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In the present paper spin densities are calculated by ten methods on chosen radical systems. 
a - r t  interaction parameters for the individual methods are determined by McConnel's relation 
a~ = QQ~ and by that of Colpa-Bolton a i = ((2' + Ke~) ~i and the correlation between the results of the 
individual methods is studied. 

In der vorliegenden Arbeit werden Spindichten anhand yon zehn Methoden an ausgew~ihlten 
Radikalsystemen ermittelt. Die er - rt-Kopplungsparameter fiir die einzelnen Methoden werden nach 
den McConnell a~ = QQ~- und Colpa-Bolton a i = (Q'+ Ke~)~i-Beziehungen bestimmt. Die zwischen 
den Ergebnissen der einzelnen Methoden bestehende Korrelation wird untersucht. 

Dans ce travail les densities de spin sont calcul6es par dix m6thodes sur un syst~me des radicaux 
choisis. On d6termine des parametres ~r-~c d'interaction pour les m6thodes individuelles dans la 
relation de McConnell a~ = Qr et celle de Colpa-Bolton a~ = (Q' + K @  Or et 6tudie la correlation entre 
les r6sultats des m6thodes individuelles. 

The in terpre ta t ion  of electron spin resonance spectra depends on the knowl-  
edge of spin densities, the relat ion of which to the hyperfine splitting constants  is [ 1] 

ai = (2o~. (1) 
or for ion radicals [2] 

a i = ( Q ' +  K g i )  ~oii (2) 
where e~ are charge densities. 

The a -  = interact ion parameters  Q, Q '  and K are taken as empirical para- 
meters, ~ou being the d iagonal  elements of the a tomic spin density matrix [1]. 

To calculate the experimental  values of splitt ing constants  from the spin 
densities it is necessary to make  a proper  choice of in teract ion parameters;  their 
uncrit ical appl ica t ion may  result in false conclusions both  on the method  used 
and on the electron structure of the radical. 

In  the present paper  spin densities for selected systems of radicals I, II and III  
respectively are calculated by various quan tum-chemica l  methods.  Appropr ia te  
o - - r t  in teract ion parameters  and their dependence on calculat ional  methods  of 
the spin densities are determined and the results of the individual  methods  are 
compared:  

- -  H M O  method,  
- -  Me thod  of Longuet -Higgins -Pople  [3J with configurat ion interact ion accord- 

ing to Lefebvre ( L H P  CI) [4]. 
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The ground configuration 

2 %  =11i . . .  i7. . .  m~nl (3) 

can interact with singly excited states of the form 

1 [2 l ik~ l -  li-knl- fknl] (4) 

where i, m, n and k are molecular orbitals with occupation numbers 2, 2, 1 and 0 
respectively. When confining to the configuration interaction of monoexcited 
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states one obtains a function which may be expressed by 

T = T O + ~, 2(i, k) Tick (5) 
and consequently [5] ik 

1 
Q~ = Gr2 + ~4 ~2(i,k)%C~k ~ ~ 22(i' k) [4C~+4Ck~--2C2~] (6) 

- -  HMO CI method. 
Configuration interaction as in LPH CI method with HMO molecular orbitals 

only. 
- -  Roothaan method [6] with configuration interaction as in LHP CI method 
(RTH CI). 
- -  McLachlan method [7] with the parameter 2 = 1.2 (McL). 
- -  The Unrestricted Hartree-Fock [8] method (UHF-SD) 
- -  The UHF method arranged by Giacometti-Orlandi [11] (UHF GO). 

The spin density on the r th atom is 

%) - ~ -  % % S . i ,  (7) = + 

i=1 

where n denotes the MO occupied with the non-paired electron, % and c'ir are 
coefficients of the r th AO in the ith MO for electrons with c~- or fl-spin and Snr 
is the overlap integral between the singly occupied MO and ~P'i. 
- -  The UHF method after complete projection according to Marschall [12] 
(UHF MSL). 

