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ABSTRACT. The metal chemical shifts in NMR spectroscopy are studied
theoretically. Electronic origins and mechanisms of the metal chemical
shifts in the Cu, Ag, Zn, Cd, and Mn complexes are clarified based on
ab initio molecular orbital calculations. The mechanisms accounting
for the chemical shift are found to be very different for metals with
a lesl-ZPO configuration (Cu, Ag, Zn, Cd) and those with a d532p0
configuration (Mn), because of the filled and half-filled nature of

the valence d subshell.

1. INTRODUCTION

The recent developments in organometallic and inorganic chemistry
are largely based on knowledge of the electronlc structures of bonding
in metal complexes [l]. The chemistry is very different than organic
chemistry because of the essential participation of d electrons. The
symmetry, multiplicity and flexibility of d orbitals cause the
chemistry to ﬁe quite varied in comparison with' the chemistry of
s and p electrons alone. A convenienﬁ way of looking at the role of
the d electrons 1s to observe those properties which are sensitive to
the angular momentum of electrons, since the d electrons have larger
angular momentum than the p electrons and the s electrons have no
angular momentum.

Nuclear magnetic resonance spectroscopy of metal species [2-4]

gives valuable information about the role of the d electrons in the
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chemical bonding of metal complexes, since the magnetic properties
observed reflect the angular momentum of the electrons involved. The
chemical shift of the metal nucleus 1s especially valuable, because it
samples the angular momentum of electrons near the metal nucleus. It
amplifies the role of the d electrons of the metal relative to that of
the p electrons. The role of the s electron 1is effectively eliminated
due to its having no angular momentum. Thus, the NMR spectroscopy of
metal nuclei is important not only as a tool of analytical chemistry
but also for the physical and chemical information concerning the role
of the d (and also f) electrons in the chemistry of metal complexes.

We have recently carried out theoretical studies of the metal
chemical shift in NMR spectroscopy [5-7]. The molecules studied are
the Cu, Zn, Ag and Cd complexes [5-7], for which the metal atoms are
characterized by the electronic configurations dlosl-zp0 in their
ground state, and the Mn complexes [6], for which the Mn metal-is
characterized by an open d-subshell d%s2 in its ground state. The
purpose of the study i1s two-fold. One 1s to understand the origin of
the metal chemical shift by performing reliable ab initio calculations
and by analyzing the calculated results. We are especially interested
in the role of the d electrons in the chemical bonds of the transition
metal complexes. The other purpose 1s to clarify the mechanism of the
metal chemical shift. The elucidation of this mechanism would be use-
ful, since there seems to be no guiding concept, so far, which is use-
ful for experimental chemists. This situation is completely different
from that of the 1H and 13C chemical shifts. To the best of our
knowledge, these are the first ab initio studies of the metal chemical
shifts of transition metal complexes. We sketch here only the most
important results of these studies in order to show an example of the
close cooperation between quantum chemistry and experiment, which is
the purpose of this book.

The metal complexes studied here are the following 27 molecules:

Cu complex: CuCl, CuClzn, Cu(CN)z—, Cu(NH3);.

Zn complex: Zn(HZO)%+, ZnCl,y, ZnClz_, Zn(CN)z—, Zn(NH3)§+.
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Ag complex: Ag(HZO)z , Ang-, AgClE, AgClZ_, Ag(CN)Z-,
+
Ag(NH3)7.

Cd complex: ca(uzo)§,+, cdcl,, cac1§", Cd(CN)[Z,-, Cd(CH3)9,
CdMeEt, CdEty, CdMe(OMe).

Mn complex: Mn(CO)sH, Mn(CO)s5CN, Mn(CO)sCH3, Mn(CO)s5Cl.

The experimental data for the chemical shifts are due to Cardin et al.
[8), Ackerman et al. [9], Kennedy at al. [10], and Mennitt et al. fll]
for the Cd complexes; Maciel et al. [12] for the Zn complexes, Endo
et al. for the Ag and Cu complexes [13]; and, Calderazzo et al. [14]

for the Mn complexes.

