 
assumed for Nz03 and a hindered internal rotation with a barrier height of 1.58 kcal 
lll01-’ was evaluated for the N,O, molecule*_ The contributions from anharmonic 
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vibrations, vibration-rotation interactions and centrifugal distortions, which were 
derived from appropriate spectroscopic data, were included in the caIcuIation of 
RhermodYrramic properties for NO and NO? _ The method of Pennington and Kobe3 
was followed for the calculation of these effects in NO, _ 

It is we11 known that at room temperature the NOZ species exist as a mixture of 
monomers and dimers and the compound N,Os is unstabie at at1 temperatures and 
forms a mixture containing X0, NOz, Nt04, and N203 at temperatllres below 600 K, 
and at temperatures above 600 K the mixture contains only NO and NO,. Because of 
these facts, we have also evalwted the thermodynamic properties for two equilibrium 
mixtures, i.e., NOL-N\ttO, and N,O,-1 10-NOZ-Nz04 _ 

MOLECUUR XSD THFIRMAL DATA 

Niirogen oxide (NO) 
The electronic configuration of ICO moIecuIe in the round state is of the type 

‘rr where the two substates 2~1.11 and 27r3, 1 are separated by about I21 cm- ’ _ The 
gound state is connected with seven excited states and for many years the presence of 
such a _mt number of electronic states in a comparatively narrow range caused 
difficulties and confusion in an&zing and interpreting the electronic spectra of NO. 
The vibrational levels of theground state were obtained in investigation of the vibration- 
rotation spectrum of NO in the infrared range”’ and the vibrational constants were 
derive34*9. The rotational IeveIs ot NO were studied by many investi_eators in the 
infrared I ’ and microwave regions of the spectrum r r-r 6. The results of important 
research work on the determination of the rotational constants were summarized by 
GiIIett and Eysterc. Investigations were aiso made of the isotopic molecules: 
I’~‘6013,Ii and ‘5~x80 I%_ 

Olman et a1. rg have analYzed the hish resolution spectra of the first and second 
overtone vibration rotation bands of ‘*NO and * %IO. Their reported v-alues of rota- 
tional (B,j, vibrational (q), anharmonicity (o,y,) and vibrational-rotation couplin_e 
(q) constants were adopted and caIcuIated for the natural isotopic mixture for evalua- 

tion of the thermodynamic properties. The standard enthalpy of formation 
AZ&.= @IO(g), 298. I5 K) = 21.57 kcal mol- ’ was obtained from the National Bureau of 
Standardszo. 

Aiirrogen dioxide (N02) 

The molecular structure of NOz has heen elucidated by electronic diffiac- 
tion 2 I .= 2, miCrOWave^” 3 and infrared spectroscopy’*_ The molccuiar parameters 
determined by Bird ‘a were empIoyed_ Based on :his structure the product of the three 
principal moments of inertia (1,1,13 was derived as I.54158 x 1O’“6 g3 cm’. 

The vibration-rotation band of nitrogen dioxide was studied extensive- 

IY 
E-32.64.6 5 

_ Bird et al. 3o reviewed the reported microwave spectra for NO2 in the 
iiterature and assigred corrected infrared harmonic wavenumbers from a combined 
microwave-infrared calcuIation. They suSSested that the harmonic wavenumbers 
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obtained exclusively from infrared needed revision due to discovery of a minor error 
in the published infrared analyses of NO, by Arakawa and Nielsen3 r and Bird et aL3’. 
The harmonic zero-order vibrational wavenumbers assigned for lSN’ 60t and 
’ 5N160, by Bird et aLSo were adopted. The fundamental vibrational wavenumbers 
for natural isotopic mixture (14N1 602, 99.6 %; ’ 5N1 602, 0.37%) were evaluated as 
1320.6, 749.6 and Iti! 7.0 cm - ‘. 

The anharmonicity constants for the ‘“NO1 mo!ecule have been reported by 
Moorez3 and Weston33 based on resuhs of Brown and Wilson” and Keller and 
Nielsen28.34. Arakawa and NieIsen31 studied the spectra of 14N02 and ’ 5N02 
with high precision in the range 670 to 5900 cm- ‘. They analyzed the rotational 
structure and derived the rotational and vibrational constants for these two species. 
Their reported values of anharmonicity and vibration-rotation coupling constants 
were adopted. 

