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A. Fox, A. B. RAKSIT, S. DHEANDHANOO, and D. K .  BOHME. Can. J. Chem. 64, 399 (1986). 
The radical cation (HC~N)+ '  was produced in a Selected-Ion Flow Tube (SIFT) apparatus from cyanoacetylene by electron 

impact and reacted at room temperature in helium buffer gas with a selection of molecules including Hz, CO, HCN, CH4, HZO, 
OZ, HC3N, C2H2, OCS, C2H4, and C4H2. The observed reactions exhibited a wide range of reactivity and a variety of pathways 
including charge transfer, hydrogen atom transfer, proton transfer, and association. Association reactions were observed with 
CO, OZ, HCN, and HC3N. With the latter two molecules association was observed to proceed close to the collision limit, which 
is suggestive of covalent bond formation perhaps involving azine-like N-N bonds. For HC3N an equally rapid association has 
been observed by Buckley et al. with ICR (Ion Cyclotron Resonance) measurements at low pressures and this is suggestive of 
radiative association. The hydrogen atom transfer reaction of ionized cyanoacetylene with HZ is slow while similar reactions with 
CH4 and HZO are fast. The reaction with CO fails to transfer a proton. These results have implications for synthetic schemes for 
cyanoacetylene as proposed in recent models of the chemistry of interstellar gas clouds. Proton transfer was also observed to be 
curiously unfavourable with all other molecules having a proton affinity higher than (C3N)'. Also, hydrogen-atom transfer was 
inefficient with the polar molecules HCN and HC3N. These results suggest that interactions at close separations may lead to 
preferential alignment of the reacting ion and molecule which is not suited for proton transfer or hydrogen atom transfer. 

A. Fox, A. B. RAKSIT, S. DHEANDHANOO, et D. K .  BOHME. Can. J .  Chem. 64, 399 (1986). 
La reaction d'impact Clectronique sur le cyanoacCtylkne a permis de gCnCrer le radical cation ( H C 3 ~ ) + '  dans un tube a 

Ccoulement, 2 ion selectif; on I'a fait rkagir, a la temperature ambiante et dans de l'helium agissant comme gaz tampon, avec 
diverses molCcules comme le HZ, le CO, le HCN, le CH4, le H20,  le 0 2 ,  le HC3N, le C2H2, le OCS, le C2H4, et le C4H2. 
Les reactions observCes representent un large Cventail de rCactivitCs et une grande diversite de voies rCactionnelles, y compris 
les transferts de charge, d'atomes d'hydrogene et de protons ainsi que les reactions d'association. On a observe des reactions 
d'association avec le CO, le OZr le HCN et le HC3N. Dans les cas de ces deux dernienes molCcules, on a observk que les 
rkactions d'association se produisent jusqu'i la limite des collisions et ceci suggere qu'il y a formation de liaisons covalentes 
impliquant peut-&re des liaisons N-N du type azine. Dans le cas du HC3N, Buckley et al. ont aussi observe une reaction 
d'association a l'aide de mesures ICR alors qu'ils opCraient a basses pressions; ces rksultats suggerent une association radiative. 
La reaction de transfert d'atomes d'hydrogkne du cyanoacktylkne avec le H2 est trks lente alors que des rCactions semblables 
avec le CH4 et le H 2 0  sont rapides. La rCaction avec le CO ne produit pas de reactions de transfert de proton. Ces rCsultats ont 
des implications pour les schCmas de synthese du cyanocktylkne qui ont CtC proposes dans des modkles rCcents de la chimie des 
nuages gazeux interstellaires. On a aussi observe que la rCaction de transfert de proton n'est curieusement pas favorable avec 
aucune des autres molCcules possCdant une affinitC protonique plus ClevCe que celle du (C2N)'. De plus, le transfert d'un atome 
d'hydrogene est inefficace avec les molCcules polaires HCN et HC3N. Ces rksultats suggkrent que les interactions, lorsque les 
separations sont faibles, peuvent conduire a un alignement prCfCrentie1 de l'ion qui rkagit et de la molecule, qui n'est pas 
approprit pour un transfert de proton ou d'un atome d'hydrogene. 

[Traduit par le journal] 

. . .  . 
Introduction HCO+ (3), and the reaction of C2H2+' with the (CN)' radical 

The radical cation (HC~N)+*  has been implicated as an (1). Also, laboratory evidence is available for the formation of 
intermediate in the chemical synthesis of cyanoacetylene in (HC3N)+' by the reactions of C2H2 with CN+ (4) and (HCN)+' 
dense interstellar gas clouds rich in molecular hydrogen (1-3). (5). Another loss Process for (HC3N)+' that may compete with 
Available models of the chemistry proceeding in ,-louds reaction [I]  in dense interstellar clouds is the reaction with CO, 
presume a rapid hydrogenation as indicated by reaction [I] .  which is the most abundant molecule in these environments next 

to Ha. This reaction has been presumed in one available model 
[ I ]  (HC3~)"  + H2 --, H 2 C 3 ~ +  + He (6) to occur rapidly by proton transfer as indicated in reaction 
Cyanoacetylene can be formed if the product ion of the hydro- [4]. 

. . . .  ' 
genation reaction recombines with electrons as in reaction [2] [41 (Hc3N)+- + CO -, HCO+ + .C3N 

. . .  
' [2] H ~ C ~ N '  + e --, HC3N + H' There appears to be no previous systematic laboratory study 

or transfers a proton to a molecule X as in reaction [3]. of the reactions of (HC3N)+'. The study reported here was 

[3] H Z C 3 ~ "  + X 4 XH' + HC3N directed specifically towards an experimental elucidation of the 
kinetics and product distributions of the reactions with H2 and 

Sources of the radical cation (HC3N)+' which have been CO that are important in the interstellar chemistry. However, it 
adopted in the various chemical models for interstellar gas was also extended towards a more general investigation of the 
clouds include the reaction of C3H2+' with atomic nitrogen hydrogenation of (HC3N)+' in reactions of type [5] with sub- 
(1-3), the protonation of (C3N)' by ions such as H3+ and 

[5] (HC~N)" + XH + HZC~N' + X' 

'Author to whom correspondence may be addressed. strates XH = H20, HCN, CH4, C2H2, C2H4, and HC3N. Of 
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FIG 1. (a): SIFT spectrum for ions derived from cyanoacetylene (8% in helium) by electron impact at 28 eV. Ions are injected at 12 V; the buffer 
gas is helium at 0.315 Torr. (b): SIFT spectrum for H C ~ N '  derived from cyanoacetylene (10% in helium) by electron impact at44.5 eV. The HC~N'  
ions are injected at 12 V; the buffer gas is helium at 0.357 Torr. The background spectrum arises in part from ion-molecule reactions with water 
impurity and with cyanoacetylene leaking through the selection quadrupole. 

additional interest was the competition of hydrogenation with 
charge transfer, which leads to the direct conversion of 
(HC3N)+' to cyanoacetylene as in reaction [6], 

and the competition with proton transfer, as indicated by re- 
action [7], 

[7] (HC3N)+' + XH -+ XH2+ + (C3N)' 

which drives one of the proposed sources of (HC,N)+' in its 
opposite direction to regenerate the (C3N)' radical. 

Experimental 
The measurements were performed with the Selected-Ion Flow 

Tube (SIFT) apparatus in the Ion Chemistry Laboratory (7,8). The 
(HC3N)+' was generated in an axial electron impact ionizer (Extra- 
nuclear Model 0413) from cyanoacetylene diluted with helium at elec- 
tron energies from 25 to 45 eV. The ions that may be derived from 
cyanoacetylene using this source are shown in Fig. 1, which also dis- 
plays the spectrum downstream when (HC~N)+ '  is selected upstream. 
The major impurity ion is H ~ C ~ N ' ,  which is thought to arise primarily 
from the reaction of (HC~N)+ '  with H20 impurity in the buffer gas, 
while the (HC3~)2+ '  ion is presumed to arise from a rapid addition 
reaction with cycanoacetylene leaking from the source through the 
selection quadrupole. The ions were injected into helium buffer gas at 
ca. 12 V. The total pressure was in the range from 0.30 to 0.36 Torr (I 
TOIT = 133.3 Pa) and the ambient temperature was 296 + 2 K. The 
reagent gases and vapours as well as the helium buffer gas were 
generally of high purity, with a minimum purity of 99.5 mol%. Hydro- 
gen cyanide was prepared according to the procedure described by 
Glemser (9). The cyanoacetylene was prepared from methyl propriolate 
(Aldrich) (10). Chemical ionization of the hydrogen cyanide and cyano- 
acetylene using H3+ indicated a purity of greater than 99% for both of 
these reagents. 

