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From the cleetron spin resonance (e.s.r.) spectruin of a benzene solution of copper etioporplivrin 11, a go value of 2.097 5 was

obtained. The spectrum of a castor oil solution of CuEtio II gave d =
benzene solution is composed of four absorptions separated by 91.2 gauss.

gens is observed.

of lines. Ideally tlie latter number should be nine.

2.1693 and g3 = 2.061g. The spectrum of the
A hvperfine structure due to the four-ring nitro-

The four-nitrogen nuclei cause each of the four coppet-hyperfine absorptions to be split into a number
Actually, all nine lines are not seen but this can be explained by the
relative mtensmes of the nitrogen lines being 1:4:10:16:19:16:10:4:1 as calculated by a multinomial distribution.

The

spacing in the nitrogen hyperfine structure (14.6 gauss) shows that the odd electron can be found in the copper d.2_.,? orbital

about 749, of the time,

Introduction

The porphyrins constitute a very interesting
and much studied class of molecules. Their bio-
logical importance is well known and the determi-
nations of their structural configurations and chem-
ical properties have long been problems of great
interest.

Several of the metallo porphyrins are interesting
for their magnetic properties. It is the purpose of
this work to study the electron spin resonance of
copper etioporphyrin II (hereafter known simply
as Cu Etio II) and draw some conclusions con-
cerning the bonding properties of the odd electron.
The general procedure used in this paper follows
that of Stevens® and Owen.?

Discussion

The symmetry of Cu Etio 1I (Fig. 1) is Dan.
It will be assumed, however, that the electric field
at the copper atom has Dy symumetry. It may
be mentioned that previous magnetic measurements
are in agreement with a planar configuration.®

The notation for atomic orbitals is summarized
as

pi
N =7; 1 =21, 3, 24
N (2py = w;
Ni(2py) = 7.
d?
dyy
Cu(sd) = Ay
dy,
dvz‘\"
Cul4s) =

It building the molecular orbitals only atomic
orbitals centered on the nitrogen atoms and the
copper atom are used. Application of group
theory leads to the symmnietrized molecular orbital
states
N [24
> * 9

1By > = a . dyyt [;/1*_11> -

Phes> — s> A > ]

B)‘

| Beg> = 8ldu> =1

Toga2> — 1> — jwu>]
(1) This invectigation was supported in part by research grant
R(:-5144 from the Division of Generil Medical Sciences, Public Health
Service,
(2) Kenmnecott Copper Corporation Pellow for the year 1058-1959.
(3) K. W. H. Stevens, Proc, Roy. Soc. (London), A219, 542 (1053).
1) J. Owen, (bid., A227, 184 (1950).
i5) 1.. C. Pauling aud C. ). Coryell, Proc. Natl, Acod. Sci, U/, 8., 22,
210 (1934).

> = ylls> +81de>1 = L[> +
lh~:'_l> bt “12:3> - “124\)] (1>

o 1 - B2 /z

bg > = B“(ly\z > X ( ‘ \/621 ) 7ru> — ‘7&’242[
Do /e !
CES> = 8 dw > £ ( \/621 ) H?'r,.1> - j7r~_\3>]

In the above states the |7;> are hybrids given by
“221> = (lezl> -+ \"/mfp'll>
|hae> = ajrn> + V1 — a2 pp> (2)
U’z:;> = a\w23> - ‘\/1 - 02‘p93>
> = afm> — A1 — a?]pn>

The theory of hybrid orbitals leads to the choice
of (2¢)"/t for a. Overlap has been included in
the By, and Ayy orbitals since overlap is the great-
est in these two. «’ is given by

a = 1/aS + V1 ~ o (3)

S = <(Z‘\'l,,5,2‘ {Ehg]> — “ZQQ> et “lz:s> - ”124>} (4)

Bonding orbitals are obtained by taking the
positive sign in equations 1 and antibonding
orbitals are obtained by taking the negative sign.
Figure 2 shows the approximate relative positions
of the molecular orbitals. The energy levels are
not drawn to scale. The electronic configuration
used in this paper is as follows. The eight sigma
electrons from the ring and eight 3d electrons from
the copper fill the bonding molecular orbitals
shown in Fig. 2. The odd electron responsible
for the paramagnetism is placed in the antibond-
ing |B;z> in the ground state. The By state has
no orbital degeneracy. Placing the odd electron
in the antibonding 'Big> (hereafter simply |Byg>)
conforms to modern ligand field theorv.® In
fact McGarvey™ has shown that placing the odd
electron in the 4p, copper orbital predicts results in
disagreement with his paramagnetic resonance
data on the copper(II) acetylacetonate. Recent
papers by McGarvey and Maki®® further confirm
the theory that the paramagnetic properties of
copper (II) acetylacetonate are best explained with
the odd electron being placed, in the ground state,
partly in the |ds? — y2> copper orbital.

