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The NMR shift arising from the clectron angular momentum and electron spin dipolar-nuclear spin angular momentum
interactions has been investigated for a 4d! system in a strong crystal field environment of letragonal symmetry. A general
formula for NMR shift is used to compute the NMR shifts along the (100), (010), (001 ), (110) and (111) axes. We find that
from the computed results, the NMR shift along the (100) and (010) axes is consistent with each other in a strong crystal
field environment of tetragonal symmetry, but the NMR shift along the (001) axis is about triply greater in magnitude than
those along the (100) and {010) axes and is opposite in sign to those along (100) and (010) axes. In this work, we express
the expansion coefficients 2,2 and 5,? of A; and B, in terms of £ and A, @ and two matrices ¢, and dy, of radial
dependence. The NMR shift is also separated into the contributions of multipolar terms. We find that 17K term contri-
butes dominanily to the NMR shift along the (100), (010), (001) and (110) axes while along the (i1£) axis 1/R5 term
dominant|y contributes. However, the contribtions of the other terms may not be negligible.

Introduction

Since early 1960, a great deal of interest has been concen-
trated on interpretation of NMR shift due to the interaction
of a paramagnetic system with NMR nucleus and the shift
has been classified as arising both contact and pseudo contact
mechanisms.! The pseudo contact NMR shift, JB, was
first given by McConnel and Robertson in the form
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which was extended by Kurland and McGravey™ in 1erms

of magnetic susceplibility components, y...
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In equation (1) and (2), R is the distance between the
paramagnelic center and NMR nucleus and @ is the angle
between the principal axis of the complex and the vector
between the paramagnetic center and the NMR nucleus.
Here, Fig) is a fuction of the principal g-value,

Stiles! has examined theoretically the contribution of
molecular magnetic multipoles higher than dipole to the
pseudo contact shift and has cxpressed the NMR shifts as’
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where K- -2t7 3 Tor a specific /-electron, P4 (cos 8) the
associated  Legendre poivoomials and the coefficient Aj
and By measure the anbotropy in the multipolar magnetic
susceptibilities of the molecule. Recently Golding and stubbs®
have pointed out an error in Stiles’s calculation using equa-



tion (3). They have calculated the pseudo contact shift for
a nucleus at various distances R along the z axis from a 3d!
transition metal ion in a crystal field of octahedral symmetry,
with a tetragonal crystal field component along the z axis
and with a trigonal crysta} fickd component along the (111)
axis. We have recently evaluated the hyperfine integrals
which are required to investigate the NMR shift for 4d!
system’ by the nonmultipole expansion method® and the
NMR shift arising from the electron orbital angular momen-
tum and the clectron spin dipolar-nuclear spin angular
momentum interactions has been calculated for 4d’ system
in a strong crystal field environment of octahedral sym-
metry.?

The purpose of this work is to derive a general expression
for the NMR shift arising from the electron orbital angular
momentum and the clectron spin dipolar-nuclear spin angular
momentum interactions for a 4d! system with a tetragonal
distortion along the z axis using the nonmultipole expansion
roethod and to cakculate the NMR shift for this system. We
also compare the NMR results with those for a 43! system in
a strong crystal ficld of octahedral symmetry.

Theory
The hamiltonian representing the various interactions we
shall consider in this paper may be written as!®11.13
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where V(C)+3({2—2) is the complete tetragonal crystal
field potential, J is the distortion parameter and

I S)rn-L_ 81
“U=%S’N#sﬂN{%+“[mﬁl’w—_ 5

v

&

here r and ryare the electron radius vectors about the electron
bearing atom and the nucleus with nuclear spin angular
momentum, I, respectively. The quantity B is the applied
magnetic field and the other symbols have their usual meaning.

A 4d! system in a strong crystal field of octahedral sym-
metry tesults in a 27, ground state. The spin-orbit interac-
tions and the tetragonal distortion interactions split the
threefold degenerate 275 level into three doubly spin degener-
ate levels. The cigenvalues and the corresponding eigenfunc-
tions are given by
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Where
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The clectronic wave functions which we shall use in this
paper may be expressed, in real notation, as

l4d,>=(£-)"" 2er exp(-pr)
|ddye>= (%)”zyzr exp(—8r)
|4¢=':,>=(2—'T;)mzyr exp(—8r) (11)

whete § is the optimized orbital exponent.1?

The magnetic field interaction, gg(I4-25)- B, is then added
and treated as a perturbation to yield new eigenfunctions
|¢*>> and the corresponding ¢igenvalues, E,. The principal
values of the NMR shielding tensor ¢ are determined by
considering the magnetic field B as paralle! to the z, y and
z axis and then averaged by using a Boltzmann distribution.