Results 
Table 1 summarizes the rate constants and product distribu- 

tions obtained in this study and includes values for the collision 
rate constant, kc,  for the reactions investigated (1 1). It includes 
all the primary product ions that were observed to contribute 
more than 5% to the total product spectrum. The reactions are 
listed in order of decreasing ionization energy of the neutral 
substrate. Rate constants were derived in the usual manner (7) 
and product distributions were determined using the method of 
Adams and Smith (1 2). 

Hz 
Hydrogen was observed to react with (HC3N)+' only slowly. 

Two primary products were observed, as is indicated in Fig. 2. 
The ion at m l z  = 26 was assigned to be the acetylene cation 
C2H2+' and not the vinylidene cation or CN+ . The formation of 
the latter is endothermic. Also, the C2H2+' was observed to 
react further with H2 to produce C2H4+' and some C2H3+ in 
the manner reported previously for the reaction of C2H2+' 
derived by electron impact from acetylene (13). The data also 
provided an upper limit of 1 x 10-l3 cm3 molecule-' s-' for 
the rate constants of the reactions of C2H4+', H~C,N+, and 
(HC3N)2+' with H2. The initial decay of the latter ion in Fig. 2 
is due to the depletion of its source ion (HC~N)+ ' .  

co 
The measurement of the reaction of (HC3N)+' with CO was 

straightforward. The decay of (HC,N)+' provides an apparent 
second-order rate constant of 3.4 x lo-'' cm3 molecule-' s-' at 
a total pressure of 0.3 1 Torr. Only the adduct ion (HC3N)+'.C0 
was observed to be present in the product ion spectrum. Proton 
transfer was not observed. The adduct ion and the impurity ions 
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TABLE 1. Summary of rate constants (in units of lop9 cm3 molecule-' 
s-') and product distributions measured for reactions of HC3N+' with 

106 I I 1 

the SIFT technique at 296 + 2 K 

Neutral Products Branching" kexp b FC 
reactant ratio 

H2 C2H2+' + HCN 0.5 0.0019 1.5 
H?c,N' + H' 0.5 

CO (HC3N)+'.C0 1 .O O.OMd 0.80 
HCN (HC3NYa.HCN 1 .O 0.89' 3.3 
CH4 C2H3N ' + C2H2 0.5 0.59 1.1 

C3H2N+ + CH3' 0.3 21 

C3H4+' + HCN 0.1 2 
H20 H 2 C 3 ~ +  + HO' 1 .O 0.67 2.4 2 
0 2  HCO+ + (C2NO)' 0.4 0.0025' 0.67 @ 

HC3N (HC3N)+'.HC3N 1 .O 1.2' 3.4 2 
C2H2 c ~ H ~ "  + HCN 0.8 0.64 1 .O 0 \ 

~ 2 ~ 2 ' '  + HC3N 0.2 
OCS (OCS)" + HC3N 0.8 0.72 1.2 

(HC3NS)+' + CO 0.2 
C2H4 C2H4+' + HC3N 0.8 0.67 1.1 

H ~ C ~ N '  + C2H3' 0.2 
C4H2 C4H2+' + HC3N 1 .O 0.89 1.1 

. . . . 

"Primary product ions which contribute more than 5%. The branching ratio 
has been rounded off to the nearest 5% and is estimated to be accurate to +30%. 

?he accuracy of the rate constants is estimated to be better than +30%. H C ~ N '  + H2 
'Collision rate constants derived from the combined variational transition 

state theory - classical trajectory study of Su and Chesnavich (1 1). 
?n helium buffer gas at a total pressure of 0.31 Tom and concentration of lo3 I I I 

1 .OX 1016 atoms c K 3 .  0 . 5  I 1.5 
'In helium buffer gas at a total pressure of 0.34 Tom and concentration of 

I I .  1 x 1016 
Hz F ~ ~ ~ ( r n o l e c u l s s .  s-' x 1020 1 

I 

I (HC3N)2+' and H2C3N+ were all observed not to react with CO, 
I k 5 1 x 10-l2 cm3 molecule-' s-'. 

HCN, HC3N 
Hydrogen cyanide and cyanoacetylene were observed to react 

with (HC3N)+' in a similar fashion. With both molecules 
adduct formation was predominant and rapid at the few tenths of 
a Torr of helium pressure employed in these measurements. 
Proton transfer was observed to be almost absent although the 
data analysis allowed for as much as about 5% of the reaction 
with HCN and about 1 % of the reaction with HC3N to proceed in 
this fashion. The product ion spectra provided evidence for the 
successive addition of up to three molecules of HCN and two 
molecules of HC3N to (HC3N)+' but, interestingly, the addition 
of the first molecule was by far the most rapid in each case, by 
more than about an order of magnitude. Figure 3 displays data 
that illustrate this point for HC3N. 

CH4 
A variety of products was'observed for the rapid reaction of 

ionized cyanoacetylene with methane. However, the stoichiom- 
etry is such that the product assignments were not straightfor- 
ward. Product ions were observed at m l z  = 52 (H2C3N+ or 
C4H4+), 41 (H3C2N+ or C3H5+), 40 (HZC2N+ or C3H4+), 28 
(H2CN+ or C2H4+), and 66 (H4C4N+). Experiments with 
CD4 allowed the exclusion of the following products: C4H4+, 
H2C2N+, and C2H4+ Also an upper limit of 5% could be 
assigned to the formation of C3H5+. Formation of H2C3N+ can 
be ascribed to hydrogen atom transfer. The H4C4N+ will arise 
from condensation with hydrogen atom elimination and may be 
protonated methylcyanoacetylene. The C3H4+ will result from 

FIG. 2 The variations in ion signals recorded for the addition of 
hydrogen into the reaction region of the SIFT apparatus in which 
H C ~ N +  is initially established in helium buffer gas. P = 0.341 Torr, C 
= 7.0X lo3 cm s- I, L = 46 cm, and T = 297 K. The H C ~ N +  is derived 
from cyanoacetylene at an electron energy of 44.5 eV and injected at 
12 v .  

condensation followed by elimination of HCN and may also 
give rise to H2CN+ if proton transfer proceeds before the 
products separate. The nature of the C3H4+ ion is uncertain. 
Available heats of formation suggest that ionized allene, 
methylacetylene, and cis-cyclopropane are some of the possi- 
bilities. The nature of the major product ion H3C2N+ that may be 
formed by condensation with elimination of acetylene is also 
uncertain. A number of isomers can be thought to be formed. 
The heat of formation of ionized methyl cyanide is too high. 
Formation of ionized methyl isocyanide is less endothermic but 
still energetically unfavourable by 10 kcal mol-'. Other isomers 
are possible, e.g. ionized ethynylimidogen, but their heats of 
formation are not known. 

H z 0  
The predominant channel observed for the reaction with H 2 0  

was hydrogen atom transfer. Formation of C 3 0 + ,  which cannot 
be distinguished from H2C3N+ with our mass spectrometer, was 
excluded on the basis of experiments with D20.  Less than 5% of 
the reaction proceeded by proton transfer and there was no 
evidence for charge transfer, which is endothermic in any case. 
The impurity dimer ion (HC3N)2+' did not react with H20 .  A 
secondary reaction was observed between the H2C3N+ and H 2 0  
to form the adduct. 



402 CAN. J. CHEM. 

FIG. 3. The variations in ion signals recorded for the addition of 
cyanoacetylene into the reaction region of the SIFT apparatus in which 
HC~N' is initially established in helium buffer gas. P = 0.319 Torr, 
5 = 6.8 x lo3 cm s-I, L = 46 cm, and T = 298 K. 

0 2  
The reaction of (HC3N)+' with O2 was the slowest reaction 

observed in this study with a measurable rate constant. HCO+ 
and the adduct (HC3N)+'.02 were the only products observed 
and these were formed in approximately equal amounts. 