The centrifugal distortion constants have been obtained from fine-structure 
measurements of several bands of NO, 23*27~28-33-36_ Those derived by Danti and 
Lord36 were employed for calcuIation. The following additional mo!ecular data: point 
group = Czv ; symmetry number, c = 2; electronic level and statistical weight in the 
ground state cl0 = 0 and go = 2 were used for statistical thermodynamical calculation- 
The AHi (NO&))- 298.15 K) was adopted as 7.93 kcal mol- ’ (ref. 20). 

Dinitrogen trioxide (h-2 03) 

The moIecuIar parameters for N,O, have not been completely determined and 
reported in the literature. Kuczkowski 37 determined the three principal moments of 
inertia for each of the following species O”N”NOz, 0’ 5N14N02, O’~N1’NOz, 
and 0’5N15N02 from microwave spectrum and found that the N,03 molecule has 
a planar structure. He established the N-N bond distance in N2O3 to be I .85+0.03 A. 
Using additional estimated N-O bond distance and <ON0 as 1.180 A and 134”, 
respectively, we derived Z,Z,Zc = 3.5478 x IO- ’ I4 g3 cm6 which is in reasonable 
agreement with Kuczkowski’s experimental value 3.5649 x lo- ’ * 4 g3 cm’. The 
reduced moment (I,) was obtained as 1.0582 x IO- 39 g cm’. Devlin and Hisatsune3* 
calculated from Urey-Bradley force constants eight fundamental vibrational wave- 
numbers (in cm - ’ ): 1863, 1589, 1297,783,627,407,3 13 and 253 for N,03 which were 
adopted tentatively_ A free internal rotation was assumed3’-*’ and tte following data: 
point group C,, 0= 1, e. = 1, go = 1 were employed for evaluation of ideal gas 
thermodynamic functions for Nz03. 

The Gibbs energy change, AGF (298.15 K) for reaction (1) was derived to be 
-0-364 kcal mol- ’ (rcfs. 41, 42) 

N2O3(g) = NO@) + NO,(g) (1) 

Based on the entropies, s” (298.15 K), for the species in the above equation from the 
present work, we caiculated the entropy change AS: (298.15 K) = 34.03 cal K’ 1 
mol- ’ _ Using the values of AG: and AS: thus obtained and the relationship 

Ae=AG’:+TaSj (2) 
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the enthalpy change AH,” (298.15 K) for reaction (1) was calculated as 9.78 kcal 
mol-‘. Based on this AH: (298-15 K) va!ue and LUTZ (g, 298.15 K) = 21.57 kcal 
mol- ’ for NO and 7.93 kcal mol- ’ for Not*‘, we derived m (NzO&), 298.15 K) 
= 19.72 kcal mol- ’ _ This vahe was caIcuIated to be consistent with the experimental 
equilibrium constant determined by Eeattie and Bel14’ for reaction (1) and was 
adopted, 

Dinitrogen tetroxide (IV, 0,) 
The moIecuIar structure of dinitrogen tetroxide has been investigated extensively 

by many researchers for many years, The stable form of this compound is known to 
be planar and symmetric (Dth symmetry) as 0~N-N0243~35*48_ Its molecular para- 
meters have been determined by BroadIey and Robertson44, Smith and Hedberg43, 
Groth4’, Cartwright and Robertson5’, and McCIelland et aL5’. The existence of 
N2O4 molecules with the same configuration but stagg,eered (symmetry D2,J and 
molecules with the configuration OzN-ONO in the crystal state has been reported in 
the iiterature46=47. For the present work, the new moIecular parameters determined 
recently by McClelland et al. by *gaseous electron diffraction were adopted. The 
vaiuesof~~l,i,andI,wereevaIuatedas1.0515~x~O~1’3g3cm6and1.6f02x10~3g 
g cm*, respectively. 

