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This is the third part of a series on the thermodynamic properties of oxygen 

compounds’-*_ Ideal _gas thermodynamic properties for benzaldehyde and furfurai 

have not been reported in the literature so far. 

MOLECULAR !3RUtII-G~ ASD VIBRATIOXiPIL FREQbS3CIEs FOR BESZALDEHYDE 

No molczular parameters are available in the Iiterature for benzaidehyde. 

Zwarich et aI_’ have estimated them from simiIar molecules and we have adopted 

these data in this work for caIculating the moments of inertia which are reported in 

TabIe i_ 

TABLE I 

SIOLECULAR PAR4METERS FOR BENZALDEHYDE AND FURFURAL 

BenzaZdehyde FWfW.li 

T, (amu A’s 96.350 61-7067 
la (amu A’) 325.953 247_09 19 

z, @mu A’) 422363 3OS.7810 
I* (amu A’) S-913 8.498 
VIas (cm --I ) 111.0 145.0 
V, (kcaI mol-‘) - to3 
V= &Cal mol- ‘) 4.66 7-07 

Zwarich et aL3 have reported compIete assignments for benzaldehyde from 

their infrared and Raman spectral measurements in the liquid state and from the 

normal coordinate analysis. We have adopted the same except for the torsional 

frequency_ Miller et aL4 have reported torsional frequency from the measurements in 

the far infrared region for the gaseous state which is adcpted here_ The adopted 
vibrational frequencies are given in Table 2, 
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TABLE 2 

ADOPTED VIBRATIONAL FREQUENCIES (cm-‘) 
FOR BENZALDEHYDE ASD FURFURAL 

Benzahiehyde Furfiural 

In-pIane (A’) In-plane (A ‘) 

3088 1298 3164 100s 
3065 1206 3145 916 
3052 1170 3141 88s 
3045 1164 2801 746 
3035 1074 1718 501 
2820 1025 1577 214* 
1707 1003 1472 
1600 834 1395 
1588 650 13&t 
1496 616 1275 
1458 442 1240 
1394 221 1162 
1314 1084 

Our-of-plane (A’? Our-of-plune (A”) 

1010 688 882 2sob 
992 449 829 145’ 
960 410 799 
925 245 756.5 
814 lli’ 630 
746 594 

‘Ref. 4. bRef. 7. 

MOLECULAR Sl-RUCi-UKRE AKD WBRATIOXAL FREQUENCIES FOR FUW 

Furfural exists as two isomers, O-O-trans and O-O-cis_ Monnig et al.’ have 
unequivocally determined from their microwave measurements that the most 
abundant isomer in the gas phase is the 0-0-rrans isomer. Miller et a1.j have reported 

that the tram isomer is more stable by 2 kcal mol -I than the cis isomer. As reIiable 
vibrational data are available only for the tram isomer we have here dealt with the 
trans isomer only. 

Monnig et al.’ have reported the molecuIar structure and moments of inertia 
for the mzns and the cis isomers_ The same are adopted here and are given in Table 1. 

Recently Adamek et aim6 studied the infrared spectra in the gaseous, liquid and 

solution states and Raman spectra in the liquid state. They have calculated in-plane 
and out-of-plane frequencies from normal coordinate analysis but have assigned 
only in-plane frequencies of the tram form. From eight out-of-plane frequencies six 
were adopted by us from Adamek et al.‘s work comparing their observed and 
calculated frequencies. The torsional frequency was adopted from MiIIer et al.3 far 
infrared measurements and the eighth frequency was taken from Monnig et al.‘s 

measurements’ of rotational spectra. CompIete vibrational frequencies for the 
O-O-tram isomer are given in Table 2. 



ID
E

A
L

 
O

A
S 

T
Id

E
R

M
O

D
Y

N
A

M
IC

 
PR

O
I’

E
R

T
K

S 
O

P 
W

W
’i

I.
D

E
Il

Y
D

E
 

10
0,

O
O

 
10

,7
00

 
1 s

o,
00

 
12

,1
80

 
20

0,
oO

 
13

,8
72

 
27

30
15

 
1 b

e8
29

 
29

8.
15

 
17

,9
15

 
30

0.
00

 
17

,9
96

 
40

0.
00

 
22

,1
97

 
5o

w
O

 
25

,6
58

 
60

0.
00

 
28

,2
52

 
70

0.
00

 
30

,1
38

 
80

0.
00

 
31

,5
10

 
90

0.
00

 
32

,5
21

 
10

00
.0

0 
33

,2
78

 
11

00
.0

0 
33

,8
55

 
I2

00
.0

0 
34

.3
04

 
13

00
,O

O
 

34
.6

58
 

14
00

.0
0 

34
,9

42
 

15
00

,O
O

 
35

.1
73

 

59
,2

72
 

so
. 19

3 
0,

90
8 

61
,8

87
 

54
.0

24
 

1,
47

9 
67

,6
15

 
56

.9
68

 
2#

12
9 

72
.3

64
 

60
.4

68
 

3,
25

0 
73

,8
85

 
(i

l.5
29

 
3,

68
4 

73
,9

96
 

61
.6

06
 

3,
71

7 
79

,7
60

 
65

.4
33

 
5.

