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The vibrational vapour-phase frequencies and recently reported moments of 
inertia have been used for computing thermodynamic properties of one mole gas of 

both benzaldehyde and the two deuterated species of phenol (C6H50D and C,D50Hj 
at 1 atmosphere pressure in the temperature range 200-1000 K for the first time. 
The earlier simiIar data for chlorobenzene acd phenol have ken revised. The gas 
imperfection correction has been applied to the caIculated thermodynamic properties 
of all the molecules_ The effect of hindered rotation in benaldehyde and the three 
species of phenol has also been taken into account. The correction for isotopic 
mixing of “Cl and 37CI in chIorobenzene has been applied to improve upon the 
earIier results. Good agreement between the observed (where data is available) and 
computed values is obtained_ 

NOMENCLATURE 

G Ideal gas heat capacity at constant pressure (cal/moIe K). 

G;-H; - 
T 

Ideal gas free enerm function (cal.!moIe K). 

H”--Hz 

T 
Ideal gas enthalpy function (caI/moIe K). 

IXTRODUCTION 

Using the data obtained from moIecuIar spectroscopy the vaiues of the useful 
thermodynamic quantities i-e_ Gibb’s enere G”, enthalpy Ho, specific heat at 
constane pressure q and entropy S” have been computed with great precision for 
benzaldehyde, phenoi-d, and phenold, for the first time and the earlier values for 
phenol-h, and chlorobenzene have been revised. Further, these calculated values, 
the experimental heat of formation AH$,8_I 6 of these molecules and the thermo- 
dynamic quantities of C (graphite), H2 (gas), O2 (gas) and Cl2 (gas) ’ have been used 
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to compute the values of AH& AG& (Gibbs energy of formation) and log,, K,, 
(equilibrium constant in terms of pressure) for all the molecules except the two 

deuterated species of phenol for which the experimental values of heat of formation 
are not known. W&-known formulae given in the text booksz*3 hav.: been used to 
cakulate the above mentioned quantities for one mole of a gas, at 1 atmosphere 
pressure in the temperature range 200-1000 K. The necessary correction due to hindered 

rotation3 (in benzaldehyde, phenol and its deuterated specis) and correction for 

isotopic mixing3 (of 3’CI and 3’CI in chiorobenzene) have been applied to obtain 

improved results. Details for each molecule have been discussed separateIy. 

EXPERIYEATAL 

The vapour-phase spectra of the samp!es were recorded on a Perkin-Elmer 

Model 621 spectrophotomcter using a muitiple reflection cell with an adjustable path 

length from 1.25 to 10 meters in steps of I.25 meters. The frequency marker accessory 

provided exact measurement of band positions_ The pressure of the sample and the 

path length of the cell were adjusted to obtain a good spectrum. As far as possible low 

pressures and full IO meter path Iengths were used to obtain the resolved band con- 

tours_ The instrument was purged wtth dry air obtained from a high pressure line, 

after drying with a pneumatic air drver; this is to avoid the unwanted atmospheric 

water vapour and CO2 absorption bands, spectroscopic data thus obtained has been 

recorded in Appendix I, and used for all the computations. The rotational constant 

have been Iisted in Appendix II, whiIc the thermodynamic quantities for individual 

molecule are listed in Tables 1, 2, 3, 4 and 5. 

CHLOROBENZENE 

Whiffen’ used fundamental frequencies of liquid phase and moments of 

ine‘rtia determined by ErIandsson’ to calculate the thermodyna.mic properties of 

chlorobenzene. The isotopic mixing terms and gas imperfection correction were 

excluded in the computation. So it is worthwhile to recalculate the thermodynamic 

quantities using precisely determined vapour-phase fundamental frequencies (cJ 

Appendix I), the moments of inertia from the rotational constants (cf- Appendix 11) 

8determined by Poynter6 and applying the corrections for isotopic mixing and gas 

imperfections. 

For isotopic mixing the presence of two isotopes of chIorine “Ci and 37C1 

have been taken in the ratio 3: I. The gas imperfection correction has been estimated 

using the critical temperature and pressure data as reported in the literature3. The 
symmetry number for over all rotation of the molecule is 2_ Thus, the values computed 

for i molt of gas at i atmosphere pressure in the temperature range 2Ot?-1000 K 

have been listed in Table l_ 

The values given in columns 3 and 5 of Tab!e 1 together with those’ for C 

(graphite), Ha (gas), Cl2 (gas) and the experimentaf value of heat of formation of 
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TABLE 1 