Hisatsune et aL4’ and Snyder and Hisatsune45 investigated the infrared spec- 
trum of N,O, and assigned the folIowing fundamental vibrational wavenumbers 
(’ m cm-‘): 1373,812,260,50,1710,480,430,675,1748,385,1261, and 750 which were 
used for calculation except the vaIue 50 cm-’ for v,, the torsional frequency. This 
torsional frequency was not observed ia the infrared spectrum and the value SO cm-’ 
was estimated from entropy caIcuIation4’ based on the molecular structure determined 
by Smith and Hedberg(‘_ Since th.% work adopted the molecular parameters reported 
by McCIeIIand et al.” for caIcuIation of thermodynamic properties for N*O4, the 
vahxe of v4 was reca.IcuIated as follows. The Gibbs energy change AGZ (298.15 K) 
for reaction (3) was derived as I. 138 kcal mol‘ ’ from the equiIibrium constant 
log,, K = -0_834 at 298.3 K reported by Giauque and Kemp’* which was obtained 
from reevaluation of the equilibrium data measured by Wourtz.els3_ 

NzO&) = 2NO&3) (33) 

From the adopted vaIues of q (g, 298.15 Kj = 7-93 kcal mol- ’ for NO2 and 
2.19 kcal mol- ’ for Nz0420 we obtained w (298.15 K) = 13.67 k-1 moI- l_ By 
using the values of Ae (298.15 K) and AK (298.15 K), and eqn (2), the entropy 
change q (298.15 K) of reaction (3) was computed as 42.03 cal K- ’ mol- ‘. 
Based on this e (298-15 K) and s” (N02(g), 298.15 K) = 57-42 Cat K- ’ mol- ’ 
(this work), t>e s” (N,O,(g), 298_ 15 K) was cahzulated to be 72.81 cal K- ’ mol- ‘. 
Using this entropy for N,O,@) and I, = 1.6102 x IO-” g cm=, we evtiuated the 
internal rotation potential barrier heights4 as V, = 1.58 +O.lO kcal mol- ’ for 
N104. From the -values of 1, and V, thus obtained we generated 187 internal rotation 
energy IeveIs up to 15280 cm-’ (ref. 55) of which the torsional wavenumber (v~)~_~ 
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wasfoundtobc6Ocm-’ . The internal rotation contributions to the thermodynamic 
properties were calculated by the usual statistical thermodynamic method using a 
partition function formed by summa tion of these internal rotation ener_9y levels. 
For evaluation of the other contributions to the thermodynamic properties for N&I, 
(g), the following additional molecular data: point group = D,, (or VJ, tr = 4, 
e, = 0, go = I and molecular weight = 92.011 were used. 

NO,-N, 0, equiiibritm mixture 

As mentioned previously, at room temperature nitrogen &oxide exists as a 
mixture of monomers (NOz) and dimers (N,O& The composition of this equilibrium 
mixture changes with temperature and pressure, which can be calculated from known 
equilibrium constants (or Gibbs energy changes for reaction (3)) at @ven values of T 
and P. Based on the calculated equilibrium compositions ad the thermodynamic 
functions for NOz (g) and N204 (g) from the present work, the thermodynamic 
properties for NOz-N,O, mixtures at temperatures of 50 to XKK! K were derived. 
These mixture properties were calculated as per mole of pure NO, which was arbi- 
txariiy chosen. 

N, O,-NO-NO,-N, O4 equilibrium mixticre 

Pure gaseous dinitrogen trioxide is unstable at temperatures higher than 100 K. 
The decomposition products are NO, NO,, and N,O,. The compositions of the 
equihbrium mixture at different temperatures and pressures were obtained by solving 
four simultaneous equations by iteration. These four equations include two chemical 
equilibrium, reactions (1) and (3), and two mass balances for elements 0 and N. 
From the known equilibrium compositions and the thermodynamic functions for 
NiOa, NO, NO2 and N20d from the present work, the ideal gas thermodynamic 
properties for the equilibrium mixtures at temperatures of 50 to 5000 K were evaluated. 
The resuIts were calculated based on one mole of pure N,OJ before formation of 
equihbrium mixture. 

CALCLJJi.Al-ION RESliLTS Ah?) DISCUSSION 

Employing the above selected molecuIar, spectroscopic and thermochemical 
constants for NO, NO,, Nz03, and Nz04, the thermodynamic functions, Cg, S”, 

