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A New Generalized Bond Energy/Group 
Contribution Scheme for Calculating the 
Standard Heat of Formation of 
Monomers and Polymers. Part IV. Halocarbons* 

R. M. JOSH1 

National Chemical Laboratory 
Poona- 8, India 

A B S T R A C T  

A self-consistent set of bond energy t e r m s  permitt ing 
estimation of heats of formation of halogen compounds is 
evolved. The overall  precision attained is i 0 . 7  kcal/mole, 
which is considerably better than that of the experimental  
data. Heats of formation of halogen containing monomers 
and polymers,  and hea ts  of polymerization are calculated. 

I N T R O D U C T I O N  

The  generalized bond-energy scheme developed earlier in  th ree  
pa r t s  fo r  the hydrocarbons [ 11 has  been extended to  halogen compounds 
containing only carbon and hydrogen besides the ha logen  The  existing 
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experimental data on halogen compounds are relatively imprecise, 
especially for fluorine compounds, in comparison to  the hydrocarbons. 
The overall uncertainty in the experimental data on halocarbons is 
about kl.0 kcal/mole, and the precision achieved by the scheme is 
around *O. 7 kcal/mole. 

The data on heats of formation of fluorine compounds required a 
revision in t e r m s  of the new values of. AH; (g) for CF, , HF(aq), and 
NaF(c)  which are the key compounds in fluorine thermochemistry. 
Although this revision has  been accomplished by pioneering workers 
[ 2-41, some uncertainty exists in the values of AH; (g)  of these key 
compounds [ 51, and hence in the absolute values of the standard heat 
of formation of the fluorine compounds. Besides, the absolute 
energy of the C-F bond (E" in Table 2) depends on the value of bond 
dissociation energy of the fluorine molecule. This value has  been 
authoritatively revised in a recent publication [ 61 and therefore 
adopted by us. For bond-energy correlation in this work, the data 
compiled by Cox and Pilcher [ 21 and Lacher and Skinner [ 31 have 
been mainly employed since the values of key compounds used by 
these authors are in conformity with the observations made by 
Armstrong [ 51 after a special study of the key data. The selected 
data are mostly from Ref. 2 with some revision, wherever necessary,  
on the basis of new work published after 1968. 

The basic C-C and C-H bond-energy t e r m s  employed in this 
work are listed in Table 1. These are taken from earlier work [ 13 
with a revision of t e r m s  pertaining to sp-carbon (C' ) so  as t o  allow 
better coordination and link with the nitri les containing the carbon 
atom of similar hybridization, and with other nitrogen compounds. 
The values in Table 1 will be strictly adhered to in all future par ts  
of the  scheme when extended t o  oxygen, sulfur, and nitrogen 
compounds, 

D E R I V A T I O N  O F  B O N D - E N E R G Y  T E R M S  

The procedure of deriving bond-energy t e r m s  and the nomenclature 
for these bonds a r e  the same as in the previous work [ 13. This 
consists of identification of the various molecular structural  factors 
that affect the heat of formation, followed by grouping the compounds 
with s imilar  structural  features, and averaging the excess energy 
ascribable to a particular new type of bond. The energy t e r m s  s o  
derived are listed in Table 2, which also identifies the compounds, 
lettered and numbered according to Table 3, from which these t e r m s  
have been derived. The last section of Table 2contains bond energies 
of the key compounds, most of which have been very authentically 
confirmed [ 71. 
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TABLE 1. Basic Bond-Energy T e r m s  and Specific Interactions 
Related to Hydrocarbons, Adapted for the General Bond-Energy Scheme 

AH; (g)  AH; (g)  

- 1.78 c 9 9  -c 

Bond (kcal/m ole ) Bond (kcal/mole ) 

Carbon-Hydrogen Bonds C2-C@ - 10.75 
- 10.75 Cs -H' 