2. THEORETICAL BACKGROUND

The hamiltonian of a molecule in a magnetic field may be written
as [15-17]

R+ ] n a0 [ ) 0D+

) 1,1
+ (1/2) % i % BH{L Dy, + ... (1)

where Hg is the hamiltonian free from the magnetic field, and By and
Upx are the magnetic field and the nuclear magnetic moment of
nucleus A in the x direction. The perturbation hamiltonians H§1’0),
Hgg’l), and H&i;l) are given by

Hgl’o) = - (1“6/2m0)j{ zjx’ (2a)

H{0,1) - - (1ue/zmc>JX %3/ Ry (2b)
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(1,1) 3
HAxy = (e /4mc ) )‘ (rj Aj xy Jx Ajy)/rAj' (ZC)

2jx is an angular momentum operator for electron j in the x direction.

The nuclear magnetic shielding constant is defined by

?
&) = [-ggﬁggﬂl ! e 0, )
x Ay A

which 1s written with the use of the Hellmann-Feynman theorem as

1,1
Oy () = <H(O UL [y(0)>
(4)

] (0,1)
* g (VB gy (B )>] 5o~
X
¥(0) and Y(By) are the wavefunctions in the absence and the
existence, respectively, of the magnetic field. The first term of

dia and the second term is the

Eqn. (4) is the diamagnetic term ¢
paramagnetic term oP3T38,  1f we expand the perturbed wavefunction
¥(By) in the set of unperturbed wavefunction {In)}, we obtain the

familiar equation

<0|H(1 O)I ><n IH(O 1)|0>
Eo = By

Para(A) = )¢ + CoCo (5)

We note that both of the operators Hgl»o)and Hggtl)include the angular
momentum operator %£.

We calculated the magnetic shielding constant using the coupled
perturbed Hartree-Fock theory or the finite perturbation theory of
Cohen, Roothaan, and Pople et al. [18,19]. This theory has been shown
to be the best expression of the second-order perturbation theory
based upon the Hartree-Fock wavefunction [20]. We calculated the
perturbed, complex wavefunction W(Bx) in the Hartree-Fock approxima-—
tion using a finite magnetic field. Then, the nuclear shielding
constant was calculated with Eqn. (4). The origin of the gauge was
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chosen at the position of the metal nucleus. We limit ourselves here

only to the isotropic term,
oy = (1/3) o (&) + 0 (&) +0 (W) (6)

The. chemical shift is a relative value which is calculated by subtract-
ing the nuclear magnetic shielding constant % from that of a standard

molecule, i.e.

A = 0 - Ty 7)

The basis set we used for calculations are the MIDI-1 basis of
Tatewaki, Huzinaga, and Sakai [21] plus two outer p-type Gaussians for
metal atoms [5,6]. This basis 1s of a double-zeta quality for valence
electrons. For the ligands of the Mn complexes, we used the MINI-1
set [21] which is poorer than the MIDI-1 set. The geometries of the
complexes are summarized in previous papers [57]. For the metal-

ligand length, we assumed a sum of the tetrahedral covalent radii [22].

3. CORRELATION BETWEEN THEORETICAL AND EXPERIMENTAL VALUES

Table 1 shows the theoretical values of the magnetic shielding
constants and the chemical shifts of the metal nuclei of the complexes
studied here. The diamagnetic and paramagnetic contributions and
their decomposition into core and valence MO contributions are also
given. Figures 1 — 5 show the correlations between the theoretical
values and experimental results for the Cd,‘Ag, Zn, Cu, and Mn
complexes, respectively. The open circle on the line indicates that
only the theoretical value exists. For the Ag complexes, we compared
the theoretical results for Ang‘ and AgClZ- with the experimental
values of AgBrz' and AgIZ—.

The largest number of examples are seen in Figure 1 for the
cadmium complexes. In addition to the results of Table 1, it inclu-
des the results for CdMeEt, CdEty, and CdMe(OMe) [7]. The correla-
tion between theory and experiment 1s good except for Cd(CN)ﬁ—.