C2H2 

C2H2+' and C4H2+' appeared as the major product ions in 
this reaction. Formation of CN+ and C3N+ is endothermic in 
this case. An abundance of secondary ion chemistry was 
observed since both of the primary product ions are reactive 
towards acetylene. We have established in separate experiments 
that C2H2+' gives rise to C4H2+', C4H3+, and C4H4+', which 
in turn add acetylene to give rise to the corresponding adduct 
ions. All of these conversions were observed to be initiated by 
the reaction of (HC3N)+' with acetylene. The C4H3+ ion 
generated from C2H2+', which also reacts further with acety- 
lene, could not be distinguished with our mass spectrometer 
from (HC3N)+'. Therefore it is conceivable that the decay of 
the ion at m l z  = 51 provides only a lower limit to the rate 
constant of the primary reaction. 

ocs 
The predominant reaction observed with carbonyl sulphide 

was charge transfer, and the (OCS)+' product ion reacted 
further to add one molecule of carbonyl sulphide. A minor 
channel was observed that corresponds to sulphur atom abstrac- 
tion and so leads to the incorporation of sulphur into the 

cyanoacetylene ion. No reaction was observed with the H2C3N+ 
ion that was also present initially. This is not surprising since 
proton transfer is endothermic in this case. 

c2H4 
C2H4+' was the predominant product with ethylene and it 

rapidly reacted further to establish C3H5+ and the adduct 
(C2H4)2+'. The minor channel leading to the formation of 
H2C3N+ corresponds to the transfer of a hydrogen atom. 

ca2 
Charge transfer was the predominant reaction observed with 

diacetylene. The production of C3N+, which could not be 
distinguished with our mass spectrometer from C4H2+', is 
endothermic. The C4Hz+' reacted further to form the adduct 
C4H2+'.C4H2 as well as some C6H2+'. This latter reaction has 
been studied in separate experiments in more detail and will be 
reported elsewhere. It was also interesting to note that the 
H2C3N+ reacted quite rapidly with diacetylene to add one 
molecule, while the addition of a second molecule was noted to 
be at least ten times slower. At 0.33 Torr of helium and a 
concentration of 1.1 x 1 0 ' ~  helium atoms cmP3 the apparent 
bimolecular rate constant for addition of the first molecule of 
diacetylene was (8.7 ? 2.6) x lo-'' cm3 molecule-' s-'. This 
is close to the collision limit and probably reflects the formation 
of a strong hydrogen bond in the adduct. Bonding of the second 
diacetylene molecule would then be much less favourable and 
lead to a much lower rate of adduct formation. 

Discussion and conclusions 
The efficiency of the hydrogenation of ionized cyanoacety- 

lene by H atom transfer from Hz according to reaction [ I  ] has 
been established in the experiments reported here to be less than 
0.05% at 296 K. The hydrogen atom transfer is more than 30 
kcal mol-' exothermic but its low efficiency suggests that it has 
a positive activation energy. Consequently it may not contribute 
significantly to the formation of H2C3N+ at the much lower tem- 
peratures found in interstellar gas clouds. The reactions with 
CH4 and H20 provide more efficient routes for the hydrogena- 
tion of ionized cyanoacetylene and so may be more suited to 
the eventual synthesis of cyanoacetylene by reactions [2] and 
[3]. Of course other reactions operate in interstellar gas clouds 
to establish H2C3N+ without HC3N+' as a precursor, such as, 
for example, the reaction of C3H3+ with N atoms (2,3) and the 
reaction of C2HZf' with HCN (5). 

Also, we have shown that proton transfer from ionized cyano- 
acetylene to carbon monoxide does not occur at room tempera- 
ture and so is not a viable reaction in models of the chemistry of 
interstellar clouds. We have observed a slow addition reaction 
in a few tenths of a Torr of helium to form what may be the 
isocyanate ion, H-C=C-CS=N+=C=O, but it is uncer- 
tain to what degree this happens in interstellar clouds in which 
radiative association would be the only means of stabilizing the 
adduct ion. 

The reaction of ionized cyanoacetylene with carbonyl sul- 
phide also has interesting implications for interstellar chem- 
istry. The (HC3NS)+' ion formed in 20% of the reaction at room 
temperature is a potential source of 'S-C=C-C=N or 
:C=C=C=N-S', which may be formed by the recombina- 
tion of (HC3NS)+' with electrons. 

The failure to observe significant amounts of proton transfer 
with any of the neutral reagents is curious. The proton affinities 
of the neutral molecules chosen as reagents span a range from 
101 for HZ to 184 kcal mol- ' for cyanoacetylene (14,15). The 
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proton affinity of (C3N)' can be calculated to be 140 kcal mol-' 
from the known heats of formation of ionized cyanoacetylene, 
the proton, and the (C3N)' radical. The latter is based on the 
appearance potential of CN- from dicyanoacetylene (16) and 
appears to be reliable. The proton affiinity of (C3N)' is therefore 
1essthanthatforCO (142), OCS (151), C2H2(153), C2H4(163), 
H20(166), HCN(171), C4H2(180), andHC3N(184), wherethe 
proton affinity is given in parentheses in kcal mol-'. Yet the 
proton transfer observed with any of these molecules was at 
most 5% of the total reaction pathway. 

Charge transfer, H atom transfer, and adduct formation were 
the alternate channels that appeared to compete successfully 
with proton transfer. The recombination energy of (HC3N)+' is 
11.60 eV, which exceeds the ionization energy of the molecules 
C4H2 (10.17), C2H4 (10.5), OCS (1 1.18), and C2H2 (1 1.41). 
Charge transfer is therefore exothermic and indeed was ob- 
served to be a predominant reaction channel for each of these four 
molecules. For the reaction with C2H2 the ultimate formation of 
the charge transfer product is minor but we speculate that 
C2H2+' in part also reacts with HC3N before the products 
separate to produce C4H2+'. We have shown in a separate study 
that this latter reaction proceeds readily when C2H2+' is pro- 
duced by electron impact from acetylene (1 7). 

The hydrogen atom affinity of ionized cyanoacetylene is at 
least 10 kcal mol-' higher than the homolytic X-H bond 
energy of any of the molecules of type XH chosen as reagents in 
this study. Yet hydrogen atom transfer was observed not to 
compete effectively with charge transfer when the latter was 
also exothermic, as for the reactions with ethylene, acetylene, 
and diacetylene. Also it did not compete significantly with 
adduct formation for the reactions with HCN and HC3N. In fact, 
only for the reactions with Hz, CH4, and H20  was hydrogen 
atom transfer observed to compete effectively with other 
reaction channels. 

We suggest that both the curious failure of proton transfer and 
the discriminating behaviour of hydrogen atom transfer may be 
accounted for by steric constraints that could operate at close 
separations because of the electrostatic interaction between the 
cyanoacetylene ion and the reacting molecule. Preferential at- 
tack at the nitrogen end of the lengthy (H-C=C-C=N)+' 
ion would put the proton "out of reach" of the reacting molecule 
and so prevent proton transfer. Also, for hydrogen atom trans- 
fer, the hydrogen atom in the reacting molecule may become 
"out of reach" of the ion, depending on the length and preferred 
alignment of the reacting molecule. This is likely to be the case 
with HCN and HC3N, for example. These strong dipoles are 
likely to approach the positive ion preferentially with their 
negative nitrogen end. Azine type N-N bonding would then be 
possible if the nitrogen end of the ion is the site of attack. The 
high rates of association observed for the reactions with HCN 
and HC3N are consistent with this kind of chemical bond forma- 
tion. The linkages may be the type shown in [8] and [9]. 

Adduct formation was not observed with HZ, H20 ,  and CH4 
because the hydrogen atom in these molecules is easily "within 
reach." Adduct formation was also not observed with C2H2, 
C2H4, and C4H2. In these cases charge transfer is preferred 
because of the relatively low ionization potentials of these 
molecules. 

The association of cyanoacetylene molecules with ionized 
cyanoacetylene has also just recently been observed by Buckley 
et al. in an ICR (Ion Cyclotron Resonance) and a high pressure 
photoionization mass spectrometer (18). The apparent bi- 
molecular rate constant that was reported for the addition of the 
first molecule in the ICR at a total pressure of lo4 Torr is 
surprisingly large, k = 7.4 X lo-'' cm3 molecule-' s-', and 
close to the value obtained at the much higher pressures of the 
SIFT experiments reported here. High rates of association under 
SIFT conditions are normally attributable to the formation of 
strongly bound adducts stabilized by collision with the buffer 
gas atoms. In this case, however, the almost equally high specific 
rate observed at the much lower pressures of the ICR suggests 
that this stabilization may proceed by the emission of a photon 
and so implies a truly bimolecular radiative association reaction. 
Buckley et al. (1 8) have also proposed several bonding possi- 
bilities for the association reaction other than the azine-like link- 
age discussed earlier. They have pointed out that C 2  bonding 
could lead to an ion of type [lo] while C-N bonding may re- 

sult in an ion of type [ l  11. These alternatives are attractive in 
that addition of a second molecule of cyanoacetylene to these 
dimer ions can lead to some interesting cyclic structures (18). 
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Benzenoid hydrocarbons were examined using a bond energy scheme featuring the role of atomic charges. The latter were 
conveniently deduced from appropriate correlations between theoretical results and I3C nuclear magnetic resonance shifts. 
Atomization energies calculated in this manner agree with their experimental counterparts to within 0.36 kcal mol-' (average 
deviation). It appears that benzenoid hydrocarbons can be efficiently described in terms of local charge density properties. In 
the absence of any distinctive specific feature characterizing benzenoids, this particular description of chemical bonds ulti- 
mately results in a unifying genealogy smoothly relating to one another the various possible types of CC and CH bonds which 
are formed by sp2 and sp3 carbons. 