l-HE MOLAL THERMODYNAMIC PROPERTIES OF CHLOROBENZENE IN THE 
IDEAL GAS STATE 

200 17.15 10.15 56.13 66.28 
298.16 23.77 13.53 61.46 74.99 
400 30.75 17.04 66.07 83.: I 
500 36.53 20.38 70.28 90.66 
600 41.45 23.47 14.30 97.77 
700 44.86 26.27 78.14 104.41 
800 47.87 28.79 81.82 I IO.61 
900 50.35 31.05 85.35 116.40 

loo0 52.44 33.09 88.73 12!.82 

13.39 20.27 -22.148 
12.39 23.68 - 17.357 
11.48 27.62 - 15.090 
IO.77 31.73 - 13.869 
10.21 35-94 - 13.091 
9.76 40.25 - I2.5% 
9.46 44.64 - 12.194 
9.30 49.13 -11.930 
9.10 53.49 -11.690 

a Units cd/mole K. b Units: kcal/moIe. 

chlorobenzene gas’ have been used to calculate AH& and log,, Kp for the reaction 

6C (graphite) + +Hz (gas) + fCIz igas) = C,H&I (gas) 

However the present computations may be considered more reliable because 
we have applied more important corrections and used accurate spectroscopic data. 

Whiffen used Stull’s* calorimetric values of iiquid phase etitropies, Jones and 
Bowden’s’ vaIues of latent heats of vapourization and values of vapour pressures 
from StuII’s data’ to calculate the gas-state entropies for PhCI. The reported gas- 
state calorimetric and caIcuIated entropies are 71.8 Cal/mole K and 74.92 caljmole K, 
respectively, while the present computed value is 74.99 cal!moIe K. WhifFen’s sugges- 
tions, that the Stull’s’ extrapolation for entropy change 0-91 K and the errors in 
the values of vapour pressure and latent he;?:s are responsible for this large difference 
between calculated and experimental values, gets further support from the present 
compurations; and a direct determination of specific heats below 91 K would be 
desirable. 

With the availability of precise vL#ues of vapour-phase fundamental vibrational 
frequencies of phenol, th: barrier height for free rotation of the OH group * ‘*’ ’ and 
the moments of inertia’ ‘, it is worthwhile to recaiculate the thermodynamic quantities 
and compare them with the earlier results’ 3 reported on the basis of solution-phaw 
spectral data and speculated geometry of the molecule. The thermodynamic quanti- 
ties have been calculated for 1 mcie of gas at 1 atmosphere pressure in the temperature 
range 200-1000 K and corrected for gas imperfections and restricted rotation- The 
symmetry numbers arc “one” for overall rotation and “twoV’ for internal rotation. 
The thermodynamic functions thus computed have been listed in Table 2A. 
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TABLE 2 

A_ THE rMOJ_AL -l-t-I 3”‘.*NAMiC PROPERTIES OF PHENOL IN THE 
IDEAL GAS STATE 

T Wi (H’- H;),T’ (G- - H,jjT’ s” 

200 17.71 10.10 54.83 
298.16 24.94 13.75 60.17 
400 32-53 17.58 64.89 
500 38.71 21.21 69.26 
600 43.60 24.59 73.41 
700 47.51 27.59 77.43 
so0 50.68 30.26 81.33 
900 53.32 32.65 r95.04 

loo0 55-55 34x5 88.60 

64.93 -21.82 
73.92 - 23.03 
82.47 - 24.09 
90.47 -?4.88 
98.00 - 25.49 

105.02 - 25.96 
111.59 - 26.34 
I 17.72 - 26.60 
123.45 - 26.76 

- 12.21 
- 7.41 
- 1.97 

3.65 
9.40 

15.26 
21.15 
27.09 
33.08 

roSm K, 

13.342 
5.43 I 

+ 1.076 
- 1.595 
- 3.424 
- 4.764 
- c-775 
- 6.578 
- 7.229 

B. VAPOUR-PHASE ENTROPY OF PHENOL AT 298.16 K 

calorimetric 
spectroscopic (present) 
spectroscopic (ref. 16) 

73.SliO.64 calimole K 
73.92 Cal/mole K 
7X43 cai;‘moIe K 

’ Units: cal!moIe K. b Units: kcal/moIe. 

From the quantities given in coiumns 3 and 5 of Table 2A together with those’ 
for C (graphite), Hz (gas), and O1 (gas) and the experimental values of heat of forma- 
tion of phenol gas’ 4 the values of AH& L!.G& and Iog,, KP have been calculated for 
the reaction 

6C (graphite)+3H, (gas) i- 30, (gas) = C6H,0H (gas) 

In comparison to the entropy calcutated by Green’ 3 the present value is found to be 
in better agreement with the experimenta (cf_ Table 2E) value. 

