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Using self-consistent perturbation theory the first order changes in the spin densities of 
positive and negative ions of substituted hydrocarbons are calculated. By comparison with 
ESR hyperfine splitting constants the values of the inductive parameters for aza and methyl 
substitution are obtained. For aza substitution the most reliable estimate is -1.73 eV in 
agreement with the best theoretical estimate of -L85 eV. For methyl substitution in anthra- 
cene the data can best be explained by using different values for the positive and negative ions 
so as to allow for hyperconjugation. The values obtained are -0.3 fl for the positive ion and 
-0 . t5  fi for the negative ion. The theoretical values are -0.33 fl and -OAt ft. 

Mittels selbstkonsistenter St5rungsrechnung wurden die Spindichtegnderungen erster 
Ordnung yon substituierten Kohlenwasserstoffen berechnet. Durch Vergleich mit ESR-Hyper- 
feinstrukturkonstanten erh~lt man dann die induktiven Parameter ffir Aza- und Methyl- 
substitution. Fiir Azasubstitution ist der wahrscheinlichste Weft - t ,73  eV, in guter ~ber- 
einstimmung mit dem als dem besten geltenden Wert von -1,85 eV. Bei Methylsubstitution 
im Anthrazen benStigt man fiir positive und negative Ionen verschiedene Werte, um die 
Hyperkonjugation zu berficksichtigen, und zwar -0,3 fl fiir das positive Ion und -0,15 fl ffir 
das negative. Theoretische Werte sind -0,33 fl bzw. - 0 , t i  ft. 

La th6orie des perturbations self-consistantes est utilis6e pour le calcul de la variation du 
premier ordre des densit6s de spin des ions positifs et n6gatifs des hydroearbures substitu6s. 
Les valeurs des parambtres inductifs pour les d6riv6s aza ou m6thyl6s sont obtenues par com- 
paraison avec les constantes de s~paration hyperfine en R.P.E. Pour une substitution aza 
l'estimation la plus sfire donne -1,73 eVen accord avec la meilleure valeur th6orique de 
- t ,85  eV. Pour la substitution du m6thyle dans l'anthracbne les donn6es exp6rimentales sont 

le mieux expliqu6es en utilisant des valeurs diff6rentes pour les ions positifs et n6gatifs afin de 
tenir compte de l'hyperconjugaison. Les valeurs obtenues sont -0,3 fl pour l'ion positif et 
-0,15 fl pour l'ion n6gatif. Les valeurs th6oriques sont -0,33 fl et - 0 , t l  ft. 

1. Introduction 

I n  their  1962 paper  on ni t rogen heterocyclics CAlCm~GTON and  SAxTos-V~IGA [5] 
were able to give a theoretical explanat ion  of the ESIr spectra they  had  obtained 
for several aza subs t i tu ted  hydrocarbons.  There are m a n y  fruitful  ideas implici t  in 
their  t r e a tmen t  and  one of these, which was also used by  BOLTO~, CA~R~CG~O~r 
and  McLAcHLAN [4] to discuss methyl  subs t i tu t ion  in  anthracene,  is the basis of 
this  note. 
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I t  will be recalled that  the theoretical t reatment of ESR proton hyperfine 
splittings in hydrocarbons rests on the MeConnell relation [12]: 

aH = -- Qq (J) 

which states tha t  the hyperfine splitting constant aH is proportional to the un- 
paired spin density ~ at the at tatched carbon atom. The same relation holds for 
proton splittings in the substituted hydrocarbon: 

a~ = - Qqs. (2) 

One might hope to use (2) to find values for the parameters needed to describe 
substitution in hydrocarbons by choosing those values which give the spin 
densities ~s in best agreement with the a~. Unfortunately, this approach is not 
satisfactory since the Me Connell relation is not sufficiently accurate. CA~I~GTON 
and SA~Tos-V~IGA noticed that  if (1) and (2) were combined then the ratios 
a~/aH and ~s/~ should be equal and this turns out to be a much more satisfactory 
method for comparing theory and experiment since many of the discrepancies 
involved in (l) and (2) are removed. Indeed when the Hfickel method is used to 
calculate the spin densities then quite good agreement between the theoretical 
and experimental ratios is found for nitrogen heterocyclies [5] and excellent 
agreement for methyl substitution [4]. 

