
J.  CHEM. SOC. PERKIN TRANS. I1 1983 569 

Oxidative Coupling of Phenols. Part 7.' Spin-density Calculations on the 
Phenoxyl Radical 

David R. Armstrong, Colin Cameron, Derek C. Nonhebel, and Peter G. Perkins 
Department of Pure and Applied Chemistry, University of Strathcfyde, Gfasgow GI IXL 

The calculation of the spin-density distribution and other properties of the phenoxyl radical by a variety of 
ab initiu MO techniques is described. The relative importance of basis-set size to  structural factors was 
investigated and the results indicate that the geometry of  the radical is a more important feature in arriving 
at a satisfactory theoretical description of the spin-density distribution in the phenoxyl radical than is the 
basis set. 

There are suggestions in the literature * v 3  that the distribution 
of the unpaired electron in a phenoxyl radical is the over- 
riding factor which determines the relative proportions of the 
various coupled products formed in the oxidative coupling of 
phenols, the most notable case being that of orcin01.~ In the 
preceding paper we have, however, shown that, in the oxi- 
dations of phenol and 3,5-dimethylphenol, the relative ratios 
of the C-C coupled dimers are not determined by the spin- 
density distribution in the phenoxyl radicals. The results 
obtained could, however, be satisfactorily interpreted if the 
radicals preferentially approach each other in a sandwich-like 
manner via the transition state (Figure 1). We shall consider 
the coupling process in detail in Part 8.5 However, in this paper 
we focus attention on the spin-density distribution in the 
phenoxyl radical. This is necessary before it is possible to 
carry out a theoretical study on the preferred mode of coupling 
of phenoxyl radicals. 

A number of calculations on the phenoxyl radical and 
related species have been reported, produced from a variety 
of quantum mechanical methods. Some of these have been 
more successful 6-9 than others in predicting the spin- 
density distribution and other properties of the phenoxyl 
radical. One of the most common features arising from these 
calculations is that the experimental ordering of the spin 
density in the phenoxyl radical is not well reproduced; the 
calculations have frequently predicted that the spin density at 
the ortho-position(s) is greater than that at the para-position, 
when in fact the experimental spin density at the para-position 
is approximately twice as great as that at the o r t h o - p o ~ i t i o n . ~ ~ ~ ~ ~  
Such a prediction is not restricted to phenoxyl radicals but 
has been noted for a number of n-type radicals, including the 
isoelectronic benzyl and anilino-radicals.16 The inability of 
MO methods to reproduce the experimental ordering of the 
hyperfine splitting constants in radicals has long been a subject 
of interest, and calculations have suggested that distortion 
of the molecule must be taken into account in order to 
reproduce the experimental ordering. In 7t radicals, spin- 
density distribution is critically dependent on the geometry of 
the radica1.16-18 With the geometry of Figure 2a and using the 
largest reported Gaussian atomic orbital basis set (equivalent 
to a minimal double-zeta basis set), Hinchliffe obtained the 
results for the phenoxyl radical shown in Table I in a spin- 
unrestricted MO calculation. The hyperfine constants given 
are those obtained after a single annihilation on the UHF 
(unrestricted Hartree-Fock) wave function. Although the 
correct ordering of the ortho- and para-proton hyperfine 
coupling constants is obtained, the absolute values are in poor 
agreement with experiment , particularly at the nw ta-posi tion. 
This is reflected in the value of ( S 2 ) A A  (total spin eigenvalue 
after a single annihilation), which deviates substantially from 
the value of 0.75 expected for a pure doublet state. Although 
the total energy calculated is the lowest reported for a calcu- 

Figure 1. Transition state in the coupling of two phenoxyl radicals 
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Figure 2. Geometry of the phenoxyl radical 
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lation on the phenoxyl radical, the proton hyperfine coupling 
constants are not appreciably better than those obtained 
using cruder basis sets. It is worth noting here that the bond 
length chosen by Hinchliffe for the C-0 bond (1.47 A) seems 
inordinately long for a C-0 bond which is likely on intuitive 
grounds to have partial double-bond character (C-0 in 
phenol is 1.36 A). It has been suggested ' that a very large 
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Table 1. Electronic, nuclear, and total energy, and magnetic properties of the phenoxyl radical (experimental data in parentheses from 
refs. 14 and 15) 