C3-H11 -2.68 c'-c3 -15.00 

C3 -HI 1 1  -3.48 c'-c2 -21.74 
C2- H' - 5.68 c'--C$ -20.10 
C2-Hff - 6.38 

C'zH -6.80 
c'-cl -32.90 
C k C +  +lo. 10 

C'-H - 15.85 cLc$ +7.03 
Carbon-Carbon Bonds 

ct-cs, +o. 45 
ct-c; +o. 45 
c; - c; +o. 45 

c; - c; +l. 95 

c;-c; +O. 60 

c,s-c; +l.  30 

c," -c; +3.72 
c: - c,s +6.54 

c -c3 
c2 -c3 - 4.40 

- 4.24 
c2-c,s -2.50 
c$-c: - 2.50 
c2-c2 - 12.97 

$ 

c9,cQI +l. 53 
c2=c* +3 8.00 

C o d y  +3 6.00 
c'zc' +a5.00 

c: (c)c: +l.  74 

1-3 Steric Interactions 

c: ( c )Cf +5.26 
Other Interactions: Ref. l b  

Ring-Strain Corrections: Ref. lc 
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The following points were noted when correlating fluorine com- 
pounds on the basis of the additivity principle. 

1. The carbon-fluorine bond strength in perfluoroalkanes increased 
progressively with the number of fluorine substitutions on a single C3- 
carbon. Four bond-energy terms (Nos. 1 to 4 in Table 2) were derived 
to account for this  effect. 

2. Progressive fluorine substitution in the benzene nucleus gave rise 
to a decreasing pattern of bond energies which was fitted to an empirical 
equation, No. 10 in Table 2. This equation indirectly takes care of the 
various dipole-dipole interactions of hydrogen and fluorine atoms on the 
aromatic nucleus, although much less rigorously than in the work of 
Cox et al. [ 251. The subtle differences of ortho, meta, and para 
substitutions also remain beyond the scope of the empirical equation. 

3. When dealing with partially fluorinated hydrocarbons containing 
both fluorine and hydrogen atoms in the molecule, it w a s  noted that 
energy terms derived merely from perfluoro compounds substantially 
underestimated the binding energy, viz., the experimental AH;( g) being 
more negative. Intramolecular hydrogen-fluorine bond-strengthening 
interactions (H-bonding o r  dipole-dipole) exerted a substantial influence 
on the overall heat of formation. These nonbonded interactions have been 
resolved in the present scheme, partly by envisaging three additional 
bond-energy terms (Nos. 5 to 7, Table 2) to be used when a fluorine 
atom is placed on the carbon atom already bonded to the hydrogen, and 
partly by generating two vicinal (1-2) interaction terms Nos. 11 and 12 
in the same table. 

4. The slightly larger fluorine atom (van der Waals radius, r = 
1.35 A) replacing hydrogen (r  = 1.0 A) does not lead to any significant 
s ter ic  hindrance in fluorocarbons as judged from molecular models. No 
special steric te rms  beyond those already evolved for hydrocarbons [ 13 
seem necessary. 

The bond-energy terms of Table 2 when applied to almost all the avail- 
able data on fluorocarbons listed in Refs. 2-4 and 26 yield calculated 
values within standard deviation of i0.7 kcal/mole, which is much less 
than the experimental uncertainty of il. 2 kcal/mole associated with the 
data on fluorocarbons. Some of the outstanding cases of disagreement 
are 1,1,2-trifluoroethane ( A A  = -5.4) and trifluoromethylbenzene ( A A  = 
3.6). No explanation is possible beyond attributing these differences 
(obs - calc) to very special fluorine-hydrogen nonbonded interactions 
permitted by the specific molecular conformation. Other exceptions such 
as perfluoroethane and perfluorocyclobutene can be attributed to steric 
effects due to the larger size of fluorine. However, the large positive 
deviation of over 12 kcal for perfluorobutadiene seems to be clearly due 
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to the vanishing resonance energy in the C2-C2 bond of butadiene on 
perfluorination [ 271. When more data on perfluorinated dienes, 
diynes, etc. become available, the bond-energy te rms  such as C2-C2, 

conjugated perfluorocarbons. 
Cp-C 4 , C1-C2, C'-C 4 , and C'-C' may have to be revised for such 