The NMR shift is given by
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A; and B; may be expressed in terms of spherical harmon-
ics,
A;=a"V2x 91 (Y5-4(8, 9) + Yeu (B, 0)]
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for i=1, 2, 3.

The coefficients a{> and b for I=1-6 are functions
of the internuclear disiance R, the spin o1 it coupling con-
stant © and the distortion parameter d. If we may define
matrices g’ and ¥ as shown in Table | and 2 respectively,
the coefficients «;’ and b may then be expressed in terms
of these matrices g% and AY° and two matrices ¢;.(¢) and
din(t) of radial depcndcnce as follows;
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TABLE 1: The Matrix Elements &2

TABLE 4: The Matrix Elements d;.(¢)

]
" 1 p) 3
1 a‘ 4 0
2 VZa% — JTab® ]
3 a2 a%h? 0
4 ~2ab’ 2% 0
TABLE 2: The Matrix Elescats 21
]
" T 3 3
| al4-H H4at 0
&y —22 €2~&
2 a%h* Ha? 0
&y—e&p e2—¢y
3 WZaP-JTa%)  (JEH-JTH
€ &2 &r—a
4 a ¥ e ®
4 Saad €2—¢3 €3—e) £3€2
s JZab _JZab JZab _ JTab
€—€3 £2==€3 f3—e; e3—¢;
6 &# a? a? + [ 3
€ —€3 c2—€3 G—e &3—g
TABLE 3: The Matrix Elements C,.(¢)
Cua(®) Cr(t) for R—oo
Cy=0 0
Cia=(16/231)S, 297000/ R, 58,
Cia=—(20/231)5, —371250/R 0,
Cu = '-'(2/23 l)S] -371 ZS/Rfﬁ‘
Ca=(32/161 DS, 594000/7R7p¢
Cr=—(16/161 DS —297000/7Rp¢
Cu={8/1 617)S; 1485000/ 7R?p1
CH=(4/1617)S, 74250/ 1R78¢
Q=0 0
Caz=(4/231)F3+(4/23 1)Fs 2250/ R582
Ca=-(4/231)F 1+(4/693)Fg+(4/63) f, —2700/R582
Cu=(8/69)Fs+( 2/63) £, —225/R5g2
Ca=(16/24255)F+(32/ 2205) f1 —2520/R5g2

Coa=(8/1155)F10—(46/24255)F, ~(38/24255)F;
+(4/1155)F¢

Cua=—~(8/1155)F10-+(38/24255)F; — (128/24255) F,
—(4/1155)Fg~—(8/24255)F -+ (46/24255)F,

3600/ TR

+(8/2205) £, —6480/ 7R3
Cu= —(64/2455)F, 9 +(4/135) f; ~2020/7RE%
Ca1=—(8/44D)T4—(8/441) ¢, —-48/R3
ng=(2/441)T1—(2/441)T5 0
Cos=(6/44D Ty +(2/ 44N Ts+(4/441) T4+ (471470, T2/K3
Cou=(4/441) Ty +(4/441 ), 24/R3
Cor=—(8/2205)N,—(8/315)m, 0
Co=—(8/T3SIN, 0
Coa=(4/T35)N; —(4/105)m, 0
Cﬂr—(S/ZZOS}Nl—(8/3lS)rJ| 0
b;ﬂ:g_f_; din( B (16)

where t=28r.

The matrix elements ¢y.(2) and (1), together with their
asymptotic expansions for R—c» are listed in Table 3 and

4, respectively.

dra(t) d1.(t) for Rox

du=(4/231)$, 74250/R7p3
dp=—(2/231)8, — 594000/ R75*
diz=—(14/231)S, —259875/R78¢
du=0 0
d15=(4/23))S, T4250/ R3¢
die=—(4/231)5, —74250/R7 3¢
da=—{(8/1617)S; —148500/7Rg*
dn=—(64/1617)S, ~ 1188000/ TR7p¢
drs=(4/539)S, 24750/ 7R7p*
dan=(32/1617)8, 594000/7R78¢
di=—(8/539)S; ~-49500/7R34
dx=(8/1617)S, 148500/ TR7f¢
du=2/231)Fs—(2/63) £, 225/RSg2
dap=—{(8/231)Fs+(20/ 693)Fy +(4/63) f1 —4950/R582
dn= —(4/23])F;—(ZO/G?J)F;—(Z/G” f1 —2028/R5p?
dy=0 0
d35=(2/23l)F3+(2/63)f; —225/R5g2
das=~(2/231)Fs—(2/63) f 225/RSp
dy=(4/1 155)Fi~(4/735} £, 2070/IR3R
dip=—(8/1155)F o+ (76/24255)F; —(256/24255 1Fs