S. FLISZAR, G. CARDINAL et N. A. BAYKARA. Charge distributions and chemical effects. XL. Chemical bonds in 
benzenoid hydrocarbons. Can. J.  Chem. 64, 404 (1986). 

Utilisant un schCma d'Cnergie de liaison comportant le r81e des charges atomiques, on a CtudiC des hycrocarbures benzirnoi'des. 
On peut facilement dCduire les charges atomiques des corrClations appropriCes entre les rCsultats thCoriques et les dCplacements 
chimiques du I3C en rmn. Les energies d'atomisation calculCes de cette manikre sont en accord, dans des limites de 0,36 kcal 
mol-' (deviation moyenne). I1 semble que les hydrocarbures benzenoi'des peuvent Ctre dCcrits d'une maniirre efficace en fonction 
des propriCtCs de densit6 de charge locale. En l'absence de caracteristiques specifiques distinctives des benzknoides, cette 
deschption particulikre des liaisons chimiques resulte finalement en un g ~ n ~ a l o g i e  reliant l'un a l'autre les divers types possibles 
de liaisons CC et CH formCes par les carbones sp2 et sp3. 

[Traduit par le journal] 

Introduction 
This study describes benzenoid hydrocarbons. It considers 

the role of electronic charges in chemical bonding and leads to 
reasonably accurate energy calculations using atomic charges 
deduced from 13c nmr shifts. Moreover, it offers a vivid insight 
into the nature of chemical bonds. 

The expression 

indicates how their energies depend on the charges of the 
bond-forming atoms (1-3): eg is for a reference bond with net 
charges qp and qy at atoms i and j, respectively, whereas eij 
corresponds to modified charges, q, = qy+ Aq, and qj = 
qy+ Aqj. The av and aji parameters, "measuring" the changes 
in bond energy accompanying unit charge variations at atoms i 
and j, respectively, are discussed further below, as well as the 
E ~ ' s .  Finally, the sum1 

is a valid approximation for the atomization energy of a 
molecule at its potential minimum. Indeed, the formula 

has proven accurate in over 130 comparisons between calcu- 
lated and experimental energies (Fig. 1). 

Equation [3] indicates the steps involved in these energy 
calculations. We begin with a description of the appropriate av 
and E; parameters, which will be conveniently tabulated. 
Next, we discuss the derivation of th.e required Aqi charges, 
with the help of "C nrnr shifts. Then it becomes a simple matter 
of assembling the pieces in order to deduce AEZ and, 

 he omitted nonbonded contributions can safely be neglected in a 
first approximation (1-3). 

Deviation kcal rnol-' 

FIG. 1. Frequency of deviations between calculated and experi- 
mental atomization energies. This error distribution survey covers 
alkanes (1 ,  2) (including cycloalkanes constructed from chair and (or) 
boat cyclohexane rings), simple ethylenic (4) and polyunsaturated 
hydrocarbons ( 3 ,  both conjugated and nonconjugated, as well as 
ethers, aldehydes, and ketones (6). The average deviation is -0.23 
kcal mol- I .  



TABLE 1. Most frequently used a ,  valuesa, from eq. [4] 

Bond i-j R, (A) a, (kcal mol-' me-') 

C ( A r W ( A r )  
C ( s p 3 W ( s p 3 )  
C(Ar)-H 
C ( s p 3 t H  
H - c  
C(Ar)--C(sp3) 
C ( A r t H  
C=C (CzH4) 
C ( s p 2 W ( s p 3 )  
C ( s p 2 t H  

"The values indicated a;'" are expressed for total (a + T) electronic charges, 
eq. [5]; aFrefers to changes in a electrons only. The results 2 , 4 ,  and 5 are from 
refs. 1 and 2; 8-10, describing ethylenic carbons, are from refs. 2 and 4. 

therefrom, the corresponding enthalpies of formation, AH? 
(gas, 298.15 K). 

Calculation of the aij parameters 
The appropriate expression is (1, 2) 

where zeff are effective nuclear charges (7-9) (e.g., 4 for C), 
vi = number of atoms attached to i, and (r;)' is the average 
inverse distance between the Ni electrons of atom i and the 
nucleus of atom j. KTO' is 1 for H and 0.4287 for C (1, 2, 10). 
The factor $ translates nuclear-electronic into total 
(potential + kinetic) energy changes (1, 2, 10, 11). The 
derivatives of the appropriate valence state energy of atom i, 
c, follow from SCF-Xa calculations (Appendix I). The 
second-order term being negligible for hydrogen and carbon, all 
the aU1s used in this work can be treated as constants. The most 
frequently occurring values are indicated in Table 1. 

With sp2 carbons, whose charges vary at both the u and IT 

levels, the aijAqi term becomes a$Aqq + a;Aqy; aU is thus 
the weighted average of a$ and a; (2). Taking advantage of 
the relationship (12) Aqy = mAq7, this average is (4) 

[5] a, = (ma: + a:)l(l + m) 

For nonsubstituted aromatic carbons, it is found that m = 
-0.8 12 (Appendix 11); substitution (e.g. with a methyl group) 
changes m to - -0.90. For ethylenic carbons, m = -0.955 (4, 
5). Equations [4] and [5] sum up the calculation of the aij7s. 

Reference bond energies, E: 

The reference bonds E I - E ~  (Table 2) were described earlier 
(1-3). Additional, frequently occurring reference energies are 
conveniently deduced with the help of the function2 (1, 2, 13) 

'The quantities appearing in eq. [6] are defined in terms of a suitable 
partlhoning of the molecular electron density into atomic contributions, 
p,, and of the equilibrium coordinates, r,, of the nuclei, i.e., 

Pi(r) dr = N,(r;') with p,(r) d r  = N, 
lr - r1I I- I 
p,(r) 

dr = NJ(r,yl) with pJ(r) d r  = NJ 
lr - r,l f- I 

The superscript zero indicates the corresponding expressions for the 
reference molecule. 

which contains information regarding orbital shapes and inter- 
nuclear distances, Rjj. This function is part of AE,* and nonzero 
if actual (r;) and (or) RU parameters differ from those 
assumed in the definition of any E; included in CE;. (This 
situation arises, f6r example, if ethylene is constructed with 
ethane CH reference bonds.) In contrast, when the e8.s are 
properly chosen, results derived from eq. [3] show that F = 0 is 
a valid approximation3 (cf. Fig. l ) ,  hence the merits of defining 
suitable $'s. This is achieved by modifying E;'S deduced for 
(r;)' and (R;)' into values corresponding to (r;) and 
( R ; ) ,  as requested by eq. [ 6 1 . ~  Changes in reference 
charges, if desired, are made with the help of eq. [I]. Thus we 
deduce, for example, the ethylene and benzene CH bonds from 
that of ethane, or CC single bonds like those in biphenyl, 
cis-stilbene, etc., from that of ethane. 

While a unified new genealogy of chemical bonds surfaces 
with eq. [6], the pivotal question rests here with our approxi- 
mate way of applying it in a possibly rough, but certainly 
simple, scheme satisfying chemical intuition. The underlying 
hypotheses and detailed numerical examples illustrating the use 
of eq. [6] are given in Appendix 111. These hypotheses are 
eventually going to be put on trial in extensive comparisons with 
experimental results. With the set of reference bond energies 
indicated in Table 2, F is -0 again, and energy calculations can 
be made in a straightforward manner using eq. [3]. 

Charge calculations 
Net charges of alkane carbon atoms are conveniently deduced 

from the remarkably accurate relationship (1, 2, 15) 

where the I3C nmr shift, 6C2H6 (ppm), and Aqc = qc - 
q $ ( C 2 ~ 6 )  are expressed with reference to ethane. Similarly, 
for ethylenic sp2 carbons we use (4) 

where the nmr shifts, 6C2H"nd Aqc = qc - q°C(C2H4) are 
expressed taking ethylene as reference. Finally, for aromatic 
carbons we use (Appendix 11) 

where both Aqc and 6C6H6 are taken with reference to the 
benzene carbon atom. Note that eqs. [8] and [9] are for total 
(u  + IT) net charges. These results serve two purposes, namely, 
the calculation of individual aUAqi terms and that of the total net 
charge on all carbon atoms. The latter is obtained from a sum of 

3The first part is small because atomic net charges are small (e.g., 
<0.035 1 e for sp3 and -0.007 e for ethylenic sp2carbons) and because 
small changes in electron populations are unlikely to modify their 
center of charge to any significant extent. The second part, in square 
brackets, is obviously zero for spherically symmetric electron clouds or 
small if the centers of electronic charge move along with the nuclei 
during small changes in internuclear distances. 