6) J. 8. Griftith and L. E. Orgel, Quart. Rev.

(7) B. R. McGarvey, J. Phys. Chem.,

(8) B. R. MceGarvey and A,
QRGN

a) Bl R AeGarvey and A 1L RNaki, hnd., 29, 35 01 uase,

.11, 386 (1857).
60, 71 (1951).

H. Maki, J. (Chen. Phys., 29, 31
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Although the crystal structure of Cu Etio II
has been examined in some detail,’® the orienta-
tion of the molecule in the crystal lattice is not
known. It is thus necessary to study the es.r.
in solution.

The spin Hamiltonian for an electron in a tet-
ragonal electric field is
Hy = BegiHsSs + Beg LUELS: + HaS2) + AS % (3)

+ BT + ST + T (o0 g0y s

+ ... (smaller terms)

In equation 5 the direction indicated by the sub-
script 3 is the symmetry axis of the molecule. The
1 and 2 axes pass through atoms 22 and 21, re-
spectively. Be, Bn and yx are the Bohr magneton,
nuclear magneton and the nuclear gyromagnetic
ratio of the nitrogen nucleus. px(0) is the value
of a nitrogen 2s atomic orbital evaluated at the
nitrogen nucleus. The “smaller terms” of equa-
tion 5 include the nuclear quadrupole interaction
and the interaction of the nuclear moment with the
applied field /1.

By transforming Hs of equation 5 into a co-
ordinate system fixed in the laboratory we obtain!!

30y = goBHS, + a’ST% +
4_”7_1;@&‘ ()| pn(0)|2SI® 4 38 (6)

where the space fixed Z axis is determined by the
homogeneous magnetic field. 3C; is defined in refer-
ence 9. goand a’ are related to g and g, .

1
£ =3 (g + 281)
o = %(A + 2B)

In solvents of low viscosity we may replace the
time average of 3¢ by the spatial average which
vanishes.!> Hence for solvents of low viscosity we
have as the spin Hamiltonian

Hs = Ko = goBHS, + a’S- I 4
ATV (o1 o (OIS TV (7)

The copper nucleus has a spin of 3/2 and the
nitrogen nuclei have spins of 1. The e.s.r. spec-
trum of Cu Etio II would then be expected to be
composed of four copper hyperfine lines with nine
nitrogen hyperfine lines superimposed on each of

(10) P. K. lber, Anal. Chem., 30, 2065 (1958).

(11) H. M. McConnell, J. Chem. Phys., 25, 709 (1950).
(12) 8. 1. Weisstnan, ¢bid., 22, 1478 (1951).
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Fig. 2.—Energy level scheme for copper ctioporphyrin I1.
Here the assumption has been made that 82 = 28,2 — 1 and
that A, = 18,950 em.!,

the four copper hyperfine lines. If the strong
field approximation is made the spacings in the
nitrogen hyperfine structure (h.f.s.) and copper
h.f.s. are, respectively

doy = TEE (o) (80)
Avcu = a'/k (8b)

In solvents of high viscosity the rotational
interaction between solute and solvent iolecules
is small and the e.s.r. spectrum of such a solution
consists of two sets of 27 + 1 lines.!*!* One set
of lines will be centered at a field strength Hj; and
the other at f7, where

hy
Hy=—- 9
! g118. ©)
hv
H, =
+ £18e

The spacings in the spectrum of the high vis-
cosity solution yield the hyperfine structure con-
stants 4 and B.

The parameters gy, g1, 4 and B will depend on
the electronic state of the unpaired electron.
Abragam and Pryce!* have derived general for-
mulas for the latter parameters. Theyare

g, = 2.0023 {1 — Ay
g1 = 20023 {1 — My}
A = — P {K 4 3¢mz + 20y — 38Uy}
B = — P {K + 3tmyu -+ 20y — 38Uy}
Here X is the spin orbit coupling constant
( — 828 cm. ™! for the free copper (II) ion); £ is a
constant whose value depends on the electronic con-
figuration of the free ion (§ = 221 for d clectrons);
the product —PK is the contribution to 4 and B
from the well-known Fermi contact interaction.
Ay, m;iand w4y are defined as
_ <O|Liln><nlL:|0>
= 2 E. = &

(10)

n# o

my = <0|L30> — é],([, + 1a?

i
= e Z

oo

(11)

<OLign> < LiLy +InLi| 0>
Ey — E

Ui =

(13) R. H. Sauds, Phys. Rev., 99, 1222 (1855).