‘H hyperfine coupling 
E (hartree) constants (G) (SZ> 

Nuclear 248.579 63 -6.1,” -5.62 (-6.60) (S2)BA 1.33 a 

Electronic - 564.029 13 a3 8.5,” 3.83 * (1.96) 
Total -315.449 50 a a4 - 6.9,” - 6.08 ’ (- 10.40) <S2)AA 1.05,” 0.825 

Ref. 6. Ref. 19. 

basis set needs to be used in order to obtain an UHF wave 
function which adequately describes the spin properties of 
such systems. We therefore decided to investigate the effect of 
basis-set size on the properties of the phenoxyl radical. 

Owing to the inherent difficulty in determining the molecular 
structure of such radicals by experimental methods, most 
workers have tended to assume a geometry which is based on 
analogous, stable compounds of known structure. In the case 
of the phenoxyl radical, most previous workers have assumed 
a regular hexagonal arrangement for the aromatic ring, with 
an appropriate C-0 bond length. Ab initio calculations on the 
isoelectronic species benzyl, anilino, and phenoxyl radicals 
have been reported.6 In all three cases, the geometry chosen 
was based on the regular hexagon and having appropriate 
exocyclic C-C, C-N, and C-0 bond lengths. This geometry 
for the phenoxyl radical is shown in Figure 2a. We shall refer 
to this geometry as the ‘ Hinchliffe geometry ’. It has become 
clear that the results of the calculation are strongly geometry- 
dependent (see later discussion) and, hence, we adopted an 
approach in which different geometries were studied. 

It is, of course, possible to obtain an optimum geometry by 
quantum mechanical methods, i.e. by minimising the energy 
with respect to all the geometrical variables in the molecule. 
In the case of the phenoxyl radical, the large number of such 
variables necessarily calls for semi-empirical methods to be 
used and, indeed, MTND0/3 l9 and TNDO ’O optimisations of 
phenoxyl radicals have been reported. 

The geometry obtained by Bischof l9 in the MIND0/3 
optimisation is shown in Figure 2b. The major difference 
between this and the Hinchliffe geometry lies in the shortening 
of the C(2)-C(3) and the C-0 bonds. Bischof’s results for the 
phenoxyl radical using this geometry (henceforth denoted the 
MIND0/3 geometry) are presented in Table 1. The hyperfine 
splitting constants were obtained from the spin density matrix 
using the McConnell relation~hip,~ with Q -28 G. Although 
the absolute values are somewhat underestimated, they do 
show the correct ordering. In addition, the value of (9) is 
considerably improved over the Hinchliffe case and is much 
closer to the value expected for a single unpaired electron 
(0.75). This situation is not uncommon ; semi-empirical 
calculations often afford ‘ better ’ results than the more 
rigorous ab initio calculations due to their parametrisation 
procedures. 

The geometry, obtained by an optimisation under the INDO 
formalismz0 is shown in Figure 2c. It is clear that the geo- 
metry is dependent on the level of approximation at which it 
is optimised. In this case, the C(2)-C(3) shortening is more 
marked than in the MIND0/3 case. 

Basis Sets and Hami1tonian.-The ab initio calculations 
employed the ATMOL 3 suite of programs 21 and involved the 
use of a number of different minimal basis sets of varying size 
and complexity. STO-3G and STO-5G basis sets were con- 
structed using the orbital exponents of Clementi and Rai- 
mondi.” For the calculations involving contracted Gaussian 
basis sets, the exponents and coefficients derived by Roos and 
Siegbahn 23 for first-row elements were employed for the 

<7s, 3p> case and those of Dunning24 in the (Ss, 5p)  calcu- 
lations. The contraction for the hydrogen Is orbital is that 
given by Huzinaga.2s Both restricted and unrestricted Hartree- 
Fock calculations on the radical were performed. In the latter 
case, however, a single determinantal wavefunction of the 
Slater type is not, in general, an eigenfunction of the total 
spin operator 3.’ This gives rise to the phenomenon of spin 
contamination, which is partially circumvented in the usual 
manner 26 by spin annihilation of the major contaminating 
mu1 t i plet . 