4For example, eq. [6] predicts F = -2.39 kcal mol-' for an ethylenic 
CH bond and -4.80 kcal mol-' for a CC single bond formed by an 
ethylenic carbon (4, 5, 13, 14). Systematic inclusion of these results 
in the EE'S corresponding to these bonds takes care of F. Figure 1 
includes -50 olefins calculated in this manner. 
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TABLE 2 .  Frequently used reference bond energiesa 

Reference charge 
(me) 

Bond i-j Type  ~ i j  (A) i j ~ $ ( k c a l  mol-I) 

c--C 
C = C  
c--C 
C e C  
C-H 
c-c 
c-c 
c-c 
c-c 
C--C 
C-H 
C-H 

sp3-sp3 
sp2-spZ 
sp2-sp2 
Ar-Ar 
sp3-H 
Ar-Ar 
Ar-sp3 
Ar-sp2(nc) 
.4-sp2(c) 
sp2-sp3 
.4-H 
sP2-H 

"Bond 8 is nonconjugated, 9 is conjugated, Ar = aromatic C atom, sp2 indicates an ethylenic carbon. The following E;'S 

are taken from previous work: 1 , 5  ( I ) ,  2, 10, 12 (4) and 3 (5). Bonds 1.3, and 5 were used for deducing 6-12. The reference 
charge selected for benzene, 14.8 me, is discussed in Appendix 11. 

all Aqi's to which are added 35.1 me for each sp3 carbon, 14.8 
me for each aromatic, and 7.7 me for each ethylenic sp2 carbon 
of the molecule. This gives the sum Cqc and CqH = -Cqc. The 
reference for hydrogen being taken in all cases at - 11.7 me, it 
follows that 

where nH is the number of hydrogen atoms. This concludes the 
derivation of the charges required in the forthcoming energy 
calculations. 

I The calculation of atomization energies, AE,* 
I 

We can now apply eq. [3]. The calculation of CE: is 
straightforward, using Table 2. There is one point to be 
mentioned. The aromatic CC bond, E,, represents, so to speak, 
the average between a single and double bond as they are found 
in benzenoid structures: it is the CC bond of benzene. It is 
counted twice the number of double bonds one can write 
using classical Kekult structures. The remaining CC bonds 
(e.g., 1 in naphthalene, 2 in anthracene, etc.) are treated as 
C(sp2)-C(sp2) single bonds-bond €6 in Table 2. 

As regards the evaluation of C,C,a,,Aq,, first we calculate 

TABLE 3. Calculation of C;CjaijAqi (kcal mol-I) for 2-methylnaph- 
thalene, using the aij's of Table I and eqs. [7] and [9Ia 

Atom 6 Aq CjaV CjaijAqi 

"The 6's are relative to benzene (1-10) and to ethane for the methyl carbon. 
From the Aq,'s (me), counting 14.8 me for each aromatic carbon and 35.1 me 
for the sp3 reference, it is Cq, = 178.88 and EAqH = - 178.88 - lo(- 11.7) 
me. Note the contribution of C-2, -0.052 6 = -0.354 kcal mol-'. The sumof 
all the CiC,aijAqi's yields 40.11 kcal mol-', ready for use in eq. 131. 

CjaG for each carbon atom, using  able 1. These sums are corresponding part of CiCjaijAqi. Finally, we calculate CAqH conveniently displayed in structure I. Next, we calculate the 
corresponding Aqc's and form the product AqiCjaij = CjaUAqi and add -0.632 CAqH to the previous sum. This is now 

for each carbon, as in the example given in Table 3. The sum of CiCjaijAqi, ready for use in eq. [3]. 

these atomic terms over all carbon centers i yields the There is one case which is treated in a slightly different 
manner, with no loss in simplicity, that of an aromatic carbon - 

C C attached to a non-aromatic carbon. Its contribution is -0.052 
tiCsH6 kcal mol-'. This carbon is taken at 14.8 me in the 
computation of Cqc. The reason for this approach stems from a 
situation of small differences between large numbers (explained 
in Appendix IV) arising in the evaluation of CjaP 

In closing, let us mention a simple formula for nonsubstituted 
aromatic hydrocarbons, taking care of CAqH by charge normali- 

-1.074 t 
-0.799 zation and using the aU's of Table 1, as well as eq. [9]. It is, 

indeed, readily deduced that 

& + 0.632 (14.8 nc - 11.7 IZH) 
S u m  of the ad terms for  the various types of atoms, CJa,, in kcal 

mol-I me-'.  where Ncc = number of CC bonds formed by the carbon whose 
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TABLE 4. Energy calculations of selected planar benzenoid hydrocarbons, using I3c n m  shifts 
(kcal mol-I)" 

Molecule ENccs CS ZCjaijAq, CE: A@ 

Benzene 0 0 11.76 1354.74 1366.50 
Naphthalene 7.2 -1.6 31.27 2127.50 2158.77 
Anthracene 50.1 17.6 48.57 2900.26 2948.83 
Phenanthrene -4.5 -8.0 54.81 2900.26 2955.07 
Pyrene -30.2 - 17.1 77.81 3217.84 3295.65 
Benz[a]anthracene 17.3 -0.7 73.60 3673.02 3746.62 
- 

"The average deviation between these calculated atomization energies and their experimental counterparts 
is 0.23 kcal mol-' (see Table 5). The sources of the nmr shifts are indicated at the bottom of Table 5. 

nrnr shift is 6 C 6 H 6 ,  nc = number of C atoms, and n~ = number of 
H atoms in the molecule. Selected numerical examples are 
indicated in Table 4. 

Now is the proper time to look at thermochemical results in 
order to assess the validity of our approach toward solving eq. 
PI. 

Results 
Most of the benzenoid hydrocarbons for which both the 

enthalpy of formation, AH! (gas, 298.15), and the carbon-13 
nrnr spectrum are experimentally known were examined in the 
present work. While experimental AH! results are typically 
reported with an error of 0.3-1.0 kcal mol-', independent 
measurements from different laboratories often differ from one 
another by much more than this. Pyrene, for example, is 
reported by Cox and Pilcher (16) with = 49.94 2 0.64, 
contrasting with the result cited by Kao and Allinger (l7), 5 1.59 
kcal mol-' . Whenever reasonable, critically selected data given 
by Cox and Pilcher (16) were used. The structures of some of the 
compounds investigated here are shown in Fig. 2. 

In order to offer valid comparisons with theoretical results, 
we must first deduce "experimental" atomization energies from 
enthalpies of formation, zero-point and heat-content energies, 
ZPE + HT - HO, and from the enthalpies of formation of the 
atoms, AH~O(A). The latter are taken from the literature (18), 
namely, AHfO(C) = 170.89 and AH!(H) = 52.09 kcal mol-' at 
298.15 K. The appropriate equation is, for nonlinear molecules, 

Vibrational energy data are scarce, however, for the molecules 
considered in this study. Fortunately they can be constructed to 
a good approximation by means of additivity rules (2), e.g., 
ZPE + HT - HOz33.35 + 18.213 (n - 2) - 0.343 nbr for a 
mono-olefin with n carbons and nbr = number of branchings, or 
ZPE+HT--Ho=55 .19+  18.213 ( n - 4 )  -0.343 nbr kcal 
mol-' for diolefins (5). Similar equations are also found to apply 
in other homologous series of compounds, e.g., alkanes and 
cycloalkanes, ethers, and carbonyl compounds (2). Along these 
lines, we use the following formula for alkyl substitution, based 
on the experimental ZPE + HT - Ho value (66.22 kcal mol-') 
deduced for benzene in the harmonic oscillator approximation 
(2): 

ZPE + HT - Ho = 66.22 + 18.21 n - 0.343 nbr 

where n is the number of alkyl carbon atoms. Molecules like 
9,lO-dihydroanthracene or 1,2,3,4-tetrahydronaphthalene were 

FIG. 2. A selection of molecules examined in this work. The 
numbering corresponds to that indicated in Table 5. 

treated in similar manner. In these situations, attention must be 
given to a lowering of ZPE + HT - Ho by 11.5 kcal mol-' 
accompanying the loss of a pair of hydrogen atoms and by 
-RT/2 = 0.296 kcal mol-' for each hindered rotation in cyclic 
compounds (2, 19). Moreover, the condensation of two 
fragments involves a correction of 4RT= 2.37 kcal mol-' 
because this term is included in the HT - Ho part of each 
molecule used as fragment and should not be counted twice in 
the final product. For example, the ZPE + HT - Ho value of 
9,lO-dihydroanthracene is obtained from dimethylbenzene 
(66.22 + 2 X 18.21) and benzene, less 2 x 11.5, less 4RT, and 
less 4RTl2 kcal mol-'. This type of estimate usually carries an 
uncertainty not exceeding 0.2 kcal mol-' . Styrene, for example, 
can be constructed from benzene and ethylene to give ZPE + HT 
- Ho = 66.22 + 33.35 - 11.5 - 4RT = 85.70 kcal mol-I. 
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TABLE 5. Calculated and experimental energies of benzenoid hydrocarbons, kcal mol-' " 

