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A valency bond study of naphthalene has been made in which, assuming the molecular 
symmetry to be D2~, successively more canonical structures up to the total of 42 have been 
included. All four chemically differentiable bonds have been independently varied in length 
to find the minimum molar energy and thus the equilibrium ground state molecular structure. 
The result is remarkably close to the observed structure and also agrees well with those 
deduced by other types of calculation. 

Une 6tude du naphtal~ne a 6t6 faite par la m6thode de la m6som6rie. On a suppos6 que 
la sym6trie soit D~ et on a eompris successivement de plus en plus formules eanoniques 
jusqu'au total de 42. On a fair varier ind6pendamment les longueurs de routes les quatre 
liaisons qu'on peut distinguer chimiquement afin qu'on peut estimer l'6nergie mol6culaire 
minimale et ainsi la structure stable de la mol6cule en 6~at fondamental. Le r6sultat s'approche 
remarquablement de la structure observ6e et s'aecorde bien s celles qu'on a d6termin6es par 
des autres types de calculs. 

Im Rahmen der Methode der Valenzstrukturen wurde einc Untersuchung des Naphthalins 
durchgefiihrt, wobei als Symmetriegruppe des Molekiils D2~ angenommen wurde. Die Anzahl 
der einbezogenen Strukturen wurde schrittweise auf die Gesamtzahl yon 42 erhSht. Bei der 
Minimisierung der molekularen Energie zur Bestimmung tier Gleichgewiehtsstruktur des 
Grundzustandes wlrden aueh die L~ngen aller vier chemisch unterscheidbaren Bindungen 
variiert. Diese Gleiehgewiehtsabsti~nde stimmen sowohl mit den Meftwerten als auch mit den 
Ergebnissen anderer Rechenverfahren gut iiberein. 

Va lency-bond  s tudies  of  a romat ic  hydroca rbons  were made  ve ry  ear ly  in the  
appl ica t ions  of  wave-mechanics  to  chemical  problems.  Thus  the  first vo lume of  
the  Jou rna l  of Chemical  Physics  includes th ree  papers  b y  PAVH~G and  colla- 
bora to rs  [16, 18, 19] on this  subject .  Among  the  m a n y  assumpt ions  made  in those 
ear ly  days  was t h a t  t h a t  all bonds  were equal  in length  and  hence t h a t  Coulomb 
and  exchange  integrals  Q and  J were equal  for all C-C bonds  having  some ~- 
character .  

As a m a t t e r  of  fac t  th is  could scarcely  have  been otherwise for, when PAVLI~G 
and  WH~LA~D [19] r epo r t ed  the i r  work  on the  resonance energies of benzene and  
naph tha lene  on 21st March i933, the  la tes t  exper imen ta l  evidence on a romat ic  
bond  lengths  was to be found in the  s t a t e m e n t  of  ROB~RTSO~ [21] c ommun ic a t e d  
to  t he  R o y a l  Socie ty  on i 7 t h  October  ~932 on his inves t iga t ion  of  an th racene  tha t ,  
" . . .  This is a v e r y  sa t i s fac tory  resul t ,  because i t  shows in a more  precise w a y  
t h a t  the  molecule  is bu i l t  f rom regular  hexagon r ings ."  Again  in repor t ing  his 
s t u d y  of  naph tha lene  shor t ly  a f te rwards  the  same au thor  [22] says, "Careful  
measu remen t  shows t h a t  the  carbon r ings are a lmos t  ce r ta in ly  in the  form of  two 
regular  p lane hexagons ."  I t  was la te r  c la imed [17] t h a t  devia t ions  up  to  2 %  
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could be detected in these bond lengths as shown in the electron density maps 
[22, 23]. Such variations could not really be established until three-dimensional 
X-ray  work was completed in 1948 [la]. 