BEXZALDMYDE 

The thermodynamic properties for benzaIdehyde vapour have been computed 
for the first time using (a) the precise vapour-phase fundamental frequencies for the 
compound (c$ Appendix I), (b) the three moments of inertia from the rotational 
constants determined by Kojima* ez al. Is, (c) the reduced mon ,nt of inertia for 
internal rotation ’ ‘, and (d) the symmetry numbers I for overaIl rotation and 2 for 
internal rotation_ The thermodynamic quantities have been found for different 
tenperatures in the range 200-10&K for I moIe of perfect gas at I atmosphere 

LCT. Kojirna. personal communication (Aug. 1969) to Dr- H. D. Bist in which the rotational con- 
stants in the rotational states of benzaldehyde were given: for the lower level A = 5235.2, B = 1564.3 

and C= 1204.7 M&x and for the higher level A = 5213.9. B = 1564.9 and C = 1206.5 MC/SIX_ 
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pressure. The gas imperfection correction has been applied using the reported values t ’ 
of critid temperature and pressure_ The contribution of restricted rotation has been 
evaluated from the tabIes of Pitzer and Gwinn” by interpolation. The corrected 
quantities are listed in Table 3. 

TABLE 3 

THE MOLAL THERMODYNAMIC PROPERTIES OF BENZALDEHYDE IN THE 
IDEAL GAS STATE 

200 20.93 II.09 56.52 
298. .I6 1.40 15.28 63.43 
400 35.30 19.38 65.80 
500 42.05 23.26 73.66 
600 47.54 26.87 78.25 
700 51.94 30.15 82.66 
800 55.52 33.10 86.90 
900 58.47 35.76 00.95 

1000 60.93 38.15 94.86 

67.61 - 14.44 
78.71 - 15.55 
88.18 - 16.60 
96.92 - 17.40 

105.12 - 18.04 
112.81 - 18.56 
120.00 - 18.88 
126.71 - 19.13 
133.01 - 19.26 

- 5.23 
- 0.96 

4.08 
9.28 

14.65 
20.15 
25.66 
31.26 
36.87 

5.715 
0.704 

- 2.229 
- 4.057 
- 5.336 
- 6.29 1 
-7_010 
- 7.591 
- 8.058 

a Units: cal/moIe K. b Units kcal/moIe. 

The values listed in columns 3 and 5 of Table 3 together with those’ for C 
(graphite), Hz (gas), O2 (gas) and the estimated heat of formation of benlaldehyde 
(gas) ime_ - 15.45 kcal/moIe* have been used to cafculate AH& AC& and Iogi a Kp 
for the reaction: 

7C (graphite)+3Hz (gas)+ $0, (gas) = C6HsCH0 (gas) 

From the approximate value of the liquid-state entropy r5 of benzaldehyde, the 
gaseous-state value has been estimated by using its heat of vapourization. So we do not 
expect exact agreement between the estimated vapour-phase entropy 82-47 c.ai/mole K 
and the computed value from the spectroscopic data 78.71 cal/mole K. 

PHENOL-d1 A?‘ii PHEh’OL+ 

The thermodynamic properties of phenol-d, and phenol-d5 havze neither been 
determined experimentaby nor computed from the spectroscopic data in the past. So 
these quantities have been computed for the first time using (a) the precise vapour- 
phase fundamental frequencies (c$ Appendix I) obtained by us, (b) Ihe three moments 

*Gibbs energy of formatiorr AC” rT of bcnzaldeh>.de (gas) at 298 K is - 1.07 kcal~m>le an& change in 
entropy for the formation of benzaldehyle (gas) at 29s K i.e. asi, = -48.222 cal/mo!e K. Using 
these vaIues in the reIation 

AH& = AG;, - TAS& 

the vaIue of AH& is found to be - 15.45 kcaljmofe at 298 K. 
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of inertia from the rotational constants (cf- Appendix II), (c) the reduced moments of 

inertial2 for internal rotation, and (d) the symmetry number “one” for over all 

rotation and -two” for internal rotation_ The gas imperfection corrections have been 

applied assuming the same critical temperature and pressure as for phenol-h6. The 

restricted rotation has been taken into account and its contribution has been evaluated 

from the tables of Pitzer and Gwinn’ * by interpoIation. These corrected vaIues have 

been Iisted in TabIes 4 and 5. 

TAi3LE 4 

THE MOLAL THERMODYNAMIC PROPERTIES OF PHENOL-d1 IN THE 
IDE4L GAS s-4-i-E 

C;= (H’- H:)/F -(G’-HW,“)!l= 

200 18-18 IO-39 5515 65-M 
298.16 25.48 ld2S 60.52 74.77 
400 33.09 IS.00 65.45 83.45 
So0 39.26 21.66 69.9 1 91.57 
600 M-14 25.01 73.98 98.99 
700 aLo6 28.04 78.28 106.32 
800 5I.W 30.74 8222 I It96 
900 53.92 33.17 85.99 119.16 

1000 56-13 35.35 89.60 124.95 

a Units: cd~molc K. 

