
Thesis Approved

By

ix  ä i Major Advisor

si Dean



MOLECULAR ORBITAL
CALCULATIONS ON ELECTROPHILIC 

AROMATIC SUBSTITUTION

By
Charles Minty Harris

A THESIS

Submitted to the Faculty of the Graduate School of the 
Creighton University In Partial Fulfillment of 

the Requirements for the Degree of Master 
of Science in the Department of Chemistry

Omaha, 19?1



ACKNOWLEDGMENT
The author wishes to express his indebtedness to 

Dr. F.M. Klein for his insight during the course of 
this work. The author also wishes to thank Drs. Snipp 
and Takemura for their encouragement and insight. Thanks 
should also be given to the Creighton University Computer 
Center for the use of their equipment.



vl

TABLE OF CONTENTS
PageINTRODUCTION ............................  . . . .  1

HISTORICAL............   4
RESULTS AND DISCUSSION ..........................  8
EXPERIMENTAL....................................... 17

A. Apparatus . . . . . . .  ..........  . . .  18
B. P r o g r a m ...................................18

S U M M A R Y ........................................... 21
APPENDIX..................  23

A. Programs...................................24
B. Results and F i g u r e s .......................28

Figure One ............................... 32
Figure T w o ...............................33
Figure Three.............................34-
Figure F o u r ........ . ................35
Figure F i v e .............................36
Figure S i x ...............................37
Figure Seven....................  38

BIBLIOGRAPHY ....................................  40



I N T B O D Ü C T  I O N



2

While much emphasis has beer given to the use of 
molecular orbital calculations to calculate the energy 
of molecules, little has been achieved toward using 
molecular orbital theory on a dynamically changing system 
such as a chemical reaction.

The purpose of this work was to devise a method 
for calculating the energy at any given point during the 
course of an electrophilic aromatic substitution reaction. 
Although the calculations were made using a proton as an 
electrophile, the method should be applicable to other 
electrophiles with only slight modification. A modifi
cation of the Pariser-Parr-Pople technique was applied 
to aromatic species such as benzene and substituted 
benzenes. The intermediate utilized in the present cal
culations is a modification and utilizes the most advan
tageous aspects of previously proposed intermediates.





Molecular orbital calculations have come to play a 
significant role in organic chemistry in recent years. 
Early -works in this area were concerned with calculating 
ground and excited states for spectral transitions, in 
an attempt to explain spectral phenomena (1,2 ).
Others were involved with calculations of aromaticity, 
and the ability of aromatic compounds to develop charges 
at various positions on the ring (3»^»5 )*

Studi.es have also been carried out on non-aromatic 
compounds to determine heats of formation (6 ). These 
calculations have recently been extended to include 
aromatic compounds (7). The major difficulty encountered 
with this type of calculation was that each atom in the 
compound had to be assigned spatial co-ordinates.
Because of this, computers of high capacity and speed 
were required to carry out the calculations.

Some work has been previously reported concerning 
electrophilic aromatic substitution. However, the work 
concerned Itself solely with developing localization 
energies of the aromatic species from kinetic data (8 ). 
Other workers (9) have studied the relative abilities of 
benzene and substituted benzenes to develop charges at 
specific locations on the ring and used this as a measure 
of the tendency of a compound to undergo electrophilic
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aromatic substitution. These workers presupposed that 
the intermediate proposed by G.W. Wheland (10) was cor
rect. Wheland suggested that the intermediate for elec
trophilic aromatic substitution is a planar activated 
complex with a positive charge distributed over the por
tions of the ring opposite the site of electrophilic 
attack. This intermediate can be represented by