A E,* 

Molecule 

1 Benzene 
2 Toluene 
3 1,2-Dimethylbenzene 
4 1,3-Dimethylbenzene 
5 1,4-Dimethylbenzene 
6 1,2,3-Trimethylbenzene 
7 1,2,4-Trimethylbenzene 
8 1,3,5-Tnmethylbenzene 
9 1,2,3,4-Tetramethylbenzene 

10 1,2,3,5-Tetramethylbenzene 
11 1,2,4,5-Tetramethylbenzene 
12 Pentamethylbenzene 
13 Hexamethylbenzene 
14 Ethylbenzene 
15 n-Propylbenzene 
16 Isopropylbenzene 
17 sec-Butylbenzene 
18 tert-Butylbenzene 
19 1,2-Diphenylethane 
20 Styrene 

I 21 cis-Stilbene 
22 trans-Stilbene 
23 Biphenyl 

I 
24 Naphthalene 

I 

25 1-Methylnaphthalene 
26 2-Methylnaphthalene 
27 1,8-Dimethylnaphthalene 
28 Anthracene 
29 9-Methylanthracene 
30 9,lO-Dimethylanthracene 
31 Phenanthrene 
32 Pyrene 
33 Triphenylene 

I 34 Benz[a]anthracene 
35 7-Methylbenz[a]anthracene 
36 7,12-Dimethylbenz[a]anthracene 
37 Dibenz[a,c]anthracene 
38 Dibenz[a, hlanthracene 
39 1,2,3,4-Tetrahydronaphthalene 
40 9,lO-Dihydroanthracene 
41 9,lO-Dihydrophenanthrene 
42 (1-8)-Octahydroanthracene 
43 (1-8)-Octahydrophenanthrene 
44 (1- 12)-Dodecahydrotriphenylene 

- 

19.81 k 0.13 
11.99 ?O.lO 
4.56 k 0.26 
4.14 & 0.18 
4.31 ? 0.24 

-2.26 r 0.29 
-3.31 k 0.26 
-3.81 ? 0.33 
- 10.02 
-10.71 
- 10.82 
- 17.80 
-25.26 

7.15 ? 0.19 
1.89 * 0.19 
0.96 2 0.26 

-4.15 * 0.31 
-5.40 * 0.31 
32.4 ? 0.3 
35.30 * 0.25 
60.31 2 0.42 
52.5 
43.53 ? 0.60 
36.25 k 0.45 
27.93 ? 0.64 
27.75 2 0.62 
See text 

55.2 ? 1.1 
(42.1) 
(31.6) 
49.5 ? 1.1 
53.94 ? 0.31 
61.9 k 1.1 
65.97 

(56.2) 
66.4 ? 1.1 

(77.2) 
(79.6) 

7.3 ? 1.3 
38.2 k 1 . 1  

(37.8) 
(-4.3) 
(-4.9) 

(- 16.4) 

Calcd Exptl. 

'The experimental AH: results for 1-8,14-21,23,28,31,33,36, and 40 are "selected values" reported in ref. 16. The results for9-13 are given in ref. 24, that of 
22 in ref. 25, and those of 24-26 in ref. 26. The value indicated for 32 is taken from ref. 27, 34 is reported in ref. 17, and 39 is taken from ref. 28. The 
ZPE + HT - HO result given for 31 was deduced from a vibrational analysis described In ref. 29, in the harmonic oscillator approximation. The carbon-13 n m  
spectra are from ref. 30 (2-13), ref. 31 (14-19). and from ref. 32 (20, 23, 39-44); 21 and 22 are from ref. 33; 24, 31, 32 from ref. 34; and 28 is from ref. 35; 
25,26 are given in ref. 36; 27 is from ref. 37; and 29,30,34-38 are from ref. 38; 33 is described in ref. 39. In order to minimize possible solvent effects, whenever 
possible measurements made in benzene were selected 

From the vibrational spectrum of styrene (20), on the other 
hand, we find in the harmonic oscillator approximation that 
ZPE = 80.96 and HT - Ho = 4.84, for a total of 85.80 kcal 
mol-'. Similarly, using ZPE + HT- Ho = 88.82 + 5.08 = 
94.90 kcal mol-' for naphthalene, deduced from its vibrational 
spectrum (21), we add to it the difference, 28.68 kcal mol-I, 
between naphthalene and benzene, thus obtaining an estimate of 
123.6 kcal mol-' for anthracene. The same procedure is used for 
the higher homologues as well. Finally, using the fundamental 

frequencies of pyrene (22), we obtain (in the harmonic oscillator 
approximation) ZPE = 125.94, HT - Ho = 7.1 1 ,  for a total of 
133.05 kcal mol-' . 

While, of course, additional spectroscopic information 
would be welcome, we feel that the uncertainties affecting 
present estimates of ZPE + HT - Ho energies should not be 
blamed for possible discrepancies between calculated and 
observed AE,* (or AH;) energies. With this in mind, we can 
now proceed with comparisons involving experimental enthal- 
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pies of formation (Table 5). In the absence of experimental 
results, predicted AH: values are indicated in parentheses. Two 
AE,* results listed in the column reporting "experimental 
values" are in parentheses: these are theoretical results offered 
for comparison, deduced from enthalpies of formation calcu- 
lated by Dewar and de Llano (23). 

Discussion 
The average deviation between calculated and experimental 

energies is 0.36 kcal mol-' for a collection of 35 benzenoid 
compounds. This result does not include 7,12-dimethylbenz- 
[alanthracene: the discrepancy of - 16 kcal mol-' between 
theory and experiment is in all likelihood due in part to an error 
in the latter. Although certainly real, steric interactions involv- 
ing the methyl group in position 12 are probably not so severe as 
to cause a destabilization exceeding that found in 1,8-dimethyl- 
naphthalene and 4,5-dimethylphenanthrene-molecules which 
are discussed further below. 

At this stage it seems safe to conclude that the agreement 
between theory and experiment supports the general ideas 
underlying our energy analysis. On the other hand, the quality 
of this agreement should not be used to hide the limitations of 
our approach. These are best revealed by the following 
examples. Trans-stilbene was treated as a planar system and the 
C(sp2)-Ph bonds were accordingly derived on the basis of a , conjugated sp2-sp2 single bond (Appendix 111, example 6). 

I While the molecular structure of trans-stilbene appears to be 
I approximately planar in the solid state (40), its gas phase 

I structure is found to be nonplanar (41). However, the potential 
( curve for energy vs. the dihedral angle is very shallow and the 
1 calculated energy barrier corresponding to the C, conformation 
I is only about 0.5 kcal mol-' (17). Both these results and our 
I calculation suggest that in trans-stilbene there is no great energy 

difference between conjugation and hyperconjugative stabiliza- 
tion of the sp2-sp2 single bond5 but it is also clear that in this 
particular situation it could not be assumed a priori that our 
treatment would lead to a valid result, as it did. The case of 
cis-stilbene is clear-cut. Electron diffraction data (43) point to a 
C2 symmetry in the gas phase and a structure that may be 
described as having a propeller-like conformation with phenyl 
groups rotated ca. 43" about the C-Ph bonds. The latter were 
thus treated as nonconjugattd bonds: e8 = 86.89 kcal mol-' was 
deduced for Rcc = 1.49 A, which is the experimental bond 
length (43). Similarly, the gas phase value (44) for the torsional 
angle about the central bond of biphenyl, 41.6", and its bond 
length, R = 1.49 A (17, 45), suggest that the central bond 
should be treated like a nonconjugated CC single bond, thus 
giving ecc = 88.68 kcal mol-'. Finally, the same situation 
arises with triphenylene (33) which is significantly nonplanar 
(17, 46). The bonds joining the "external" rings to one another 
were thus calculated at ecc = 88.45 kcal mol-' for R = 1.46 A, 
following the approach used for biphenyl. It is clear that some 
advance knowledge is necessary in our calculations, namely, as 
regards planarity (or lack of it) of the benzenoid skeleton. 