Spin densities are calculated from the first two terms of formula (7) using the 
corresponding orbitals [13] 2. 
- -  The UHF method with complete projection of UHF wave function according 
to Harris [17]. 

Spin densities are calculated from the corresponding orbitals according to the 
formula 

1 ( ~ ) -  1 A]~ cjr - c~r ' 
G =  3~(~-~)-IAk j k G - k  G _ k  djCj~C~r (S) 

k 

where dj = (xflxj}, G and np is the amount of electrons with ct- and fi-spin, resp. 
From the auxiliary function 

n/~ 
op = a{p 

i= l  
we may, using the recurrent formula, 

1 k 
Ak = T p~l ( -  1)p+l Ag_pOp 

calculate Ak with the initial value A o = 1. 

i This method was developped independently by Berthier [8] and Pople and Nesbet [-9]. Applica- 
tion of this method to the hyperfine structure of ESR spectra was suggested by McConnell [10]. 

Z The equations used represent a special case of the universal equation G=(Qcgr+k~ 1 
X l J 

including the contribution of the inner-shell ~z-spin densities to ESR proton splittings in planar 
)z-radicals [14-16]. 
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d~ may then be determined from the recurrent formula 

with the initial value A{ = 1. 
Following the projection of the wave function the charge density is calculated 

from the relation 

tl~ t/fl 

~, (~)-t A~ [cf~+ cj~ z + 2d jc j ,@] .  (9) q~- y ( ? ) - ~ &  j 
k 

- -  The UHF method with partial projection of the wave function according to 
Amos and Snyder [13] (UHF AS). 

Spin densities within the group II and III were determined according to the 
approximative formula 

O~ = Pu - Qu - 2Ix  (P Q P - Q P Q)i i  

where P and Q are the bond order matrices for electrons with ~ and fl spin and 

and 

x = (s' + 1) (s' + 2) - �88 (n= - ne) 2 - �89 (n~ + n,) + T r P Q  

s'= �89 % -  n,) .  

Results and Discussion 

The spin densities calculated by the individual methods, as well as the experi- 
mental values of the splitting constants, are shown in Table 1. In the calculations 
the following parameters were used: 7 integrals were determined according to 
Pariser-Parr [18] with 7 c =  11.13 eV and y~= 12.34 eV [19, 20]. For adjacent 
positions c - c _  C-N N-N = - -  fiij =- -2 .35eV [19]; for the fiij - - 2.39 eV, fii~ 2.74 eV, 
non-adjacent ones-zero. Atomic valence state ionization potentials W~ were put 
equal to zero and for nitrogen heterocompounds 6 WN = (WN- W c ) = -  1.68 eV. 

Considering that in the radicals of alternating hydrocarbons ~+ = - eT ,  we 
obtain from the formula (2) 

a,/2 a+ + a7 
i - 2 = Q ' o i  

and 

a~- - aF _ K s ~  Oi = at/2 - a7 = A ,,!/2 (10) 
2 _v, 

from which when using different ion radicals, we may determine Q' and K, or the 
Q ' / K  ratio 

(a + + a~-) ~ (a~ + - aT) 
Q, i g i 

2 ~' ~i ' ~', 2g+ O* 
i i 
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Table 2. Interaction parameters Q', K and their relation for individual methods 

Method Q' K Q' /K 

H M O  35.62 16.78 2.122 
H M O  CI 31.50 16.86 1.868 
McL 25.05 18.37 1.364 
RTH CI 24.87 14.55 1.709 
LHP CI 32.03 17.58 1.822 
U H F  SD 20.43 10.60 1.927 
U H F  UP 28.55 12.69 2.249 
U H F  GO 28.03 12.85 2.181 
U H F  MSL 27.95 12.66 2.208 
U H F  AS 28.50 12.66 2.251 

a E 
0 

a E 

/ 
3 a T 7 0 3' 'a T 7' 

Fig. la Fig. lb 

Fig. 1. a) Dependence of experimental values of splitting constants a~/2 = (a + + a-) /2  on those calcu- 
lated for naphtalene, anthracene and tetracene in the LHP CI method, b) Dependence of experimental 
values of splitting constants (s on the calculated (at0). Maintaining the same a r values, also the 

appropriate a~ (0 + ) and a~ (0 - ) values are plotted 

and 
Q, ~ ( a  ++a}-) ~e+~i  

i i 
K -  = E ( a+ - a}-) E0 i  (11) 

i i 

The values of these constants in the individual methods for the ion radicals of 
naphthalene, anthracene and tetracene, as well as the Q'/K ratio are shown in 
Table 2 a. 