A possible objection to this is the use of Hfiekel spin densities since the Hfickel 
method is known to be unreliable especially for heteroeyclies where there is non- 
uniform charge distribution. One purpose of this note is to remove this objection 
by using the S.C.F. method to compute the ~s. The main purpose, however, is to 
find satisfactory values for the inductive parameters necessary to describe aza and 
methyl substitution. To do this we have used the S.C.F. perturbation theory [1] 
described in paper I to expand ~s as a power series in the inductive parameter 
treated as the perturbatibn parameter. We then take the view that,  to be accept- 
able, the value of this parameter must be such as to lead to agreement between 
the ratios a81t/CtH and os/o. Both for aza and methyl substitution this points un- 
mistakably to values in agreement with theoretical estimates. 

2. Theory 

There are several methods available for computing the spin density distribution 
for conjugated hydrocarbon ions [8]. The simplest is to assume that  in the ion the 
unpaired electron occupies the lowest unoccupied (negative ion) or highest occupied 
(positive ion) orbital of the ground state. Writing this orbital as a hnear combina- 
tion of atomic orbitals : 

= ~ ~o ~r  (3) 
r 

where the zero is to indicate yJ is for the hydrocarbon, then the spin density at 
the rth carbon will be 

e0-  (c~ (4) 
Eq. (4) does not always give very good results since correlation between electrons 
with different spins is not allowed for. This can be remedied to some extent by  
using the self-consistent version [8, 17] of Mc LAGHLA~'S approximate unrestricted 
Hartree-Fock method [14]. The spin density will then be 
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5 u = 5 ~ + �89 Z (c~ ~ ~r~ (5) 
8 

where grs are the S.C.F. a tom-atom polarizabflities in units of fi ( - 4 .78  eV). The 
5 M are approximations to the correct unrestricted Hartree-Fock spin densities 
which have been computed by  SNYD~ and AMos [17] for a large number of 
hydrocarbon ions. 

The inductive effect of a hetero-atom or group substituted into a hydrocarbon 
can be expressed by  changing the one-electron terms in the Hamiltonian. I f  this 
change is of an amount  2fl at  the position of substitution then it is possible to 
t reat  2 as a perturbation parameter  and to find in a sell-consistent way numerical 
values for first order changes in orbital coefficients and energy levels. 

In  particular the orbital coefficients will be given by  

c , - ~  - 0, ~ + ;tc', (6) 

so tha t  corresponding to (4) we have tha t  

5~ = (r = 5 o + 2 ~ 4  c'~ (7) 
0 " I = ! to first order, and the first order change in 5 1s 50 2C 0 c~. In  the same way it is 

possible to find the first order change 5R in 5 M. 
Using the method described in paper I of this series [1] we have computed 

the {c'r} for substitutions in napthalene, anthracene and diphenyl and hence have 
calculated the 50 and 5M" To compare theory and experiment we use the relation 

a s H / ~  = 5~/5 = l + ~ 5'I5 (s) 

which can be simplified to 

5 ' / 5  = (ash - -  a H ) / a H  . (9) 

Relation (9) is the most useful from our point of view since if we put  R = 5'/~ 
and define 

A -  ~ - a ,  (10) 
6 ~ H  

then we see that  Z will be given directly by  the ratio AIR. There are, of course, 
two possible choices for R depending on which of 5 ~ and 5 M is taken to be the 
spin density. 

3. Inductive Parameter for Aza Substitution 

CAX~r~GTON and SANTos-VEIGA [5] and HENN1-NG [9] have obtained the ESR 
spectra of a number  of nitrogen heteroeyclics. Using their values of the hyperfine 
splitting constants in these molecules and the corresponding values for the parent 
hydrocarbons the ratios A (Eq. 10) can be found and these are given in Tab. I. 
We have then computed the values of A/R ~ A/R M, at every atom and these axe 
also given in Tab. I. I f  our theory and calculations were completely correct then 
all these vMues would be the same and would equal the value of ~ for aza sub- 
stitution. Clearly they are not all the same but  ffwe exclude the six atoms marked (*) 
the range of values for the remaining ten atoms is not too large. For all but  one 
of the six starred atoms the reason for the anomalous value of~ is not too difficult 
to understand. In  all but  the 4 position of 1,5 diazanaphthalene, the spin densities 
in both the unsubsti tuted and the substituted molecules are small and the values 
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Table 1. Values o] A, A/1r ~ AIR M in some nitrogen heterocyclics 

M o l e c u l e  A t o m  A a ~0 = z~/R0 ~t M = AIR M 

t ,  4 diazanaphthalene 2 0.819 0.498 0.384 
5 -0.514 0.406 0.395 
6 -0.207 0.252 0.310 

1, 5 diazanaphthalene 2 0.606 0.809 0.425 
3* -0.081 - t .125 1.t62 
4* 0.188 2.540 1.655 

