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ABSTRACT

Thermodynamic functions (heat capacity, enthalpy, entropy and free energy) have
been calculated for naphthalene in the ideal gas state from 273.15 K to 1200 K at 1 atm
pressure. Obtained results were critically compared with available experimental and cal-
culated data.

INTRODUCTION

The thermodynamic properties of naphthalene in the ideal gas state have
been critically studied and calculated by many investigators [1—32]. The
most recent study is the work by Chen et al. [9]). Despite the satisfactory
application of frequency sum and difference rules [9], there still remains an
ambiguity in the certainty of the assigned fundamental frequency wvalues,
especially in frequencies representing the A4,, B,, and B;, species *¥, to war-
rant further review of the available spectral [1,5,6,8—32] and thermody-
namic [33—45] data, and to calculate and re-evaluate the ideal gas state ther-
modynamic properties [1,6,9—16,18—26] of naphthalene (Tables 2, 3, 5;
Figs. 2—6). On the basis of this comparison we have proposed two sets of
fundamental assignments, set A and set B (Table 2).

The calculated thermodynamic function values for both sets of assignments
(A and B) are found in Table 3. To ease industrial applications, all results
presented (Table 3) were fitted to a five-constant polynomial of the form

A=a+bT+cT?>+dT® +eT* (1)

where A is the thermodynamic function at temperature T (K). The constants
a, b, ¢, d and e [egn. (1)] were obtained using linear least squares curve fit-
ting methods [1] and are found in Table 4. As already noted, the assigned
frequency values for both assignment sets A and B are found in Table 2,

* Present address: Texaco Canada Resources, Ltd., Alberta, Canada.

** In this work the nomenclature of earlier investigations {11] has been retained. In this
case the reference axes are set such that the X (longer) and Y axes are oriented in the
plane of the naphthalene skeleton.
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while the other values of molecular parameters used are the same as those
used by McFee and Lielmezs [1].

DISCUSSION
Frequency assignments

Naphthalene forms monoclinic crystals [46a—c] of space group P2,/a(C3;)
with two molecules in each unit cell located at symmetry sites C;. Even if the
naphthalene molecule is slightly distorted [46a—c] in the crystal, it may be
approximated to retain full D,, symmetry. Each molecule has 48 funda-
mental modes of vibration, of which 24 are Raman active, 20 IR active and
four completely inactive. Table 1 gives the summary of selection rules for
naphthalene *.

A, Fundamentals

The nine symimetric A, fundamentals are identified by their high intensity
in both the gaseous and solid Raman spectra and by their polarization in the
solid, single crystal spectra. Already, in 1955, Luther et al. [12,13] gave fre-
quencies which were very close to the corresponding assignment of Micha-
elian and Ziegler [1,5] (Table 2). With the exception of the two highest fun-
damentals of A, species (which contribute very little to the thermodynamic
function values), all recent assignments have included very similar frequen-
cies (Table 2). These assignments appear to be secure.

B,u Fundamentals

The four B,;, fundamentals have been assigned by McClellan and Pimentel
[14] as 176, 475, 780 and 956 cm ™!, and have been supported in general by
subsequent studies (Table 2). We use, along with Michaelian and Ziegler [5],
slightly changed values: 176, 476, 785 and 958 cm™! (Table 2). Again these
assignments are considered to be secure.

TAELE 1

Summary of frequency species

Class No. of Gas Solid
vibrations

Ag 9 Raman Raman

Ay 4 Inactive IR

Bjig 8 Raman Raman

Biy 4 IR IR

Bog 3 Raman Raman

By, 8 IR IR

B3y 4 Raman Raman

Bz, 8 IR IR

* See footnote p. 287.
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B3y Fundamentals

The assignment made by McClellan and Pimentel [14] of bands at 362,
620, 1125, 1268, 1355, 1601, 2942 and 3034 cm™ has, with the exception
of the assignment at 620 cm™! and the two highest fundamentals, been con-
firmed by later studies (Table 2). Later, normal coordinate analysis treat-
ment [18,19,21] has predicted 793 cm™! for the 620 cm™! value. On this
basis, Michaelian and Ziegler [5} and others [18,20] have assigned a fre-
quency of 747 cm™! (this value is also used in this work: assignment set A,
Table 2). However, through the application of product rule, Scully and
Whiffen [16,17] have predicted a band of 810 cm™!. Following this, we have
replaced the frequency of 747 em™! (used in set A) by the 810 cm™! value as
one of the three assignment set B frequency values (see also Table 2).