For the experiment in aqueous solution [8], the geometry of the

complex 1s unknown and the effect of the solvent should be large.
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Cd chemical shifts of the cadmium complexes.
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the Ag chemical shifts of the silver complexes.
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These factors are not considered in the calculations. For the
complexes CdMey, CdMeEt, CdEty, and CdMe(OMe), the effects of the
solvent are expected to be small for the experimental conditions
[8,10]. The parallelism between theory and experiment is espe-
clially excellent for these molecules. This fact is understood to
show the reliability of the present theoretical results.

In Figures 2 and 3, we see that the correlation between theory
and experiment are good for the silver and zinc complexes. This is
rather surprising considering the ambiguity in the structure and
solvation of these complexes in aqueous solutions. For the silver
complexes, the experimental shift is larger for the lodide than for
the bromide, and the calculated shift 1s larger for the chloride
than for the fluoride. The ordering 1s natural and may be under-
stood to suggest a small relativistic effect due to the heavy ligand
atoms [5].

For the copper complexes, we have only two examples for which
both experimental and theoretical values exist. These two points
lie almost on the diagonal line, showing the reliability of the calcu-
lated values. Recently, Kitagawa and Munakata reported a systematic
experimental study of the Cu chemical shift [23]. They reported that
the copper chemical shift is larger for the ligand which is more m-
electron withdrawing. This observation 1s very important and is
explained clearly by the mechanism of the copper chemical shift, as
shown in the next section.

For the Mn chemical éhift, we have studied the complexes of
the form Mn(CO)sL with L = H, CH3, Cl, CN. The correlation bet-
ween theory and experiment is only fair. The calculated shifts are
larger than the experimental values. Referring to Table 1, we
notice that for the Mn shielding constant, the paramagnetic term .s
an order of magnitude larger than those of the Ib and IIb metal
complexes. We will see later that this is due to the difference in

the origin of the metal chemical shift for these complexes.
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4., MECHANISM OF THE METAL CHEMICAL SHIFT OF THE Ib AND IIb METAL

COMPLEXES

We now want to clarify the electronic origin of the metal
chemical shift. Since the origin is very much different for complexes
of the Ib and IIb metals and those of Mn, we will explain the origin
separately. We want to ldentify an electronlic mechanism that produces
the metal chemical shift, which would be useful as a guiding principle
for experimental chemists. .

Referring to Table 1, we see that the chemical shifts are mostly
due to the valence MO contributions to the paramagnetic term. We have
shown in a previous paper [5] that the behavior of the valence
electrons near the nucleus are observed as a chemical shift through
NMR spectroscopy. The diamagnetic term itself is large but its
contribution to the chemical shift is small. We therefore discuss the
diamagnetic term separately in Section 6. In Tables 2 and 3, we have
shown the metal AO contributions and the ligand contributions, respec-
tively,vto the paramagnetic term of the metal shielding constant. The
definition of the AO contribution was given previously [5]. Comparing
the numbers in Tables 2 and 3, we immediately understand that the
ligand contributions are small and that the dominant term comes from
the metal AO contributions. The metal s AO contribution is iden-
tically zero, because the s A0 does not have angular momentum, so
that the metal chemical shifts are primarily due to the metal p and d
orbital contributions.

Looking at Table 2 in more detall, we notice that for the Cu
chemical shift, the d orbital contribution is dominant, for the Zn and
Cd chemical shifts; the p orbital contribution is more imﬁortant than
the d orbital contribution; and for the Ag chemical shift, the p and
d orbital contributions are comparable.: This observation is very
important in understanding the trends in the chemical shift that are
characteristic of metal specles.

Now, how do these p and d orbital contributions arise? The Ib
and IIb metals studied in this section have the electronic con-

figurations dlosl'zpo in their ground state. As the perturbation
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theory shows [24], the closed p and d subshells give no contributions
to the paramagnetic term. - Table 1 shows that these p and d contribu-
tions are due to the valence orbitals. Therefore, we conclude that
these paramagnetic terms are caused by the donation of electrons from
the ligands to the metal p orbitals and by the back-donation of
electrons from the metal d orbitals to the ligands. In other words,
the electrons in the valence p orbitals and the holes in the valence d
orbitals produce angular momentum when the magnetic field is applied
and glve paramagnetic contributions to the metal nuclear shielding
constants of the complexes. In Figure 6, we 1llustrated these two
mechanisms, namely the p mechanism and the d mechanism. Though this
figure is drawn for the 7 interactions, these mechanisms involve
both 0 and ™ interactions. For the p mechanism an electron donating
ligand produces a larger metal chemical shift. On the other hand, for
the d mechanism an electron-withdrawing ligand produces .a larger metal
chemical shift. Thus, the effect of the ligand is entirely different
for the p and d mechanisms.