73
1 

85
,1

01
 

68
,8

40
 

8.
13

1 
90

00
2 1

 
7 

I ,
96

6 
10

.8
33

 
94

,5
25

 
74

,8
72

 
13

.7
58

 
98

,6
44

 
77

.5
90

 
I a

?4
4 

10
2,

41
7 

80
.1

42
 

20
.0

48
 

10
5,

88
4 

82
 s4

5 
23

.3
40

 
10

9,
08

4 
84

,8
14

 
26

,6
97

 
11

2,
05

0 
86

.9
62

 
30

.1
06

 
11

4,
81

1 
88

.9
99

 
33

.5
55

 
11

7,
39

0 
90

,9
36

 
37

,0
36

 
11

9,
80

9 
92

,7
81

 
40

,5
42

 

- 
(I

S
85

 
-5

,2
51

 
- 

6,
06

4 
- 

7,
44

7 
- 

7,
95

0 
- 

7,
98

8 
-1

0,
09

7 
- 

12
,4

36
 

- 
14

,8
50

 
- 

17
,3

89
 

-2
0,

03
8 

-2
2,

78
3 

-2
SS

95
 

-2
8,

48
2 

-3
1,

46
3 

- 
34

s2
9 

- 
37

,6
70

 
-4

0,
87

6 

- 
0,

96
7 

2.
11

38
3 

0,
97

9 
- 

I ,
42

66
3 

3,
lH

O
 

- 
3,

47
50

3 
6,

77
6 

-5
,4

21
Sl

 
8,

10
3 

- 
5*

93
94

4 
8,

20
6 

- 
5,

97
8O

S 
13

*9
29

 
- 

7,
61

04
2 

20
,2

00
 

-X
,8

29
49

 
26

,9
52

 
-9

,8
17

lS
 

34
,1

23
 

- 
IO

,6
53

53
 

41
,6

65
 

- 
11

,3
82

20
 

49
,5

41
 

- 
12

80
30

26
 

57
,7

65
 

- 
12

86
24

53
 

66
,1

48
 

- 
13

-1
42

36
 

74
,9

50
 

-1
3,

65
01

6 
83

,9
26

 
- 

14
,1

09
13

 
93

,2
34

 
- 

14
s5

44
7 

10
2,

G
64

 
- 

14
,9

SH
07

 



TA
BL

E 
4 

1D
E

A
L

 G
A

S 
T

H
E

R
M

O
D

Y
N

A
M

IC
 

PR
O

PE
R

T
lE

S 
O

F 
FU

R
FU

R
A

L
 

T
em

p.
 (

K
) 

c;
 

SO
 

-(
ti

’-
i#

)(
T

 
H

O
- N

o”
 

A
tIp

 
A

@
 

Lo
ip

 Kt
 

cd
 t

lc
cg

- ’ 
nr

ol
- 

’ 
cd

 d
&

y-
 ’ 

m
l- 

’ 
kc

nl
 r

rr
al

- ’
 

ke
d 

tlw
l- 

’ 
kc

d 
m

l”
 

’ 

10
0,

00
 

15
0,

oo
 

2o
0,

oo
 

27
X

15
 

29
8,

15
 

3o
o,

oo
 

40
0,

oo
 

5o
om

 
6O

O
,O

O
 

7o
o.