9, 10 diazaanthracene 1 -0.343 0.503 0.454 
2* -0 .0 t9  0.090 0.376 

1, 4, 5, 8 tetraaza~nthracene 2 0.739 0.574 0.4i0 
9 -0.288 0.326 0.333 

y, y dipyridyl 2 -0.105 0.276 0.191 
3* +0.023 b 0.011 -0.006 
3* -2.023 b - -  0.535 

a, c~ dipyridyl 3* 0.255 b - -  0.032 
3* -2.255 b - -  -0.283 
4 -0.135 0.456 0.444 
5* 1.441 b 0.373 -0.205 
5* -3.44t b - -  0.491 
6 -0.547 0.316 0.254 

Average c 0.442 0.361 

a :From ref. 5 and 9. 
b See text. 
o Excluding ~he values at atoms marked *. 

of  o' are also small .  This means  t h a t  the  ra t ios  R ~ and  R M are unrel iable  since 
second order  effects m a y  be impor t an t .  I n  add i t i on  the  values  of  the  A m a y  be 
r a the r  unrel iable .  Therefore  a t  these  s t a r red  a toms  we canno t  expec t  reasonable  
values  for the  A since our t h e o r y  is no t  accura te  enough.  

I n  th is  con tex t  the  3 and  5 pos i t ions  of  the  d ipy r idy l s  are  pa r t i cu l a r ly  inter-  
esting. A t  th is  pos i t ion  the  values  of  @0 and  @M in the  pa ren t  h y d r o c a r b o n  differ 
in sign ind ica t ing  t h a t  corre la t ion  effects are mos t  impor t an t .  This also means  
t h a t  there  is u n c e r t a i n t y  as to  the  sign of  the  aH a t  th is  posi t ion.  W e  have,  there-  
fore, c o m p u t e d  two LJ values  a t  these  posi t ions  on the  assumpt ions  f irst ly t h a t  the  
coupl ing cons tan t s  have  the  same sign in the  d ipheny l  and  the  d ipyr idy l s  and  
secondly  t h a t  t h e y  have  oppos i te  signs. The second as sumpt ion  is, of  course, on ly  
t enab le  when the  @M and  R M are used since the  @0 are a lways  posi t ive.  The  ~ values  
do give some ind ica t ion  t h a t  the  second as sumpt ion  is correct .  However ,  the  spin  
densi t ies  are so smal l  t h a t  a n y  sl ight  changes could lead  to  the  opposi te  result .  
This  po in t  is well i l lus t ra ted  b y  the  va lue  of  o ~ a t  the  3 pos i t ion  in ~ d ipyr idy l .  
Using  Eq.  (7), @0 tu rns  out  to  be nega t ive  and  second order  t e rms  have  to be 
inc luded  to  m a k e  i t  posi t ive.  F o r  th is  reason we have  no A o value  a~ this  posi t ion.  
I n  view of  the  impor t ance  of  a correct  value  of  the  @M at posi t ions  3 and  5 in the  
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Table 2. Comparison o] experimental and theoretical values o] aH (in gauss) 
/or nitrogen heterocyclics 
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Molecule Atom Experimental~ Theoretical 

1, 4 diazanaphthalene 2 -3.33 • 0.01 -3.16 -3 .24 
5 -2.38 • 0.01 -2.14 -2.57 
6 -1.45 • 0.01 -1.17 - ] . 39  

~, 5 diazanaphthalene 2 -2.95 • 0.01 -2 .44  -2.77 
3 -1.69 • 0.01 -1.89 - i . 7 8  
4 -5.77 • 0.03 -4.99 -5.03 

9, 10 diazaanthracene l -1 .80 • 0.02 -1.92 -2.01 
2 -1.54 • 0.02 -1.42 -1 .54 

1, 4, 5, 8 tetraazaanthracene 2 
9 

-2.73 -2.47 -2 .50 
-3.96 -3 .40 -3.83 

y, ~ dipyridyl 2 -2.37 • 0.01 -2.21 - 2 A 3  
3 • • 0.01 -0 .82 -0.16 

a, ~ dipyridyl 3 • • 0.01 - -  + 1.67 
4 -4.58 • 0.08 -4.61 -4.71 
5 •  • 0.03 -1.16 -0 .66 
6 -1.20 • 0.03 -0.63 -0.59 

Ref. 5 and 9. The s i p s  of the a~ are assumed to be negative except at the 3 and 5 posi- 
tions of the dipyridyls where there is a possible positive az. 

u n s u b s t i t u t e d  h y d r o c a r b o n  we  h a v e  t a k e n  i t  to  be  t h e  va lue  c o m p u t e d  b y  SsYDE~ 

a n d  AMos [17] us ing  t h e  a c c u r a t e  u n r e s t r i c t e d  H a r t r e e - F o c k  m e t h o d .  