TABLE 5 

THE MOLAL THERMODYNAMIC PROPERTIES OF PHENOL-d5 IN THE 
IDEAL GAS !%TATE 

200 19.19 IO.75 55.59 66.34 
298.15 28.63 15.21 61.36 76.57 
400 36.56 i9.67 66.62 86.29 
SW 42.70 23.69 71.48 95.!7 
600 47.50 27.27 75.78 103.05 
7oc 51.33 30.45 80.59 111.04 
800 S4_40 33-3 M-87 118.12 
900 56.90 35.75 88.93 12A.68 

lG30 58-96 37.96 92182 130.78 

a thds: caI[moIe K. 

The values of AH& AG& and log, ,, Ki, could not be determined for phenol-d, 

and phenol-d, because the experimental vaIues of heats of formation of these com- 

pounds are not known. 
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APPENDIX I 

VAPOUR-PHASE FUNDAMENTAL VIBRATIONAL FREQUENCIES 

“=cK.&r, ozzc,K, ODC,H, OHC, Ds CffOC,H, 

6a 416.8 (410.0)’ 526.6 521.7 512.6 437 
12 706.5 (704.6)f 823.2 805.5 7x4 825.3 

1 1003.7 999.3 999.? 960.2 1002.3 
18a 1025.7 1025.3 1025.8 840.0 1024.8 
7a 1092.6 (1090.5)* 1261.5 1258.1 1187 1202.0 
9a 1153.0 1168.9 1168 879.1 1167.0 

19a 1482.3 1501 1500 1405 1489 
ga 1586.4 1603 1603 1572 1610 

13 3031 3027 3024 2262 3011 
2 3054 3063 3060 2295 3062 

2oa 3082 3087 3087 - 2313 31i0 
18b 294.7 (:90.8)* 401.1 381.0 384.8 233.8 
6b 614.9 618.7 616.8 594.9 30 

13 1067.6 10724 1064.7 810.9 1071 
9b 1167.1 1150.7 1149.7 831.2 1188.5 
3 1271.8 1277.4 1277.4 1021.3 1284 

14 1326.6 1343 1309 1300 1313 
19b 1447.2 1472 1465 1372 1460 
ab 1598.2 1610 1609 157s 1590.8 
7b 3067 3049 3051 2283 3041.0 

20b 3096 3070 3070 2302 30828 
I1 197.5? 244.5 2324 231.8 223.4 
16b 467.1 5028 501.7 431.0 449.1 
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APPENDIX I: continued 

35czcJf, OHC,H, ODC, H5 OHC,D, CHOC, H5 

4 
IOb 
17b 
5 

16a 
1% 
Iia 
O-H 
O-H 
O-H 
C-H 
C-O 
HCO 
$CHO 
*CHO 
#CHO 

683.9 
741.4 
902.5 
981.5 
403.4 
831.2 
96!_7 

685.9 686.2 551.2 
750.6 751.3 625.5 
881.0 880.0 720.0 
972.5 9i0.7 825.1 
408.5 408.5 357.4 
817.2 807.3 694.0 
999.52 998.2 765.9 

3656 2699 3656 
I 176.5 917 1179 
309.2 246 306.9 

- - - 

688.0 
739.5 
918.0 

(973.0)T 
9503 
848.2 
403.2 

- - 
- - 
- - 

273 I 
Ii27 
1386.6 
650.0 

1003.5 
(III)’ 

- 
- - - - 
- - - - 
- - - - 
- - - - 
- - - - 

~*VaIucs are from uItravioIef absorption data of H. D. Bist, V. N. Sarin, A. Ojha and Y. S. Jain, 
Specrrarhim- Arm. 26-4 (I 930) S-S I _ 
THas not been obsewxi directly in the infrared. 
~ViaIues taken from C_ Gartigoou-Lagrange, N. Ckwerie. J. M. Lcbas and M. L. Jositn, /. Chum. 
.Php_. 58 (196:) 559. 

APPEKDIX II 

ROT.4-I-IO~AL CONSTANTS OF THE MOLECULES 

_MozecKrc Principai moments of inertia (amu AZ) Moiecular 
ueighr (emu) 

L IB zc 

bcrzddehydc 96.760 323.106 419.319 106.12527 
phenoI-d1 90.1245 199.938 290.0 IO 95.12025 
phenol-& 107.985 208.654 316.564 s9.14477 
phenol-he 89.467 193.010 282.444 94.11412 
35CIC,,Hs 89.113 320.6 I 1 409.7775 112.07560 
33CICsHs 89.119 329.81 I 418.9816 114.07265 