B;, Fundamentals

Early assignments [11,14] based on gas phase contours, solid phase
dichroic splitting and on the evaluation of the product rule, differed widely
for this class. The first normal coordinate analysis by Scully and Whiffen
[16] and Freeman and Ross [18] also differed, but more recent calculations
[19—21] have been consistent in assigning frequencies near 619, 870, 1139,
1212, 1362, 1513 cm™~! (Michaelian and Ziegler [5]) and 2987, 3076 cm™
(Sharma and Singh [6]) values. However, recent normal coordinate analysis
work prefers the value of 1008 cm™! over that of 870 cm™. In this work,
assignment set A contains 870 cm™!, while assignment set B has the value of
1008 cm™! (Table 2), with the remainder of the assignment of B, species as
given by Michaelian and Ziegler [5] and Sharma and Singh [6] (Table 2).

B, Fundamentals

There has been some disagreement over the B,;, fundamental frequency
assignments (compare with the early values in Table 2) but more recent
studies [24—26] have included frequencies similar to those given by Micha-
elian and Ziegler [5] at 508, 935, 1167, 124°, 1442 cm™!, and 1624, 2978,
and 3076 cm™! as proposed by Sharma and Singh [6] (Table 2). The assign-
ment of 1167 cm™! has been given previously [18] as 1099 cm™ but the nor-
mal coordinate treatment by Stenman [24] supports the halonaphthalene
studies of Michaelian and Ziegler [5]. In this work we accepted the assign-
ments of Michaelian and Ziegler [5] as supplemeated by Sharma and Singh

[6].
B, and B;, Fundamentals

The spectrographic evidence is poorly understood for separation of the
seven Raman active out-of-plane B,, and B,, fundamentals [14]. Early
assignments differed greatly in these two classes due to this difficulty and to
the use of some frequencies above 1000 cm™ (Table 2) which have since
been discarded. Normal coordinate analysis [16,22,23] has enabled the
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Fig. 1. Frequency (ecm™) and substituent molecular weight relation for 0, a-halonaphtha-
lene; and v, f-halonaphthalene.

establishment of B,, assignments of the 3 B,; species close to the assigned
Michaelian and Ziegler [5] values of 388, 724 and 945 cm™'. These values
have been retained in the present work (Table 2).

Assignment of the Bj, species has been less certain. Michaelian and Ziegler
[5] have assigned 285, 783, 875 and 979 cm™ as fundamentals, although
several authors [16,22,24—26], using normal coordinate treatment, have
placed the lowest frequency near 469 cm™ (Table 2). The correctness of 469
cm™ as the assignment value over the 285 cm™ value is also strengthened
through Fig. 1, which shows for the a- and -halonaphthalene series this par-
ticular B;, frequency [5] plotted against the weight of the substituent
atom X (X =H, F, Cl, Br and I). Figure 1 shows that by using 469 cm™ as
the naphthalene fundamental frequency we obtain a smooth inverse relation
between the frequency change and the corresponding weight of the substitu-
ent halogen atom. If we substitute the 285 cm™ value for 469 cm™, this
plot (Fig. 1) becomes nearly discontinuous. Considering that this inverse fre-
quency—atomie weight relation (Fig. 1) is valid, we would expect higher B,
species values for naphthalene than for the halogen substituted a- and §-halo-
naphthalenes [5], i.e., assignment of 469 cm™ is the preferred value. This is
indirectly confirmed by Lielmezs and Vogt’s [47] finding that for a series of
normal paraffins, the fundamental frequencies varied inversely with the
increase of n-paraffin chain length. In this work, for both sets of assignments
(A and B), the proposed Michaelian and Ziegler [5] values were accepted
except for the lowest B;, frequency which was set at 469 cm™.
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A, Fundamentals

The four A, frequencies are inactive in both the Raman and IR spectra
(Table 1) but may be seen in the solid IR spectra. Because of this it was not
until 1960 that Scully and Whiffen [16] were able to predict the A, frequen-
cies by normal coordinate analysis and not until the studies of Bree and
Kydd [27], Chantry et al. [28] and Michaelian and Ziegler [5] that the
lowest A, frequency first predicted [6] at 207 cm™ was suggested to be at
213 cm™l. The data of Michaelian and Ziegler [5] with frequencies of 213,
575, 843 and 935 cm™ fit the predictions of Scully and Whiffen [16] and
the more recent work of Krainov [20], and are incorporated in our work
(assignment sets A and B, Table 2).

