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

R M. JOSH1 

National Chemical Laboratory 
Poona, India 

A B S T R A C T  

The new generalized bond energy scheme has been extended 
to organic oxygen compounds. About 50 different types of 
bonds have been identified and their AHf’ (g )  contributions 

and atomization energies evaluated by a procedure s imi l a r  
to multilinear regression analysis. Recent thermochemical 
data (1969-1973) on 145 oxygen compounds and about 80 ring 
compounds have been employed to test  the efficiency of the 
scheme in predicting the gas phase heats of formation. 
This was found to be about i0.8 kcal/mole, which is quite 
comparable to the group contribution method of Benson 
and co-workers involving a much l a rge r  number of 
parameters.  
The typical chemical bonds identified and resolved in 
respect of their  bond energies bear good consistency and 
correlation with bond lengths and force constants measur- 
able independently. Heats of formation and polymerization 
on about 47 monomer-polymer systems and enthalpies of 
other polymeric reactions have been predicted and com- 
pared with available experimental data. 

*N.C.L. Communication No. 1905. 
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1310 JOSH1 

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

In continuation to the earlier work on hydrocarbons and halogenated 
hydrocarbons [la-d] , oxygen compounds have been analyzed and cor- 
related in this paper and the generalized bond energy scheme is 
developed further to predict the gas phase heats of formation of 
compounds containing C,  H, F. C1, Br, I, and 0 atoms, including 
polymers. The source for experimental enthalpies of formation 
has been mainly the work of Cox and Pilcher [2] and a recent 
paper from Benson and co-workers [3a] about their  revised group- 
additivity parameters  for  oxygen compounds. In addition, the 
recent thermochemical l i terature has been surveyed to 1973, and 
this led to the revision of some of the ea r l i e r  established additivity 
parameters.  The utilization of this newer and more precise data 
was advantageous to the evaluation of parameters  for  oxygen 
compounds. The concept of transferability and additivity of the 
energy parameters  has  now been well established by the previous 
work [l-31. In this report  the bond-wise distribution of the chem- 
ical energy, ra ther  than the group-wise contribution, has been 
primarily aimed at  and performed so  a s  to ascr ibe the heat of 
formation (and later,  other thermodynamic properties,  such as 
C ' and S o )  or  the atomization energy to a more fundamental 

entity; namely, the chemical bond. Although Benson and Buss in 
their original review [3b] considered the bond-wise approach as 
l e s s  precise than the group contribution procedure, the reader  
may find f rom this work that with much sma l l e r  number of bond 
energy terms,  an equivalent (or  perhaps slightly better)  precision 
can be attained. The bond energy scheme is, in addition, s impler  
to assimilate and use than the group contribution approach with the 
implied concept of a hypothetical disproportionation reaction. 

The Cox-Pilcher monograph [2] deals with a self-consistent 
set  of bond energy t e r m s  under the Laidler method but the t e r m s  
are insufficient, for  the required precision and the absolute energy 
values (atomization energies) of many of the t e rms  are not quite 
compatible with other basic properties of the bond (such as force 
constant and bond length); for instance, a single value for C=O in 
both carbonyl and carboxyl types of bonds, and a rather  high value 
of AH fo r  C=C bonds. The bond energies ( E " )  in the present 

scheme a r e  in fairly good harmony with the bond lengths and force 
constants based on Sutherland's relation [4a] as  extended by Fox 
and Martin [4b] and further modified by Somayajulu [5]. Equations 
for the ring s t ra in  in small  rings, ( 3 - ,  4-, and 5-membered), 
ear l ier  developed for hydrocarbons [ l c ]  , have been revised to 
accommodate the introduction of oxygen atom in the ring structure.  
The new scheme is tested only with the recent experimental data 
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accrued following publication of the Cox-Pilcher monograph ( 1968), 
and the overall precision attained was found to be i0. 8 kcal/mole and 
generally within 1 kcal/mole, even for  monocyclic rings. 

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

B a s i c  B o n d  C o n t r i b u t i o n  

Table 2 l is ts  the energy t e r m s  for  various bonds identified in 
oxygen compounds. The f i r s t  11 t e rms  relate to the simple carbon- 
oxygen covalent single bond of ethers,  alcohols, and phenols, f o r  
which relatively very accurate thermochemical data are available. 
The strength of the C-0 bond depends both on the hybridization of 

the number of hydrogen atoms present on it (denoted by subscripts: 
C1, CZ , etc.). The notation employed in regard to subscripts in the 
previous par ts  of this work, which was based on the subscripts 
indicating the number of C atoms to which the subject carbon atom 
was bonded, has now been changed. The number of hydrogens present 
on the carbon atom has more relevance in oxygen and nitrogen com- 
pounds because of hydrogen bonding and other polar and inductive 
interactions. Thus such former symbols as C i ,  Ci, and C:, denot- 
ing the groups -CH3, -CHZ, and -CH, respectively, are now pre- 
sented as C j ,  C,", and C? in this and future par ts  of the scheme. 
The term C3-O" (Nos. 9 to 11 in Table 2 )  pertains to the carbon 
atom linked to two oxygens by etheral  linkages and has been derived 
from polyoxymethylene and a few other essentially s t ra in-free 
6-membered, 1,3-dioxanes and s imilar  rings. In the present 
scheme it  has been implicitly assumed that these etheral  bonds 
exist in all  related compounds such a s  alcohols and e s t e r s ,  and 
that they possess  the same energies a s  in ethers.  This special  
feature of the scheme is justified by the consistency of the end 
results. It has resulted in much economy in the number of new 
energy parameters  invoked. Thus all alcohols (pr imary,  secondary, 
tert iary),  phenols, and acids could be well correlated by a combina- 
tion of the appropriate value of the ether  linkage and the common 
value of -26 .4  kcal/mole for  the 0 - H  bond. All  e s t e r s  from these 
alcohols were also fitted in satisfactorily. 

The energy term for  the carbonyl C2=0  bond in ketones was 
estimated at  -22.3 i 0.5 kcal/mole, employing all  other energy 
t e rms  from the ea r l i e r  work [l]. Using the same energy term 
fo r  the aldehyde Cz=O, two further t e rms  were found necessary,  
one fo r  the (0)C2-Hf7 in formaldehyde and the other for  (0)C2-H' 
in all other aldehydes. The energy values fo r  these bonds indicate 

the C atom (denoted by superscripts:  C3, C2, C 4 , etc.) as well as on 
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1312 J B H I  

that the CZ-H in aldehydes is considerably weaker than in the 
corresponding hydrocarbons. The group contribution for  the 
-COOH group in carboxylic acids was found to be -88.5 & 1.0 
kcal/mole, the l a rge r  standard deviation being mainly due to the 
uncertainty in the enthalpies of sublimation of these polar and 
H-bonded compounds, as well as to the paucity of such data. 
Similarly, the group contributions f o r  the anhydride (OC-0-CO) 
and the carbonate (OC;) groups were  - 109.0 i 2 and - 94.0 i 1.5 
kcal/mole, respectively; the higher uncertainty l imits arising 
from the paucity of data on phase-change enthalpies, and thus 
empirical  estimates of these quantities by the methods of Small  
[6a] and Bondi [6b] had to be employed. Some of the newer 
experimental data in Table 3 was of much help in deciding upon 
a firm value fo r  the carbonate group where some  of the experi-  
mental work [63] appears to be in e r r o r .  