W’-&UT, -(Go-&)/Z and W- Ug, for these species were evaluated by the 
statistical thermodynamic method _ 56 From the adopted AK (298.15 K) for each of 
these oxides and If” - e and - (Go - IQ/T for 02’ ‘, N,’ ‘, and respective nitrogen 
oxides (this work), the AK, AG,O , and log K in the temperature range 50 to 5000 X: 
for NO, NO=, N203, and NzO; were derived. Skeletal numerical results only for the 
range 0 to 2000 K are presented in Table 1. The contributions to Ci, So, and Ho-Hg 
due to anharmonic vibrations, vibration-rotational interactions and centrifugal 
distortion effects, for I<0 and NO, at temperatures of 298.15, 500, and loo0 K are 
listed in Table 2. The complete tables of the thermodynamic properties for these four 
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nitrogen oxides and other species, e.g. N, N2, N,, NO,, N,O, N202, and N203, 
nil! appear in the Thermodynamics Research Center Data Project tables’7. The 
complete numeric& results for the two equilibrium mixtures, N02-N20, and 
t\i,O,--NO-NOz--N+O, , in the temperature ranse 50 to 5000 K are also available”_ 

TABLE I 

IDEAL GAS THSRzMODYNAMIC FUNCTIONS AT I atm 

T 

tK) 
C; SC h='-Ho" AH; AG; 
(cd KS’ mol-I) (cd K-l mole*) (kcal moi- ‘) (kcai moi- ‘) (kcal mol- ‘) 

Nifrogen oxide (NO) 

0 0 
IO0 7-721 
29S_IS 7-136 

400 7.165 
600 7.4s 
So0 7.852 

BOO0 S-142 
ES00 8.565 
2000 5.769 

.Vitrogen dioxide (N02) 
0 0 

100 7.971 
298.15 s-991 
400 9.823 
600 11.28 
SO0 1228 

IO00 1294 
1500 13.83 
2000 14.30 

Dinifrogen trioxide (:Sz 0,) 
0 0 

100 10.35 
298.15 IS.68 
400 Ii.35 
600 19.82 
SO0 21.39 

RX?0 2237 
1500 23-6 
2ooo 24.1 

Dinitrogcn fetraxi& (N,O,) 

0 0 

100 11.25 
298.15 I8.4S 
400 20.86 
600 24.24 
800 26.34 

IO00 27-65 
1500 29.2 
2000 29.9 

0 0 21.45 21.45 
42.27 0.746 21.50 21.25 
so.33 2.197 21.57 20.69 

52.43 2.924 21.58 20.39 
55.39 4.356 21.59 19.79 
5760 5.920 21.60 19-19 
59.38 7.521 21.62 ISSS 
62.77 11.71 21.64 17.06 
65.27 16.05 21.64 I5.53 

0 0 8.59 1 8.59I 
48.40 0.796 8.346 9.554 
57-42 2.450 7.930 12.24 
60.17 3.505 7.eo7 13.74 
64-42 S-514 7.721 16.73 
67.79 7.864 7.761 19.74 
70.55 10.37 7.86 22.7 
75.99 17.06 8.24 30. I 
80.04 24.08 8.70 37.3 

0 0 21.34 21.35 
59-70 0.9 27 20.53 24.59 
73.72 3.566 19.72 3330 
78-55 S-253 19.61 37.96 
86.12 S.991 19.70 47.13 
92.05 13.12 20.00 56-7-J 

96.94 17.51 20.39 65-G 
106.0 29.1 21.5 87.4 
113.0 41.0 33 109-O 

0 0 4.45 4.45 
56.95 0.954 3.32 9.72 
72s I 3.962 2.19 23.35 
78-58 S-969 203 30.60 
87.73 10.50 2.19 44.87 

95.02 IS.58 2.64 59.W 
101.0 20.99 3.24 73.07 
113.0 35-3 492 IOS.0 
I21.0 SO.1 6.59 142.0 
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TABLE 1 (conrinrrcci) 

c; s= Ho-H; Aff,s AH; 
(Cal K- ’ mol- ‘) (cat K- ’ mol- ‘) (kcal mol- I) (kcal md- ‘) (kcai mol-‘) 

NO=-NtO, eqdibrium mixfun? 