As may be seen in Table 2, the interaction parameters of the individual methods 
differ from each other, the Q'/K quotient being within the range of the 2.11 value 
known from the literature [22, 23]. 

For the a 1/2 value the McConnell's relation (1) proves to be well satisfied 
(Fig. 1 a). The absolute value of the second term in (2), is equal for both the anion 

3 For the splitting constants of group I radicals and the a t/2 values of the three ion radicals of 
group II, the Q' values were determined by the method of least squares. 
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Table 3. Theoretical and experimental d/2 values 
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System Atom a~- a? a~/2 Aa~/2 ~+ o~i KsiQi 

Naphthalene 1 5.54 4.90 5.220 0.320 0.192 0.197 0.596 
2 2.06 1.83 1.945 0.115 0.086 0.061 0.095 

Anthracene 1 3.12 2.76 2.940 0.180 0.115 0.106 0.221 
2 1.40 1.53 1.456 -0 .065  0.064 0.045 0.048 
9 6.65 5.41 6.030 0.620 0.214 0.209 0.774 

Naphthacene  1 1.72 1.55 1.635 0.085 0.065 0.065 0.074 
2 1.06 1.15 1.105 -0 .045  0.070 0.031 0.038 
5 5.17 4.25 4.710 0.460 0.164 0.162 0.466 

'o / / / 
o b o 

o o o 

o E 
o o o 

70 
o o o 

o o o ~ o o 

0 

, o  . o /o  / o  . . . . . . . .  

I ' ' 1 0  a T 20  
. . . .  - .6 , . . . .  ~) , , - 6  , . 0 . . , 10 o T 20  

- 6  0 10 o T 20  

Fig. 2. Dependence of the experimental values of splitting constants in groups I and II of the radicals 
on those calculated in U H F  UP, U H F  GO and U H F  MSL methods  respectively 

and cation radical; from both the Table 3 and Fig. lb it is seen that the second 
term quite correctly demonstrates the deviations of A a~/2 from the a~/2 4 value. 

Both constants Q' and K (Table 2), thus determined shall now be applied to 
all the groups. The statistical parameters, shown in Table 4, refer to the results 
obtained according to the individual methods. Apart from the current values, we 
use that of SE* characterizing the standard error with respect to the line passing 
through the orig!n. 

This value, together with the abscissa on the perpendicular axis, tells us how 
the corresponding method satisfies McConnell's or Colpa-Bolton's relation. In 
Table 4 we separated the first two groups of radicals because of the facts derived 
from the results (Fig. 3). In the third group of radicals, we obtained a relatively 
poor correlation s, which may not be considerably improved chosing other para- 
meters in the calculation of spin densities; similar results were obtained also by 
Black and McDowell E24] within all of the three versions of parameters choice 
used 6. Spin densities in nitrogen atoms we correlated with corresponding splitting 
constants according to McConnell's relation (1) and with the interaction para- 

4 In two positions (anthracene-2 and tetracene-2), the experimental deviations have reverse signs 
with respect to the theoretical ones. 

s Similar results may  even then be obtained when the interaction parameters are determined by 
the method of least squares referring for the present group of radicals. 

6 In heterocompounds,  as referred to by Melchior [25], the contribution of a bonds, adjacent to 
C atom, may be a considerable one with which the discrepance obtained might well be cleared. 
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a b 

Io 

aE o o 
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o o o 
o o 

5 o o 

o ~ o o 

I t "  . . . .  , I , , , i I , , , 

. . . .  I , , -2, , r , , 5 a T 1 0  ! 
- 2 O 5 10 

Fig. 3. Dependence of the experimental values of splitting constants in groups III of the radicals on 
those calculated in U H F  U P  and L HP  methods respectively 

meters shown in Table 4. This correlation, compared with the preceding one, 
proves to be a good one. 