In  the succeeding thi r ty  years, beginning perhaps with the work of JAMES, 
KI~vG and ItOI~gOCKS [13], it has become abundantly clear that  aromatic C-C 
bond lengths do vary over a considerable range [2, 10, 14, 24]. Nevertheless 
improved valency-bond treatments have not kept pace with improved measure- 
ments, first because there were no means of allowing for the variations of Q and J 
with bond length, and secondly because even modern computers can scarcely 
cope with the very large number of resonating structures in the canonical set of 
a system of twelve or more n-electrons unless sufficient symmetry  is assumed to 
permit the use of group theoretical methods and so reduce substantially the 
dimensions of the matrices involved. 

The work of CovLsos and DIxo~ [9] has now removed the first difficulty and 
since, by assuming Dah symmetry,  group theory enables the 42 • 42 matrices 
arising from the 42 canonical structures of naphthalene to be reduced to 16 • 16, 
the present paper reports on a new theoretical s tudy of this hydrocarbon. 

The method used has been described in Parts  I to I I I  [7, 4, 5] of this series of 
papers, but the technique indicated there has been applied as follows. Four dis- 
tinct bond lengths can be recognised as shown at I I .  The forty-two canonical 

La L4 b c d 

(I) I I  I I I  

structures fall into groups of not more than four members according to the symme- 
t ry  of each member. These groups are summarised below by  enumerating the 
z-bonds of a representative member, the symbol ij implying a bond between the 
7~-orbitals on atoms i and ] of I I I .  

] ab ch de /g i] 20 a] bi ch dg e/ 
2 ,3  ab cd e/ gh ij 2t, 22 ad bc e] gj hi 
4 ,5  ab cd el /g hi 2 3 - 2 6  ab cd el /i gh 
6,7  aj bc di e/ gh 2 7 - 3 0  ab c/ de g] hi 
8,9  ab ch dg e/ i] 3 t - 3 4  ab c] dg e/ hi 
10, i t  aj bc dg e/ hi 3 5 - 3 8  ab cj di e[ gh 
t2 - -15  ab cd e/ g] hi 39, 40 ab c] di eh /g 
i 6 - i 9  ab cd eh /g ij 41, 42 ad bc ej /i gh 

Setting up the appropriate matrix elements in terms of R1, �9 �9 �9 Ra, J1, "" " Ja 
where /t  (L) = Q (L) § E~ (L) and giving the R's and J ' s  the values [9] corres- 
ponding to the lengths L1, �9 �9 �9 La, the molar energy E for naphthalene was deter- 
mined by the following steps. 

A. 3 Kekul6 structures ( i - 3 )  only, varying L 1 from i.35 by intervals of 
0.01 to 1.46A; L2=~.35(0 .01)  1.54; L a = i . 3 5  (0.0])1.46; L4----i.35(0.0~ ) 
1.54 A. 

B. Structures 1 - 3  plus t6 structures ( 4 - i 9 )  with one long or formal bond 
("first excited structures"). 
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L 1 - 1.35 (0.01) i.46 A; L~, L a and La all varied independently t .35 (0.0!) L54A.  
C. Structures 1 - 1 9  plus 19 structures ( 2 0 - 3 8 )  with two long bonds. L 1 = 

~.37 (0.01) 1.43; L~ and L a t.41 (0.01) 1.47; L 3 = t.35 (0.01) 1.4t A. 
D. All 42 structures. L~ = 1.37 (0.01) 1.43; L 2 = t.40 (0.01) t .46; L 3 = 1.35 

(0.0I) 1.41 ; L 4 = t.40 (0.01) 1.47 A. 
Tab. I gives E,  the op t imum lengths L1, . . .  La and the Penney-Dirac bond 

orders Pl, " " " P4. I n  the series A, B, C the lengths are given, as actually obtained, 
only to 0.01 A. In  the last series graphical interpolation of each length as obtained 
permit ted s ta tement  of the length to 0.001 A and the values of  R and J corres- 
ponding to this length were derived by  subst i tut ion in the formulae given by  
CouLsox and DIxo~  [9], followed by  adjus tment  designed to make their formulae 
agree perfectly for the neighbouring values each way  in their table. These "impro- 
ved"  intermediate values were then  used in the computer  calculations to give the 
remaining lengths. 