0 0 

loo 5.623 

200 8.09 
298.15 57.1 
300 59.7 
400 20.0 
500 lo-8 
600 11.3 

0 0 2.225 2.225 
2848 0.477 1.66 4.86 _ 
33.1 1.15 1.29 8.22 
41.1 3.27 2.38 11.56 
41.5 3.37 2.47 11.62 
59.6 9.52 7.56 13.72 
62.4 10.7t 7.74 15.23 
64.4 11.88 7.72 16.73 

N20J-NO-N02-NZOa equih%rium mixtureb 

0 0 0 

100 13-34 72.65 

200 M-8 82-4 

298.15 62.8 91-l 
300 68.2 91.6 
400 23.6 115.0 
500 18.1 i 19.2 
600 18.8 122.6 

0 2.1.34 21.34 
3.556 23.16 25.~2 
4-97 27.83 28.82 
7.08 _ $23 31.63 
7.2 23.32 . 31.67 

14.9 29.22 33.01 
16.8 29.32 33.94 
18.6 29.31 34.87 

‘The standard enthalpy and common logarithm of the equilibrium constant of formation for the 
reaction: (1/2)N,(g) + O:(g) = nNIOl(g) + (I - n)NOr(g) where n is the mole fraction of NIOh species 
in the mixture at the given temperature. b?he standard enthalpy and commcn Iogatithm of the 
equilibrium constant of formation for the reaction: N=(g) + (3;2)O,(g) = nN203(g) i mNO(g) + 

+kNO,(g)C(I --n-m-k)N,Odgj where n, m. and k are the mole fractions ofNzOs, NO and NO2 
in the mixture at the given temperature. 

TABLE 2 

CONTRIBUTlONS TO THERMODYNAMIC PROPERTIES DDE TO ANHARMONIC 
VIBRATION, VIBRAl-lON-ROTATIONAL INTERACTION AND CENTRIFUGAL 
DISTORTION EFFECTS 

NO= NO 

C.” S” If”-& c; S’ w-n; 
(caiK_‘mol-‘) (calK_‘mot-I) (calmol-‘) (caIK_‘mol-‘) (calK_‘muI_‘) (calmel-‘) 

298.15 0.117 0.067 12-4 0.004 0.003 OS 
500 0.197 0.124 38.2 0.009 0.006 1.6 

1000 3.413 0.274 157.4 0.034 0.019 12.0 

Part of the results obtained are shown in Table ! . The apparent heat capacities of the 
two equilibrium mixtures show the expected maximum in the range of 200 to 600 K 
for equilibrium involving chemically reacting species. The temperature and pressure 
dependences of Cz and composition for NO*-N20, equilibrium mixtures are shown 
in Figs. 1 and 2. Those for the other equilibrium mix-, N203-NO-NO,-N,O,. 
are given in Figs. 35. 
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-r/r T/K 

Fig. 1. Tcmpcratwc and prcssurc dcpcndcncc of heat capacities of NOI-N~O~ cquiIibrium mixture 
. 

--I -emperature and pressure de: ndcncc of composition of N02-NIO, cqnilibrium mixture 

Fig- 3. Tanpaaturc and presswe 
librium kxnzrc. 

dependence of heat capacities of N~O~-NO-N02-Nz0, cqui- 
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400 so0 600 

TIK 

Fig. I Temperature and pressure dependence of concentration of NzO, in Nz03-NO-N02-N20r 
equilibrium mixture. 

Fig. 5. Composition of N,O,-NO-NO,-N,O, equilibrium mixture at various temperatures under 
one atmosphere total pressure. 

It is interesting to note that Fig. 2 indicates the fact that higher total pressure 
favors the formation of dimer N204 from monomer NOz in the equilibrium mixtures. 
As dimerization of NO= is an exothermic reaction, - 13-67 kcal mol- ’ at 298.15 K, 
more N,O, species formed in the equilibrium mixture means more dimerization 
ener_gy being reieased, thus it decreases the enthalpy, AT’- G, of the mixture. Higher 
equilibrium pressure also brings down the corresponding Cs and S” of the mixture at 
temperatures below 300 K; however, at temperatures above 370 K the reverse is true 
for q of the NO,-NzOj system as indicated in Fig. 1. The situationfortheequilib- 
rium mixture of Nt03-NO-N02--N,O, is very similar to that for the NO,-N,O, 

TABLE 3 

COMPARISON OF EXPERIMEhTAL AND CALCULATED HEAT CAPACITIES 
OF N02-N104 EQUILIBRIUM MIXTURE 

T(K) co, (cnf K-1 l.wt-‘) 
- 

From ref. 58 Gait. in this work 

306.88 63.0 69.1 
314.15 73.0 78.6 
317.15 77.0 82.0 
328.18 88.0 899 
334.05 89.0 90.0 
336.48 89.5 89-I 
343.85 84.0 83.1 
354.04 71.5 69.8 
370.66 46.5 44.2 
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equilibrium mixture_ Figure 4 shows that the equilibrium concentration of NzOa 

is a rather complex function of temperature and pressure, and that it never becomes 

large at pressures up to a few atmospheres. 