As an additional example, consider 4,5-dimethylphenan- 
threne. Using the 13C nmr spectrum measured by Stothers et al. 
(47), we deduce AH: = 36.8 kcal mol-' assuming planarity. 
Closely neighboring methyl groups which are separated by five 
bonds in the molecular skeleton, however, result in chiral 

nonplanar conformations (48). Modeling, where appropriate, 
the CC bonds on those described for biphenyl and cis-stilbene, 
we predict AH: = 47.8 for the nonplanar form, in acceptable 
accord with the reported value (16), 46.26 ? 1.46 kcal mol-', a 
result which is self-explanatory. Equally instructive examples 
are offered by dimethylnaphthalene isomers. With the substi- 
tuents in the 1,8 position, our calculation yields AE,* = 2748.6 
kcal mol-' for the planar form, in error with respect to its 
experimental ~ounterpart,~ 2745.0 kcal mol-'. The thermo- 
chemical stability is overestimated by -3.6 kcal mol-', thus 
suggesting a possible loss of conjugation in this molecule 
which, as a matter of fact, is known to suffer considerable 
distortion from the normal naphthalene geometry (50). Indeed, 
a calculation following the lines described above for biphenyl 
and nonplanar 45dimethylphenanthrene agrees with experi- 
ment. In contrast, 2,6-dimethylnaphthalene can safely be 
assumed to retain the planar geometry of naphthalene. The 
result deduced for this form, AE,* = 275 1.3, agrees well with 
the experimental value,6 2751.0 kcal mol-'. These examples 
illustrate possible applications of energy analyses based on 13C 
spectra in problems regarding the origin of molecular stability, 
namely, as regards partial suppression of conjugation accompa- 
nying deformations of a benzenoid skeleton. 

These examples are also there to remind us that our theory 
differs in its nature from variational calculations and thus lacks 
the flexibility of the latter, capable of predicting geometries as 
well as energies. Indeed, our approach applies only to mole- 
cules at equilibrium; in turn, it illustrates efficiently the role of 
local charges, namely, the way they affect chemical bonds. It is 
certainly gratifying to recognize how intimately bonds of 
different types are related to one another, e.g., the CH bonds of 
ethane, ethylene, and benzene or the CC single bonds of ethane, 
toluene, cis-stilbene, and biphenyl. Minor uncertainties plague- 
ing numerical applications should not obscure the fundamental 
simplicity of the arguments describing bond energies in terms of 
local charges. The general concepts developed here, capable of 
describing chemical bonds in a unifying picture encompassing 
well-diversified situations, are more relevant, in our opinion, 
than the precision of the calculations supporting these views. At 
the present level, residual uncertainties resulting from occa- 
sional computational approximations are of the order of those 
affecting experimental results and are not of the sort that could 
threaten the essence of the basic ideas underlying our descrip- 
tion of molecular energies. 

While, of course, our approach does not have the potential of 
true density functional theory based on the Hohenberg-Kohn 
theorem (51), it offers at least a conceptually related, simple, 
and instructive solution when both local charges and nuclear 
positions are given for a ground-state molecule at equilibrium. 
At this relatively modest level, it becomes clear that the theory 
of chemistry and of the chemical bond are in essence a theory of 
electron density, a fact which can now be described in simple 
terms for a great variety of organic molecules. 
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Appendix I 
The aEIaN derivatives were obtained from LCAO-Xa 

calculations by means of the programs developed by Dunlap et 
al. (52).  Huzinaga's ( 9 . ~ 5 ~ )  basis (53) was used for ground-state 
carbon. Hydrogen was described by a (5s)  basis obtained from 
Dunning's (3s )  basis set (54).  In the LCAO-Xa method it is 
necessary to fit the charge density and the exchange potentials to 
sets of auxiliary Hermite gaussian functions. The X a  exchange 
potentials were fitted to the auxiliary functions following the 
criterion given by Dunlap et al. (52) ,  i .e. ,  
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TABLE Al.  (dEIdN), and (JEIaN), values (au) for use in eq. [4]" 

(aEIaN), au 

Molecule Orbital UHF U ~ X ~ I I .  Selected 

Benzene 'IT -0.259 -0.264 -0.262 
u -0.372 -0.379 -0.375 

Ethylene 'IT -0.244 -0.248 -0.246 
u -0.373 -0.378 -0.375 

"Additional results are reported in refs. 1 and 2 

where the tilde represents a fitted quantity. The sampling points 
for the exchange potentials were determined by taking each 
tenth point of the Herman-Skillman radial mesh (55) and an 
angular mesh consisting of the twelve vertices of a regular 
icosahedron (56). The auxiliary functions were selected as 
suggested by Dunlap et al. (52) for first-row diatomics: s-type 
functions were employed for the charge density fit, having 
orbital exponents twice those of the corresponding s-type 
gaussians used for the orbital basis. Five orbital exponents (5 .O, 
2.0, 0.6, 0.3, 0.1) were used for p-type functions. The 
exponents of every other p function used in the orbital basis 
were doubled to construct d-type Hermite gaussians for fitting 
the Coulomb potential. Bond-centered auxiliary s functions 
were also used, as suggested by Dunlap et al. (52). For the fit to 
the exchange potential, orbital exponents were taken at one- 
third of those of the corresponding charge density auxiliaries. 

In LCAO-Xa calculations of heteronuclear systems one 
meets with the problem of choosing a single a value for the 
whole system because, contrasting with the Scattered Wave 
Method (57), the possibility of assigning different a values to 
different regions of space no longer exists. The general attitude 
has been to use the Kohn-Sham value of 213 or 0.7 in such 
situations. For a significant collection of organic molecules, on 
the other hand, we have found (58) that experimental atomiza- 
tion energies are well reproduced with an a value taken as an 
average of aU's defined for the individual bonds, i.e., 

where (i, j) is a bond between centres A and B. The individual 
aA's  can be chosen following Schwarz (59), from a fit with 
Hartree-Fock values, or, else, from a fit with experimental 
energies of ground-state atoms (58). Selection of the latter aA's  
yields atomization energies that are closer to their experimental 
counterparts (within a few kcal mol-I) than the corresponding 
results deduced from the ~ H F  values given by Schwarz (59). The 
results are indicated in Table A l .  The last column reports the 
(aEIaN) values used in applications of eq. [4]. 

Appendix I1 
STO-3G charge analyses, following Pople's recipe (60) 

and Mulliken's scheme (61), are reported in Table A2, as well 
as the pertinent 13C nmr shifts. Taking the a-.rr separation, 
Aq = Aqu + Aq", into account as well as the relationships 
Aqu = mAq", 6 = cuAqu + cTAq" and (d6/dqT) = 157 ppmle 
(2, 12), we deduce 6 = 0.835 Aq + 178.66 (ppm from TMS) 
and, hence, Aq = 1.2 6 and m = -0.812. These results are 
admittedly crude. Extensive numerical analyses, however, 
such as those reported in Table 4,  gave no reason for revision. 

Mulliken's analysis involves a half-and-half partitioning of 

TABLE A2. Atomic charges (me) and I3C nrnr shifts (ppm from TMS) 
of selected benzenoid hydrocarbons" 

Molecule Atom Net charge 6 

Benzene 
Naphthalene C-1 

C-2 
Anthracene C-l 

C-2 
c-9 

Phenanthrene C-1 
C-2 
C-3 
c 4  
C-9 

- - 

"Geometries were taken from electron diffraction studies of benzene (62). 
naphthalene (63), and anthracene (64) and from a neutron diffraction study of 
phenanthrene (65). The shift vs. charge correlation is generally acceptable. 
Atom C-4 of phenanthrene exhibits the largest deviation. The difference 
between calculated and experimental energies of phenanthrene is 0.76, using 
the shift value, and -0.34 kcal mol-I using the charge result, while the reported 
experimental uncertainty is 2 1.1 kcal mol-' , a situation frustrating dedication 
to accuracy. 

overlap populations. While charges of% C atoms (i.e., atoms 
forming the same type and number of 8, nds) are valid in 
comparisons involving them, lifting the constraint of halving 
overlap terms between dissimilar atoms becomes a must in 
realistic evaluations of absolute atomic charges (1, 2, 15). For 
benzene, we are presently unable to lift this constraint: hence the 
following approaches toward an estimate for the carbon net 
charge of benzene. 

(i) The 13C nlnr shift of the methyl carbon%toluene, 6 21.3 
ppm from TMS (32), gives q c  = 32.77 me, from eq. [7]. Using 
the correlation between methyl-C and methyl-H net charges (2), 
the latter are estimated at - 12.38 me in toluene. The toluene 
CH3 group is, in this approximation, 4.37 me negative. On the 
other hand, H replacing CH3 (under otherwise identical condi- 
tions) is 9.05 me more negative than the latter (2). In this 
estimate, the benzene hydroien should be negative b; 13.4 me 
and, hence, qc(C6H6) = 13.4 me. This, of course, is a rough 
estimate. Now we look at an entirely different approach. 