However, investigations carried out by others have 
shown that while this intermediate is sufficient to ex
plain the rate of reaction in some cases, there exist 
many molecules that do not seem to produce kinetic data 
expected from this model. Therefore, a new intermediate 
was proposed (11, 12) which could by itself or in com
bination with Whe3.and's model explain the rates of 
reaction observed for electrophilic aromatic substitution. 
This new Intermediate is best described as an electro
phile attacking the electron -rich >T system of the 
aromatic molecule before a bond is formed to a single 
carbon atom. This intermediate might be represented by
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Recently, Daudel end. co-workers (13) have developed 
a Huckel molecular orbital treatment which shows that 
both of the above intermediates may be taken into ac
count in molecular orbital calculations. They desig
nate this as the "unified transition state" and propose 
a pi complex forming first, followed by bond formation 
to one carbon atom. The intermediate has thus become 
the Wheland intermediate. The Pariser-Parr-Pople method 
used in the present\work is not applicable to their mod
el. Therefore, a similar intermediate was proposed that 
simultaneously forms a pi complex and Wheland intermed
iate as the reaction proceeds.

One of the purposes of this work was to construct 
energy versxis reaction co-ordinate diagrams. Previous 
attempts at construction of these diagrams for organic 
compounds have been incomplete due to the fact that 
the experimental data gave only the relative activation 
energy from the ground to transition states and the 
energy of the ground state. These molecular orbital
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calculations (8 ) produced energy of the ground and 
transition state but gave no energies as the reaction 
progressed.

To date, attempts at measuring the entropy of the 
system as a reaction progresses have failed. This 
precludes a development of ¿G values as should be in
cluded in a rigorous treatment of activation energies. 
The only source of/^G valiies has been from kinetic data.
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Several books are available that give detailed 
derivations of the Pariser-Parr-Pople technique used 
in this work (8,16), The method was developed from 
the method first devised by Roothaan (17). The major 
idea of Roothaan*s method was to use a variation treat
ment on trial eigenfunctions in an attempt to approx
imate Hartree-Pock orbitals (18).

Roothaan chose his wavefunction as a linear combi
nation of wavefunctions which, when iterated using 
Hartree-Fock Hamiltonian operators, gave rise to wave- 
functions that approximated the Hartree-Fock orbitals. 
The wavefunctions used as a basis set are not necessar
ily atomic orbitals and. therefore molecular orbitals 
can be used in this method.

The major drawback of the Roothaan method is that, 
no attempt is made to impose a limit on the interaction 
integrals between non-nearest neighbor atoms; i.e., the 
total electronic energy is found by Roothaan to be

[(lj,kl)-|(ik,Jl)jj (I).

However, the values for (ij.kl) and (ik,jl) over three
or four atoms are quite small and difficult to deter
mine ,

Pople introduced the idea that it is possible to
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avoid this dilemma by Just assuming that there Is no 
overlap of atomic orbitals anywhere in space. This 
would imply that the core Integral Hi(ic should also 
vanish. Pople has discovered that if Hjj0 is assumed 
to be zero, unsatisfactory results are obtained. He 
also discovered that if constant resonance integrals, 
are used to replace them adequate results are obtained.

The equations used in the Pariser-Parr-Pople method
are

Fii= Wi+|qi(ii,li) + 2  (qi-l)(li,jj) (II)
j^iand

F1J = Bi jC-iPi j (ii . J J ). iifj (III)
where F is defined by

Eu= 2  S ^ a ^ F ^
and Wi is the ionization potential for the ith atomic or
bital.

The Pople method uses a basis set of molecular or
bitals to calculate the quantities p^j, q^, and q^ where 
Pjj is the pi bond order between atoms i and J, and q$ 
is the pi charge density at atom i in the above equations 
which in turn generate matrix elements Flt and F1j. The 
resulting matrix is diagonalized to give coefficients aui 
which are used to generate new values for p ^  and .
The cycling is continued until the same results are ob-
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talned twice In succession. At this point a self-consis
tent field (SCF) state has been reached.