(14) O'Reilly, J. Chem. Phys., 29, 1188 (1958).

(13) A. Abragam and M. H. L. Pryce, Proc. Roy. Soc. (Limdon),
A206, 135 (1951).
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In 11, |0> is the ground state of the unpaired elec-
tron and the |#> the excited states; « is the co-
efficient in the first of equations 1.

Using equations 1 with hydrogen-like wave
functions, equations 10 and 11 and the previously
discussed electronic configuration we obtain

g = 2.0023 31 ~ X248 -
4y
a'(l =80/ (a + A1 < a? m)pE (12a)

‘ ’ _ 231
QL = 20023 11 - %‘2 [oﬂﬁ?, - 2aaaB(l — B)L:

t V2

20121 — B2 a1l — BNl — a2
aa(2 8% L a1 ﬂx2)( a)Rzmz:IE (12b)

A =P-§—%a2—ff+(gll —~ 2.0023) +

:;(g.l. — 2.0023) ~ ?w (@ + VI = 2R®) + Fl(Bl)E
(12¢)

B=7r %5; at + i—i (gL — 2.0023) — K —

(22?12 + Fz(ﬂ])%

N is the copper—nitrogen distance and

(12d)

R = — <7

o o
a’ﬁi>=—<w1 5§IP1>
I (3) and Fy(By) are given by

_ 6 _ . aaa'fr _
Bk = 7Ay (1 = o) % V2 V2
o'yl — 61:)(1 —~ a?) R%R?E

)
a%a’?

and

3\ vy data?
R = 250 =ty
2’1 = B*)(1 — a?) 2aaa’Bi(1 — B12)\/
R2m2 — .~
2 ” V2

aaa’fy VI = a)R& (aw(l — 8O aa{_>E
e T (a + JR®) 5 P
Aj and A, are given by

Ay = E(By) — E(Bu)

Ay = E(Eg) — E(Big)
In the above calculations all overlaps between
atomic orbitals whose maxima were not along a
copper nitrogen bond were neglected. All terms
quadratic in overlap also were neglected.

The expression for ® is integrated easily and the
result is
_ B(Zx*NZxP)/(ZxP — Zx%)
(Zx") a0

where Zx® and ZnP are the effective atomic numbers
of 2s and 2p nitrogen electrons respectively and
Zn' = Zn® + ZxP. If Slater’s rule for Zn%and ZnPis
used ® vanishes. We have chosen to use Hartree's
values which are!®

®

Zy? = 3.54
Zy* = 4.50
Thiesc niinbers yvield
® = —0.23a,7!

(16) D). R, Hartrce, “The Calculation of Atomic Spectra,”’ Jolin
Wiley and Sous, Ine., New York, N. Y., 1957,
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The central atom to ligand distance R is 1.84
= 0.03A. in the nickel compound!” and is probably
the same in the copper compound.

The ground state, fB,g>, has a node at the copper
atom. Thus in a low viscosity solvent where the
anisotropic hyperfine interactions average to zero
we might expect to see little hyperfine structure
due to the copper nucleus; however, the spectra of
most copper complexes is made conspicuous by the
presence of the hyperfine structure in which the
spacings are usually rather large. Abragam,
Horowitz and Pryce!® have explained this anoma-
lous hyperfine structure in free ions by including
in their ground state wave function a configuration
obtained by promoting a 3s electron to the 4s
orbital. We may make a similar explanation by
promoting an electron from the bonding Ay
molecular orbital to the antibonding Az molecular
orbital. The problem then becomes at least a
three electron one.

Let &(x) = <w|Ay>, bonding
®(x) = <x|Bi>, antibouding
&y(x) = <x|A1.>, antibonding

where x stands for a set of coérdinates fixed in the
molecule. Keeping the eigenvalue of the Z com-
ponent of the total spin as 1/2 we may approxi-
mate the ground state wave function by

\],Om,M = %m,M _+_f¢2m.)l (13)

where m and M denote electron and nuclear spin
components along the axis. For m we have two
values denoted by + and — and M may take on
four values. ¢;tand . Tare

e (mE)
W1 Vilag o

+ 1 P P O3 Py Py Dy P Dy Py
Pt = —= 42 - -
\/é‘é aa B afB «a B a a

~ S
/= E - E;
where JC is the three electron Hamiltonian exclud-
ing quantal type interactions.
The electron contact interaction has the form

3 —
G = 167"6?361170\1 Z 5(;:)543,[
e = 1
where Ve is the distance from the central atom to
the eth electron. The general expression for
matrix elements of § in the ground manifold shows
that
1
~Px = E280e (D7 mo)e©0) (1)
where &,(0) is ®1(x) evaluated at the copper
nucleus.