Naphthalene vapour—liquid phase frequency shift

While there is evidence [48] that in the low frequency region of the IR
spectrum (below about 300 cm™), gas phase frequencies may have consider-
ably less value than those of the condensed states, this does not seem to be
true for naphthalene. Careful studies [10,23,29] indicate that in the fre-
quency range 473—1629 cm™!, the average frequency shift is less than 1%
(only a small number of frequencies changed as much as 1%) and this shift is
not at all associated with any particular phase, but rather, the observed fre-
quency shift associated with any phase change appears to be nearly ran-
domly distributed. Even if vapour phase assignment values are to be pre-
ferred, these studies [10,28,29] assure that the proposed naphthalene fre-
quency sets A and B (Table 2) containing the averaged solid state low fre-
quencies [10,27—29] of 176, 213 and 361 cm™! are sufficiently accurate to
yield acceptable ideal gas state thermodynamic functions (Tables 3 and 4)
which fall well within the range of experimental certainty (Tables 5—7,
Figs. 2—0).

Comparison and uccuracy

To determine the degree of reliability and accuracy of the presented ther-
modynamic properties (Tables 3 and 4), we have compared the spectroscop-
ically calculated values with the available experimental vapour heat capaci-
ties and the third law entropies. Table 5 presents a comparison between the
available experimental data for naphthalene vapour heat capacity and third
law entropies and the corresponding calculated results for a series of investi-
gators. Tables 6 and 7 list the calorimetric measurements and vapour pres-
sure data used to obtain the experimental thermodynamic properties shown
in Table 5 and Figs. 2—6. Comparison of the experimental results (Table 5;
Figs. 2—6) reveals considerable measured value disagreement. For instance,
in the case of enthalpy of sublimation measurements (Tables 6 and 7), recent
sublimation enthalpy values calculated from saturated vapour pressure data
at 298.15 K are: 17.328 + 0.0598 kcal mole™* [44]; 17.328 kcal mole™
[43]; 17.8366 + 0.08 kcal mole™! [39]; while the calorimefric measurements
at 298.15 K are: 17.447 + 0.069 kcal mole™ [34] and 17.220 = 0.06 kcal
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TABLE 5
Comparison of experimental and calculated properties
Ref. Cp (cal g7! mole™® K1)
298.16 K 4510 K 522.7 K 1000.0 K
Exp.2 Caled.b Exp. Caled. Ezxp. Caled. Exp. Calcd.
7 48.18 ¢ 54.17 ¢
+0.48 * 0.54
10 31.03 48.01 54.38 78.01
11 8194 47.72 53.83 78.27
12,13 32.78 49.24 55.34 79.07
14 32.07 48.14 54.27 78.565
15: Assignment A 82.09 48.23 54.37 78.55
Assignment B 31.68 47.80 53.98 78.38
16: Exp. 31.55 48.20 54.48 78.76
Caled. 31.63 48.09 54.34 78.61
6 31.49 47.40 53.56 78.14
9 31.53 48.13 54.40 78.67
This work:
Assignment A 31.90 48.53 54.77 78.90
Assignment B 31.62 48.24 54.51 78.79
36
45a
37
38
40
41
34
35
42b
43
44

2 Exp. = Experimental.

b Caled. = Calculated from spectroscopic data, also NCA.

¢ Values proposed by author(s). Complete evaluation of experimencal data.

d The “third law” entropy value was calculated using: (i) the corresponding calorimetric
value of the entropy for the crystal state taken from McCullough et al. [33], and (ii) the
sublimation entropy value was obtained from this work.

€ The compression correction was made using the vapour pressure data of this work.

f Gas imperfection correction (Berthelot equation of state) neglectad for this work.

mole™ [35]. The measurement uncertainties rangs from +0.0598 to +0.08
kcal mole™!; the listed enthalpy of sublimation values disagree as much as
1.30%.