The program developed for this work consisted of a 
main program for reaching the SCF and a subroutine for the 
calculation of the bond energy and the electrostatic at
traction as the reaction progressed. The basis set chosen 
was the set of avl resulting from a simple Huckel treat
ment of the aromatic molecule. The value was iterated 
until a SCF was reached. The valile chosen for the check 
on SCF was the energy of the lowest electronic energy 
level. This was selected because it was found to have 
the widest fluctuation over a series of iterations.

After the SCF was reached, the next approach was to 
vary the F values at the site of attack from their SCF 
value to zero. This indicates the degree of electron 
localization at the site of electrophilic attack. The 
function 1-(FR/RR)2 was used to vary the electronic loc
alization, where FR is the final distance from electro
phile to aromatic molecule in angstroms and HR is the 
distance at any point along the reaction path. This 
function was chosen because it approximates coulombic 
interaction. Because a change in F values leads to a 
change in aul values, the system was allowed to come to 
SCF after each change.
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The electrons that were localizing at the reaction 
site were assumed to be entering into bond formation 
according to the equation proposed by Morse (19): 

U=De(l-exp(-B(r-r0 ) ) 2 (IV).
where U is the bond energy, De is the bond strength, r is 
the internuclear distance at any given point, rQ is the 
intemuclear bond distance, and B is given by

B=v(2 Jr^uDe)“ where v is the bond stretching fre
quency and u is the reduced mass.

The method of calculation used in this work is a 
semi-empirical one. In order to carry out the calcula
tions, appropriate constants were located in the avail
able literature.

Streitweiser (16 ) has Included in his book the 
following general forms for determining values for and 
0 in Huckel theory.

<*= * +hx @  and. ^ x=kcyP 0, where <*0 and (30 x o °
are the appropriate constants for benzene. These are 
used in Huckel theory to set up the secular determinant

“o-E 0o 0 0 0 go
1*0 Po 0 0 0

0 f t f t 0 0
0 0 f t of.o -E ft 0
0 0 0 f t f t

ft> 0 0 0 ft, % - E
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Dividing through by and setting x = (*0-E)/ ĵ 0, 
In the above determinant gives

X 1 0 0 0 1

1 X 1 0 0 0

0 1 X 1 0 0

0 0 1 X 1 0

0 0 0 1 X 1

1 0 0 0 1 X

=0.

In this work the assumption is made that in sub
stituted benzenes the atoms bonded to the substituents 
can be treated as heteroatoms. This idea has been pre
viously proposed by Matsen (20).

By letting x equal zero a heteroatom system for 
the above determinant becomes

h x k c x 0 0 0 ^ c x

^ c x 0 1 0 0 00 1 0 1 0 00 0 1 0 1 00 0 0 1 0 1
k c x 0 0 0 1 0

=0.



The values for Wj and B^ 0 have been given by Maloga 
and Nishimoto (21) and by Pariser and Farr (22) as 
-11.22 and -2 .388 eV. for benzene. Similarly, using 
values for the Ionization potential and electron affin
ity from Field and Franklin (23) vre get a value of 
(ii,ii)C=I-A= 10.53 eV.

In the Morse curve function a value for the C-H 
bond strength, ^.^375 eV., was obtained from Dewar and 
de Llano (7). This coupled with a value of the funda
mental C-H stretching vibration of 3073 cm“1 from Wilson, 
Decius, and Cross (2L) for benzene is sufficient to 
generate the Morse curve for the forming bond.

The individual values for (ii,jj)c were obtained 
by applying the uniformly charged sphere approximation (8 ) 
to the relative positions of the carbon atoms in benzene.

The substituents on the benzene ring were treated 
as giving heteroatom type character to the carbon 
adjacent to the substituent. Values for hx and Wj were 
obtained from Matsen (20). The rest of the character 
of the benzene ring was assumed to be unchanged.
According to Streitweiser (16) this is a fair assumption.