Instrumental

A Varian Associates model V 4500 e.p.r. spectrometer
was used to obtain the spectra of Cu Etio II in benzene and
castor oil solutions. The magnetic field was monitored with
a Harvey-Well Electronic Inc. Model G-501 gaussmeter.
Each spectrum was preceded by a spectrum of a benzene
solution of DPPH for which the gy vulue is accurately
kirown to be 2.0036.

(17) M. B. Crute, Thesis, The Johns Hopkins University, 1958.
(18) A. Abragam, J. Horowitz and M. H. L. Pryce, Proc. Roy. Soc.
(Londor), A230, 169 (1955).
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Fig. 3.—The electron spin resonance (derivative) spectrum of
CuEtio II in benzene.

Results

The spectrum of a benzene solution of Cu Etio
II (Fig. 3) consists of four almost equally spaced,
but not of equal width, lines. These four lines
may be attributed to the copper atom which has a
nuclear spin of 3/2. Superimposed on each copper
hyperfine absorption there should be nine absorp-
tions due to the four nitrogen nuclei, each of spin
1. Observed are seven nitrogen h. f, absorptions
on the narrowest copper h. f, five on the next
narrowest, three on the next and no discernible
nitrogen h. f. absorptions on the broadest copper
h. f. The relative intensities of the nine nitrogen
h. f. absorptions are, according to a multinomial
distribution, 1:4:10:16:19:16:10:4:1. On the basis
of these numbers the actual number of nitrogen
h. f. observed can be explained.

The spacing of the nitrogen hyperfine structure
is 14.6 gauss and that of copper is 91.2 gauss,
The approximate half-widths at half maxima for
the copper h.f.s. are, as they appear for increasing
magnetic field, 39, 27, 13 and 7 gauss. The asvm-
metry of the copper hyperfine structure may be
partly explained by the contribution of the ani-
sotropic nuclear hyperfine interactions to the line
width, The theory,'? as presented by McConnell,
shows that the width of the line depends on the
value of I; and the dependence is in qualitative
agreement with experiment.

The value for the spin Hamiltonian parameter
a’ is 0.0089 cm.~!. The value of &’ can be ob-
tained from the nitrogen h.f.s. spacing of 14.6 gauss.
With yx = 0.4036 and |p~n(0)]2 = 33.4 X 10%
cm. %% o' becomes

o’ = 0.55
To obtain « the overlap S must be known, By
using hydrogen-like wave functions and atomic
numbers from Hartree’s book! the value of S is
approximately 0.1. The value of « then becomes

a = 0.86

With this the obvious statement can be made that
the odd electron can be found in the copper dx*— y?
orbital about 749, of the time, Thus the By
molecular orbital is fairly covalent in nature.

The spectrum of Cu Etio II has its center cor-
responding to a gy value of

g0 = 2.0973

The e.s.r. spectrum of Cu Etio II in castor oil
(Fig. 4) consists of five lines. Ideally there should
be eight lines but there is evidently overlapping

Fig. 4—The electron spin resonance (derivative) spectrum
of CuEtio II in castor oil.

of three of the lines from each set. There is enough
resolution, however, to calculate the values g,
and g;. The points corresponding to the centers
of the two sets of lines are shown in Fig. 4. The
observed values of g, and g, are

gy = 2.1693

g, = 2.061¢

If Ay and A, were known, 8 and B could be
found from the theoretical expressions for g,

1.Q00
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Fig. 5.—Plots of bonding parameters 8 and 8 versus energy
level differences A; and A, (a, above and b, below).
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and g;. Unfortunately A; and A, arc not known
since the optical absorption spectra of the ring
pi electrons probably masks the A; and A, transi-
tions. A transition corresponding to A, would be
weak in any case. However graphs of 8 uvs. A
and By vs. A, are given in Figs. 5a and 5b.

The values obtained for .1 and B are, using
the value obtained for a’

A = £1.88 X 1072 cu1. 7!
B = £0.39 X 107% cinn. 7!

The sign of - is taken as negative; apparently all
copper compounds studied so far have negative
:l’'s. For 3y = 1, equations 13 solve to give P =
0.030 cin. ~tand K = 0.36.

If, in equation 14, we replace &(0)®;(0) by
v%S(0) ?and take

[S(0)|2 = 23 X 102 cim, 3
along with yeu = 153, K = 0.36 and P =
cu.7! we obtain the result that
fv* = —0.048

This shows that only a small admixture of ¥, is
necessary to explain the copper hyperfine structure.
The negative sign obtained for f is due to the pro-
motion of an electron from a bonding orbital to an
antibonding orbital.