Results and Discussion 
All three geometries were used in the present investigation of 
the effects of basis-set size and geometry on the properties of 
the phenoxyl radical. Now, the results of the semi-empirical 
geometry optimisations suggest that Hinchliffe overestimated 
the C-0 bond length and, hence, an investigation of the 
effect of varying the C-0 distance was also carried out. These 
calculations were performed using an STO-3G minimal basis 
set and Tables 2 and 3 give the results of the UHF and RHF 
calculations, respectively. 

The results show that, although one wavefunction gives a 
better representation than another from the energy point of 
view (the energy using the MIND0/3 geometry is better than 
that obtained using the Hinchliffe geometry), it may be quite 
inferior for the calculation of other properties, e.g. the value 
of (S2)AA for the two geometries. The value of the total 
spin operator, (S’), even after a single annihilation, still 
shows multiplet contamination of the UHF wave function, 
expecially in the case of the MIND0/3 geometry. This result 
is reflected in the poor quality of the proton hyperfine coupling 
constants calculated for both geometries. In both cases, the 
value of a2 is consistently greater than a4, in contrast with the 
experimental ordering. The values of a3 are consistently over- 
estimated, a result in keeping with the calculations of other 
workers (cf. Hinchliffe’s results, Table 1). In all cases the spin 
density on the oxygen (po) is too large, though this is reduced 
as the C-0 bond length is shortened, i.e. the amount of de- 
localisation of the unpaired electron is increased. 

Equivalent RHF STO-3G calculations are shown in Table 3. 
Spin-restricted SCF calculations give rise to (S’) = 0 in all 
cases. The total energy obtained in RHF calculations is always 
higher than the total energy in corresponding UHF calcul- 
ations, a consequence of using a more rigid basis set in the 
former. The spin density on the oxygen atom is greatly over- 
estimated, even in those cases where a short C-0 bond length 
is used. Little delocalisation of the unpaired electron is shown, 
as evidenced also by the extremely low proton hyperfine 
coupling constants, although the delocalisation does increase 
as the C-0 distance is reduced. The ordering of a2 and a4 is, 
moreover, not in agreement with experiment. 

The basis-set size was next increased in a STO-5G minimal 
basis-set UHF calculation. Table 4 show the results of such a 
calculation for the MIND0/3 geometry. This increase in 
basis-set size yields significant improvement in the total 
energy (ca. 3 hartree). It seems surprising, in view of the fact 
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Table 2. Variation of properties of PhO- with C-0 distance in the Hinchliffe and MlND0/3 geometries (UHF STO-3G) 

Hinchliffe geometry 
1.47 1.40 1.22 
1.309 1.304 1.267 

- 7.1 - 7.5 - 9.0 
4.3 4.3 4.4 

- 6.72 -7.1 - 8.4 
0.71 0.67 0.51 

300.968 49 - 300.968 09 - 300.927 07 - 

MIND0/3 geometry Observed 
1.30 1.22 
1.574 1.444 0.75 

4.7 4.7 1.96 

0.52 0.43 

- 9.2 - 9.9 - 6.6 

- 8.9 - 9.5 - 10.4 

300.977 68 - 300.960 49 
~ 

Table 3. Variation in total energy of PhO. and spin-density distribution with C-0 distance with Hinchliffe and MIND0/3 geometries (RHF 
STO-3G) 

Hinchliffe geometry MIND0/3 geometry 
c-0 (A) 1.47 1.22 1.30 1.22 
a2 (G)  - 0.57 - 2.70 - 1.59 - 2.88 
a 3  ( G )  0 0 0 0 
a 4  (G) - 0.29 - 1.23 - 0.95 - 1.87 
Po 0.95 0.80 0.85 0.72 
El,, (hart ree 1 - 300.9462 - 300.8841 - 300.9283 - 300.9017 