C h l o r i n e  C o m D o u n d s  

The chlorine atom (r = 1.8 A) has approximately the same size as 
the methyl group. Therefore the same steric interaction te rms  of the  
hindered alkanes in Part I [ la] have been employed, treating the 
chlorine atom as equivalent to a methyl group. Thus a C3-C3 carbon- 
carbon bond in  chlorine compounds had various values ranging from 
+O. 45 to +6.54 as given in Table 1. The heat of formation is also in- 
fluenced by the 1-3 steric interaction, as for the hindered alkanes, 
especially polymers like polyisobutylene. All carbon-chlorine bond 
energy terms have been derived after taking into account these basal 
steric energy corrections due to the size of the chlorine atom. These 
correction terms are also applicable to bromine (r = 1.95 A) and 
iodine (r = 2.15 A) compounds, but with somewhat enhanced magnitudes 
which are at present unknown due to the lack of relevant thermo- 
chemical data. Further observations made on chlorine compounds are 
as follows: 

1. Separate energy te rms  for primary, secondary, and tert iary 
singular chlorine substitution as well as different te rms  for the 
multiple substitution on a single carbon atom were found necessary as 
terms Nos. 13 to 18 in Table 2. Unlike fluorine, the multiple sub- 
stitution reduces the carbon-chlorine bond strength progressively. 

decreases the C-C1 bond strength, which has been fitted to  an 
empirical equation No. 2 1  in Table 2, similar to fluorine. This equation 
implicitely takes into account both the ortho-steric effect and the 
chlorine-hydrogen nonbonded interaction which are opposite in nature. 

3. The major hydrogen-chlorine nonbonded interaction terms con- 
tributing to the total binding energy [ negative AHf (g)] in certain 
chlorine compounds are worked out as t e rms  Nos. 25 to 27 in Table 2, 
s imilar to fluorine but appreciably less in magnitude. Several other 
bond-strengthening interactions of this type (but with smaller magnitudes) 
were clearly perceptible in chlorine compounds when a particular place- 
ment of chlorine in the vicinity of hydrogens is responsible. However, 
no generalization on the basis of the additivity principle could be worked 
out. 

4. The carbon-chlorine bond is apparently weakened when the 
carbon atom is already bonded to two or more fluorine atoms. Terms 

2. Progressive chlorine substitution in the benzene nucleus also 
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Nos. 23 and 24 are  prescribed for these bonds. Such an inductive 
influence of fluorine is very much pronounced in the case of bromine 
and iodine bonds with fluorine-bonded carbon. 

5. Of the exceptional cases of disagreement ( 4 1  to 49, Table 3B), 
compounds Nos. 41  to 44 are clearly attributable to  the s ter ic  crowd- 
ing of chlorine atoms in heavily chlorinated alkanes and perchloro- 
alkanes for which the present scheme, which treats the s ter ic  effects 
of chlorine atom as equivalent to a methyl group, is clearly inadequate. 
Hexachlorocyclohexane isomers (compounds Nos. 45 to 48), with their 
extraordinary s ter ic  instability of the order of 68 to 77 kcal/mole, also 
point out the inapplicability of the bond-additivity principle to cyclic 
compounds, especially the halogenated ones. 

B r o m i n e  a n d  I o d i n e  C o m p o u n d s  

The available experimental data does not permit assessment of the 
s ter ic  factors which are  involved in the multiple substitution of bromine 
on a single carbon atom. All other possible energy te rms  have been 
evaluated on the same lines as for fluorine and chlorine compounds, as 
listed in Table 2. Carbon-bromine and carbon-iodine bonds are 
relatively insensitive to the typical variations of the carbon atom. 

M i x e d  H a l o c a r b o n s  a n d  t h e  K e y - D a t a  

When fluorine is present on a carbon atom, the bond strength of 
other halogen bonds on the same carbon is substantially reduced, 
especially for bromine and iodine bonds, as seen from the energy te rms  
Nos. 23, 24, 33, 34, and 4 1  in Table 2, which have been derived on the 
basis of experimental data from Table 3 (E). Bond energy te rms  for 
several halogen bonds other than between carbon and halogen are given 
at the end of Table 2. These have been derived from appropriate data 
on key compounds of the halogen thermochemistry. Such key data are 
extremely precise and well confirmed by thermochemists all over the 
world [ 71 as the reference point for the bonding energy in chemical 
compounds. 

DISCUSSION 

One of the simplest applications of thermochemical data to heats 
of formation is the prediction of the heat of a chemical reaction. Heats 
of polymerization, AHo (gg), are predicted in Table 4 and compared, 
wherever possible, with the experimental data on heats of polymeriza- 
tion with, however, different phases of monomers and polymers. It is 

P 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
5
9
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



TA
BL

E 
4. 