In view of this disagreement, it was felt advisable to compare the calcu-
lated spectroscopic thermodynamic functions (Table 3) with thermodynamic
property values taken from the work of several investigators (Tables 5—7;
Figs. 2—6). Figures 2—5 compare the calculated ideal gas state entropies of
McFee and Lielmezs [1] and those of this work (assignments A and B, Ta-
bles 2 and 3) with selected “third law”’ entropy values obtained from vapour
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S° (cal g! mole™! K1)

29815 K 451.0K 522.7K 1000.0 K
Exp. Caled. Exp. Caled. Exp. Caled. Exp. Caled.
96.85 104.41
+ 0.44 +0.44
80.20 96.55 104.11 147.73
80.71 97.08 104.57 147.75
80.19 97.08 104.79 148.75
80.43 96.92 104.47 147.91
80.37 96.89 104.46 147.93
80.23 96.56 164.07 147.36
79.48 95.89 163.46 147.07
79.89 96.28 103.84 147.35
80.25 96.45 103.90 146.97
79.62 147.12
79.55 96.10 103.72 147.46
79.43 95.85 103.44 147.06
79.89 d.ef
96.62 d.e.&.i 104.08 d.e.gd 155.70 d.e.g.b.i
79.67 d.ef
79.78 d.e,t
75.15d.e.f
96.49 degl 104.27 d.e.gl 155.55 d.e.g.h.l
80.424d.e.f
79.67 d.e.t
80.384d.e.f
79.98¢c.f
80.04 d.e.f3 96.54d.eg.k 104.22 deg.k 146.63d.e.2.h.k

€ Gas imperfection correction included using Berthelot equation of state. The naphtha-
lene critical state property values were taken from Weast [51].

b Estimate, temperature beyond the range of validity of given vapour pressure data.

i Entropy needed for liquid based on extrapolation of equation for heat capacity of
liquid as given by McCullough et al. [831: C.arq =19.212 + 0.092572 T..

} Use made of low temperature vapour pressure equation [44].

k Use made of high temperature vapour pressure equation [44].

1 Heat of sublimation used was taken from Ambrose et al_ [44].

pressure and calorimetric data (Tables 5—7). Unexpectedly, several of the
experimental data sets yielded erratic entropy—temperature behaviour pat-
terns. Figures 2 and 3 show that for the Ambrose et al. [44] low tempera-
ture (range: 230—344 K) vapour pressure equation and, to a lesser extent,
high temperature (range: 353—750 K) vapour pressure equation, the slope of
the ‘“third law” entropy vs. temperature curve is increasing with temperature
rather than decreasing. Figure 5 indicates that the same “third law”
enfropy—temperature curvature change (temperature range: 270—810 K) is
also displayed by the results of Bradley and Cleasby [86], Sherwood and



300

"e38p [qegy] juismoy

pue uture) o3 33 SWY %L9'07 (1) pue ‘eyep [17] '[e 30 1m0 03 33 SWYH %E°0F (1) :03 ey wep jo uosaxd [ejuempedIs Jo QUmINS o

*a[qeuolysanb senfea aanjezedwe) Y3H q

"UOIJBIASD pIBpUB}s Pajoedxe o3 uoienbs sulojuy woay sjulod Parlssqo JO SUOIFBIAGD JO Oljud Jo oneA (exenbs usawt Jo0x) SNY: e

(eBuBa

B}8p aanssoad axnjeseduwo) ysiy)
b Passnosip JON modsa pajoogd q ¥'87.—8¥'898 144
uo[, 880°0F passnosip J0N winuqipnbgy % °[0W 66’66 g97—e¥'89g 84
©98'9,=d Passnosip J0N wnuqipnby % ?[0u 6’66 9T'16v—91'668 )4
(X 8p°69¢) 3utod apdpy anoqy

(oBuex

3 086 (L 193 %9+ sanjuradwie) mof)

%9°TF M 088 (L 10] %3¥) wnuqypnby % °loW 96'66 878083 144
JUOUXBAMBROL
amsgead anodea ajdurg %TF uoljBINges §Br) 9, 3[0U 66'66 [JX 4 ey
pasmsnosip jJoN %9%°eF uoisnyyy uonezi|EIsAeYy 90°L65—91°98¢ qzy
Aupjour a0 *
0L, €80°0F Pessnosip JoN winpqnby ‘% ol0W g6 66  91°896—qT'€1E 142
a[qeuopsanb £ovInddy %1 UIY3m %EF uoisnyiy Buyjrewt sucz q1'628—91°683 oy
efuex jo Sujatewr auoz
Pamnosip JON Ipplwr ul %9+ uosnyyy ‘9 ejow L'66 09%—083 68
'jox eg 'uonenba
amssaxd anodep 91'836—91°683 8¢
PassTosIp 30N Passnosip JON  wBax)s ate ut paq
paxjoed jo s30[ Jydrom passnasip JoON 9T’ T18—aT'8L3 L8
Patsnasip JoN Pessnosip JoON uosnyyy uorje|[qns UIMNIBA 98'860—98'6.L3 98
(3 8%'898) dutod apdry mojag
poyjaw uorjeayjrand yo