Table 4. Comparison of STO-3G and STO-5G basis sets 

STO-3G STO-5G Hinchliffe Observed 
El,, (hartree) - 300.960 49 - 303.754 84 - 315.449 50 
(S2)BA 1,5807 1.6163 1.3333 0.75 
\\ s2> *A 1.4449 1.5167 1.0541 0.75 

(13 (G) 4.6 4.8 8.5 1.96 
(12 ( G )  - 10.0 - 10.0 - 6.1 - 6.6 

a4 ( G )  - 9.5 - 9.6 - 6.9 - 10.4 

Table 5. UHF and RHF calculatior 

El,, 
Single zeia ~ 7 9 ,  3p\ calculation 

UHF -304.021 79 
RHF - 303.969 11 

UHF - 304.581 23 
RHF - 304.534 87 

UHF - 304.726 84 
RHF - 302.663 81 

UHF - 304.885 85 
RHF - 304.840 01 

Double zeta \ 7s, 3p) calculation 

Single zeta (99, 5 p )  calculation 

Double zeta (9s, 5 p )  calculation 

1s with varying basis sets 

1 S O Y  1.307 - 9.8 
- 3.36 

1.447 1.210 - 9.8 
- 5.6 

1.510 1.310 - 9.8 
- 3.08 

1.454 1.221 - 10.1 
- 5.91 

a3 ( G )  

4.6 
0 

4.6 
0 

4.6 
0 

4.9 
0.1 

(14 ( G )  

- 9.52 
- 2.24 

- 9.8 
- 7.6 

- 9.6 
- 2.24 

- 10.2 
- 7.65 

Po 

0.43 
0.68 

0.39 
0.28 

0.43 
0.67 

0.39 
0.25 

Double zeta \YJ, 5 p )  calculation on the Hinchlitfe geometry 
UHF - 304.584 84 1.401 1.146 - 6.98 4.30 - 6.68 0.71 
RHF - 304.566 41 - 0.68 0 - 0.3 0.93 

Hinchliffe - 306.746 80 1.333 1.054 -6.1 8.5 - 6.98 
(corrected) 

that the MIND0/3 geometry is of lower energy than the 
Hinchliffe geometry (see Table 2)’ that there should be such 
a discrepancy in total energy between Hinchliffe’s calculation 
and the STO-5G results, even taking Hinchliffe’s superior 
basis set into consideration. This difference can be attributed 
to an underestimation in the nuclear repulsion energy cal- 
culated by Hinchliffe for his own geometry (see Table l )  and 
the value of 256.2823 hartree calculated on the same geometry 
in our STO-3G calculations. Nuclear repulsion energy 
depends only on the nuclear co-ordinates and, since these 
are identical in both cases, there should be no difference in the 
values of the nuclear repulsion energy calculated. The total 
energy obtained by Hinchliffe should, therefore, be reduced 
by 8.7027 hartree. The result is -306.7468 hartree, which is 

still the lowest value yet calculated for the phenoxyl radical. 
N o  improvement in the spin-density distribution was observed 
on increasing the size of the basis set (Table 4). Indeed, the 
degree of contamination of the UHF wave function by un- 
wanted multiplets is more severe in the STO-SG case and this 
suggests that a careful choice of basis set is equally as important 
as is size of the basis set. 

The size of the present basis set was next increased by 
using contracted gaussian-type bases rather than Slater-type 
orbitals. 