Since the present scheme is based on the concept of the 
transferability of individual bond energy ra ther  than the group 
contribution, it was necessary  to see whether the above three  
group values fo r  -COOH, OC-0-CO and OC: moeties could be 
split up into a self-consistent s e t  of individual bond energy t e r m s  
applicable to all acids,  anhydrides, e s t e r s ,  acid halides, etc. The 
carboxyl C2=0 in acids and acid derivatives is conceptually higher 
than the carbonyl C2=0 of aldehydes and ketones, as evidenced by 
the correlation with force constants and bond lengths given in 
Table 1. The magnitude of the carboxyl C2=0  was fixed a t  -33 .3  
kcal/mole, a value about 11 kcal higher than the ketonic C2=0, 
in harmony with the modified Sutherland relationship [4, 51. The 
value fo r  the carbonate C2=0 was similarly found to be -36 .4  & 1.0 
kcal/mole, envisaging a sti l l  s t ronger  bond because of i t s  resonant 
association with two oxygen atoms ( a  higher oxidation state) as 
against one in the carboxyl C2=0. The same  bond is pertinent 
to ketene and carbon suboxide due to the higher delocalization of 
the double bond. Much economy of parameters  and consistency 
has resulted from assigning different values fo r  the C2=0 bond, 
although it may be entirely possible to have one single value f o r  
the C2=0 but many more  energy t e r m s  f o r  other bonds a s  in the 
Laidler scheme as expanded by Cox and Pi lcher  [2]. We thus 
have three different values for  C2=0 as t e rms  Nos. 15, 16, 17, 
and 18 i n  Table 2. The bond strengths of C2=0 i n  carbon dioxide 
and carbon monoxide are s t i l l  higher but maintain a good con- 
sistency with the Sutherland relationship. The ( O)C2-0, the 
"short bond" in acids and e s t e r s ,  was estimated a t  -28.8 i 0.5 
kcal/mole, which is a lso  consistent with Sutherland relationship. 
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The [(0)Cz-01 "-0 bond in anhydrides was found to be -21.2 i 2 kcal/ 
mole, a value considerably lower but explaining the ease  of hydrolysis. 
The shor t  bond of the acids and e s t e r s  precisely applies to the carbo- 
nate e s t e r  also, when combined with the appropriate recommended 
value of -36.4 kcal/mole for Cz=O. The Cz=O bond in acid halides is 
necessarily the carboxyl, ra ther  than the carbonyl, since the la t te r  
would require very  high values fo r  the carbon-halogen bonds, which 
would be quite inconsistent with the ease  of hydrolysis of the acid 
halides. In carboxyl dihalides, e.g., phosgene-COClz , the carboxyl 
carbon is associated with two strongly electronegative a toms as in 
the carbonate O=Cg, which dictates a value of -36.4 kcal/mole for  
the carboxyl double bond in phosgene and other dihalides, combined 
with normal values of carbon-halogen bonds (viz., t e rms  Nos. 34, 
36, 38, and 39 in Table 2). Alternately, i f  a lower value of -33.3 
kcal/mole is prefer red  for the carboxyl double bond, such special 
t e rms  as Nos. 33, 35, and 37 in Table 2 fo r  the (0)Cz-X", s imi l a r  
to (0)C2-H" of formaldehyde, must be invoked. Both these inde- 
pendent routes lead to almost the same  value of AHfo(g) fo r  a 
carboxyl dihalide. 

(cf. Part I1 [ lb ]  ) originates from resonance or delocalization of 
r-electrons over  the entire molecule. The energy t e rms  of such 
hydrocarbons are, however, not applicable, vis-i-vis,  to the 
spz-carbon in carbonyl o r  carboxyl group in oxygen compounds. 
The energy t e rms  of C1--CZ(O) and Cz-C2(0) bonds are some- 
what lower in energy as seen f rom t e rms  Nos. 24, 25, 26, and 
27 in Table 2. The bond strength of (0)C'-C2(0), the link between 
two carbonyls as in diacetyl, is substantially lower, and the bond 
between two carboxyls, (00)C'-C2(OO), in oxalic acid even 
assumes  a positive value fo r  AH "(g), explaining the easy  oxi- f 
dation and dissociation of oxalic acid. Molecular models of 
oxalic acid o r  i t s  derivatives do not show any s t e r i c  factor, but 
the C2-C2 bond seems  to be intrinsically weaker in energy. The 
e s t e r s  of phenol (and other a ry l  alcohols) required a special  

energy te rm (No. 12) for  C@-O(CO), the e s t e r  long bond, although 
the usual values of the C-0 linkage as derived from correspond- 
ing e thers  worked well fo r  all other esters. Malonic acid has  a 
methylene bridge between the two carboxyls, s imi la r  to a carbon 
atom (Cz", C:, or  C;) bridging two oxygens in some di-ethers 
and special energy te rm No. 23 of Table 2, for C3-[C2(OO)]t' 
bond was necessary,  analogous to t e r m s  Nos. 9, 10, and 11 
fo r  ethers.  

The strength of a C2-C2 in butadiene o r  a C1-C2 in propyne 
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BOND ENERGY/GROUP CONTRIBUTION SCHEME. V 1341 

Multiple substitutions of C2 or C on a resonating s t ruc ture  
(ethylene, benzene, etc.) call  f o r  a reasonable average energy t e rm 
fo r  the bond C2- (R). This average value may be lower o r  higher 
than the value for  the single substitution, depending upon the extent 
of delocalization as well as the total resonance T1capacity" of the 
conjugated structure.  This value of - 10.0 kcal/mole for  the 

(0)C2--C4 bond in benzoic acid increased to -11.3 for the same  
bond (as average value) in benzene-polycarboxylic acids,  such as 
isophthalic acid, but s imi la r  disubstitution of -COOH in ethylene 
caused a substantial reduction in  the average strength of the 
(0)C2-C2 bond in maleic o r  fumaric acids,  viz., t e rm No. 29 
a s  against No. 24 in Table 2. Since the maximum resonance 
capacity of such s t ruc tures  as benzene or  ethylene is not precisely 
known at present due to lack of complete thermochemical data, the 
bond energy t e r m s  offered in the present scheme a r e  limited to the 
first two or  at the most three identical substitutions in a conjugated 
structure.  

In peroxy compounds, six different values fo r  the 0-0 bond were 
identified which depended upon inductive association of e i ther  of the 
two oxygen atoms with various groups, viz., the hydrogen atom 
(hydrogen peroxide, hydroperoxides, and peracids),  the alkyl o r  
a ry l  group, the acyl o r  aroyl group, o r  the carbonate group. These 
relate to t e rms  Nos. 44 to 49 in Table 2. Combinations other than 
those mentioned under these energy t e r m s  may be worked out 
(reasonably) by simple averaging of the respective 0-0 bond 
energy terms. The energy t e r m  for  the 0-0 link between two 
carbonates has been derived f rom a singular value of the peroxy- 
dicarbonate [61]. 

About 10 bond energy t e r m s  in Table 2, shown by an underlined 
serial number, are unique in that these have been derived from a 
singular specific compound and applicable only to the same  compound; 
fo r  instance, the C2=O" bond in carbon dioxide, the 0-H" in  water,  
and the C1-0 in carbon monoxide. These t e rms  have been l isted for  
the purpose of comparison and correlation with s imi la r  bonds in 
oxygen compounds. Such unique compounds a r e  to be noted as 
specific exceptions to the bond-additivity principle. The 0-H" 
bond of water has,  however, been found applicable as a common 
bond f o r  hydroperoxides and peracids. 