From Table 3, we see that the d mechanism is much more important
than the p mechanism for the Cu complexes. Thils suggests that the d
orbitals are important in forming the bond between copper and
ligands. This further suggests that the Cu chemical shift would be
parallel to the d-electron acceptability of the ligands, as long as
the number of ligands is the same. This 1s supported by the recent
'63Ccu NMR experiments of Kitagawa and Munakata [23]. They observed
that the Cu chemical shift 1ncreases with increasing m-electron
withdrawing ability of the ligand. For the Zn and Cd complexes, the
p mechanism i1s calculated to be more importént than the d mechanism.
For these IIb metal complexes, the p orbitals are more important
than the d orbitals for the chemical bonds between the metal and the
ligands. For the CdL2 complexes, the p mechanism is predominant.
For the CdL4; complexes, the d contribution increases though it 1s
st1l]l smaller than the p contribution. This 1s in part due to the‘
hybridization necessary for tetrahedral coordination. For the CdLjp
complexes, sp hybridization is dominant, but for the CdL4; complexes,
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Table 2. Metal AO contributions to the paramagnetic term of the metal
shielding constant (In ppm.)2.

Cu Zn Ag ~_Cd
Ligand P d p d P d P d
(H20)¢ - —-— -195 =54 =204 -171 =291 =124
Fy —_— —-— —— -— -633 -489 —-— —_—
Ccl -210 -4486 - —-—- —-—- —-—- —-— -—
Cly -— - -316 -128 =494 =540 -604 =52
Cl, -305 -553 -373 -101 -851 =491 -723 -166
(CN)y4 -290 -1360 =343 -335 -538 -925 -864 -687
(NH3),  -165 =2475 —-— —-_— -248 -390 —— —-—
(NH3)4 —-— - -420 -309 -_— — —-— -—
(CH3), - -—= - - - —-— =992 -68
Major
contribution d p p,d p

4 The s orbital contribution is identically zero.

Table 3. Ligand contributions to the paramagnetic term of the metal
shielding constant (In ppm.).

Ligand Cu Zn Ag cd
(H20)¢ — -67 -62 . -60
A - -—= -37 —_—
cl -1 - -—- -—
Cly - -13 -13 -12
Cl, =24 =27 -30 -27
(CN) 4 =41 -50 -49 -53
(NH3) 2 -15 - -23 ——
(NH3 )y ——= -57 - —

(CH3) -—- - -—- -29
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d-mechanism
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nsl'z, np0 <;;?/’—_———‘§\\K§i>
electrons in np AO § §
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Figure 6. Illustration of the d and p mechanisms of the metal chemi-
cal shift. The holes in the d orbitals due to back-donation
and the electrons in the p orbitals due to donation are the
origin of the paramagnetic term of the metal chemical
shift of the Ib and IIb metal complexes.
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mixing of the sp3 and sd3 hybridizations occur. For the Zn
complexes, we fall to see such a clear relation. Comparing the tetra-
hedral Cl and CN complexes, we see that the d mechanism is much faci-
litated by the CN ligand though the p contribution itself 1s larger
than.the d contribution. This is due to the m-withdrawing ability of
the CN ligand through the dy(metal) - py(ligand) conjugation.

Further, the d mechanism 1is more effective than the p mechanism since
the angular momentum is larger for the d orbital than for the p orbi-
tal. Lastly, for the Ag complexes, we see that the p and d mechanisms
are competitive. The relative importance depends strongly on the
number and the nature of the ligands. In Table 4; we summarize the
major mechanisms for the chemical shifts of the Ib and IIb metal
complexes and thé roles expected of the ligands.