A number  of  points arise f rom Tab. 1. 

Series 
Structures 

A I  - 3  
B i - 1 9  
C t - 3 8  
D 1 - 4 2  

- E  
(kcal/mol) L1 

1314.79 
1333.22 
1334.28 
1334.37 

1.38A 
1.40  
1.40 
1.407 

Table I 

Pl 

I 
0.74 1.47A 

1.44 0.63 
0.63 1.43 
0.588 1.428 

0.25 1.36A 
0.40 1.37 
0.45 1 .38 
0.466 1.377 

i 

L~ ] P4 

i I 
1.47AI 0.25 0"87 !1.44 ] 0.40 0.81 

0.74 t . 4 3  0.45 
0.760 , 1.434 0.433 

I. The inclusion of  fur ther  structures continually tends towards the equali ty 
of the op t imum bond lengths. A similar effect is seen in the calculations of  DEN 
BOER, DnSr B O ~ ,  COVLSON and GOODWIN [4] on pentalene, and of DEN BOER, 
DEN BOE~ and GooDwIN [5] on heptalene. 

2. The op t imum lengths with the Kekulg structures alone differ in one impor- 
t an t  respect f rom those predictable by  the simple superposition method of  PAULING, 
BnOCKWAu and BEACI~ [17]. This method  indicates bond orders P'I = P'2 = P'4 = 1/3, 
P'3 = 2/3, so tha t  L1, L 2 and L 4 should be equal and substantial ly longer than  L a. 
I n  the series A results L a is certainly the shortest  bond length and L~ and L 4 are 
equal and considerably longer than  La, but  L 1 is only slightly longer than  L a. 

3. I n  Par ts  I to  I I I  of  this series of  papers [7, 4, 5] we have calculated the 
Penney-Dirac bond orders of the bonds in the various compounds discussed. The 
ra ther  elaborate procedure for this purpose is now no longer necessary since 
Dmr ]~oEn and DEN Bov,~ in Par t  IV  [3] have shown how these m a y  be deter- 
mined directly from the bond lengths o[ the equilibrium structure. Using this 
technique the Penney-I) i rac  orders, p, for naphthalene are found to have the 
values set out  in Tab. t. The tendency  to equali ty of  bond lengths is, of  course, 
reflected strikingly in these bond orders and it is not  until  all the canonical struc- 
tures are included tha t  bonds L 2 and L 4 (i. e., 2 - -3  and 1 - 9 )  are distinguished. 
L a always has the highest order. 

There is, of course, no suggestion tha t  bond orders calculated by  different 
methods should be identical unless their definitions are ul t imately identical, which 
is not usually the ease. I n  addit ion to the simple estimate p/, based on Kekuld 
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structures only and referred to in the previous paragraph, PAUL~G, ]~ROCKWAY 
and B~Ac~ [17] gave a second definition p"  = Z~ C~/Z~ C~, where C/ is the 
coefficient of the ith structure orbital in the full wave function the primed sum 
being over those structures in which the bond in question is double and the unpri- 
reed over all structures. Using SHErMAn'S wave function for naphthalene [23] 
this led to P l " =  0.43, p ~ ' =  0.33, P 3 " =  0.60 and P 4 " =  0.26, overlap being 
neglected. S ~ M A ~  had used equal Q's and equal J 's .  I f  this calculation is repeat- 
ed using the coefficients given later (paragraph 9) and based on variable Coulomb 
and exchange integrals the following results are obtained: P l " =  0.667, P 2 " =  
0.209, P 3 " =  0.714, p 4 " =  0.184. Permitting variation of these integrals with 
length has increased the order of the high order bonds and decreased tha t  of the 
low order ones. A comparable change was noted in the Penney-Dirac orders for 
butadiene calculated by CLA~KSOS, Counsos  and GOODWIN [7]. 

4. The inclusion of the sixteen "first excited structures" (having one long or 
formal bond) with the three Kekul@ forms causes notable changes in the opt imum 
bond lengths, while little further change results from the inclusion of the remai- 
ning twenty-three canonical structures. How safe it would be to neglect "higher" 
excited structures in studies of still larger molecules it is difficult to predict, since 
their number increases rapidly with increasing number of~-electrons*. 