uosoeid £291n20% JualIeANSBaW poyjaw 10/pus (1)

sjuewwo))  [ejuamatredEy [ejuowttad x5y axnssoxd nodep fund oydwng afuex ‘dwo, ‘194

pasn vjep anssard modsa Jo Aswwng
9 @TEVL



301

*juaramseawt aanjerodurag AIuIS 4

.91'863
juoTIINSBA 98 j-ejowt ;_Jop/[e0y prepusj}s
wnuqimbs-uoN *90°0 T33°LT apApeue oruBHIQ ag
X 91°868
78 1-efow y_Jop/[e0y
%900 F9¥°LT apead juedeay ¥e
A 6'0v¥
78 ajowt Jap/[eoy
*x 080°0 FOTT'IT _paygoads JoN L
(9—2 Ba
‘q 9[qu,) suoyEIBd
Adoxjua , mu] pAY3,, Ul
pasm 529838 pInbyj pue prjos M 0L8 0301
Y)0(] 10} SJUSUANINSBI UI0ay 8jueWaINTBIN 9, IOW G6'66 ee
483y uolBwI[gng 189y uojjezlrodep Ly1oeded jeep]
U0 JUAUIOANSBIIA £yund ejdureg ‘794

Pasn B}8p dLIJOWIO[RD JO ArBUIUwIng
LTIV L



a
r T ¥ 1 1 T T 7 ISR R N ) T T T T L)
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T (DEG. KELVIK)

Fig. 2. Comparison of the spectroscopic calculated entropy (S°) obtained by McFee and
Lielmazs [1] (———), and this work (assignment A: ; assignment B: — - —-); and
the “third law’’ entropy obtained from the data of Ambrose et al. [44] (+, solid range),
(X, liquid range); Karyakin et al. [40] (1); and Barrow and McClellan [7] (2], in the tem-
perature range 250—1250 K.

Bryant [37], and Radchenko and Kitaigorodskii [42a, b].

The disagreement between the single vapour pressure measurement value
of Sinke [48] at 298.15 K and the single calorimetric measurement values of
Irving [34] and Morawetz [35] at the same temperature of 298.15 K, has
been noted (Fig. 5). It is of interest, however, to note that the non-equilib-
rium single state measurements of Morawetz [35] hive yielded one of the
lowest ““third law” entropy values at 298.15 K (Table 5; Fig. 5). We also
note that ideal gas state entropy values as calculated in this work, the work
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T 1 T 1 LI S, | Y L | T+ T 1 ¥ L I 1
220.0 260.0 300.0 390.0 380.0 «<0. D 450 .0 $00.0 340.0 300.0 620.0

T (DC5. KELVIN]

Fig. 3. Comparison of the spectroscopic calculated entropy (S°) obtained by McFee and
Lielmezs [1] (———), and this work (assignment A: ; assignment B: —-—-); and
the “third law’’ entropy obtained from the data of Ambrose et al. [44], and Barrow and
McClellan [7] (see Fig. 2 for data notation), in the temperature range 220—620 K.

of Chen et al. [9], Scully and Whiffen [16], and calculations (this work)
using assignments by Krainov [20], are all below the *“third law” entropy
value of Morawetz [35] at 298.15 K (Fig. 6). Whether this indicates that the
“third law” entropy value is still too high is an open question subject to fur-
ther experimental work, not merely at low but also at moderate and elevated
temperatures.

In view of the presented comparisons (Tables 5—7; Figs. 2—5), it appears
that assignment set A in this work (Table 2) yields the most realistic ideal gas
state thermodynamic function values. Figure 6 compares the percent deviat-
tion in entropy values as a function of temperature for a series of calculated
ideal gas state and selected “third law” entropies with respect to calculated
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Fig. 4. Comparison of the spectroscopic calculated entropy (S°) obtained by McFee and
Lielmezs [1] (—— —), and this work (assignment A: ——; assignment B: —-— -); and-
the “third law’’ entropy obtained from the data of Ambrose et al. [44] (X, liquid range),
(+, solid range); and Fowler et al. [41] (®, liquid range), (9, solid range), in the tempera-
ture range 330—370 K.

entropy values of this work (assignment set A, Table 2). The strong ““third
law” entropy upward curving, shown in Fig. 6, accentuates the already im-
plied possibility that some of the vapour pressure equations may have an
error in the experimental work (Figs. 2—5).