H
ea

ts
 o

f 
Fo

rm
at

io
n 

an
d 

Po
ly

m
er

iz
at

io
n 

of
 H

al
og

en
-C

on
ta

in
in

g 
M

on
om

er
-P

ol
ym

er
 S

ys
te

m
s 

H
ea

t 
of 

po
ly

m
er

iz
at

io
n 

Sy
st

em
 

no
. 

M
on

om
er

 

q
(

g
)

 
A

H
p

)
 

- A
H;'

 
gg

) 
-A

H
; 

(X
Y

) 

ca
lc

 
ca

lc
 

ca
lc

 
ob
s 

(k
ca

l/
m

ol
e)

 
P

ol
ym

er
 

(k
ca

l/
m

ol
e)

 
(k

ca
l/

m
ol

e)
 

(k
ca

l/
m

ol
e)

 
R

ef
s.

 

T
 et

r a
fl

uo
r o

et
 hy

le
ne

 

T
 ri

fl
uo

ro
et

hy
le

ne
 

V
in

yl
id

en
e 

fl
uo

ri
de

 

V
in

yl
 f

lu
or

id
e 

C
hl

or
ot

ri
fl

uo
ro

et
hy

le
ne

 

Di
ch
lo
ro
di
fl
uo
ro
et
hy
le
ne
 

V
in

yl
id

en
e 

ch
lo

ri
de

 

V
in

yl
 c

hl
or

id
e 

A
lly

1 
ch

lo
ri

de
 

-1
57

.4
 

-1
17

.5
 

- 8
2.

5 

-3
2.

6 

- 1
2

4
 6 

-8
0.

1 

+0
.6

 

+5
.3

 

- 1
.5

 

Po
ly

 (t
et

ra
fl

uo
ro

- 
et

hy
le

ne
) 

Po
ly

 (t
ri

fl
uo

ro
- 

et
hy

le
ne

) 
Po

ly
( v

in
yl

id
en

e 
fl

uo
ri

de
 ) 

Po
ly

 ( v
in

yl
 

fl
uo

ri
de

 ) 

Po
ly

( c
hl

or
ot

ri
 - 

fl
uo

ro
et

hy
le

ne
) 

Po
ly

( d
ic

hl
or

od
i-

 
fl

uo
ro

et
hy

le
ne

 ) 
Po

ly
 (v

in
yl

id
en

e 
ch

lo
ri

de
) 

Po
ly

( v
in

yl
 

ch
lo

ri
de

) 
Po

ly
 ( a

lly
1 

ch
lo

ri
de

) 

-1
9

4
3

 

-1
50

.0
 

- 1
10

.5
 

- 5
3.

9 

-1
55

.0
 

- 10
7.

4 

-1
8.

4 

-1
8.

5 

-2
2.

0 

36
.9

 
41

.7
(g

c)
 

[ 2
81

 

32
.5

 

28
.0

 

21
.3

 

30
.4

 

27
.3

 

19
.0

 

23
.8

 

20
.5

 

33
.6

( g
s)

 
[ 2

81
 

17
.7

(1
s)

 
[ 2

81
 

22
.9

( 1
s)

 
[ 2

81
 

18
.5

( 1
s)

 
[ 2

91
 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
5
9
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



10
 

11
 

12
 

13
 

14
 

15
 

16
 

17
 

2,
3-

D
ic

hl
or

op
ro

pe
ne

 

1,
2,

3-
T

ri
ch

lo
ro

pr
op

en
e 

C
hl

or
op

re
ne

 

a-
 C

hl
or

os
ty

re
ne

 

p-
C

hl
or

os
ty

re
ne

 

2,
 C

D
ic

hl
or

os
ty

re
ne

 

D
if

lu
or

oa
ce

ty
le

ne
 

(C
F

S
C

F
)~

 

- 1
0.

1 

- 1
4.

3 

+1
9.

1 

+
2&

3 

+2
7.

9 

+2
1.

8 

-2
6.

6 

P
ol

y(
 2,

3-
di

ch
lo

- 
-2

7.
0 

ro
pr

op
en

e)
 

P
ol

y(
 1

,2
,3

-t
ri

- 
ch

lo
ro

pr
op

en
e)

 
-3

1.
2 

1,
4-

ci
s 

Po
ly

(c
h1

o-
 

+
l.