S T R A I N  E N E R G Y  A N D  R E S O N A N C E  E N E R G Y  

Cyclic oxygen compounds, associated with s t ra in  energy and 
occasionally resonance energy whenever C2 o r  C1 carbons form 
ring members,  a r e  listed in Table 4, together with the simplified 
s t ruc tura l  formula and the experimental enthalpies of formation. 
Column 5 of Table 4 gives the basic bond-energy contribution, 
which does not take into consideration the s t r a in  energy ( E  ) o r  
the resonance (binding) energy ( Eb) in the molecular structure.  
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1342 JOSH1 

TABLE 4. Cyclic Oxygen Compounds Correlated by the Bond-Energy 
Binding Energy ( Eb) 

No. Compound Structurea 

1 Ethylene oxide 

2 Propylene oxide 

3-Membered Rinas 

3 2,3-Epoxy- 1-propanol 

4-Membered Rings 

4 Trimethylene oxide ("oxetane") 

5 Cyclobutanone 

6 &Propiolactone 

7 Diketene 

A 

E 
D O  

E o  

= = E L 0  

8 Dihydrocyclobutenedione ( "squaric acid") HO 
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BOND ENERGY/GROUP CONTRIBUTION SCHEME. V 1343 

Scheme and Estimation of the Strain Energy (Es)  o r  the Excess 

E r r o r /  
correction 
(obsd. - 

AHfO( g) Basic bond (Es - Eb) (pred.)? pred.), 
(obsd. ),' contribution (kcal/ (kcal/  (kcal/  
(kcal/mole) (kcal/mole) mole) mole) mole) Refs. 

-12.6 i 0 . 2  -39.3 +26.7 - 12.9 +o. 3 2 

-22.6 iO.2  -48.0 +2 5.4 -22.6 0.0 2 

-58.0 i 1.0 -83.8 +25.8 - 58.4 +o. 4 2, 6a 

-19.2 kO.2 -44.2 +2 5.0 - 18.8 -0.4 2, 3 

-24.2 +0 .3  -46.3 [+22.1] -20.9 (- 3.3) 3, 49 

-67.6 i 0 . 2  -91.3 +23.7 -66.9 -0.7 3, 73 

-45.5 *0.2 -72.2 [+26.7] -48.9 (+3.4) 3, 71 

-123.0 k0 .2  -132.6 [+9.6] -106.4 ('16.6) 74 

(continued) 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
3
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1344 

TABLE 4 (continued) 

JOSH1 

No. Compound Structurea 

9 

10 

11 

12 

Die thoxyc yclobutenedione 

Phenylc yclobutenedione 

3,3-Dimethyl oxetane 

3- Ethyl- 3-c hlorome thyloxe tane 

13 3,S-bis-Chlorome thy1 oxetane 

14 Tetramethyl- 1,3-cyclobutane- 1,3-dione 

5-Membered Rings 

-P 
CL 

C l  -P CL 

15 Furan co 
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BOND ENERGY/GROUP CONTRIBUTION SCHEME. V 1345 

Error /  
correction 

A H f O ( d  Basic bond (Es - Eb) (pred.),b pred.), 
contribution (kcal/  (kcal/  (kcal/  (obsd. ), 

(kcal/mole (kcal/mole) mole) mole) mole) Refs. 

AHf "( g, (obsd. - 
b 

( 4 )  ( 5 )  ( 6 )  (7)  ( 8 )  ( 9 )  

-114.4 i 2 . 0  -139.5 +25.1 -113.3 - 1.1 74 

-7.1 i 1.0 -23.2 [+16.1] 4.0 (-11.1) 74 

-35.4 i 0 . 4  -58.8 +23.4 -34.4 -1.0 75 

-46.2 i 0 . 4  -71.2 +2 5.0 -46.8 +O. 6 75 

-48.8*0.5 -73.8 +25.0 -49.4 +O. 6 75 

-73.5 i 0 . 4  -94.6 +21.1 - 72.2 -1.3 76 

2, 3 -8.3 i0.2 -2.1 [- 6.21 2.9 (-11.2) 

(continued) 
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1346 JOS HI 

TABLE 4 (continued) 

No. Compound St ruc turea 

16 Z-Methyl-4,5-dihydrofuran 

17 Tetrahydrofuran 

18 Cyclopentanone (keto) 

(enol) 

19 Succinic anhydride 

20 1,l-Dimethylsuccinic anhydride 

2 1 Trimethylsuccinic anhydride 

b 

oo 
0 0 "  

b 4 0 

Go 0 
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BOND ENERGY/GROUP CONTRIBUTION SCHEME. V 1347 

E r r o r /  
correction 

AHf "f g) Basic bond (Es - Ebf (pred.),b pred.), 
(obsd. ),b contribution (kcal/ (kcal/  (kcal/  
(kcal/mole (kcal/mole) mole) mole) mole) Refs. 

AHf " ( g )  (obsd. - 

( 4 )  ( 5 )  ( 6 )  ( 7 )  (8)  ( 9 )  

-31.1 -34.9 +3.8 - 30.9 -0.2 3, 77 

-44.0 i o . 2  -49.1 +5.1 -44.1 +o. 1 3, 78 

-46.6 i 0.4 - 51.2 +4.6 -46.2 -0.4 3, 49 

C -41.3 -36.3 

-122.6 i 0 . 5  -128.1 +5.5 -125.1 +2.5 2, 3 

-139.0 k0.6 -140.8 +l.  8 - 138.8 -0.2 2, 3 

-146.8 i0.6 -147.2 +o. 4 - 146.2 -0.6 2, 3 

(continued) 
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TABLE 4 (continued) 

JOSH1 

No. Compound s t ructure  a 

(1) ( 2 )  ( 3 )  

22 

23 

24 

Maleic anhydride 

Methylmaleic anhydride 

Furfuryl alcohol 

2 5  Furfural 

26 Tetrahydrofurfuryl alcohol 

27 Cyclopentanol 

28 Dibenzofuran 

6 0  

4 0 

5o 

0 

OOH 
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BOND ENERGY/GROUP CONTRIBUTION SCHEME. V 1349 

E r r o r /  
correction 

AHf "(g) (obsd. - 
AHf%) Basic bond ( E s  - Eb) (pred.),b pred.), 

contribution (kcal/ (kcal/ (kcal/ (obsd. ), b 

(kcal/mole) (kcal/mole) mole) mole) mole) Refs. 

( 4 )  ( 5) ( 6 )  ( 7 )  ( 8) ( 9 )  

-96.9 zt 1.0 -93.6 [- 3.31 - 90.6 (- 6.3) 3, 55 

-106.9 i 1.0 -102.7 [-4.21 -100.7 (- 6.2) 2, 3 

-50 .6kO.5  -46.0 [- 4.61 - 42.0 (-8.6)  2, 3 

-36.1 i 1.2 -32.8 [- 3.31 -28.8 (- 7.3) 2 

-88.2 & 1.5 -93.2 +6.8 - 89.2 -1.0 2, 3 

-58.0 ko .3  -64.2 +6.2 - 59.2 +l. 2 2 

19.9 i 1.2 14.9 +5.0 19.9 0.0 2, 3 

(continued ) 
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TABLE 4 (continued) 

JOSH1 

No. Compound s true turea 

29 Phthalic anhydride 

30 Pyromellitic anhydride 

31 Benzofuran ( "coumarone") 

32 Dihydrobenzofuran 

33 Hydridanone, c i s  

34 Hydrindanone, trans 

35 8-Methyl- 1,2-hydrindanone, c i s  

Q+o 

o&o 0 0 
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Er ror /  
correction 

AHf "( g )  Basic bond (Es - Eb) (pred.),b pred.) ,  
(obsd. ),b contribution (kcal/  (kcal/  (kcal/  
(kcal/mole) (kcal/mole) mole) mole)  mole) Refs. 