Now, why do these differences in the origin of the metal chemical
shift occur? A possible answer 1s based on the atomic energy levels of
the metal atoms. In Figure 7, we show the atomic energy levels of the
Ib (Cu, Ag) and IIb (Zn, Cd) metal ions [25]. For these metals, the
valence s A0 1s important for the metal-ligand bonds. For neutral
speclies, the ns levels of these metals are close. Thus, we choose the
ns levels as a standard in Figure 7. Note that the s AO does not
contribute to the shielding constant, because it does not have any
angular momentum. Looking at the differences between the (n-1)d - ns
and ns - np level splittings, we see that the d - s splitting is
smaller than the p - s splitting for Cu, the reverse relation for Zn
and Cd, and the splittings are very close for Ag. In the Cu complex
formation, the d orbitals of Cu would more easily mix with the metal-
ligand bonds than the p orbitals. For the Zn and Cd compleies, the
reverse relation is expected, and for the Ag complexes, the mixing
tendency of the 4d and 5p AO's 1s expected to be similar. Thus, the
relative importance of the p and d mechanisms in the metal chemical
shift is attributed to the structures in the atomlic energy levels of
the metal atom itself.
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Table 4. Summary of mechanisms which give major paramagnetic contri-

butions to the metal chemical shifts.

Metal p—- or d- Role of
Complexes Mechanism ligand
Cu holes in (n-1)d shell electron—-acceptor
N v
v
electrons in np AO electr&%-donor
Cd, Zn electrons in np AO electron-donor
v v
holes in (n-1)d shell (shift may be large)
Ag electrons in np AO electron—-donor

LR
holes in (n-1)d shell

N
electron-acceptor

ara
Table 5. Analysis of the paramagnetic term, ogn » of Mn(CO)sL
complexes into metal A0 and ligand contributions. (In ppm.)

Mn Ligand
Molecules P d COax 4xC0eq L
Mn(CO)sH -129 -12983 10 30 4
Mn(CO)5CN =75 -13138 7 24 3
Mn(CO) 5CH3 -106 -14385 9 27 -2
Mn(CO)5C1 1 -16276 8 24 3
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9 Y — ud3sp
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5. Sev 5. 1ev o-beV
— Y 3¢%s —f—udds —Kk—3d%s —f—ud’s
2.7eV
— Y 3¢10 4,9eV
—Y— 410 9.7eV 10.0eV
—Y 30 _ v 10
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Figure 7. Atomic energy levels of the Ib (Cu, Ag) and IIb (Zn, Cd)
metal ions. The energy levels of the dgs1 configurations

are taken as a standard.
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5. MECHANISM OF THE METAL CHEMICAL SHIFT OF THE Mn COMPLEXES

The mechanisms of the metal chemical shift of the Mn complexes
are entirely different from those of the complexes of the Ib and IIb
metals. Referring to Table 1, we see that the Mn chemical shifts are
entirely due to the valence MO contributions to the paramagnetic term.
In Table 5, we analyzed the paramagnetic term into the metal AO and
ligand contributions. We immediately understand that the Mn chemical
shifts are almost entirely due to the d A0 contribution of the Mn
atom.

The electronic configuration of the Mn atom 1is ds2 in its ground
state. The d orbitals are half-filled so that they enter strongly
into the bonds with the ligands. 1In Table 6, we analyzed further the
d contributions 1nto the dg, dy, and d§ AO contributions, where ¢
refers to an axis along the Mn-L bond in the Mn(CO)s5L complexes.
Figure 8 shows an 1llustration of these 3d orbitals and some orbitals
of the ligands. From Table 6, we see that the 3dy and the 3dy orbi-
tals give almost fifty-fifty contributions to the chemical shift.
This 1s very reasonable,  as seen below.