The assumption was made also that the approaching 
electrophile saw an effective nuclear charge of one on 
each of the carbon atoms in the benzene ring. Appro-
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priate corrections were made in substituted benzenes to 
account for the effective charge of the substituent by- 
assuming that non-bonded electron pairs produce an ef
fective charge of minus one. This is probably a series 
of gross approximations but seemed to work out reasonably 
well. The positions of the atoms in the aromatic mol
ecule were located using the assumption that the site 
of electrophilic attack was the origin and supplying 
the co-ordinates in angstroms of the atomic positions.

The results of the calculations are give in Appen
dix B. It is interesting to note that the bonding 
distance predicted from the calculations is between
1.08 and 1 .09 angstroms while the bond distance predicted

~ ofor sp-5 hybridized carbon-hydrogen is 1.09 A. The energy
calculated for the ground state of benzene agrees within
1^ of the 80 value predicted by Huckel theory for benzene.

The calculations seem to correctly predict the 
substituent effect in the case of toluene. For this 
weak ortho-, para- director we find that the meta- curve 
is apparently favored but has a much higher energy bar
rier at 1 .5 S- than either of the others.

The other substituents do not exhibit the same 
experimentally verifiable results. This could be due to
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one of two major errors. Either the program is in error 
by not allowing for the pi electron contribution of the 
electrons on the substituent or the wrong value was 
chosen for the charge on the heteroatom in approximating 
uhe electrostatic interaction energy. The first seems 
to be the more likely source of error.

Addendum; Since this work was completed, an article (2?) 
has appeared in the literature. This work is quite sim
ilar to the present one and similar results were obtained.
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A. Apparatus
Computer The computer used for this study was an 
International Business Machine model II30 computer with 
single disk drive.
Subroutines Use was made in this work of the Eigen 
subroutine available from IBM in its Scientific Sub
routine Packet, 1130-CM-02X (1&). This subroutine 
utilizes the method proposed by Jacobi for diagonalizing 
and finding the inverse of a symmetric matrix (15).
B . Program

A listing of the program is in Appendix A. The 
program was written using Fortran IV.

The statements to statement number 21 are Input 
statements to obtain the necessary values for the 
variables. Statement ¿H3+1 to k store the values of 
the matrix elements for possible later print-out if the 
program must be interrupted. The Call Eigen statement 
causes the compiiter to execute the Eigen subroutine to 
diagonalize the matrix putting aui values into the vari
able R and saving the values of the energy levels on 
the diagonal of the original matrix, A. Statements 30+I 
through 30+3 save the values of the three lowest energy 
levels for later use in the Elect subroutine.
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Statements 30+5 and 30+6 allow the user to abort 
the program by turning on switch number 1 on the comput
er console. Statements 25 through 6 calculate the qii 
values from the values.

Statement 6+1 allows a branch to a different calcu
lation technique for the original Huckel matrix. This 
is necessary because diagonalizatlon of the Huckel 
matrix produces energy levels with the lowest first; 
whereas diagonalizatlon of the matrix gives the 
lowest energy level last. Statements 28 through 27 
therefore calculate the value of p ^  from the basis 
set aui,s* while statements 27 through 4-7 calculate 
them for all other au^. Note that it becomes necessary 
to include statement 47 to re-calculate qi3L values.

Statements 44 through 13 calculate the values. 
The three next statements are a series of checks to 
see if the self-consistent field has been reached. 
Statements 34 through 19 set up the matrix elements for 
the next iteration. Statements 19+1 through 29+2 vary 
the localization of the electrons. Note that the first 
time through when the value for HE is lxlO12 no change 
will be made.

The statements down to Call Elect are all output
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statements used under varying conditions throughout the 
program- The Call Elect statement calls the Elect 
subroutine to be executed. This subroutine calculates 
the sum of the electrons in the various energy levels, 
the bond formation energy, and the coulombic interaction 
energy and returns it to the program as ETOT. The 
remaining statements through statement 39 are output 
statements.