5. The changes in E consequent upon inclusion of excited structures parallel 
those in the optimum lengths. The inclusion of the sixteen structures with one 
long bond lowers E by 18.43 keal/mol from the value for three Kekul6 structures 
only. Inclusion of the remaining twenty-three structures leads to a further lower- 
ing of only 1.15 kcal/mol. 

6. The molar energy E42 (with all 42 structures) is -1334.37 keal/mo]. The 
energy of the most symmetrical Kekul@ structure (1) is given by 

E ' I = R I § 2 4 7  2 - J ~ + 4 R  3 § 2 4 7  4 - 2 J 4 = - t 2 6 4 . 8 6 k c a l / m o l  

if L~ . . .  L 4 have the optimum values found in the series D calculations. This 
would appear to lead to a resonance energy P~ = 69.51 kcal/mol, in very encourag- 
ing agreement with the thermoehemical value ~ = 75 kcal/mol [18]. Unfortun- 
ately this is not acceptable because the thermochemical value is based on compari- 
son of the heat of combustion of naphthalene with that  expected for a structure 
(1) in which the double and single bonds between carbon atoms are of opt imum 
lengths to give minimum energy to that  structure, i. e. pure ethylenic and pure 
ethanoid in type. Such a structure, which we may  call "undistorted (1)", would 
have (R 1 + J1) and (Ra §  minima i.e. with L 1 = L  a = t.34 A and (R 2 - i/2 J2) 
and (R 4 - 1/2 J~) also minima i. e. with L 2 = L~ = t.53 A using the Coulson-Dixon 
curve [9]. The optimum E 1 is then found to be -1293.15 kcal/mol leading to 
P = 41.22 keal/mol. E '  1 -- E 1 = + 28.29 keal/mol is the energy of distortion 
(compression of some bonds and stretching of others) [8] to give the isolated but 

* For cyclic polyenes with 2 N s-electrons the numbers of structures with one and with 
two long bonds are 
2 N  6 8 t0 t2 14 16 t8 
Structures withi long bond 3 8 15 24 35 48 63 
Structures with 2 long bonds 4 20 60 ~40 280 504. 
The corresponding figures for acenes, phenos and other polycyclic hydrocarbons depend 
slightly on the number and positions of the cross linkages. 
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distorted (i), while P '  = 69.5i kcal/mol is the energy of stabilisation or resonance 
when this "mixes" with the other 41 structures. 

A similar effect is observed in calculations with benzene. As noted by COULSO~ 
and Drxo~ ~ [9] and as easily demonstrated using their table and curves of R and J,  
the molar energy of benzene is a minimum with all bonds equal to i.40 A and has 
the value E 5 = -744.09 kcal/mol. For a single Kekul6 structure with bonds ~.40 A 
long, E '  1 = - 6 9 5 . 8 1 ,  and p 1 =  § 48.28 kcal/mol, while cyclo-hexatriene with 
bonds of 5.34 and L53 A gives E 1 = -720.08 and P = § kcal/mol compared 
with the empirical ~ = 37 kcaI/moI. 

The explanation of these discrepancies lies in the fact that  CouLsoN and D~xo~ 
used as their two reference compounds ethylene and benzene which have all their 
carbon atoms in the sp 2 hybridised state, while the thermochemical calculation 
of the molar energy of eyclo-hexatriene, with localised double and single bonds, 
uses for the bond energy of C-C a value appropriate to ethane in which both car- 
bons are hybridised sp a. Since three such bonds are involved, we may naively 
correct the theoretical resonance energy for benzene P = § 24.01 to § 37 kcal/mol 
by making 