For each method we used the Q' and K constants individually. The individual 
methods show different distributions of spin densities bringing about different 
interaction parameters as well. The most remarquable difference is between the 
parameters of the group I radicals in the UHF SD (Q = - 19.73 G) and HMO 
(Q = - 37.61 G) methods respectively; therefore the parameters should carefully 
be chosen with respect to the spin density calculations. In the UHF method with 
the projection of the UHF wave function, the spin densities (Table 1) and, conse- 
quently, the interaction parameters (Table 2) as well, are very close to each other 
and therefore, the conclusion may be drawn, that the simple UHF GO and 
UHF MSL methods give results comparable with those of the UHF UP (Fig. 2) 
method. The results obtained by the UHF AS method (though for radicals with 
a greater number of atoms a simplified formula was used) differ unconsiderably 
from those obtained by the UHF UP (Table 1) 7 method. 

Although the interaction parameters are commonly thought to be appliable 
on any radicals and positions whatever, their choice does not appear to be a 
unambiguous one because of the fact that their values depend on the spin density 
calculation methods. As may be seen in Table 4, the application of individual 
constants for individual methods does not bring about any considerable dif- 
ferences in the results of the individual methods. The methods showing a poorer 
electronic correlation are referred to by the abscissa and the SE* respectively. 

Snyder and Amos [23] suggest that the Q' value depends on the number of 
carbon atoms the central atom is bound to. From the Table 1, a further fact may 
be deduced which is the result of the unsufficient inclusion of the electronic cor- 
relation in some methods. Within these methods, the negative spin densities are 
very low and there have special values of interaction parameter Q' to be used for 

7 Bloor e t  a l .  [22] used the restricted Hartree-Fock method for calculation of spin densities. Both 
the correlation coefficients and the interaction parametres of his method and of the U H F  AS method 
are very close to each other [-22a]. 
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the experimental values of 