From the MO analysis, we see that the 3dy and 3dg) orbitals lie
in the occupted MO's and the 3dy and 3dgy orbitals 1lfe fn the unoe~
cupied MO's. The reason for this ordering is qualitatively given in
the semiempirical treatment of Gray et. al. [26]. 1In the picture of
second-order perturbation theory as given by Eqn. (5), the paramagne-
tic term 1s expressed as a sum of the contributions of various excita-
tions. Among the d orbitals shown in Figure 8, there are four types
of d-d transitions. They belong to the symmetry Ay(3ds) > 3dg§2),
B2(3dg) * 3dg), E(3dy * 3dg), and E(3dy * 3ds2). Among these, the By
excltations do not contribute, because the angular momentum operator
belongs to the Ap(%z) + E(lx,ly) symmetry. Further, for the complexes
studied here, no 8 bond exists between Mn and the axial ligand L. The
MO's of § symmetry give only a secondary contribution to the chemical
shift. Thus, the Mn chemical shift of the Mn(CO)s5L complexes is due
primarily to the 3dy * 3dg transitions. This is why the 3dy and 3dg
orbitals give almost fifty-fifty contributions to the chemical shift
as analyzed in Table 6.
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Table 6. Analysis of the Man 3d contributions to the paramagnetic
term® (In ppm.).

3dO 3d1r 3d51
Molecules Value Shift Value Shift Value Shift
Mn(CO)s5H -2669 0 -5313 0 -2453 0
Mn(CO)5CN -3009 =340 -5272 41 -2262 191
Mn(CO)5CH3 -3295 -626 -5988 -675 -2460 -7
Mn(C0)5C1 -4361 -1692 -6865 -1552 -2318 135
3dg, Total
Molecules Value Shift Value Shife
Mn(CO)sH -2548 0 -12983 0
Mn(CO)5CN -2595 =47 -13138 -155
Mn(CO)5CHg -2641 -93 -14384 -1401
Mn(CO)5C1 -2732 -184 ~-16276 -3293
a 2, = . = . =
3d0 = 3dz H 3dTr 3dxz’ 3dyz, 3d61 3dxy’ 3d62 = 3dx2—y2’ in the

coordinate system shown in Fig. 8.
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Figure 8. 1Illustration of the manganese 3d orbitals.
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The 3dy orbital of Mn lies in the HOMO region and its weight
should increase as the ligand L becomes more m—-donating. 1In Figure 9
we give an illustration in order to explain the mechanism of the Mn
chemical shift in the Mn(CO)sL complexes. The 3dy contribution would
increase (become more negative) in the order of CN<H<CH3<Cl, which is
the empirical order of an m-donating ability. This agrees with the
order given in Table 6. The 3dg orbital lies in the unoccupied MO
region. Its welght would increase as the interaction between the 3dg4
A0 and the ligand increases, because of the delocalization of the 3dg
orbital. Mn(CO); is a typical soft Lewis acid [27]. So, the interac-
tion with the ligand L would increase as the softness of the ligand
base increases. Then, the 3dg contribution to the chemical shift is
expected to increase (become more negative) as the softness of the
ligand L decreases, namely, in the order of H™ ~ CN™ < CHS <Cl17. 1In
Table 6, the order of the 3dg contribution is H < CN < CH3 < C1,
which reflects this ordering. For the unoccupied 3dy orbital, static
propertles are useless as a measure because only the occupied orbitals
contribute to such properties. The "softness” or the "hardness” is a
property which 1s a result of the chemical interaction [27] so that it
is more appropriate for describing the property of the unoccupied orbi-
tals. Calderazzo et. al. [l4] explained the trend in the Mn chemical
shift from the effects of the ligands on the excitation energies bet-
ween the d orbitals.

The Mn atom in the Mn(CO)sL complexes has the electronic con-
figuration 3d5°24304p0°2. In comparison with the electronic structure
of the free atom, 3d54324p°, the 4s electrons are donated completely
to the ligands and the 3d and 4p orbitals accept electrons from
ligands. The net charge of Mn is +l.4 ~ +1.8 in comparison with the

formal charge of 1.0.