*Hfo(g)  (obsd. - 

-88.8 i 0 . 5  -98.2 [i9.4] 3 - - 

-196.9 i 1.0 -216.2 [+19.3] 3 - - 

C +7. 5 - -12.5 - 

C -18.4 - - 13.4 - 

-59.7 i0.3 -63.2 +3.5 - 60.2 +o. 5 81 

- 59.6 i 0.4 - 63.2 +3.6 - 60.2 +O. 6 81 

- 6 8 . 6 k 0 . 8  -71.4 +2.8 -68.4 -0.2 82 

(continued) 
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1352 

TABLE 4 (continued) 

JOSH1 

a No. Compound Structure 

(1) ( 2 )  ( 3 )  
~~ ~~~ 

36 8-Methyl- 1,2-hydrindanone, t rans  

37 Ethylene carbonate 

38 Propylene carbonate 

39 Vinylene carbonate 

40 1,3-Dioxolane 

4 1  2-Methyl- 1,3-dioxolane 

42 2,4-Dimethyl- 1,3-dioxolane, cis 

43 t rans  
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BOND ENERGY/GROUP CONTRIBUTION SCHEME. V 13 53 

Error /  
correction 

AHf o ( g )  (obsd. - 
AHfO( g) Basic bond (Es - Eb) (pred.),b pred.), 

contribution (kcal/  (kcal/  (kcal/  (obsd. ), b 
(kcal/mole) (kcal/mole) mole) mole) mole) Refs. 

-65.8 iO.6 -71.4 [+5.6] -68.4 (+2.6) 82 

(- 120.3) i 0.5 - 133.3 [+13.0] -128.3 - 63, 64 

-139.3 k 0 . 5  -142.0 +2.7 -138.0 -1.3 63, 64 

(- 100.6 i. 2.0) - 113.9 [+13.2] -108.8 (+18.2) 63 

-72.1 iO .5  -78.6 +6.5 -72.6 +o. 5 3, 83 

-84.1 rtO.7 -88.6 +4.5 - 83.6 -0.5 3, 83 

-91.5 *0.9 -97.4 +5.9 - 93.4 +l. 9 3, 83 

-91.0 i o . 9  -97.4 [+6.4] - 93.4 (+2.4) 3, 83 

(continued) 
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TABLE 4 (continued) 

JOSH1 

No. ComDound Structurea 

44 1,3-Dioxindane 

45 Cyclopentadienone 

46 Dioxole 

47 2,4-Dimethyl- 1,3-dioxole 

6-Membered Rings 

48 Dihydropyran 

49 Tetrahydropyran 

50 2-Methoxytetrahydropyran 

51 Dibenzopyran 

aoY 0 

oo- 
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E r r o r /  
correction 

dHfn(g)  (obsd. - 
AHfT g) Basic bond (Es - Eb) (pred.) ,b pred.), 
(obsd. ), b contribution (kcal/  (kcal/  (kcal/  
(kcal/mole) (kcal/mole) mole) mole) mole) Refs. 

-34.1 *0.8 -52.4 [+18.3] -46.4 (+12.3) 2, 3 

- C -1.0 +4.0 - 

C - 59.1 -- - 53.1 - 

-83.7 1tO.8 -78.3 [- 5.41 - 74.3 (- 9.4) 85  

-29.9 1tO.4 -30.6 +o. 7 -30.6 +o. 7 3, 25 

- 53.4 * 0.3 - 54.0 +O. 6 - 54.0 +O. 6 2, 3 

- 9 5 . 5 i 0 . 5  -95.4 -0 .1  - 95.4 -0.1 2,  3 

11.6 i 1.2 11.8 -0.2 11.8 -0.2 2, 3 

(continued) 
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1356 JOSH1 

TABLE 4 (continued) 

No. Compound Structurea 

(1) ( 2 )  ( 3 )  

52 Benzopyran 

53 Cyclohexanol 

54 Cyclohexanone, keto 

enol 

55 p-Benzoquinone 

56 1,3-Dioxane 

57 2-Methyl- 1,3-dioxane 

58 4-Methyl- 1,3-dioxane 

O O H  

oo 
Q O H  

C)-- 
b 
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E r r o r /  
correction 

A H f 0 k )  Basic bond (Es - Eb) (pred.),b pred.), 
contribution (kcal/  (kcal/  (kcal/  (obsd. ), 

(kcal/mole) (kcal/mole) mole) mole) mole) Refs. 

AHfo(g)  (obsd. - 
b 

(4)  ( 5 )  ( 6) ( 7 )  ( 8) ( 9) 

4.2 

-68.4 i 0 . 4  -69.1 

- 54.4 0.5 - 56.1 

-46.2 

-29.3 i O . 9  -29.3 

-83.4 iO.3 -83.5 

-94 .8 i0 .4  -93.6 

-92.6 iO.4 -92.3 

C 4.2 - 

+o. 7 -69.1 +o. 7 2, 3 

+l. 7 - 56.1 +l. 7 3, 49 

C -46.2 - 

0.0 -29.3 0.0 2 

-0.1 -83.5 -0.1 3, 84 

-1.2 -93.6 -1.2 3, 84 

-0.3 - 92.3 -0.3 3, 84 

(continued) 
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TABLE 4 (continued) 

59 

60 

61 

62 

63 

64 

65 

66 

cis- 2,4-Dimethyl- 1,J-dioxane 

trans-4,5-Dimethyl- 1,3-dioxane 

5,5-Dimethyl- 1,3-dioxane 

2,2,4- Trimethyl- 1,3-dioxane 

2- c i s  ,4- t ram, 6- t r im ethyl- 1,3-dioxane 

2,2,4,6- Te tramethyl- 1,S-dioxane, t rans  

2,2,4,6- Te tramethyl- 1,3-dioxane, c i s  

1,4- Dioxane 
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BOND ENERGY/GROUP CONTRIBUTION SCHEME. V 13 59 

E r r o r /  
correction 

A H f W  Basic bond (Es - Eb) (pred. ),b pred. ), 
contribution (kcal/  (kcal/  (kcal/  (obsd. ), 

(kcal/mole) (kcal/mole) mole) mole) mole) Refs. 

AHf o ( g )  (obsd. - 
b 

( 4 )  ( 5) ( 6 )  ( 7 )  ( 8 )  ( 9 )  

-102.3 i 0.5 -102.3 

-98.2 i 0 . 4  -98.7 

(-100.7 iO.4) -98.2 

- 110.1 i 0.5 - 111.9 

- 1 0 6 . 8 i 0 . 5  -111.0 

-116.01tO.5 -120.6 

- 119.1 * 0.5 - 120.6 

-79.9 i 0.2 -78.5 

-0.0 - 102.3 0.0 2, 70 

+o. 5 - 98.7 +o. 5 2, 70 

-2.5 - 98.2 -2.5 2, 70 

+l. 8 -111.9 +l.  8 3, 79 

[+4.2] -111.0 (+4.2) 3, 70 

[+4.6] - - 3, 79 

+1.5 - 120.6 +l. 5 3,  79 

-1.4 -78.5 -1.4 2, 3 

(continued) 
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1360 JOS HI 

TABLE 4 (continued) 

a No. Compound Structure 

67 1,4- Dioxatetralin 

68 sym-Trioxane 

69 

70 

71 

0-0 

( 0 )  

2,4,6- Trimethyltrioxane ( "paraldehydeT') 

Cyclohexatrienone, keto 

enol 

Phloroglucinol (resonant) 

7-Membered and Large Rings 

Tropolone 

0 bo 
HoQOH 
HO - 

HO '%OH 
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BOND ENERGY/GROUP CONTRIBUTION SCHEME. v 1361 

E r r o r /  
correction 
(obsd. - 

AHf.( g) Basic bond (Es - Eb) (pred.)? pred.), 
contribution (kcal/  (kcal/  (kcal/  (obsd. ), b 

(kcal/mole) (kcal/mole) mole) mole) A i e j  Refs. 