—(16/8085)F—~(8/11 55)Fe+(92/24255)F,

—(8/24%) £, —1530/7IR58%
dey=—(8/1155)F19+(46/ 24255)Fy+(38/24255)F,

+(64/24255)F,—(4/11 55)Fe—~(4/735) f1 —S0/7R5E*
du=(92/24255)F, —(76/24255)F; —1800/7R5%
dis=(4/1155)F 10— (46/ 24255)F +(38/24255)F;

+(4/138) £, 2430/TRS?
dig=—{4/1155)Fs9—(8/135) 1, —1530/7R5
dsr =(4/735) T3—(4/441)¢, —4/R3

do=@/ 14N T\ +@/14D T +(4/441) T
+(8/735) Ta+(32/441), T2/R3
dso=—~Q/147) Ty +(2/441) Ts— (4 /441 ), —24/R3
dy=—(4/441) T\ —(4/441) T —40/R3
dss=Q/441)T1+(Q2/441) Ts+(4/735) Ty +(4/44 ()7 8/RY
dys=—(4/735) Ty—~(4/441), —4/Ry
dg= -*(4}'735)N1 +(8/3l$)n1 0
da2=(16/2205) N1 +(8/315)n,
da=(32/2205)N+(8/315)n;
dey= —(8/2205) N,
des=—{8/2205)N; —(8/31 S)ny
des=(4/TIS)N 4+ (3/315)m,

oceoo

Results and Discussion

1t should be indicated here that for calculation of cralt)
and d;.(t), we adopt the hyperfine integrals for 4d orbitals
listed elsewhere?. They are given in terms of a series which
are linear combinations of the radijal integrals. In those
hyperfine integrals, radial series corresponding to 1/RS,
1/R> and 1/R terms are represented as T;, F; and §,, res-
pectively. In a strong crystal field environment of tetragonal
symmetry, the symmetry of a 4d! system is reflected in the
appearance in the result for 4B/ B of ouly those combinations
of spherical harmonics Y;.(8,®) that transforms as the
identity representation ajg of the point group D,;.13 There-
fore, eq. (12) contains a&f’ Va]5 Y0, P)(1/R3) term,
which is different from the octahedral case.

The NMR shifts are tabulated in Table 5¢ for a 44! system



in a strong crystal field environment of tetragonal symmetry
and in Table 5b for a 4d! system in a strong crystal field
environment of octahedral symmetry for a comparison. Here,
we choose § as 2.8481/a,, the spin-orbit coupling constant
as 1030cm™! and the distortion parameter as 1000 cm=L.
These parameter values are similar to those for MoS* jon.
The temperature is taken as T=300K. As shown in Tabie
Sa, 4B/B for specific R-values along the (100) and (010)
axes are consistent with each other for a 4d! system in a
strong crystal ficld of tetragonal symmetry. However, as
R increases the NMR shift for a 4d! system in a strong crystal
field environment of tetragonal symmetry not only changes,
markrdly in magnitude but also in sign, which is different
from a 4d! system in a strong crystal field environment of
octahedral symmetry, as shown in Table 5b. This result
represents an anisotropic NMR shielding for a 4d! system
in a strong crystal field environment of tetragonal symmetry.
Along the (100), (010) and (110) axes, 4B/B values are
negative for all values of R except for R320.1 am while along
the (001) axis, 4B/B is positive. The NMR shift aleng the
(111) axis is, however, negative for alf values of R.

As shown in Table 5B, 4B/B for a 4d* system in a strong
crystal field environment of octahedral symmetry along the
(100}, (010), (001) and (111) axes is negative for all values
of R while along the (110) axis, the NMR shift is positive
and the decreasing rate of 4B/B is greater than that for

TABLE 5: 4B/B(ppm) for Specific R Values for a 4d! Systems

(@) In 2 Strong Crystal Field of Tetragonal Symmetry (3=1000 cm-!,
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a 4d' system in a strong crystal field environment of tet-
ragonal symmetry, as R increases. We also find that along
the (001) axis, 4B/B for & 4d* system in a strong crystat
field environment of tetragonal symmetry is aimost triply
greater in magnitude than those along the (100) and (010)
axes.