Both single zeta [a total of 132 GTOs contracted into 40 
in the (74 3p) case and 188 GTOs contracted into 40 in the 
(9s’ 5 p )  case] and double zeta [a total of 132 GTOs contracted 
into 80 in the ( 7 4 3 ~ )  case and 188 GTOs contracted into 80 
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Table 6. Variation in properties of PhO- with C-0 distance in the INDO geometry 

c-0 (A) Etot (hartree) <S2)** a2 (GI 
1.22 - 303.977 98 1.1203 - 8.20 
1.24 - 303.986 50 1.1471 - 8.09 
1.26 - 303.993 74 1.1756 - 7.95 
1.28 - 303.999 83 1.1991 - 7.84 
1.30 - 304.004 88 1.2226 - 7.73 
1.32 - 304.008 97 1.2435 - 7.59 
1.38 - 304.01 5 3 1 1.2898 - 7.31 

a3 (GI 
4.12 
4.12 
4.12 
4.12 
4.12 
4.12 
4.1 6 

a4 (GI 
- 12.32 
- 12.04 
- 11.82 
-11.48 
- 11.28 
- 11.06 
- 10.64 

Po 
0.40 
0.43 
0.45 
0.48 
0.50 
0.52 
0.57 

Table 7. Phenol radical cation, UHF single-zeta calculations 

c-0 (A) 
1.24 

Orthogonal Non-ort hogonal 
Elol (hartree) - 304.2402 - 304.251 5 

a2 (G) - 6.4 - 6.7 

a4 (GI - 13.4 - 13.6 

<S2)AA 0.797 0.808 

a3 (G) 2.7 2.8 

Po 0.14 0.17 

Orthogonal 
- 304.2552 

0.804 
- 5.9 

2.5 
- 12.5 

0.19 

1.36 
Non-orthogonal 

- 304.2652 

- 6.2 

- 12.3 

0.830 

2.8 

0.26 

in the (Ss, 5 p )  type] calculations were carried out. Table 5 
shows the results of the single- and double-zeta contracted 
gaussian basis-set calculations. Both unrestricted and restricted 
SCF wavefunctions were obtained. The MIND0/3 geometry 
was used in all cases. Comparison of the single-zeta results 
with those obtained from the corresponding STO-3G and 
STO-5G calculations (Table 4) shows that the gaussian basis 
gives a better description of the phenoxyl radical than the 
Slater-type, as the total energy is lowered and the degree of 
spin contamination is reduced. However, the spin-density 
distribution is no better, the same trends as before appearing. 
When the number of degrees of freedom in the wave function 
is increased by the double-zeta basis, there results a number 
of improvements with respect to total energy, spin contami- 
nation, and proton hyperfine coupling constants. In fact, for 
the first time, the experimental ordering of a2 and a4 is 
reproduced theoretically from the double-zeta RHF calcu- 
lation, although the absolute values are somewhat low. We 
find, then, that doubling the size of the basis set gives better 
agreement with experiment. 

A further increase in the basis-set size to (Ss, 5 p )  does not 
improve the results relative to those from the (7s, 3p) cal- 
culations to any appreciable extent (Table 4). 

For comparison, a double-zeta (Ss, 5p) calculation con- 
sisting of 188 primitive GTOs contracted into 80 GTOs (cf. 
Hinchliffe’s 195 primitive GTOs contracted into 80) was 
performed (Table 5 )  using the Hinchliffe geometry. These 
results show that, despite a sophisticated basis set, if the 
chosen geometry is not a close representation of the true 
structure, then the agreement of theory with experiment is 
likely to be poor. For instance, if the spin-density distribution 
from the last calculation is compared with that of the single- 
zeta (7s, 3p) calculation, which adopts the MIND0/3 geo- 
metry, then the results from the Hinchliffe geometry are no 
better as far as the hyperfine coupling constants are con- 
cerned and considerably worse as regards the spin density on 
the oxygen atom. A large basis set, however, in conjunction 
with a more realistic geometry (MIND0/3), gives considerably 
better results. 

A series of single zeta (7s, 3p) UHF calculations on the 
phenoxyl radical was performed on the INDO geometry,20 
with varying C - 0  bond lengths. The results are given in 
Table 6. First, the experimental ordering of the proton hyper- 

fine coupling constants is reproduced at all C-0 bond lengths. 
The absolute values are also in reasonable agreement with 
experiment. Furthermore, the values of (S2)AA, after a single 
annihilation, are lower than any others obtained, excepting 
the double-zeta calculations, probably reflecting the im- 
proved spin-density distribution. However, the calculations 
with the longer C-0 bond lengths exhibit a greater degree of 
spin contamination in the UHF wave function. 