(4) (5) (6) ( 7) ( 8) (9) 

-48.8i0.8 -52.3 [+3.5] - 52.3 (+3.5) 2, 3 

-111.3 *0.2 -118.1 [+6.8] -118.1 - 3, 72 

-153.1i0.5 -148.1 [- 5.01 - - 

- - 109.4 - 109.4 ( ? I  - 

3, 86 

C 

- 108.6 - goc -151.6(~) -108.6 (?) 

- - -37.2 50.3 12.7 [-49.91 87 
(carbonyl) 

(carboxyl) 
-1.4 [-35.81 - - 

(c on t inued) 
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1362 JOSH1 

TABLE 4 (continued) 

No. Compound Structurea 

(1) ( 2 )  ( 3 )  

72 Cycloheptanone ( "tropone") 

73 Cyclooctanone 

74 sym- Tetroxane 

75 Cyclononanone 

76 Cyclodecanone 

77 Cycloundecanone 

78 Cyclododecanone 

79 Cyclopentadecanone 

oo 
(O-0 

O 4  

@-o 

@O 
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E r r o r /  
correction 

*Hfo(g) (obsd. - 
AHf "( g) Basic bond (Es - Eb) (pred.),b pred.), 
(obsd. ),b contribution (kcal/  (kcal/  (kcal/  
(kcal/mole) (kcal/mole) mole) mole) mole) Refs. 

( 4 )  ( 5 )  ( 6) ( 7 )  ( 8) ( 9 )  

-59.3 i 0 . 3  -61.0 [+1.7] - - 3, 49 

-65.0zt0.4 -65.9 [+0.9] - - 3, 49 

-148.2 rt0.2 -157.4 [+9.2] - 

-66 .8 i0 .4  -70.8 [+4.0] - 

-72.9 i 0 . 5  -75.7 [+2.8] - 

-77.0 i 0 . 5  -80.6 [+3.6] - - 3, 49 

-83.4 +0.6 -85.6 [+2.2] - - 3, 49 

-99.1 rtO.5 -100.3 [+1.2] - - 3, 49 

3, 72 

3, 40 

3, 49 

(continued) 
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1364 

TABLE 4 (continued) 

JOSH1 

No. Compound Structurea 

80 Cycloheptadecanone @O 

81 cis-P-Bicyclooctanone 

82 trans- P-Bicyclooctanone @ 
Standard Deviation (40  compounds): 

aSimplified s t ruc ture ;  bond link ( - )  represents  methyl o r  
bRefer to footnotes a to d in Table 5. 
CPredicted value. 

Column 6 gives the net balance of the s t ra in  energy over the reson- 
ance energy, i.e., E - E , a positive value indicating a net s t r a in  s b  
and a negative value an excess resonance energy after overcoming 
the s t ra in  inherent to the particular ring size. The resonance 
energy, being a specific property of the conjugated s t ruc ture ,  is 
merely indicated as a parenthesized negative value in column 8 
of the table. The s t ra in  energy, however, s e e m s  to be an additive 
and transferable property, at least for simple monocyclic molecules. 
Some simple empirical  equations for computing the ring s t r a in  a r e  
proposed at the end of Table 2. 
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BOND ENERGY/GROUP CONTRIBUTION SCHEME. V 1365 

E r r o r /  
correction 

AHf "( g, (obsd. - 
A H f O ( d  Basic bond (Es - Eb) (pred.),b pred.), 
(obsd. ), b contribution (kcal/  (kcal/  (kcal/  
(kcal/mole) (kcal/mole) mole) mole) mole) Refs. 

-110.0 i 0 . 5  -110.1 [+O. 11 - - 3, 49 

- -55.0 i 1.3 -63.2 [+8.2] - 2, 3 

- -49.4 f 1.3 -63.2 [+13.8] - 2, 3 

experimental, iO.7; bond-energy scheme, i 1.0 

substituted methyl group. 

S t r a i n  E n e r g y  E q u a t i o n  

Factors responsible for creating the ring s t ra in  have been dis- 
cussed a t  length in P a r t  111 [lc]. The introduction of a single oxygen 
atom in small  r ings (3-, 4-, and 5-membered) reduces the s t ra in  by 
about 1 kcal/mole, which is primarily due to the removal of two 
hydrogens, thereby reducing nonbonded interactions (P i t ze r  strain),  
ra ther  than being due to any significant change in the angular s t ra in  
(Bayer  strain). A similar  reduction in nonbonded interactions is 
brought about by a methyl substitution on the member atom, and 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
3
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1366 JOSH1 

also by introduction of a carbonyl C2 o r  an exo-C2 a s  a ring member. 
The second oxygen atom in the ring seems  to cause angular s t r a in  
that nullifies the s t r a in  relief gained in nonbonded interaction by 
removal of even 4 hydrogens. This res tores  the net s t ra in  approxi- 
mately to i t s  original value pertinent to the ring size. These factors,  
together with the t e r m s  ea r l i e r  derived fo r  angular s t ra in  in 
hydrocarbon rings, have been quantified in empirical  equations 
Nos. 51 to 54 in Table 2. The s t r a in  in 6-membered ring is 
essentially ze ro  and seldom changes beyond kl kcal/mole for 
ordinary trivial changes in the ring composition. The ring s t ra in  
in medium-sized rings ( 7- to 12- membered) is totally unpredictable 
and requires more elaborate computer-based calculations through 
conformational energy-minimization procedures as envisaged by 
Boyd and co-workers [ 1041 and o thers  [ 1051. Rings l a rge r  than 
12-members may be freely assumed to be strain-free fo r  the 
purpose of bond-energy or  group-contribution methods. The las t  
t e rm in Table 2 deals with the s t ra in ,  as high a s  8 kcal/mole, 
caused by two carboxyl (COO) groups in the ortho position a s  in 
phthalic acid and its derivatives. Two such carbonyl (CO) groups, 
however, seem to produce lesser excess s t r a in  in phthalic anhydride 
over its normal value in a 5-membered ring. The excess  s t r a in  due 
to ortho substitution in phthalic anhydride is only about 6.4 kcal/mole, 
as seen from item No. 29 in  Table 4; that in pyromellitic anhydride 
is about double this value, as expected. 

D I S C U S S I O N  

In the ea r l i e r  work on hydrocarbons [ lb]  , an approximately 
l inear relationship between bond length and bond energy was 
envisaged f o r  the C-C and C-H bonds. Such a simple relationship 
is, however, found inadequate for  carbon bonds with a polar o r  
polarizable heteroatom such a s  oxygen, nitrogen, o r  sulfur. A 
more satisfactory correlation was the modified Sutherland 
equation [4af : 

kr2/Eo = s.. a constant 
11 ' 

where the bond dissociation energy D in the original form has  been 

replaced by the thermochemical bond energy E "  a s  a rational approx- 
imation [5], k is the equilibrium force  constant, and r is the equi- 
librium bond/length. Table 1 presents  the various pa rame te r s  f o r  
the new bonds identified in this work. Column 3 gives the bond 
energies ( E  ") derived from AHf "( g), i.e., contributions of the bonds 

e 
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BOND ENERGY/GROUP CONTRIBUTION SCHEME. v 1367 

and heats of atomization of the elements in their  standard s ta tes  [7]. 
The bond lengths in column 4, where shown to four significant figures, 
have been taken from microwave, electron, or  x-ray diffraction work 
of recent origin on the key compounds in column 8; otherwise they 
a r e  from the compilation of Sutton [102]. The l i terature source for  
the force constants in column 5 is Refs. 92-101. The parenthesized 
approximate values of force constants have been calculated from 
the assigned fundamental vibration frequency vstretch available 

from recent l i terature on interpreted IR and Raman spectral  data 
of key compounds. It may be seen from S.. in column 6 that the 

1J 
modified Sutherland relationship is obeyed fairly well by the new 
bonds assumed in this work. Except for  hydrogen-halogen bonds, 
S.. has shown a constant value, within small  limits, fo r  a typical 

bond between atoms i and j over a wide range of energies and bond 
lengths, a s  summarized in Table 1( H). Thus the Sutherland con- 
stants used in this table served as good guidelines for  recognizing 
the different energies possessed by one single typical bond in 
different compounds; for instance, the C2=0 bond in aldehydes, 
ketones, acids, acid halides, carbonates, etc. It is also seen from 
Table 1(H) that the Sutherland constant for  homonuclear bonds 
between two strongly electronegative elements is high (24 to 27), 
that for all carbon bonds it is in the range 11 to 15, and f o r  bonds 
with hydrogen i t  is in the range 3 to 7. 