Method Radicals Atom c a Standard Standard Correlation 
error error* coefficient 

HMO I + II C - 0.543 0.411 1.729 0.959 
III  C 0.240 0.964 1.064 0.907 

N -0.426 0.708 0.729 0.938 
I + II + III C - 0 . 1 4 1  1.224 1.402 0.946 

HMO CI I + II C -0.309 1.071 1.194 0.977 
III C 0.551 0.871 0.939 0.925 

N -0.305 0.729 0.740 0.934 
I + I I + I I I  C 0.116 1.016 1.064 0.963 

McL I + II C 0.727 1.174 1.389 0.972 
III C 1.489 0.934 1.549 0.914 

N 0.181 0.654 0.659 0.948 
I + II + III  C 0.989 1.150 1.482 0.953 

RTH CI I + II C 0.895 1.091 1.499 0.976 
III  C 1.479 0.876 0.964 0.903 

N 0.206 0.414 0.428 0.983 
I + II + III C 1.044 1.051 1.484 0.968 

LHP CI I + II C - 0 . 4 3 3  0.882 1.042 0.984 
III C 1.539 0.916 1.095 0.917 

N 0.556 0.456 0.542 0.975 
I + II + III C - 0.267 0.929 1.071 0.969 

UHF GO I + II C -0 .87 0.799 0.870 0.987 
III  C 0.554 0.916 1.030 0.917 

N 0.450 0.333 0.417 0.987 
I + II + III C 0.224 0.886 0.954 0.972 

UHF MSL I + II C 0.260 1.192 1.192 0.977 
III C 0.679 0.915 1.074 0.917 

N 0.613 0.29t 0.441 0.990 
I + II + III  C 0.379 0.999 1.129 0.964 

UHF UP I + II C 0.209 1.083 1.235 0.976 
III C 0.671 0.914 1.104 0.917 

N 0.613 0.291 0.443 0.990 
I + II + III  C 0.341 1.018 1.166 0.963 

UHF AS I + II C 0.209 1.079 1.229 0.976 
III  C 0.685 0.914 1.112 0.917 

N 0.618 0.290 0.445 0.990 
I + II + III C 0.345 1.018 1.167 0.963 

UHF SD I + II C 0.963 0.989 1.292 0.980 
III  C 1.333 0.967 1.381 0.907 

N 0.820 0.294 0.556 0.990 
I + II + III C 1.070 1.001 1.343 0.964 

a From the relation y = kx + c. 
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Table 5. Values of interaction parameters differentiated for various positions in the group I of radicals 

Method Position" Q 

HMO a - -  
b 28.31 
c 40.85 

LHP CI a 85.72 
b 28.15 
c 34.02 

HMO CI a 67.98 
b 26.65 
c 36.51 

RTH CI a 19.71 
b 21.60 
c 31.97 

McL a 20.35 
b 21.29 
c 34.20 

UHF SD a 11.40 
b 20.50 
c 24.46 

UHF GO a 33.55 
b 24.91 
c 31.64 

UHF MSL a 34.19 
b 24.06 
c 34.24 

UHF UP a 36.95 
b 24.29 
c 34.89 

UHF AS a 36.57 
b 24.29 
c 34.78 

a a: Positions with negative spin densities; b: Posi- 
tions having two carbons bonded to the central sp 2 
carbon; c: Positions having only one carbon bonded 
to the central sp z carbon. 

them. W h e n  calcula t ing the spl i t t ing cons tan ts  for the first g roup  of radicals ,  in 
classifying the pos i t ions  in to  those  groups,  we ob ta in  quite an excellent  accordance  
with the exper iment  for all the me thods  used (Table 5, Fig. 4). The differences of  
the Q' values prove to be pa r t i cu la r ly  great  in the H M O  and L H P  CI m e t h o d s ;  
they do  decrease,  however ,  in pass ing over to more  exact  ones. 

In the g roup  of the res t r ic ted H a r t r e e - F o c k  methods ,  the L H P  CI m e t h o d  
proves  to be quite a good  one. Us ing  it, it should,  however ,  be considered,  tha t  
small  negat ive  spin densit ies are ob ta ined  (Table 5). Wi th in  the s tat is t ical  evalua-  
tion, the R T H  CI m e t h o d  gives somewha t  poore r  results;  it shows, however,  
bet ter  the pos i t ions  with negat ive  spin densities.  In  these me thods  the ra t io  of 
spin densit ies  at p a r a  and o r tho  pos i t ions  of benzyl  rad ica l  is higher  than  1 in 
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Fig. 4. Dependence of the experimental values of splitting constants in groups III of the radicals on 
those calculated in the U H F  U P  and L HP  CI methods respectively 

Table 6. Charge densities in U H F  SD and U H F  U P  methods 

Radical Position U H F  SD U H F  U P  

Naph tha lene -  1 1.1882 1.1883 
2 1.0935 1.0927 

Anthracene - 1 1.0965 1.0961 
2 1.0851 1.0847 
9 1.2140 1.2148 

Pyrene 1 1.1582 1.1593 
2 1.0052 1.0055 
4 1.0983 1.0978 

Naphthacene  - 1 1.0509 1.0503 
2 1.0746 1.0740 
5 1.1676 1.1682 

Pentacene - 1 1.0278 1.0274 
2 1.0648 1.0643 

13 1.1747 1.1758 
14 1.1177 1.1174 

Pyridine- 2 1.0875 1.0859 
3 1.1240 1.1229 
4 1.2808 1.2840 

agreement with the experiment, while in UHF methods this ratio is lower than 1. 
By symmetrization of the wave function within the group of unrestricted Hartree- 
Fock methods the spin densities change considerably, whereas in the charge 
densities the changes are small (Table 6). We obtained good results in the simple 
UHF GO method, though the differences of spin densities (particularly among 
the further three methods) are very small irrespective of which one is used. 
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