The main difference in geometry between the INDO and 
MIND0/3 optimisations lies in the length of the C(2)-C(3) 
bond. The shorter this bond becomes (i.e. the more double- 
bond character it possesses), then the greater the delocalisation 
of the unpaired electron onto the para-position. This is shown 
by comparison of the values of a4 in the ( 7 4  3p) SCF cal- 
culations on both geometries. Although the INDO geometry 
predicts the correct ordering of the orrho- and para-carbon 
proton hyperfine coupling constants, the values themselves 
are slightly overestimated. In an attempt to improve the 
results using the INDO geometry, a calculation in which the 
length of the C(2)-C(3) bond was increased from 1.32 to 
1.34 A was performed. This had the desired effect of reducing 
the spin density at thepara-position but only at the expense of 
a concomitant and undesirable increase in the spin density at 
the ortho-positions. In addition, a poorer value of ( S )  was 
obtained. 

The value of (S2)AA is vastly improved if the phenoxyl 
radical is protonated. Two extremes of conformation can be 
envisaged for the phenol radical cation, an orthogonal one 
( 0 - H  out of the plane of the ring) and a non-orthogonal one 
(0-H in the plane of the ring). The results of a series of single- 
zeta (7s, 3p) UHF calculations on these geometries are given 
in Table 7. It  has been suggested 27 that there is less double- 
bond character in the C-0 bond of the phenol radical cation 
than in the phenoxyl radical itself, since the g factor of the 
phenoxyl radical is similar to that of the radical ReHCHO, 
whereas that of the phenol radical cation relates better to 
ReHCH20H. Our calculations bear this suggestion out: the 
spin-density distribution at the longer C-0 bond length is in 
closer agreement with experiment than that of the shorter 
C-0 bond-length calculation. As above, in the calculations 
on the phenoxyl radical using the INDO geometry, the 
proton hyperfine coupling constant at the para-position of the 
phenol radical cation, a4, is overestimated. However, the 
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Table 8. Results of double-zeta UHF calculations on INDO 
geometry 

<7s, 3P) <9s, 5P) 
E,,, (hartree) - 304.572 64 - 304.875 33 
< s 2 > B A  3.3414 1.3251 
< S 2 h  1.0744 1.0553 
a2 (GI - 8.31 - 8.52 
a3 (G) 4.20 4.31 
a4 (GI - 12.27 -11.98 
Po 0.395 0.399 

values of a2 and a3 are much closer to the experimentally 
observed values than they were in the corresponding calcul- 
ations on the phenoxyl radical. The spin density at  the oxygen 
atom is also much improved. The improvement in the value of 
(S2)AA can be attributed to the removal of those electrons 
from the x system of the radical which cause the contamination 
of the wavefunction in the radical [i.e. the spin density a t  the 
rneta-positions and C( l)]. These electrons become localised 
in the new 0-H bond and populate the 1s orbital of the extra 
hydrogen atom. 

For completeness, UHF double-zeta calculations on the 
INDO optimisation of the phenoxyl radical were performed, 
the results of which are given in Table 8. 

The total energy of the radical and the value of (S2)AA are 
only marginally improved relative to the corresponding 
single-zeta calculations, as observed in the double-zeta 
calculations described previously. No improvement in the 
spin-density distribution is observed at  all. There does not 
seem to be any significant advantage to be gained in employing 
the larger (Ss, 5 p )  basis set rather than the (7s, 3p) basis set. 

We conclude that basis-set size, although important, is not 
the over-riding factor in determining whether or not the 
properties of these species are well reproduced. It seems to be 
far more important to adopt a realistic geometry (e.g. M I N D 0  
3 or INDO results), expecially in the case of x radicals, where 
spin-density distribution has been shown to depend critically 
on the geometry. 
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