E 1 (corrected) = E 1 § 3 ]f = - 720.08 q- i3.00 
= - 707.08 kcal/moI, 

Y being the change in bond energy 
Cs~ -- Cs~--> C.sp~- -- Csp~ z] H = Y = + 4.33 kcal 

due to change in hybridisation. 
I f  this is applied to naphthalene, for which the thermochemical calculation 

of resonance energy involves six C-C bonds, 
E 1 (corrected) = E 1 + 6 Y = - ~267.15 kcal/mol and P = 41.22 becomes 
(calc)= 45.22 § 26 = 67.22 kcal/mol, which is reasonably close to the ~ = 

75 kcaI/mol. 
7. Reference has been made to the paper of PAunr~G and W~ELAND [19] on 

naphthalene, in which all Q and all J were supposed equal. Improved calculations 
were made on this compound by SH~RMA~ [23] again with equal Q and J. Tab. 2 
compares his results with those presented here and gives the minimum molar 
energies and the (all equal) bond lengths L obtained from his figures by use of the 
Coulson-Dixon curves and table. The energy is, at each stage, lower in the present 
calculations, as it should be, but the difference is astonishingly low except when 
only Kekul6 structures are involved. The final difference of only 2 kcal/mol, if 
also observed with other compounds, may mean that  the labour of varying bond 
lengths simply to minimise the energy is not worth while, though it may account 
in large measure for the success attending the use of the earlier calculations on 
naphthalene etc. 

I t  is therefore of interest to make the corresponding comparisons for fulvene, 
Tab. 3, and pentalene, Tab. 4, the subjects of Parts I and I I  of this series. 
Here the differences between the minimum energies with equal and unequal 
bond lengths are much greater, but such a result should have been anticipated 
since in both these compounds marked alternation of bond lengths (i.35 and i.49 A 
in fulvene and 5.35 and 1.48 A in the pentalene periphery) is found when inequa- 
lity is permitted, whereas with naphthalene the extreme bonds are 1.377 and 
t.434 A by calculation and 1.364 and 1.421 A by (X-ray) measurement. 
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8. Perhaps the  most  interest ing feature of the present  work arises from com- 
parison (Tab. 5) of the  op t imum bond  lengths with those obta ined  by  other 
methods.  These other methods,  with the key to their  display in the table, are 

(i) T. I t .  G; m. o. [12]. A calculation by  the present writer using a ref inement  

of the Hfickel molecular orbi tal  technique.  
(ii) D. A. M-B; m . o .  [15]. A calculation by  D. A. 5{O~To~-BLAKE of this 

labora tory  using a modification of the procedure referred to in  (i). 
(iii) P. and  S; s. c. m. o. [20]. P~ITC~A~D and  SUMMER'S self-consistent mole- 

cular orbital  calculation. 
(iv) P. N. S; P. P. P. [24]. P. N. SKA~CKE'S applicat ion of the Pariser-Parr-  

Pople technique.  
(v) C. and  S; X-R.  [11]. Exper imenta l  results derived by  CRVICKS~A~K and  

SPARKS from the X- ray  measurement  of A B ~ A M S ,  ROBERTSON and  WroTE [26]. 
(vi) A. B. and  D; E. D. [1]. Exper imen ta l  de te rmina t ion  by  electron diffrac- 

t ion  by  A~Mn~I~GE~, BASTIANSn~ and  DYWK. 
Wi th  the exception of Pr i tchard  and Sumner ' s  length for the central  bond, 

close agreement  is shown among all five sets of calculations and  their  near  concur- 

rence with the exper imental  results is very  satisfactory. The present  s tudy,  in  
part icular ,  leads to bond  lengths always within 0.014 A of the  mean  exper imental  
value and  this by  a method which is essentially simple to carry out. 