From statement 39 through the end statement are a 
series of branches allowing the operator to vary the 
point of re-entry into the program with new data de
pending on the value of ICHK read.
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The result? of this work while not on the whole 
satisfactory do show that molecular orbital calculations 
on a dynamically changing system are feasible and do 
give qualitatively correct results.

The method correctly gives the sp3 hybridized bond 
length for the Wheland intermediate and shows e^eri- 
mentally observed substituent effects in some cases.

Quantitative energies for the ground state of the 
aromatic molecules vary somewhat from previously reported 
values; but this difference could be d\ie to the Inclusion 
of coulomb!c interactions of the carbon skeleton not 
taken into account previously.

The technique could be refined to give more accurate 
results by use of Pople'a CNDO/2 or MINDO techniques 
(25,26) if a higher capacity computer were available.
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A. Programs 
Main Program
// JOB T 
// FOR
♦LIST SOURCE PROGRAM
*IOCS(CARIMI 32 PRINTER, DISK)
♦ONE WORD INTEGERS

DIMENSION A(36),R(36),B(36),Q(6 ),P(6 ,6),TNI(6,6 ), 
1FP(6,6),3ET(6,6),SUM(6 ),C(6 ),IN(6 ),Z(6 ),AR(6 ),
2BR(6 ),EPOT(3)
COMMON RR,Z,AR,BR,ETOT,FR.EPOT,CR 

56 READ(2,10) N 
M=N-1
KN=(N+l)/2
NS=0
DO 381 1=1,N 

38 NS=NS+I 
NT=NS-N 
NU=NT-M
READ(2,90) (Z(I),AR(I),BR(I)»I=1,N)
READ(2,90) CR 

90 FORMAT(3F10.5)
READ(2,50) ACHK 

10 FORMAT(12 )
CHK=0.
NB=0 
KOUNT=0 
RR=1.0 E+12 
Jl=l
DO 1 1=1,N 
J2=J1+I-1
READ(2,20) (A(J),J=J1,J2)

1 J1=J2+1 
DO 23 1=1,N

23 READ(2,20) (BET(I,J ),J=1,N)
DO 24 1=1,N

24 READ(2,20) (TNI(I,J ),J=1,N)
20 FORMAT(6F10.5)

READ(2,50) ALPCC,ALPCN,BETCN,BETCC 
HEAD(2,50) TINTC,TINTN,BONC »BONN 

50 FORMAT(4F10.5)
55 READ(2,70) (IN(J),J=1,N)
70 FORMAT(6I5)

HEAD(2,90) FR
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WRITE(3,110) FR
110 FORMAT(* FINAL RADIUS = », Fl0.5)
21 DO 3 1=1,N 
3 R(I)=0,

UO FORMAT(/////,15,1OH ITERATION)Jl=l
DO 4 1=1,N 
J2=J1+I-1 
DO 35 J=J1,J2 

35 B(J)=A(J) 
b J1=J2+1
CALL EIGEN (A,R,N,0)30 FORMAT(//Fl0.5/)
EPOT(1)=A(NS)
EP0T(2)=A(NT)
EPOT(3)=A (NU)L=1
CALL DAT3W(1,NA)
IF(NA-1)25,22,25 25 DO 6 1=1,N 
L=L+I-1 
K=I+N 
J=K+N

6 Q(I)=2.*(R(I)*R(I)+R(K)*R(K)+R(J)*R(J)) IF(K0UNT)27,28,27 28 DO 8 K=1,M 
K2=K+1 
DO 8 1=1,KN 
J=I*N-N+1 
J2=J+1

8 P(K,K2)=P(K,K2)+2.*R(J)*R(J2)DO 11 K=1,N
DO 11 J=1,N
K1=K+N
K2=K1+N
J1=J+N
J2=J1+N
IF(J-K+l)12,11,12

12 P(K,J)=2.*(R(K)*R(J)+R(K1)*R(J1)+R(K2)*R(J2)) 11 CONTINUE 
GO TO 44 

27 DO 26 K=1,N 
DO 26 J=1,N 
Kl=K+(N-KN)*N 
K2=K1+N 
K3=K2+N
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DO 36 1=1 ,N 
J2=J1+I-1
WRITE(3» 20) (B(J ),J=J1,J2)36 J1=J2+1 
L=1
DO 37 1=1 ,N 
J2=N«I 
J1=J2-N+1 
WRITE(3,30) A(L)L=L+I+1