The scope and validity of the Sutherland-type correlation can 
be considerably enhanced i f  S. ./a is used in place of S.. as the 

11 1.l 
new constant applicable to any type of bond between atoms i and j ,  
taking into account the reduced mass  p = mlmz/(ml + mz). The 
value of S. ./q in the las t  column of Table 1 ( H )  has a much 

narrower range of variation (only 4 to 6 in arbi t rary units), 
except for  the 0-0 bond in peroxides where the thermochemical 
data is perhaps not very precise. We shall rever t  to these empirical  
correlations with further consideration of electronegativity and i t s  
partial  energy contribution to the covalent bond [35] at the end of 
this work (including nitrogen and sulfur compounds). 

data on 145 oxygen compounds have been treated in Table 3 and 
comparison made with the group-contribution procedure [3a]. It 
may be seen from columns 5 and 6 that both procedures a r e  close 
and parallel in predicting Hfo( g), the overall standard deviation for 
the bond-energy procedure (i0.8) being slightly better than for  the 
group-contribution procedure (iO.9), in spite of a much sma l l e r  
number of energy t e rms  in the former. 

1J 

1.l 

In order  to tes t  the success  of the bond-energy procedure, recent 
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A1 c o h o l s  

Most of the predicted heats of formation a r e  within 1 kcal/mole 
of the measured values. The aliphatic monohydroxy alcohols a r e  
in even better agreement ( i0 .5  kcal/mole). Some la rge  discrepancies 
occur with polyols, and this might be attributed to hydrogen bonding. 
Where gas phase experimental values a r e  not available, the predicted 
enthalpies of phase change a r e  a l so  seen  to be reasonable, except fo r  
data on compounds Nos. 24 to 29 in Table 3. For this data and such 
other parenthesized experimental values, where both the schemes  
show almost the same  discrepancy in magnitude and sign, we feel 
that a careful reexamination of the experimental work is warranted. 

E t h e r s  

Without se r ious  exception, deviations no g rea t e r  than *O. 8 kcal/ 
mole were observed, the average value being around 10.4 kcal/mole. 

A l d e h y d e s  a n d  K e t o n e s  

The overall deviation is about + l . O  kcal/mole. Severe depar tures  
in compounds Nos. 80, 81, 82, and 87 indicate that the experimental 
data may be in error. 

C a r b o x y l i c  A c i d s  a n d  D e r i v a t i v e s  

Within this c l a s s  of compounds more depar tures  from bond 
addivity seem to occur  than elsewhere. The experimental data 
from which our energy t e r m s  are derived are scanty and generally 
date back to 1940 o r  earlier. The data are often based on reactions 
other than combustion and a r e  a rb i t ra r i ly  extrapolated to the 
standard state. The enthalpies of phase change (generally sub- 
limation) have not been measured or  confirmed to a uniquely/ 
unambiguous value. Benzoic acid is a prominent example of where 
the heat of sublimation was doubtful until the recent work of 
Malaspina e t  al. [50]. The experimental data on acid halides 
and anhydrides a r e  generally obtained from the heat of hydrolysis 
in solution. The experimental heats of combustion on some organic 
carbonates a r e  conflicting [54, 63, 64). However, the predicted 
values through our recommended energy t e r m s  may be found to 
be generally within *l, 5 kcal/mole of good experimental data 
determined by modern thermochemical standards and techniques. 
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C y c l i c  C o m p o u n d s  

Cyclic oxygen compounds are listed in Table 4. Instead of giving 
s t ra in  energy correction t e r m s  for all  individual rings as is done in 
the group-contribution scheme of Benson and co-workers [3], we 
have attempted, with fairly good success,  to formulate simple 
empirical  equations for various ring s i zes  by recognizing the 
most important structural  factors responsible for the ring strain. 
These equations a r e  given in the last  section of Table 2 as t e rms  
Nos. 51 to 58. Most of the predicted heats of formation computed 
through these t e rms  fall within * 1.0 kcal/mole of the observed 
values. La rge r  deviations originating from specific s t ructural  
feature and/or delocalization energy a r e  shown a s  e r r o r s  (paren- 
thesized figures in column 8) which must be remembered as 
"exceptions" to the bond-additivity principle. Compounds Nos. 
29, 30, 39, 44, 68, 74, 75, 81, and 82 are such special cases of 
ring strain,  and compounds Nos. 8, 10, 15, 22-25, 47 and 69 are 
those where resonance energy predominated. As mentioned 
earlier, such compounds need advanced theoretical a pr ior i  
treatment [104]. 

M o n o m e r s  a n d  P o l y m e r s  

Systems Nos. 1-6 and 20-35 in Table 5 deal with the heats 
of formation and polymerization reaction through a double-bond 
opening at C=C or C=O unsaturation in  the monomer molecule. 
Systems Nos. 7- 19 and 46- 47 represent polymerization through 
ring opening where the ring s t ra in  forms the main driving force 
for  the reaction. The remaining systems in Table 5 represent  
polycondensation o r  polyesterification (elimination of HzO, HC1, 
o r  other small  molecule) and other reactions leading to polymer 
formation or  polymer modification. The available experimental 
heats of polymerization (column 11) compare closely with the 
predicted values in the appropriate phases (columns 9 and 10). 
The hypothetical heat of vaporization of the polymer repeat 
segment has been computed by empirical  methods [6, l o ] ,  whereby 
the AHfo(l) of polymers in the amorphous "liquid" state above the 

glass temperature have been derived a s  in column 8. It is hoped 
that the data of Table 5 will be helpful for  a better theoretical 
interpretation of work on individual monomer-polymer systems 
and will also form a supplement to the author 's  earlier encyclo- 
pedic compilation [ 91. 

the heats of chemical reactions, even hypothetical reactions, of 
The bond-energy scheme provides a valuable tool for calculating 
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TABLE 5. Heats of Formation, Polymerization, Polycondensation, Hydrolysis,  e tc .  (25’C,  kca l /mole)  for  

1 

2 

3 

4 

5 

6 

I 

8 

9 

10 

11 

12 

13 

14 

Formaldehyde 

Trioxane 

T e t r a  oxane 

Acetaldehyde 

Acetone 

n- Butyraldehyde 

Ethylene oxide 

Tet ramethyl  ethyiene oxide 

Epichlorohydrin 

Propylene oxide 

3-Chloropropylene oxide 

Trimethylene oxide 

3’3- Dimethyloxetane 

2 ,2-b is (ch loromethyl )  
oxetane 

-22 .2(g)  

- 19.2( g) 

-35.4(91 

-25.9 -31.0 . . .  C - 0 .  

[-111.3] -118.6 . .COCOCO 

1-148.21 I-156.81 . .COCOCOCO 

C 
-39.6 -46.0 . . C O . .  

C 

C 
-52.0 -59.0 . . C O . .  

-49.5 -57.0 . . c o . .  
C 
C 
C 

-12.9 -19.0 . . c c o . .  

cc 

cc 
-50.1 -61.8 . . C C O . .  