Conclusions
Some insight has been gained on the nature of
the molecular orbital which involves the odd elec-
tron. Since this bond has a fair amount of co-
valent character it is expected that the other sigma
orbitals involving electrons from lower copper d

0.030
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orbitals are also appreciably covalent in character.
This is in agreement with the fact that Cu Etio II,
as well as other metallo etioporphyrins, is very
stable toward acids.!®

Although knowledge of 8 and B, cannot be ob-
tained without prior knowledge of A; and A,, we
can do some speculating. As is pointed out by
Gouterman? the similarity of the pi spectra of the
metal porphyrins seems to indicate that d orbitals
do not appreciably affect the pi spectrum. This is
equivalent to saving that the d orbitals of = sym-
metry do not interact with the ring = orbitals.
It seemis then that the conclusion that 8; = 1 can
be drawn. For 8, = 1 the expression for g is
satisfied if A, is taken to be 20,700 cin.—!. The
optical spectrumn of Cu Etio II'® suggests taking
18,950 cm.—! for A, which leads to 8, = 0.99.
If we further suppose that the probability of an
electron being found near the nitrogens is the same
for the excited B, and E, states then

5 =230 — 1

For 31 = 0.99 we obtain the results that 8 = 0.98
and 4; = 27,000 cin, 1 212

The authors are indebted to Professor A, H.
Corwin for the high purity sample of copper etio-
porphyrin II.

(19 W, S, Caughey and A, 11, Corwin, THIS JoUrNAL, T7, 1309
(1955).

(20) M. Gouterman, Thesis, The University of Chicago, 1858.

(21) J. G. Lirdman and A, H. Corwin, THIS JoURNAL, 68, 1885
(19406).

(22) J. L. Bennett, J. I°. Gibsou and D. J. 1 Ingrant, Proc. Koy, Soc.
(London), A240, 68 (1957).
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Proton Magnetic Resonance in Substituted Propenes. I.

2-Substituted Propenes

By E. B. WHiPPLE, J. H. GOLDSTEIN AND LEON MANDELL
REcEIVED OCTOBER 26, 1959

The 40-1megacycle ian.r. speetrumt of 2-chloropropenc is described in detail, medium effects being used to effeet a complete

analysis including tlie vinvl proton assigninents.

Chenical shifts and spin-coupling constauts arce tlien reported and dis-

cussed for a series of ten 2-substituted propenes in dilute tetramethylsilane solutions.

In carlier work we have studied the effects of
chemical substitution on the proton magnetic
resonance shifts and couplings in the propargylic
system H-C=C-CH,X, and the allenic system
H,C=C==CHZX.!=® In these studies, the chemi-
cal shifts were measured in dilute cyclohexane
(CH) or tetramethylsilane (TMS) solutions in
order to minimize differences in environmental
“medium effects,” and the results were standard-
ized in terms of the former solvent with respect to
an external H,O (lig.) reference.! The present
work extends these miethods to the substituted
propenyl system, beginning with the 2-substituted
propenes, HyC==CY --CH;.

(1} 15, BB, Whipple, J. H. Goldstein, l.eon Mandell, (0. 8. Reddy and
C. R. McClure, Turs JoURNAL, 81, 1321 (1959),

(2) E. B. Whipple, J. H. Goldstein and Leon Mandell, J. Chem
Phvs., 80, 1100 (1959).

(3) 1i. B. Whipple, J. H. Goldstein and W. E. Stewart, THrs JoUr-
wav, 81, 4761 (1959),

Analysis of Spectra

Assuiing effective averaging of the methyl group
protons by internal motions, the appropriate
general class? of the spectra is ABX; since negli-
gible mixing occurs betweenn the spin states for
the vinyl (AB) and methyl (X;) hydrogens. To
these approximations, the 32 X 32 secular equation
for the o-spin systems can be factorized into
blocks no larger than 2 X 2° and general solutions
for the observed spectrum written in terms of the
usual trigonometric parameters.® The essential
results are summarized in Table I. In the limit
where mixing between the vinyl states is also
sinall (Awan>>/ap), the analvsis may proceed

(1) J. A. Pople, W. (’, Sclincider and H. J. Berustein, ""High Resolu-
tion Nuclenr Magnetic Resonance,” AMeGraw-Hill Book Company,
Inc., New York, N. Y., 1450, Cl.. 5.

(5) R. W. FFessenden and J. 8. Waugh, J. Chem. Phy:., 30, 944
(1049).