37 WEITE(3,20)(R(J),J=J1,J2)
^5 WRITE(3,60) HR, A(NS)
60 FORMAT(//,8H RADIUS»,FI4.5,9H ENERGY=,FI0.5) CALL ELECT(N,KN)

WRITE(3» 80) ETOT
80 FORMAT(//,15H TOTAL ENERGY»,FI2.5) 

IF(FR-RR)4l,39,4l
41 READ(2,50) RR 

IF(NA-l)42,39,42
42 KOUNT=l 

GO TO 21
39 READ(2,10) ICHK 

RR=50.
IF(ICHK)57»59 »57

57 IF(ICHK-1)58,56,58
58 IF(ICHK-2)59»55.5959 CALI. EXIT 

END
Subroutine Elect
//FOR
«LIST SOURCE PROGRAM 
«ONE WORD INTEGERS

SUBROUTINE ELECT(N,KN)
DIMENSION Z(6),AR(6),BR(6),EP0T(3) 
COMMON RR,2,AH,BR,ETOT,FR,EPOT 
ONU=3073.*3.*10.**10.
DE=4.4375
RM=12./(13.*6.02*10.«*23»)
B CON=ONU*SQRT(2.* 3.1417 * 3.14l7*RM*DE) BPOT=(DE*(1.-EXP(-BCON«(RR-FR)))«*2.)/2. BND=2.*(EXP(-BCON«(RR-FR)))

FBND=2.-BND 
KAN=KN-1 
DO 1 1=1,KAN
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1 ET0T=2.*EP0T(I)
ETOT=ETOT+FBND*EPOT(KN) -BND*BPOT-(4.+FBND)*(1 4 .4  
1/(RR+CH))
DO 5 1=1,N
ER=3QRT((RR+BR(I))«*2.+AR(I)**2.)

5 etot=etot+z (i )*i4.4/erRETURN
END

B. Results and Figures

Benzene
Radius ,j£ Energy, e¥
lxlO12
20.00
15 .00
10.009 . 0 0

8.00
7.00
6.00
5 .00  
4. 00
3.00 
2 . ^ 0  
2.00 
1.50 
1 .25  
1.125 
1.12 
1.10 
1 .09  
1.08 
1 .06  
1 .05  
1.025

-22.09 
-26.75 -26 .63  
-26.4.7
-26.41
-26.33
-26 .22  
-26 .09  
-25 .89  -25.61  
-25 .14  
-24 .76  
-24.14 
-18 .09
-16.04
-15.02
-15.01
-15 .00
-14.99-14 .98
-14.94
-14.91-14.80



29

Toluene

R ad iu s, 1 E n e rgy, eV.

lxlO12
ortho meta para

-24.39 -23.86 -23.8920.00 -28.81 -I7 .IO -29.43
10.00 -28.00 -28.98 -28.56
5.00 -26.47 -27.47 -26.81
2 .50 -24.13 -25.2I -13.48
2.00 -23.17 -24.29 -13.38
I.50 -14.01 -10.81 -13.85
I.25 -12.55 -21.80 -14.72
1.12 -II.60 -21.07 -19.04
1.10 -19.^7 -20.94 -18.87
I .09 -19.39 -20.88 -18.791.08 -19.32 -20.81 -18.70
I .06 -19.16 -20.68 -18.52
I .05 -19.07 -20.61 -18.42
I.O25 -18.86 -20.43 -18.19