The caiculated heat capacities for the NO,-N,O, mixture at I atm were com- 

pared with those measured by McCoIIum58. Since the reported values are avenge 
heat capacities over the temperature ranSe I.2 to 4.4”C and for real -gases while the 

calculated ones are for ideal gases, the agreement between the reported and calculated 

q values in the temperature range from 307 to 471 K, as shown in Table 3, are 

reasonably good. 

TABLE 4 

COMPARISON OF EXPERIMENTAL AND CALCULATED 
EQUILIBRIUM CONSTANTS 

&P- Calc. 

A’2 0, T_ 2X0,’ 

273.1 0.0177 (rcf_ 53) 0.0176 
281.82 0.0374 (l-CL 59) 0.0384 
298. I 0.136 (rcfm 60) 0.146 
2995.3 0.?47 (EL 53) 0.148 
297.44 0.140 (ref. 59) 0.138 
305.1 O-302 (ref_ 60) 0.308 
318.1 0.628 (ref. 60) 0.621 
323.4 0.863 (ref. 53) 0.885 
326.0 l-076 (ref. 59) 1 .(ws 
359.6 7.499 (ref. 53) 7.487 
374.68 16. IS (ref. 59) 16.111 
403.93 59.43 (ref. 59) 60.3% 

N* 0, * NO -6 x0*- 

275.15 O-595 (ref. 41) 
281x3 O-539 (ret 61) 
2s3.15 1 -OS2 (ref- 4 1) 
29S.f 5 1916 (ref. 41) 

2.105 (ref. 60) 
307.95 2-39 (ret 61) 
308.15 3-097 (ref. 41) 

3.673 (ref. 60) 
318.15 S-193 (ref. 41) 

6.880 (ref. ao) 

0.568 
0.692 
1.055 
1.860 
1.860 
3.02 
3.18 
3.18 
5.25 
5.25 

*The original experimental data were recaiculated by Giauque and Kemp5*_ The values listed in this 
table arr the recalculated ones_ a The listed experimental values are obtained from Ekattie and EleIldl_ 

Tabie 4 gives the comparison of experimental and calculated equilibrium 

constants (K,) for reactions (3) and (I). The calculated Keg values for reaction (3) 

were derived from eqn (4); and those for reaction (1) were evaluated by use of eqn (5). 
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logXO K,, = -44.7040+6.9628f19-4 T-2691.09/T;9.981163 log 7- 
(4) 

- 14.2840 - 6.6794 x lo-* T2 

log,, K,, = -66.8331+4.4261 x lo+ T- 1801.21/T+9.60957 log T 
(5) 

- 12.8074 - 3-6968 x lo-* 7-’ 

The parameters in eqns (4) and (5) were evaluated by a least-squares fit to theequilib- 
rium constants caIculated from the data in Table 1 from 100 to 2000 K. The standard 
deviation between log K calculated from eqns (4) and (5) and Iog K calculated from 
TabIe I are 0.00056 and 0.00024, respectively. The maximum deviations are well 
within the uncertainties of these values. The good agreement between the calculated 
and experimental equilibrium constants listed in Table 4 indicates the fact that the 
values of the thermodynamic functions evaIuated for these nitrogen oxides, as presen- 
ted in Table I, are internally consistent and reliable and may be used with confidence 
in thermodynamic ca.IcuIations_ 

Novick et aL6’ reported the results of electric deflection of ultrasonic molecular 
beams of NO, and suggested that the NO2 system shows extensive polymerization 
beyond that of the dimer- They showed that the trimer, (NO,),, was non-poIar and 
also proposed a cyclic planar C,, structure_ An alternative structure and a cyclo- 
addition mechanism for the formation of (NO& was discussed by Liebman63. 

Novick et a1.62 caIculated the equilibrium constant for formation of NO2 
trimer from the monomer in the range 298.15 to 318.15 K. These values show that 
the equilibrium concentration of the trimer is no more than about 2-3 mole percent 
at pressures of I atm, but increases rapidly at higher pressures. The presence of a 
trimeric species may account for the differences between. observed and calculated heat 
capacities reported in Table 3_ However, due to the Iack of more specific information 
about the trimer we did not in&de it in any of our calculations. 
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