(ii) Applying eq. [2] to the benzene CH bond with E?,, a5, 
a,, and $c = -qE gives ECH = 107.29 + 0.422 & kcal 
mol-', where the benzene carbon net charge, &, is now left as 
an unknown. Six of these CH bonds plus six CC bonds add up to 
give AE,* = 1366.5 kcal mol-I. Estimates of the CC bond 
energy based on SCF potentials at the nuclei (1-3) indicate that 
ECC is 1.62- 1.65 times the CC bond energy of ethane, E: = 
69.633 kcal mol-'. With the ratio 1.62 there results & = 18.1 
me; for 1.65 it is $c = 13.2 me. Extensive numerical analyses 
involving all the experimental data included in Table 5 suggest 
that the ratio - 1.64 (giving E ~ )  with $c = 14.8 me represents a 
valid estimate. In this analysis, the uncertainty about & is 
unlikely to exceed 2 me. Finally, current work on graphite (to be 
published) shows that the uncertainty about qE = 14.8 me is 
probably less than 1 me. 

Appendix I11 
Approximate but valid estimates of eq. [6] can be obtained in 

a simple way. They are rooted in the following hypotheses (13). 
For CC and CH bonds involving sp3 carbons, (rijl) is 
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adequately approximated by the inverse of the appropriate 
internuclear distance ( I ) ,  a simplifying hypothesis that locates 
the centers of u charges at their respective nuclear positions. 
Similarly, the charge centroids of aromatic carbons are taken at 
their nuclear positions. The situation differs with ethylenic sp2 
carbons because their overlapping 2p electrons forming a T 

bond shift their respective charge centroids inwards (4, 5, 13, 
14). A simple recipe for single bonds formed by an ethylenic 
carbon j is as follows. (i) The centroid of the (Nj - 1) u 
electrons of ethylene (taken as reference) is located at its nuclear 
position. (ii) The "effective" distance of a bonded nucleus i (C 
or H) from the 2p electron of j is 0.02 A larger than RV. (iii) Our 
estimate of the average inverse distance between the N, elec- 
trons of the sp2 carbon and nucleus i is thus 

(ri1)=0.529 [(N, - l ) Q 1  + (RV + 0.02)-1]l~jau 

ready for use in eq. [6]. This recipe, offered as a convenient 
replacement for equivalent but involved SCF analyses7 of 
charge centroids (13), has proven accurate. Indeed, for a 
collection of -50 olefins calculated in this approximation, the 
average deviation between theoretical and experimental atomi- 
zation energies is -0.25 kcal mol-' (4, 5). Note that these 
considerations do not concern the benzenoid structures them- 
selves, but only the ethylenic parts in molecules like styrene, 
stilbene, etc., reported here for the sake of completeness. 

The numerical examples worked out below illustrate the use 
of eqs. [2] and [6] in the derivation of suitable referente bond 
energies, E:. The conversion factors 1 bohr = 0.529 A and 1 
hartree = 627.51 kcal mol-I were used. All aV's are expressed 
in kcal mol-' me-' units and the energies in kcal mol-I. The 
numbering of the aV and 4 parameters is that indicated in 
Tables 1 and 2. The reference carbon net charges are (in e 
units) 35.1 (C2H6), 7.7 (C2H4) and 14.8 (C6H6). 

Example 1. Let us first apply the recipe given for ( r i l )  when 
j is an ethylenic C atom, with Nj = 3.9923 e. For a C,-Cj 
single bond (R = RO = 1.53 A) we find ( r j l )  = 0.34463 au 
and F = -4.80 kcal mol-'. For a CH bond (R 2 RO = 1.08 A) 
we find (r;)  = 0.48758 au and F = -2.39 kcal mol-'. 
These F values are incorporated in the new ei-'s describing CC 
and CH bonds formed by ethylenic sp2 carbons, as shown 
below. 

Example 2. Starting with the ethane CC bond, €7, we construct 
the Cj(sp2)-Ci(sp3) bond, el,,, with RCC = 1.53 A, qj = 7.7, 
and qi = 35.1 me. The change from 35.1 to 7.7 me (using the 
average of a2  = -0.488 and a6 = -0.450) modifies E? to give 
ecc = 82.49; adding F = -4.80, one obtains 77.7 for elo. 
Similarly, starting now with the ethane CH bond, e5, the change 
from 35.1 to 7.7 me at the C atom (using the average of 
a4 = -0.247and a7 = -0.210ineq. [2] leadstoeCH = 113.07; 
with F = -2.39, it follows that e12 = 110.68 for the 
c ( s p 2 + ~  reference bond ( 13). 

Example 3 .  For aromatic carbons, we keep the centers of charge 
as in the bond described above, ecc = 82.49, hence F = 0. To 
obtain e7, we start with this result and modify the charge from 
7.7 to 14.8 me, using a6 = -0.450. Thus, e7 = 82.49 - 0.450 
(14.8-7.7) = 79.30. Similarly, the 113.07 result quoted above 
leads to e l l  = 113.07 - 0.210 (14.8-7.7) = 111.58. 

'Theoretical analyses, at the 4-31G level including polarization 
functions, account for over 80% of the results anticipated from 
empirical evaluations (13). Our recipe is, in principle, at the level 
of experimental accuracy. 

Example 4. e7 was obtained from el  by replacing one CH3 of 
ethane by phenyl. The nonconjugated central bond of biphenyl 
is deduced from 2(e7 - €1) + el and F = -0.29, which reduces 
R from 1.53 to 1.49 A with qc = 14.8 me. The reference e8 (for 
a CC single bond, as in cis-stilbe~e) is deduced from e7 (R = 
1.53 A), which is reduced to 1.49 A with F = -5.40. Using t!e 
average of a2  and a& = -0.460 (for 1.53 and 1.49 A, 
respectively) for evaluating the change from 35.1 to 7.7 me at 
the sp2 carbon, we find eg = 79.30 - 5.40 + 12.99 = 86.89. 

Example 5. Here we begin with e3 = 89.70 (a conjugated CC 
single bond formed by spL carbons, as in 1,3-butadiene) (5) at 
its equilibrium distance, - 1.48 A, and construct a C(Ar)-C(Ar) 
single bond modelled on benzene, with R = 1.397 A. For qj = 
qj = 7.7 me, F = 9.90. Setting the charges at 14.8 me, using 
a& = -0.486, reduces ECC by 6.90. The final result, 92.70, is 
in moderate agreement with its counterpart, 91.56, obtained 
from a numerical analysis of experimental data. Contrasting 
with the previous examples, this case illustrates a limitation of 
our simple evaluation of (r;) for use in eq. [6]. 

Example 6. Taking now the above CC single bond, €5 = 91.56, 
as input, we construct a CC single bond, R = 1.445 A (66), l i k ~  
that found in styrene. The change from 1.397 to 1.445 A 
translates into F = -4.98 with qi = qj = 14.8 me. Modification 
of the charge from 14.8 to 7.7 me at the ethylenic carbon, with 
a&.= -0.472, increases ECC by 3.35, thus giving l = 89.93. 
Similarly, for 1.48 A (17) we find eg = 90.40 describing the 
~ ( ~ r ) < ( s p ~ )  reference bond, as in trans-stilbene. 

Appendix IV 
For an aromatic carbon linked to a non-aromatic carbon, 

XjaV is 2 a s ( A r )  + ag(nAr) ,  where a g ( A r )  is for the 
benzenic bond and a@(nAr) for the bond formed with a 
non-aromatic carbon. The change in charge at the aromatic 
carbon is Aqc (relative to benzene), contributing AqcXjaj to 
AEZ. On the other hand, this Aqc is also part of Xqc, hence, of 
XhqH, contributing -AqcaHc. The total contribution of Aqc is 
thus 

[2aEE (Ar) + aEE(nAr) - aHc]Aqc 

Of course, in this calculation, Aqc must not be included in the 
evaluation of XAqH. Using eq. [5], as well as Aqc = (m + 1) 
X Aq" and 6 = 157 Aq" (Appendix 11), we find that the energy 
contributed by Aqc is, in au, 

where 6 is the 13C shift relative to benzene. Inserting the 
appropriate aV7s (in au) gives the energy contributed by Aqc, 
i.e., in kcal mol-I, 

for m = -0.8997. It is clear that the final result depends heavily 
on m, beyond the precision permitted by present SCF charge 
analyses. Inspection of molecules corresponding to this situa- 
tion has consistently led to the -0.052 parameter. The 
corresponding m value, --0.90, seems intuitively reasonable 
when compared to -0.955 for ethylenic carbons (4) and to 
-0.812 for a benzenic carbon not engaged in a bond with a 
non-aromatic carbon. 