6. DIAMAGNETIC TERM
The diamagnetic term itself 1is large but its contribution to the

chemical shift is small as seen from Table 1. It increases with in-



MLTAL CHEMICAL SHIFTS IN NMR SPLECTROSCOPY

&
transition
"hard’ "soft’
ligand ligand

433

mt-donating
ligand

Figure 9. Illustration of the mechanism of the Mn chemical shift in

the Mn(CO)sL complexes which shows that the chemical shift

should be larger with increasing T—donating ability and the

hardness of the 1ligand.
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creasing nuclear charge [4] as expected from its operator given by
Eqn. (2c). Flygare and Goodisman [28] have shown that the isotropic
term of the diamagnetic shielding constant is written to a good

approximation as

e

qgia ;
3!!1(‘.2 B(*A)

Ggia (free atom) -+

Zg/Rpp (8
where OAdia(free atom) is the free-atom diamagnetic susceptibility,
B denotes the nucleus other than A, Zp 1ifs nuclear charge, and Rapp
the internuclear distance. The free atom term oAdia(free atom) 1is
available from the literature [29,30]. This equation means that the
diamagnetic contribution to the chemical shift is determined by the
geometry and the ligand species of the complexes. A knowledge of the
molecular electronic wavefunction is unnecessary.

In the previous two papers [5,6] on the metal chemical shift we
reported that the diagmagnetic term is expressed in the following

Pascal-rule—-like formula
qgia = o‘dia(A) + % nLodia(L)’ (9)

where Odia(A) is an atomic contribution, cdia(L) the contribution

from the single ligand L, and n the number of the ligands L. We

calculated Odia(A) and.odia

(L) by a least-squares fitting method from
the diamagnetic terms shown in Table 1 and found that Eqn.. (9) is
accurate to within *¥0.7%. It is evident that the formula given by
Eqn. (9) is easily derivable from Eqn. (8), if we assume fixed metal-
ligand length and fixed ligand geometry. We certainly adopted such an
approximation in the previous calculations [5,6]. Thus, the validity
of Eqn. (9) seems to support the validity of Eqn. (8), although we
weren't aware of the relation given by Eqn. (8) when we wrote these
papers. Thus, we conclude that the diamagnetic contribution to the
chemical shift 1s determined by the geometry and the ligand species of

the complexes. However, the diamagnetic contribution itself reflects
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mainly the variations in the paramagnetic term which is discussed in

the previous sections.

7. CONCLUDING REMARKS

In this article, we wanted to show that the metal chemical shift
is an important property which includes valuable information about the
electronic structures and bonding in metal complexes. This property
is especially suited to clarifying the role of the d electrons, rela-
tive to those of the s and p electrons. Further, we wanted to show
that ab initio molecular orbital theory gives reliable and useful
information not only in guessing the magnitude of the metal chemical
shift but also in investigating the electronic origin of the chemical
shift which reflects the nature of the bonds between the metal and the
ligands in the complexes. We think the latter role 1s very important
since our aim is to construct an intuitive concept which is useful as
a guide for experimental chemists.

The metal chemical shift is a sum of two terms, the diamagnetic
term and paramagnetic term. The diamagnetic term has only a minor
effect which is determined by the molecular geometry and the species
of the ligands. The paramagnetic term is the major term and reflects
the valence electronic structure near the metal atom.

For complexes of the Ib (Cu, Ag) and IIb (Zn, Cd) metals, the p
and d mechanisms are shown to be the two major mechanisms. For the Cu
complexes, the p mechanism is more important than the d mechanism, and
for the Ag complexes, the two mechanisms are competitive. These dif-
ferences are attributed to the differences in the atomic energy
levels of the free metal atoms. Further, these mechanisms suffer dif-
ferent substituent effects from the ligand. The d mechanism is faci-
litated by the electron-withdrawing substituent and the p mechanism is
facilitated by electron-donating substituents.

For the Mn complexes, Mn(CO)sL, the transitions from the dy
orbitals to the dg orbital are shown to be the main source of the Mn
chemical shift from a perturbation theoretic point of view. The effects

of the ligand L on the occupied dy orbitals and on the unoccupied dg
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orbitals are therefore important in an investigation of the tremnds in
chemical shifts. We have summarized these effects in terms of the m-
donating ability and hardness of the ligands.

For metal chemical shifts, many interesting subjects remain to be
studied. There are many nuclear species for which the electronic ori-
gin 1s not yet clarified. Systematic studies, both theoretical and
experimental, on the effects of the ligands on metal chemical shifts
are necessary for thorough understanding. Relativity effects should
be studied for complexes of heavy metals such as Pt, Hg, and Pb. For
all of these studies, active collaborations bhetween theory and experi-

ment should be most fruitful.
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