In this work, all values are in cal g™ mole™ K™ units and apply to the
ideal gas state at 1 atm. For internal consistency and precision, tabulated val-
ues are given in +0.1 cal g™! mole™ K~!. However, probable errors may be
larger than this. Although in general there is a reasonable agreement between
the calculated spectroscopic ideal gas state thermodynamic functions and
thermodynamic property values obtained from the experimental data (Ta-
ble 5; Figs. 2—6), the noted disagreement of experimental results (Table 5;
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T 71 1 r— 1 T T 1T v T T T §¥ T 1 T T s
270.0 274.0 2m.0 282.0 286.0 290.D 294.0 298.0 302.0 306.0 3j0.0
T (DEG. KELVIN)

Fig. 5. Comparison of th~ spectroscopic calculated entropy (S°) obtained by McFee and
Lielmezs [1] (—— —), and this work (assignment A: ; assignment B: — - —-); and
the “third law’’ entropy obtained from the plata of Ambrose et al. [44] (+, solid range);
Radchenko and Kitaigorodskii [42b] («); Bradley and Cleasby [36] (m); Sherwood and
Bryant {371 (A); Gildenblatt et al. [38] (€); Karyakin et al. [40] (T); Sinke [43] (m);
Irving [34] (2); and Morawetz [35] (8), in the temperature range 270—310 K.

Figs. 2—6), and the complexity of the IR and Raman spectra of naphthalene
(especially A,, B,,, Bs, species) have as yet affected the evaluation of the
certainty and reliability of the presented thermodynamic function values
(assignment sets A and B, Tables 2 and 3). The percentage error ascribed
below to the calculated thermodynamic functions (Table 3) is therefore an
estimate. This estimate ¥ was obtained considering errors in the molecular
and structural data used, mathematical errors due to the round-off in the
computer, and errors due to the inapplicability of the basic assumptions, for

* For more detailed discussion see McFee and Lielmezs [1], and Butler and Lielmezs
[49].
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PERCENT DEVIATION IN S°

[4-
? I 1 1 1 1 [ 1) L 1 LN 1 ¥ 1 1 ] L] ] | ]
250.0 350.0 4.0 530.0 650.0 750.0 850.0 950.0 1050.0 1130.0

T (DEG. KELVIN)
Fig. 6. Comparison of percent deviation in entropy (S°) between the calculated spectro-
scopic value of 1, Luther et al. [12,13]; 2, McFee and Lielmezs [1]; -3, Mitra and Bern-
stein [15] (A); 4, McClellan and Pimentel [14]; 5, Lippincott and O'Reilly [11]; 6,
Pimentel and McClellan [10]; 7, this work (Krainov’s [20] assignments, calc.); 8, Mitra
and Bernstein [15] (B); 9, Scully and Whiffen [16] (cale.); 10, this work (Krainov’s [20]
assignments, exp.); 11, Sharma and Singh [6]; 12, Chen et al. [9];13, Scully and Whiffen
[16] (exp.); 14, this work (assignment B); zero line, this work (assignment A); and the
“third law* percent deviation in entropy obtained from the data of Morawetz {36] (8);
Barrow and McClellan [7] (@1); Ambrose et al. [44] (+, low temperature), (X, high temper-
ature), in the temperature range 260—1160 K.

instance the excluded anharmonicity effect: small and indeed negligible at
temperatures below 500 K, but larger at higher temperatures [50]. Noting
the overall reliability of the spectroscopic input data used (Table 2), it is esti-
mated that the accuracy of the calculated thermodynamic functions (this
work, sets A and B) is less than +0.5% up to temperatures of 1000 K.
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NOMENCLATURE
A Angstrom
c3 heat capacity (cal mole™ K™!)

entropy unit (cal mole™ K1)

eu.

—(F° — HB)/T free energy function (cal mole™! K1)

(}g° — HY)/T enthalpy function, where H§ = H° at 0 K cal mole™? K1
S

entropy e.u.
v wave number (cm™!)
Superscript
reference state, referring to the hypothetical state of an ideal gas at
1 atm
Subscript
P pressure (atm)
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