-30 .1  -39.6 . . c c o . .  
C 
c1 

-22 .6  - 2 9 . 3  . . C C O . .  
C 

c1 

C 
-33.6 - 4 2 . 2  . . C C O . .  

-18.8 -26 .1  . . C C C O . .  

C 

C 

CCI 

CCI 

-34.4 -42.5 . .CCCO. .  

-49.4 -62.8 . .CCCO 
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Some Oxygen-Containing Monomers  and P o l y m e r s  a s  Predic ted  by the New Bond-Energy SchemeaTd 

Heat of Dolvmerization . .  
AH "(11) 

AHpYgg) P AHf'(g) AHfYl ) 

( p r e d . )  (pred .  1 ( w e d .  ) ( c a l c . )  AH "(xy)' Refs. 

( 7) t 8) ( 9 )  ( 10) (11)  (12) 
. ~~~~~ 

-39.4 -41.7 - 13.5 - 10. I - 15.9(gc)  9, 10, 34 

-118.1 -125.0 -6 .8  -6.4 9, 10, 59 

-157.4 - 164.9 -9.2 -8 .1  10, 59, 12 

- 15 .8 (  gl )  59 

- 0.2 (C"C ) - 1.1( C"C) 12 

+2.4(c"c) -0.2 (C"C ) 

-49.4 - 52.3 -9 .8  -6.3 9, 10, 89 

- 53. I -57 .1  -1.7 +1.9 2, 10 

- 59.0 -64 .1  -9.5 -1. 1 - 8.5( ss)  2, 10, 88 
- 5 . 9 ( s c )  89 

-39.3 -42.6 -26.4 -23.6 -22.6(1c) 9, 10, 44 

-69.4 -14.8 - 19.3 - 13.0 9, 10, 89 

- 55.5 -61.1 -25.4 -22.1 10, 89 

-48.0 - 52.0 -25.4 -22.1 9, 10, 89 

- 59.2 -64.5 -25.6 -22.3 6a, 10, 89 

-44.2 -48.6 -25.4 -22 .5  - 19.2 (ss ) 9, 10, 44 

-61.5 - 6 7 . 0  -27.1 -24.5 - 16.0( 6s)  10, 44, 75 

-70.4 - 80.5 -21.0 - 17. I -20.2 ( I c )  10, 44, 1 5 ,  
89 

(continued) 
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TABLE 5 (continued) 

( 4 )  ( 5 )  

15 

16 

17 

18 

19  

20  

21 

22 

23  

24 

25 

26 

27 

28 

Tetrahydrofuran - 4 4 . 0 ( g )  

Tetrahydropyran - 53.4( 6) 

1,3-Dioxolane - 7 2 . l ( g )  

Oxepane - 57.5(g)  

1,3-Dioxepane -83  5(g) 

Acrolein 

Acrylic acid -80.5(g) 

Methyl acrylate 

Methacrylic acid -103.6(1) 

Methyl methacrylate -92. I (  1) 

Methyl-Q-chloroacrylate 

Vinyl alcohol (hypothetical)  

Vinyl acetate 

Isapropenyl acetate 

- 4 4 . 1  

- 54.0 

-72.6 

(- 58.9)‘ 

(-88.5)‘ 

-16.8 

- 80.5  

-76.0 

-89.7 

-85.1 

-83.1 

-30.0 

-78.6 

-87 .7  

_- 
- 51. I 

-62 .4  

- 80.6 

[-67.01 

[-93.31 

-27.6 

- 9 1  7 

-83.9 

-101.8 

-93.1 

-97.0 

-41.9 

-86.5 

- 0 6 . 3  

.cccco.. 
. .ccccco.. 
. .ccoco.. 
. .cccccco.. 
. .ccccoco.. 
. .cc . .  

C 
0 

. .cc . .  
co 
0 

. .cc . ,  
co 
oc 
C 

. .cc 
co 
0 

C 
. .cc, . 

co 
oc 
Cl 

. .cc . .  
co 

. .cc . .  
0 

. .cc.. 
0 

OCC 

C 
. .cc . .  

0 
oc c 
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b e d . )  bred.  1 ( c a l c . )   AH^ Y X Y ?  Refs. 
_ _  

( 7 )  ( 8 )  ( 9 )  ( 10) (11)  (12)  

-49.1 - 54.6 - 5.0 -2.9 -1.8[Ic) 9, 10, 59, 89 

- 54.0 - 60.6 0.0 +l.  8 2, 10 

-18 .6  - 83.6 -6.0 -3.0 . -3.5(lc) 10, 59, 89 

- 58.9 -66.7 -1.4 +o. 3 +0.4( Ic )  10, 59 

- 88.5 -96.4 -5.0 -3.1 - 3.1 ( Ic )  10, 59 

-35.4 -42.6 - 18.6 -15.0 - 19.1 ( lc)  10, 44 

-99 .1  -101.4 - 18.6 -15.7 - 16.0( lc )  9, 10 
- 18.4( ss ) 44 

-94.6 - 102.1 -18.6 -18.2 -18 .8( lc )  10, 44 

(- 105. 5)* (114.3)* (- 1 5 . W  (- 12.5)* - 15.8( ss )  
- 10.1 ( I c )  9, 10, 44 

(- 100. 9)' (- 108.5): (-15.8)* (-14.8). - 1 4 . 0 ( s s )  
-13 .0( lc )  9, 10, 44 

(-103. 51' (- 116.2). (-20.4)* (- 19.2) * 10 

-49.4 - 57.1 - 19.4 -15.2 10, 89 

- 100.0 - 107.1 -21.4 -20.6 -2 l.O(lC) 9, 10, 44 

(- 109.4)' (- 116.6)* (- 2 1.7)' (-20.3)' 10 

(continued) 
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TABLE 5 (continued) 

29 Vinyl ch loroformate  

30 Vinyl tr if luoroacetate 

31 Vinyl methyl e t h e r  

32 Vinyl methyl ketone 

33 Vinylene carbonate (- 100.6) 

-71.7 -83.4 ..cc.. 
0 

OCCl 

-230.1 -240.4 . .cc, .  
0 

OCC F"' 

. .cc 
0 
C 

-31.0 - 2 5 . 5  

-29.2 -37. 7 . .cc. .  
co 
C 

- 108.8 -119 .5  

[-96.9] 34 Mnleic anhydride - 96.9( g) 

3 5  Styrene  + maleic anhydride +24.9(1) 

- 108.4 

+3 5.4 
- 96.9 

+24.9 
- 108.4 

36 a-Hydroxyncetic acid 
- H e 0  

-139.2 
+57.8 

-155 .8  
+68.3 

- 169.8 
+68.8 

C 

C 
. .CC(O)O.. 37 a-Hydroxyiosbutyric ac id  

- HzO 

38  m-Acetoxybenzoic acid 
- M*0 

-155.4 
+5?. 8 

-114.4 
+51.6 

- 136.3 
+68.3 

.... fJo... 
I 
COH 

39 Glucose 
- HzO 

-263.3 
+57.8 

-295.9 
+68.3 
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-93.1 

-251 .5  

-44.9 

-47.8 

125.3 

-117.5 

- 100.9 

- 86.4 

-102.6 

-61.6 

-210.5 

-101.9 

-258.8 

-48.9 

- 55.1 

- 130.9 

-126.1 

-118.1 

- 92.0 

-108.7 

-72.7 

-228.8 

-21.4 

-21.4 

- 19.4 

- 18.6  

- 16.5 

-20.6 

3 - 3 9 . 4 )  

(- 5.0)i 

(- 5.0)' 

(- 5.0)' 