oo
 

B
O

O
,0

0 
9o

om
 

1o
oo

,0
0 

1 l
O

O
.o

o 
12

00
.0

0 
13

oo
.o

o 
14

oo
.0

0 
15

oo
.o

o 

11
,2

21
 

62
,4

83
 

13
,6

04
 

67
.4

71
 

16
.5

76
 

71
.7

77
 

21
,6

72
 

77
.6

85
 

23
.4

43
 

79
.6

60
 

23
.5

73
 

79
.H

05
 

30
.1

00
 

a7
,5

07
 

35
,4

00
 

94
,8

16
 

39
,5

55
 

10
1,

65
3 

42
,8

18
 

IO
H

, 
45

*4
15

 
I 1

3,
89

9 
47

.5
13

 
11

9,
37

3 
49

,2
28

 
12

4,
47

1 
50

,6
48

 
12

9,
23

2 
51

,8
32

 
13

3,
69

1 
52

,8
30

 
13

7,
88

0 
53

,6
75

 
14

1,
82

7 
54

*3
97

 
14

5,
55

6 

53
.4

19
 

0,
90

6 
- 

34
.3

38
 

57
.3

02
 

1,
52

5 
- 

34
.7

85
 

60
.3

90
 

2,
27

7 
- 

35
.2

57
 

64
,2

36
 

3,
67

d 
- 

35
,9

06
 

65
.4

47
 

4,
23

8 
-3

6,
lo

o 
65

.5
35

 
4,

28
 1

 
-3

6.
11

4 
70

.0
72

 
6,

97
4 

-3
6,

66
5 

74
.2

97
 

10
,2

59
 

-3
7,

19
3 

78
,2

94
 

14
,0

16
 

*-
 37

,4
77

 
82

.0
90

 
18

,1
41

 
- 

37
,6

54
 

85
.7

03
 

22
,5

57
 

- 
37

.7
46

 
89

.1
43

 
27

,2
07

 
-3

7,
76

7 
92

.4
24

 
32

.0
47

 
-3

7,
71

6 
95

.5
56

 
37

.0
43

 
-3

7,
61

7 
98

,5
50

 
42

.1
69

 
- 

37
,4

95
 

10
1.

41
6 

47
.4

03
 

- 
37

,3
59

 
10

4.
16

3 
52

.7
30

 
- 

37
,2

09
 

10
6.

8o
o 

58
.1

34
 

- 
37

.0
49

 

-3
1,

45
5 

-2
9,

91
9 

- 
28

,2
23

 
- 

25
,5

44
 

- 
24

,5
36

 
-2

4,
51

2 
-2

0,
53

8 
- 

16
,4

37
 

- 
12

,2
57

 
- 

s.
03

5 
- 

3,
79

4 
0.

45
3 

4,
72

4 
8,

89
7 

13
.1

69
 

17
.3

75
 

21
,6

36
 

2s
.a

l 
I 

68
.7

45
47

 
43

.5
92

14
 

30
,8

40
20

 
20

,4
38

09
 

l&
O

22
21

 
17

JI
57

07
 

1 I
,2

21
67

 
7.

18
45

2 
4.

46
46

3 
2,

50
86

0 
I,

03
63

8 
-0

,1
09

90
 

- 
18

03
24

7 
- 

I *
76

77
0 

-2
,3

91
(4

1 
- 

2,
92

09
4 

-3
.3

77
51

 
- 

3.
76

06
6 



436 

THERMODYXAMIC PROPERTIES 

BenzaIdehyde and furfural are pIanar moIecules3~5 with the overaI1 symmetry 

number one_ The translational, rotational and vibrational contributions to the ideal 

gas thermodynamic properties (C,” , (Ho - I$), So and -(c - Ha//T) were caIcuIated 

by the usual statistical formulas using the moments of inretia and the vibrational 
frequencies as given in TabIe I and 2, respectively. 

The internal rotationai contributions to the thermodynamic properties due to 
the presence of an OH asymmetric rotating top in these molecuks were derived by the 
use of the internal rotationa partition function @ven below: 

o _ 
w- 

f 

2x e-v,aTdb 

1 

hCv,,, 1 -- 
,O k=J- (1 _e-%m!~T) 

where all the symbols have usual meaning 
The folowin_e potentiai ener,oy functions reported by Mifier et aL4 for intema! 

rotation were used: BennIdeh~-de: V(z)(kcaI mol- ‘) = 4.66( I -cos 2z)j2; furfura1: 

V(z)(kcai mol-‘) = 2.03(1 -cos %)/2+7.07(1 --cos 2r)/2. To be consistent the 

reduced moments of inertia required in the caIcuIations were obtained from the F 
values of Miller et a1. and are given in Table I. 

In the case of furfural as mentioned earlier two rotational isomers are present. 

The term R In 2 was added to entropy, and Gibbs ener_g function (G’- Hi/T) to 

make cotions for the presence of two isomers. Heat capacity and enthalpy are not 
affected- 

The enthalpy of formation, Gibbs enera of formation and lo_tithm of 
equiIibrium constant of formation as a function of temperature were caiculated by 
the usual procedure. The adopted enthalpies of formation8*9 at 295.15 K for the 
gaseous states far the two molecules are: benzaldehyde: dW,‘(g) = - 7_95i_0.4 kcal 
moI-‘; furfuralr AH:(g) = - 36-l+ 1.2 kcal mol- l_ The vaIues of the enthaipy and 

Gibbs energy functions for the eIements in their reference states were used’. The 

calculated thermodynamic properties are @en in Tables 3 and 4. 

The authors thank the IIT/K Computer Center for providing the computer 

facilities. SAK thanks the National. Standard Reference Data Program of the 
National Bureau of Standards for the financial support_ 
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