The NMR results for a 4d! system both in strong tetragonal
and octahedral crystal fields using eq. (12) and the corres-
ponding multipotar terms, 1/R?, 1/RS and 1/R?, given in eq.
(13) and (14) are listed in Table 6 and 7. A comparison of
the multipolar terms with the exact solution given by eq.
{12) shows that the multipolar results are in agreement with
the exact results when R<C0.25 nm. It is also found that
along the (100), (001) and (110) axes, 1/R? term is the domi-
nant contribution to the NMR shift while along the (111}
axis, 1/R® term dominantly contributes to the NMR  shift.
Along the ali axes, the contributions of the other terms
may not, however, neglected, as shown in Table 6. For a
4d1 system in strong crystal field environment of octahedral
symmetry, 1/R5 term is the dominant contribution to the
NMR shift, as shown in Table 7. It is necessary to mention
that along the (100), (010) and (110) axes, the decreasing rate
of 1/R% 1/R® and 1/R? terms in a strong crystal field of
tetragonal symmetry is almost the same as that -along the
(001) and (111) axes while their sign is opposite, as R inceases.
We find that along the (001) axis, 1/RS, 1/R5 and 1/R? terms

{=1030 cm™! and 7'=300 K)

s

48{B (ppm) _
Rinm) - -
(100) axis (010) axis 001) axis’ (110) axis (111) axis

0.05 1025.504 1025.504 —1474.254 1033.948 —307.945
010 86.991 86.991 92.482 82487 ~279.005
0.15 —63.398 —63.398 206.742 —67.409 —58.260
0.20 —43.187 —43.197 114.304 —44.804 —12.223
0.25 ~25.259 —25.259 59.690 —25.899 —-3471
0.30 —15.43) —15.430 34.761 -15.712 —1.269
0.35 —9.986 —9.986 21.838 —10.124 -0.552
0.40 —6.797 —6.797 14.570 —6.870 —0.272
0.45 —4.822 —4.822 10.193 —4.863 —0.i47
0.50 —3.539 —3.539 7.405 —3.563 —0.085

(b) In a Strong Crystal Field of Octahedral Symmetry® 3=0cm-!, {=1030cm™!, T=300K)

4B/B(ppm)
R(nm)
(100} axis (010) axis (001) axis (110} axis (111) axis

0.05 —92044.372 —92044.372 —~92044.372 147206.318 —162486.232
0.10 —879.293 —879.293 —879.293 1216.944 —1401.049
0.15 —60.923 —60.923 —60.923 91.390 —100.156
0.20 —8.432 —8.432 —8.432 13.395 —14.525
0.25 —1.787 —1.787 —1.787 2.847 —3.076
0.30 —0.504 —0.504 —0.504 0.796 —0.856
0.35 —0.473 —0.173 —0.173 0.271 —0.290
0.40 —0.069 —0.069 --0.069 0.107 —0.113
0.45 —0.03] —0.031 —0.031 0.047 —0.049
0.50 —0.015 —0.015 —0.015 - 0.020 —0.023



TABLE 6: A Comparision of the Exact Values of 4B/B(ppm) Calcolated Using Eq.(12) with the Multipolar Teems ia a Slmug Crystal Field of
Tetragonal Symmetry
(2) Along the (100) (or (010)) Axis (3=1000 e, {=1030 cm-! and T'=300K)