 9 
ro

pr
en

e)
 

(c
hl

or
op

re
ne

 

st
yr

en
e)

 

st
yr

en
e )

 

st
yr

en
e )

 

fl
uo

ri
de

):
 

b 
(a

) l
in

ea
r,

 
- 6

5.
4 

(b
) c

ro
ss

-l
in

ke
d,

 

1,
4-

tr
an

s 
Po

ly
 

+1
.0

 

P
ol

y(
 a-

ch
lo

ro
- 

+l
o. 

8 

Po
ly

 (p
-c

hl
or

o-
 

+9
.0

 

P
ol

y(
 2,

5-
di

ch
lo

ro
- 

+2
.5

 

P
ol

y(
 ca

rb
on

 m
on

o-
 

- 
(C

F
=

C
F

)-
 

> 
(C

F-
C

F)
 

< 
- go

. 1
 

C
hl

or
in

at
ed

 p
ol

ye
th

yl
en

e:
 

40
%

 c
hl

or
in

e 
-2

8.
4 

30
%

 c
hl

or
in

e 
-3

8.
2 

- 
(C

, H
,C

1)
-, 

- (
C

, H
I 1

 w
-, 

16
.9

 

16
.8

 

18
.1

 

17
.5

 

18
.9

 

19
.3

 

16
.2

(1
s)

 
[ 2

81
 

16
.0

( 1
s)

 
[ 2

81
 

16
.5

(1
s)

 
[ 2

81
 

30
.8

 
H

ea
t 

of 
ch

lo
ri

na
ti

on
 

pe
r 

ra
nd

om
 

ch
lo

ri
ne

 s
ub

st
it

ut
io

n 
_

_
_

_
_

~
 

%
yp

ot
he

tic
al

ly
 

ta
ke

n 
as

 t
he

 m
on

om
er

 a
nd

 A
H

fo
(g

) c
al

cu
la

te
d 

as
su

m
in

g 
C

1-
F 

=
 -

55
.8

, 
th

e 
hi

gh
es

t 
va

lu
e 

(T
ab

le
 2

) 

bA
ss

um
in

g 
no

 r
es

on
an

ce
 e

ne
rg

y 
fo

r 
th

e 
C

2-
C

2 
bo

nd
 a

s 
in

 p
er

fl
uo

ro
bu

ta
di

en
e 

(T
ab

le
 3

, 
A

-3
1)

. 
C

E
xp

er
im

en
ta

l v
al

ue
 [ 

29
1 

of
 A

H
fo

(p
ol

ym
er

,g
), 

us
in

g 
th

e 
sa

m
e 

he
at

 o
f 

su
bl

im
at

io
n 

as
 f

or
 T

ef
lo

n 
[ 1

51
. 

re
co

rd
ed

 f
or

 t
he

 C
-F

 
bo

nd
. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
5
9
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



884 JOSH1 

contended that the bond energy scheme presented here  renders  general 
experimental combustion calorimetric work on polymers [ 301 un- 
necessary, unless performed with high precision [ 111 for the special 
purpose of evaluating conformational energies due to  stereospecificity. 

Experimental heats of polymerization of fluoroethylenes measured 
directly in a polymerization calorimeter have not yet become available, 
and only combustion data for Teflon and poly(viny1idene fluoride) 
polymers and the respective monomers are available. When appropri- 
ate enthalpies of phase changes are taken into account for the polymers, 
the calculated (hypothetical) values of AH" (gg) agree with the bond 
energy scheme within the precision of experimental calorimetry. In 
view of recent interest  in poly( carbon monofluoride), ( CF)x [ 291, as a 
new polymer in space technology [ 311, we attempted to assign two 
possible structures to this polymer as in Table 4. It appears that the 
cross-linked structure is closer energetically to the experimental heat 
of formation [ 291, assuming that the carbon-fluorine bond is lrnormal.fr 
The cross-linked structure is also in  harmony with the insoluble, 
infusible nature and extraordinary thermal stability at 600°C of this 
novel Teflon-analog, for  which the only technical use envisaged at 
present is a solid lubricant superior to graphite. 
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