F o r  t h e  r easons  ju s t  g i v e n  we t h i n k  i t  r ea sonab le  to  ignore  t h e  ~ va lues  a t  t h e  

s t a r r e d  a t o m s  w h e n  f ind ing  t h e  bes t  ave r age  va lues  of  ~. These  reasons  do not ,  

i t  is t rue ,  a p p l y  to  t h e  4 pos i t ion  o f  i , 5  d i a z a n a p h t h a l e n e  b u t  t h e  va lues  of  2 we 

h a v e  o b t a i n e d  f r o m  t h e  ESI~ d a t a  a t  th is  pos i t i on  are  so o b v i o u s l y  a n o m a l o u s  

t h a t  we  p ropose  to  ignore  t h e m  too.  U s i n g  t h e  t e n  r e m a i n i n g  va lues  we f ind t h e  

a v e r a g e  va lues  of  4 ~ a n d  ~M are  - - 2 A l  eV a n d  - i . 7 3  eV r e spec t ive ly .  

Table 3. Spin densities at nitrogen atoms and comparison o/experimental 
and theoretical values/or aN (in gauss) 

Molecule Theoretical a Experimental b 

e~ e~ a~ a~  aN 

1, 4 diazanaphthalene .256 .279 5.58 5.41 5.70 ~: 0.02 
1, 5 diazanaphthalene .151 .173 3.29 3.36 3.37 • 0.02 
9, 10 diazaanthracene .228 .266 4.97 5.16 5.15 • 0.05 
t ,  4, 5, 8 tetraazaanthracene .t21 .t29 2.64 2.50 2.4t 
y, y dipyridyl .140 A69 3.05 3.28 3.59 • 0.02 
a, cr dipyridyl .148 A57 3.23 3.05 2.54 J: 0.05 

a Coupling constants computed using the relations a ~ = 21.80 ~o and a~  = 19.40 ~ .  
b Ref. 5 and 9. 
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Once the value of I is fixed it is possible to work backwards and predict the 
values for a~  for comparison with experiment. This has been done using the 
averaged l ~ and 1M and the results are given in Tab. 2. The agreement with 
experiment is quite satisfactory except for the small coupling constants in the 
dipyridyls. 

I t  is also possible to find the nitrogen spin densities and the ~N computed in 
this way are given in Tab. 3. At  present there is some controversy as to the correct 
relationship between nitrogen hyperfine splittings and spin densities [3, 18]. 
A recent discussion [13] has inclined marginally to a simple linear relationship 
between the splitting constant and the nitrogen spin density: 

aN = QNON. 

With constant Qlv set equal to 19.40 for the ~M and 2i.80 for the @~v we have 
predicted the values of aN using the spin densities given in Tab. 3. These predicted 
aN agree reasonably well with experiment (see Tab. 3). We would not 
expect significantly bet ter  results if  we had taken into account the spin densities 
on the adjacent carbon atoms. 

4. Inductive Parameter for Methyl Substitution 

In  this section we shall a t t empt  to find an inductive parameter  for methyl  
substitution using the same method as was used in the previous section. The 
experimental results we shall use are those obtained by  BOSTON et al. [4] for the 
positive and negative ions of 9-methylanthracene and 9, i0 dimethylanthracene. 
For each a tom there  are two possible values of A, i.e. d +, A-,  the former being 
obtained from the experimental data  for the positive ion and the lat ter  from the 
data  for the negative ion. This given four sets of values for ;t which may  be denoted, 
with the obvious notation, by  2~_, M 0 ~M. ~+, ~_, Only the quantities ~o and t0_ have 
been calculated, however, since the ~ i  give no extra information. The t0_ and $~ 
are given in Tab. 4 and it is immediately obvious tha t  the spread of values is 
much greater than  tha t  found for nitrogen substitution so tha t  any conclusions 
drawn from Tab. 4 will be much less definite than those drawn from Tab. 1. 

Table 4. Values o[ A and A/B ~ methyl substituted anthracenes 

Positive Negative A + A- 
= - -  A t = - -  ~5olecu]e Atom Ion Ion 2~_ /~-~ R2 

A + A- 

9, me~hylanthracene 1 -.096 .073 - . t83 -.139 
2 .043 - .1t5 -.127 -.340 
3 -A50 A02 -.273 -A86 
4 -.084 .0tl -.521 -.070 

t0 .057 -.072 -.085 -.108 

9, 10 methylanthracene t -.183 
2 -.150 

Average 

a Excluding the positive value of ~ .  