9. The normalised ground state wave funct ion for the 42-structure hybr id  is 

= E C~ r with 

C 1 = 0.29363 C 2 = C 3 = 0.13636 
C 4 = C  5 =0 .05071  U 6 = C  v =0 .03756  

C s = C 9 = 0.10357 Clo = Cll = 0.03690 
C12 = Cla = C~ = Cla = 0.05034 

C16 = C17 = C18 = C19 = 0.06814 C20 = 0.03684 
C21 = C~2 = 0 .0 i i91  
C~ = C~ = C~ = C~ = 0.00896 

Ce~ = C,s = C~, = Cao = 0.02459 
C~ = C~ = C~a = C~ = 0 .0 i60 i  

Ca~ = C~ = C~ = C~s = 0.0i853 
Ca~ = Ca0 = 0 .0 i t39  Ca~ = C~ = 0.00176 

Table 5 

This work . . . . . . . . . . . . . . . . . . . .  
T. tI. G. (m. o.) . . . . . . . . . . . . . . . .  
D. A. M-B. (m. o.) . . . . . . . . . . . . .  
P. and S. (s. c. m.o.) . . . . . . . . . . .  
P. ~ .  s .  (e .  P.  P.) . . . . . . . . . . . . . .  
C. and S. (X-t~.) . . . . . . . . . . . . . . .  
A. B. and D. (E. D.) . . . . . . . . . . . .  
5{can experimental . . . . . . . . . . . . .  

L~ 

1.407 
1.409 
1.4t3 
1.396 
1.407 
1.418 
1.420 
1.419 
0.0t2 

L2 

1.428 
1.432 
1.418 
1.418 
1.424 
1.415 
1.412 
t.414 
0.0t4 

L3 

1.377 
1.363 
1.371 
t .364 
1.374 
1.364 
1.371 
1.368 
0.009 

L~ 

1.434 
1.439 
1.423 
t .424 
1.428 
1.421 
1.422 
1.422 
0.012 

* Difference between the bond lengths found in the present work and their mean experi- 
mental values. 
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The weightings of the contr ibutory  structures, which these figures indicate, 
are of  interest though one must,  of  course, not  suppose the structures to represent 
real entities. One finds, as expected, t ha t  the Kekul6 forms (1) and (2, 3) are of  
greatest  importance.  Now the chemical properties of  naphthalene (see, for example, 
CLAR [6]) provide no indication tha t  the central bond is double, dihalogenation, 
dihydrogenat ion and addit ion in general occurring a t ,o ther  bonds or atoms. One 
would, therefore, expect t ha t  (2) and (3) would be ra ther  more impor tan t  than  (1). 
However  al though (1), (2) and (3), considered individually in equilibrium, would 
have the same energy E (t) = E (2) = E (3) = E 1 = --1293.15 kcal/mol the 
energies of the isolated structures after distortion to the 42-structure equilibrium 
bond lengths are E '  ( 1 ) = - 1 2 6 4 . 8 6  and E ~ ( 2 ) =  E ~ ( 3 ) = - 1 2 4 2 . 4 8 .  This, of  
course, gives greater weight to (t). I n  only one other  structure,  (20), is the central 
bond double; C20 N t /10 C 1 ~-~ 1/4 C2. 

The structure wave functions ~ 4 " '  "~19 for the structures having only one 
long bond all have coefficients lying between 0.03690 and 0.10357 ; only ~b20 among 
the remaining structures has C ~ 0.036. C a to C19 must  be less than  C 1 to C a 
because, when isolated bu t  distorted to the 42-structure equilibrium bond lengths, 
their energies are appreciably higher (averaging - t 1 7 8 . 2 7  kcal/mol, about  72 
kcal/mol higher than  the average of  the three distorted Kekule structures) since 
the number  of  real bonds total  four double and seven single. The structures with 
highest coefficients are (8, 9) which have formal bonds dg and bi respectively; 
direct addition of  bromine to naphthalene gives the (unstable) 1 :4  dibromo- 
derivative. I t  is, however, unwise to make much  of  this because (10) and (11) also 
have formal bonds dg and bi respectively, but  C10 and Cll are the smallest among 
C4 to  C19. 

C20 to C3s for the structures with two long bonds are again generally substan- 
tially smaller than  C a to C19, and C39 to C42 for those with three long bonds smaller 
still. 

The author gratefully acknowledges helpful discussions with Professor C. A. COULSON 
(Oxford), Professor D. H. W. DE~ BOER and MEVROUW P. C. DEN BOER (Utrecht) and Dr. E. 
CLA_~ (Glasgow). 
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