4B/ B{ppm) .
R(um) - ” Sura of all 12)
I/R 1/R VR A ens. Erom eq. (12)
0.05 798.584 181.828 88.943 1069.355 1025.504
0.10 —137.765 130.185 131.567 023.987 86.991
0.15 —122.817 30.860 30.703 —61.255 —63.398
0.20 —56.444 7.846 5.459 —43.139 —43.197
025 ~29.025 2.582 1.186 ~25.258 —25.259
0.30 —16.799 1.038 0332 ~15.430 —15.430
0.35 —10.589 0.480 0.113 —9.986 —9.986
0.40 —7.087 0.246 0.044 —6.797 —6.797
0.45 —4.978 0.137 0.019 —4822 —4.822
0.50 —3.629 0.081 0.009 —~3.539 —3.539
(6) Along the (001) Axis
4B{B(ppm)
Ainm) Sum of all
/RS 1/RS 1/R? raipaht torms From ¢q.(12)
0.05 —~1597.169 475.793 —309.026 —1430.402 1474254
0.10 275.531 311.067 —457.120 129.478 92.482
0.15 245.635 9.924 —106.673 208,886 206.742
0.20 112.887 17.530 —18.966 111.451 111.394
0.25 58.051 5.760 ~4.120 59.691 59.690
0.30 33.599 2315 —1.153 34.761 34.761
0.35 21.158 1.071 —0.392 21.838 21.838
0.40 14.175 0.549 —0.154 14.570 14.570
0.45 9.955 0.305 —0.067 10.193 10.193
0.50 2.257 0.180 —0.043 7.405 7.405
(¢} Along the (f10) Axis
o) 4B/B(ppm)
1/R® 1/R$ VR mfl't‘i'“pog‘; “‘j;m From eq. (12)
0.05 798.594 175.017 104.198 1077.800 1033.948
0.10 —137.765 103.115 154.133 199.483 82487
0.15 —122.817 21.583 35.968 —68.265 —67.109
0.20 —56.444 5.302 6.395 —44.747 —44.804
025 —29.025 1.738 1.389 —25.898 ~-25.899
0.30 —16.799 0.699 0.389 ~15.712 —15.712
0.35 —10.579 0.323 0.132 —10.124 —10.124
0.40 —7.087 0.166 0.052 —6.780 —6.870
0.45 ~4.978 0.092 0.023 —~4.863 ~4.863
0.50 —3.629 0.054 0.011 —3.563 —3.563
(@) Along the (111) Axis
Rtaan) 4B/B(ppm)
1/R? 1/R5 1/R? _ mgl‘;i“;ogﬂ:ms From eq. (12}
0.05 0.173 —186.516 —~T7.750 —264.093 —307.945
0.10 —0.030 ~126.969 —115.011 —242.010 ~279.005
0.15 —0.027 —29.250 —26.839 —56.116 —58.260
0.20 —~0.012 —7.382 —4.772 —12.166 —12.223
0.25 —0.006 ~2.427 —1.037 ~3.470 —3471
0.30 —0.003 -0.986 ~0.290 —1.269 ~1.269
035 —0.002 ~0.451 —0.099 ~—0.552 ~0.552
0.40 —0.002 —0.232 —0.039 —0272 —0.272
0.45 —0.001 —0.128 —0.017 —0.147 —0.147

0.50 —0.001 —0.076 ~0.008 —0.085 —0.085



TABLE 7: A comparision of the Exact Values of 4B/EB{(ppm)
Claculzted using eq. (11) of Reference (9) with the Multipolar Terms
in a Strong Crystal field of Octabedral Symmetry®

() ASong the (100) (010) or (001) Axes (3=0cm™!, L=1030 cm™?

and 7'=300 K)
4B/Blppm
Renm) " 4 Su.m) ol
/R VR A s Bt

0.05 —219.546 —91038.574 —91258.120 —92044.372
010 —48772  ~7I5432  —824.114  —879.293
005 —2895  —56.646  —59.541 ~60.923
020 —0.184 ~8.228 —8.411 —8432
025  —0041 —1.746 —1.787 —1.787
030  —0.016 —0.488 —0.504 —0.504
035  —0007 ~0.166 —0173 —0.173
040  —0.004 —0.065 ~0.069 —0.069
045  —0.002 0,029 —0.031 —0.031
050  —0.00f —0014 —0.015 ~0015

@®) Aloog the (110) Axis®

AB/B(ppm
Kom) ! Em:: of all
1/RS VR pultipolar terms  EXact
005  54.387 147937.683 147992570 147206318
010 12193 1259930 1272123 1216.944
015 074 29.049 92.773 91.390
020 0046 13.370 13.4i6 13.395
025 0010 2837 2847 2.847
030 0004 0.792 0.796 0.796
035 0002 0.269 0271 021
040 - 0001 0.106 0.107 0.107
045 0001 0.046 0.047 0.047
050  0.000 0.022 0.022 0.022
{©) Along the (111) Axis?
4B/B(ppm)
Rlpm) 1/R 1/R? Sum of alt Exact
terms

005 146364 —161846.344 —161699.980 —162486,232
010 32515 —1378.385 —I1345870  —1401.049
015 1930  —100703  —98.773  —100.156
020 0122  —14627  ~14.50 —14.525
025 0027 ~3.103 ~3.076 —~3.076
030 0011 —0.867 —0.856 —0.856

0.35
0.40
0.45
0.50

0.005 —0.295 —0.290 —0.290
0.003 —0.116 —0.113 ~0.113
0.001 —0.051 —0.049 —0.049
0.001 —0.024 —0023 —0.023

are bigger in magnitude than those along the (100), (010}
and (110) axes while along the (111) axis, those terms are
significantly smaller in magnitude than those along the other
axes and have a negative sign, as shown in Table 6.

This work may be applied to investigate the NMR shift,
electronic and geometric structure for 4d4* systems and to
calculate the hyperfine interaction tensor components for
these systems.
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