.058 -.269 -.084 
-.032 -.731 +.165 

-.312 -A55a 
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Table 5. Comparison o/ theoretical and experimental values ]or a~ (in gauss) 
in methylanthracenes 

Molecule 
Positive Ion, Negative Ion, 

Atom Theory Experiment b Theory Experiment b 

9 methylanthr~cene 1 2.60 2.81 2.96 2.94 
2 1.55 1.46 1.49 t.39 
3 tA6 IA9 1.70 L73 
4 2.95 2.85 2.80 2.77 

t0 8.03 7.03 4.99 5A6 

9, l0  methylanthracene i 2.45 2.54 
2 t.31 IA9 

The signs of the aH are negative. 
b Ref. 4. 

3.03 2.90 
1.62 1.52 

However, it is obvious that  2 must be negative and excluding the positive value 
in the table the average is --0.24. I f  the separate averages of 2~ and ~o are con- 
sidered then a very surprising factor appears. This is the fact that  the former is 
twice as big as the latter. We, therefole, draw the rather tentative conclusion that  
the inductive parameter for methyl substitution should be different in the positive 
and the negative ions. This conclusion is impossible to justify using a purely 
inductive model but BOLTON et al. [4] have shown that  this is precisely what is 
to be expected on the basis of hyperconjugation. Moreover, using the parameters 
of CovLso~ and C~AWFOaD [6] they predict that  ~+ = -0 .230 and ~-  = - 0 . 1 3 i  
a ratio of 1.8 : l and these figures are quite close to those we have obtained. So our 
conclusion is that  the inductive model can be used to describe methyl substitution 
provided different inductive parameters are used for different states to allow for 
hyperconjugation. In  the case of substitution in anthracene we recommend 

= - 0 . 3  for the positive ion, 2 = - 0 . i 5  for the negative ion and for the ground 
state the average value 2 -- --0.24. For substitution in other molecules the values 
of 2 for the positive and negative ions will change along the lines discussed in [4] 
but we expect the average value to be fairly constant. 

Using the values for anthracene we have predicted the hyperfine splittings ag  
for the molecules considered by BOLTON et al. The theoretical results are compared 
with experiment in Tab. 5. The agreement is excellent for the negative ions but 
only fair for the positive ones. 

5. Discussion 

To begin with it is useful to discuss how far the inductive parameters derived 
in this note from ESR data agree with theoretical estimates. In  paper I [1] it was 
pointed out that  the inductive parameter equals zs + ~ Y'ss where z~ is the change 
in the one electron terms and Y;s the change in the Coulomb integral at the sub- 
stituent. DEWAR and GL]~ICH]~ [7] have recently considered the value of these 
parameters for aza substitution and find Zs = --2.96 eV and 7]~ = §  eV 
giving a compositive value -2 .28  eV. This agrees quite well with the value of 
-2 .11  eV for ~0. However, SI~ANOSLU and O~LOFF [16] have made a more rigorous 
estimate of 718 and find a value of 2.22 eV. Combining this with the DEw)a~ and 
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G L ~ c ~  value of  zs gives --1.85 eV for the composite inductive parameter .  This 
is in good agreement  with t M = --1.73 eV and we would expect  this to be a more 
reliable est imate than  ~0. Note,  however,  t ha t  all of  these values are larger than  
some which have been used previously for aza subst i tut ion [2, 10, 15]. 

We have already referred to  the values of  ~+ = -0 .23 ,  2 -  = - 0 . i 3 ,  1AV = -- 0.17 
obtained for me thy l  subst i tut ion in anthracene by  BOLTO~ c t a l .  [~]. However ,  
their  calculation used the Hfickcl values for the orbital energies of  the molecular 
orbitals in anthracene.  W h e n  the self-consistent values are used we obtain  
1+ = - 0 . 3 3 ,  2 -  = - O A t .  Our empirical values are 1+ = -0 .31 ,  2 -  = -0 .155 .  

There is clearly some need to  improve on some of  the estimates especially 
those for me thy l  substi tution. A n y  improvement  must,  however, await  fur ther  
experimental  results. I t  would, in particular,  be interesting to have experimental  
information on the positive ions of  the nitrogen heterocyclies to check tha t  the 
value of  the aza inductive parameter  is the same in the positive and negative ions. 
Fur the r  informat ion on me thy l  subst i tut ion is needed to verify the need for 
different parameters  in the positive and negative ions. E S R  experiments on triplet 
states would also be of  interest since the theory  predicts t ha t  spin densi ty changes 
in triplet  states of  subst i tuted al ternants  are second order and therefore the hyper-  
fine splittings should change only slightly f rom those of the parent  hydrocarbon.  
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