Radius,
Aniline

Â Energy, eV.
lxlO12

ortho meta para
-24.31 -23.88 -24.24

20.00 -23.50 -19.33 -25.60
10.00 -29.37 -29.5^ -25.96
5 .OO -29.87 -29.93 -25.92
2 .50 -26.22 -30.12 -24.66
2 .00 -26 .16 -30.02 -25.47I .50 -25.74 -29.60 -23 .86
I .25 -25 .26 -29 .08 -24.92
1.12 -24.91 -28.65 -25.771.10 -24.85 -28.57 -27.08
I .09 -24.82 -28.53 -27.OI
1 .08 -24.79 -28.49 -26.94
I .06 -24.72 —28.40 -26.80
I.05 -24.68 -29.35 -26.73I .025 -24.59 -28 .23 -26.55
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Phenol
Radius, Ä Energy, eV.

ortho meta para
lxlO12 -2^.56 -23.97 -24.17
20.00 -29.69 -19.06 -25.68
10.00 -30.08 -30.66 -26.04
5.00 -30.59 -31.04 -26.25
2 .50 -24.95 -3I.2O -21.75
2 .00 -24.98 -3I.O7 -22.33
1.50 -24.68 -30.62 -23.46
1 .25 -24.94 -3O.O8 -24.60
1.12 -24.54 -29.65 -28.08
1 .10 -24.4? -29.57 -27.9^
1.09 -24.44 -29.53 -27 .86
1 .08 -24.40 -29.48 -27.79
1 .06 -24.33 -29.39 -27.64
1 .05 -24.29 -29.35 -27.56
1.025 -24.20 -29.22 -27.36

Bromobenzene
Radius, £ Energy, eV.

ortho meta para
lxl012 -29.12 -28.76 -29.90
20.00 -33.16 -26.60 -32.O8
10.00 -34.76 -35.81 -33.62
5.00 -37.32 -38.04 -35*^7
2 .50 -41.40 -40.50 -35.512.00 -42.37 -41.09 -34.87
1.50 -42,34 -41.47 -36.49
1.25 -43 .13 -41.41 -37.75
1.12 -43.47 -41.25 -38.08
1.10 -43.51 -41.21 -37.94
1.09 -^3.53 -41.19 -37*87
1.08 -^3.55 -41.16 -37.79
1 .06 —4^.58 -41.12 -37.64
1.05 -43 .60 -41.09 -37.56
1.025 -43 .63 -41.02 -37.36
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B e n z o n ltr ile

Rad i xis, £ Energy, eV.
ortho meta para

3x1012 -22.44 -20.92 -23.04
20.00 -21.01 -17.98 -24.57
10.00 -24.45 -26.47 -25.75
5.00 -25.85 -27.8O -27.62
2 .50 -25.29 -29.17 -28.92
2 . 0 0 -27.64 -29.43 -29.36
I .50 -27.23 -29.42 -30.36
I .25 -24.71 -29.12 -30.96
1.12 -24.72 -28.81 -30.96
1 .10 -25.98 -28.75 -31.00
I .09 -26.09 -28.72 - 3 1 . 0 1
1.08 -26.11 -28.69 -3I.O3I .06 -26.12 -28.62 -31.06
I .05 -31.25 -28.58 -31.21
I.O25 -3I.2I -28.48 -3I.IO
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Figure One. Results for benzene.
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Figure Two. Results for Toluene.
o = ortho attach
x = nieta attack
e = para attack
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Figure Three. R e su lts  fo r  A n il in e .

0 = orthoi a tta c k

X = mete a tta c k

e = para a tta c k  .
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Figure Four. R e su lts  fo r  Phenol.

o = ortho attack
x = meta attack
e = para attack
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Figure Five. Results for Bromobenzene.
o = ortho attack
x = meta attack
e = para attack
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Figu re S i x .  R e su lts  fo r  B e n z o n it r ile .

0 = ortho a tta c k

X = meta a tta c k

e = para a tta c k
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Figure Seven Results for Benzene— small radius
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