(- 5. od 

-18.5 10, 89 

-18.4 10 

- 17.9 10, 89 

-17.4 -17 ,7( lc )  10, 44 

-11.4 55, 89, 63 

- 17.7 - 14( ls )  10, 44, 55 

;(-35.6) -19 .7(ss)  9, 10, 44, 89 

(-4.5)' 

(- 7.2)' 

(-4.7)i  

(- 1.2)' 

10. 89 

10, 89 

10, 89 

10, 89 

(continued) 
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TABLE 5 (continued) 

40 

41 

42 

43 

44 

45  

46 

47 

2,6-Dime thy1 phenol 
+ + & - H a 0  

2,Z-bis (4-Hydroxypheny1)- 
propane 

+ Phosgene 
- ZHCL 

Polyvinylene carbonate 
+ HzO - coz 
Z(Polyviny1 alcohol) 
+ Butyraldehyde 
- H z O  

Terenhthalic acid 
t Et iy lene  glycol 
- 2 H 2 0  

Cellulose 
+ 1'2 Acetic anhydride 
- 1; H e 0  

1,3-Dioxocane 

1,3,6-Trioxocane 

-38 .4  - 57.8 

- 56.6 

- 52.5 
z(+zz.o) 

-125.3 - 57 .8  
194 .1  

2(-49.4) 
-49 .5  
+57.8 

- 166.2 
-92 .1  

Z(t57.8) 

-210.5 
1 $ (- 138.7 

1; (+57.8) 

[-87.61* 

1 - 1 1 4 . z p  

-53 .6  
+68.3 

- 82.2 

-65.0 
Z(+Z5.9) 

-130.9 
-68 .3  
+95.4 

2(- 57. I )  
-57.0 
+68.3 

-188 .5  
-107.4 

Z(t68.3) 

-228 .8  
I$[- 149.21 
la(- 68 .3)  

[-93.41' 

I- 117.9]* 

... 0 -0..- 
( "PPO") ": 

C 

("Lexan") 

. .cc.. . 
00 

(Polyhydroxymethylene) 

(Polyvinyl ou tyra l )  

(Polyethylene te rephtha la te )  

. . :b0. . . 
COAC 

(Cel lu lose  t r iace ta le  

. . C c c c c o c o  

. .ccoccoco. 
aValues in parentheses  with a s t e r i s k  a r e  the bas ic  bond energy  contribution only, s ince  s t r a i n  energy  
bValues in s q u a r e  bracke ts  a r e  observed  values.  
'Values in s q u a r e  bracke ts  with a s t e r i s k  a r e  observed  values der ived  fronl A H  "(gc) or polymeriaation 
d P h a s e  specification: (g) = gas, ( I )  = liquid, ( c )  =condensed  solid of undefinedPcrystallinity, 
;!Experimental value: es t imated  en t i re ly  experimentally.  

Observed  value: essent ia l ly  an  exper imenta l  value,  hut may include a calculated enthalpy of 
gpredic ted  value: pred ic ted  en t i re ly  from corre la t ion  procedures .  
hCalculated value: essent ia l ly  a predicted value,  but may include exper imenta l  value of phase rhange. 

'Heat of polyether formation. 
:Heat of oxidative coupling. 

mHeat of hydrolysis of poly (vinylene carbonate)  with plain water.  
"Heat of ace ta l  condensation. 
'Heat of t r ip le  es te r i f ica t ion  through acid anhydride.  

Heat of polycondensation (diesterification).  

Heat of polyesteriflcatioii  through phosgene. 
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-23.6 -34.1 (- 43. O)k ( - 48.8,k 9, 10, 89 
91 

- 97.8 

-89.0 

- 104.8 

-152.7 

-116.8 (- 32.81' (- 21.4)' 

- 100.9 (0. o1m ( + 2 . 9 Y  

-113.2 (- 14.31" (-10.3)" 

- 169.9 (- 10.01i (- 10. 6Ii 

9, 10, 89, 91 

10, 89 

10, 89 

10, 89 

-410.2 -426.5 (- 78.3 10 (-16.3)' 10, 89 

- 93.4 -102.4 

-117.9 - 129.1 

- 14.8(gc) 10, 59d 

-14.9(gc) 10, 59d 

of ring, resonance energy  of spec ia l  kind, o r  the 1-4 interaction in polymer  i s  unpredictable.  

equilibrium [59d]. 
( s )  = solution, (c" )  = fully c rys ta l l ine  solid,  (gg) = gas to gas, and (11) = liquid to liquid, e tc .  

phase  change 
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theoretical interest. The bond-energy scheme is more  versati le in 
this regard  than the group-contribution method due to i t s  more  dis- 
tinct and clear-cut energy t e rms  for various bonds broken and 
formed in chemical reactions. From the AH "(g)  of some cyclic 

ketones in Table 4 (viz., compounds Nos. 18, 54, 70, etc.), the 
energy of keto-enol tautomerism and the energy of aromatization 
of conjugated sys tems may be readily worked out. The heat of 
formation and polymerization of "vinyl alcohol" (compound No. 26) 
and the polycondensation of glucose to cellulose (compound No. 39) 
by elimination of water molecule a r e  also hypothetical cases.  In 
Table 6 the enthalpies of gas-phase hydrolysis, viz., the general 
reaction 

f 

AHR' 
A-B + HzO -A-OH + B-H 

in respect of alkyl and acyl halides, anhydrides, e s t e r s ,  and e thers ,  
a r e  calculated using the appropriate bond-energy t e r m s  developed 
in this work. 

TABLE 6. Heats of Gas Phase Hydrolysis of (A-B) in kcal/mole a t  
25°C" 

B 

RL-COO R z - 0  A F c1 B r  I 

CHZ- -0.8 +6.2 -8 .6  +10.1 

CH- -3.1 +5.2 +7.6 +9.0 

C- -4.3 +5.5 +6.3 +7.2 

6- -2.2 +o. 9 +1.3 +2.0 

C=C- -4.7 - 1.0 +0.4 +1.6 

R1-CO- -4.1 -11.4 -7.9 -6 .8  -10.2 t5.0 

A negative sign indicates that the enthalpy is in favor of 
hydrolysis and a positive sign that i t  favors HzO elimination. For 
such hydrolysis/dehydration reactions, usually ca r r i ed  out in the 
solution phase, the above pattern changes radically [lo31 due to 
the heats of mixing, H-bonding, and dilution of the products of 
hydrolysis, especially the acids with water which is generally 
used a s  a medium. 

a 
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Heats of polymerization range from 0 to 15 kcal/mole for  polymer- 
ization through the carbonyl bond, from 10 to 24  kcal/mole (and up to 
40 kcal/mole for fluorocarbon monomers) fo r  vinyl polymerization, 
and from 0 to 24  kcal/mole for  polymerization through ring opening 
depending upon the ring strain. It is possible to calculate the 
enthalpy of any specific polymerization reaction on the basis  of 
the bond additivity scheme with a precision of i 2  kcal/mole, except 
for polycyclic monomers which have been listed separately in the 
ea r l i e r  par t  of this work [ lc] .  
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Note Added in Proof. Recent accurate thermochemical data of 
J. 0. Fenwick e t  at. [J. Chem. Thermodyn., 7, 943 (1975)j ca l l s  for 
additional s t e r i c  correction t e r m s  for the 1-3 interactions such as 
C-X-C for oxygen compounds. In the present paper the existing 
t e r m s  for  hydrocarbons (X  = C )  taken from P a r t  I1 of this s e r i e s  
[ lb] have been applied but a r e  found to be inadequate. The new 
1-3 interaction t e r m s  in oxygen compounds will be Ci-0-C: = 2.1 
and Ci-0-C: = 9.4 kcal/mole, where the subscripts on carbon 
a toms indicate the number of hydrogen atoms. 
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