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The NMR Chemical Shift for 4d" Systems (III). Calculation of the NMR Shift for 
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The N 어R shift arising from the electron angular momentum and electron spin dipolar-nuclear spin angular momentum
interactions has been investigated for a 4卩 system in a strong crystal fi이d environment of tetragonal symmetry. A general 
formula for N니R shift is used to compute 아帕 N어R shifts 기ong 나】e (100), (010), (00；), (110) and (111) axes. We find that
from the computed results, the N이R shift along the (100) 지id (이 0) axes is consistent with each other in a strong crystel

thosc along the (100) and《이。) axes and is opposite in sign to those along (100) and (이0) axes. In this work, we express 

the expansion coefficients and of & and B, in terms of 收〉and and two matrices 히* and dlttt of radial
dependence. The NMR shift is also separated into the contributions of multipolar terms. We find that l/跡 term contri- 
butes dominamlyto 나kN 어RshiftaSngthe(lOO), (010), (001) and (HO) axes while along the (111) axis 1/R5 term 
dominantly attributes. However, the contribtions of the other terms may not be negligible.

Introduction

Since early I960, 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.1 The pseudo contact NMR shift, JB, was 

first given by McConnel and Robertson in the form

〒一一淫一海亍------------哥—服 ⑴

which was extended by Kurland and McGravcy3 in terms 

of magnetic susceptibility components,

「萼 =「늢即 {厶：•工 : Zyv) J (3COS-/7-1)

-H % (Zxx 一 Zyv) sin2 U cos2 o (2)

In equation (1) and (2), R is 나)。distance between the 

paramagnetic center and NMR nucleus and Q 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 faction of the principal ^-value.

Stiles4 has examined theoretically the contribution of 

molecular magnetic multipoles higher than dipole to the 

pseudo contact shift and has expressed tlic NMR shifts as5

一으"- <'*- sin (cos 0) 广,
D f ---- ' ----'---------------------------------------------------------------!■ 2 M “ RLT

wlicrc K- 2U J ； for a specific /-electron. (cos 0) the 
associated Legend re polynomials and the coefficient 
and Bj.m measure ilic 겄nisoiropy in the multipolar magnetic 
susceptibilities of the molecule. Recently Golding and stubbs0 
have pointed out an error in Stiles's calculation using cqua- 



tion (3). They have calculated the pseudo contact shift for 
a nucleus at various distances R along the z axis from a 3d1 

transition metal ion in a crystal fi时d of octahedral symmetry, 
with a tetragonal crystal fidd component along the z axis 

and with a trigonal crystal field component along the (111) 
axis. We have recently evaluated the hyperfine integrals 
which are required to investigate the NMR shift for 4d‘ 

system7 by the nonmultipole expansion method* and the 

NMR shift arising from the electron orbital angular momen­
tum and the electron spin dipolar-nuclear spin angular 
momentum interactions has been calculated for 4d‘ system 

in a strong crystal field environment of octahedral sym­

metry.9
The purpose of this work is to derive a general expression 

for the NMR shift arising from the electron orbital angular 
momentum and the electron spin dipolar-nuclear spin angular 

momentum interactions for a 4d' system with a tetragonal 
distortion along the z axis using the nonmultipole expansion 

method and to calc니ate the NMR shift for this system. We 
also compare the NMR results with those for a 4d' system in 

a strong crystal field of octahedral symmetry.

Theory

The hamiltonian representing the various intera어ions we 
shall consider in this paper may be written as10'11*13

gc= - V2--^-+ V(r)+a(Z?—2)
2m,

4" Pb (/4- 2S) B 4- (4)

where 卩 (C)+$(彤一 2) is the complete tetragonal cry아泌 

field potential, d is the distortion parameter and

旳=会幻饱시警+짜商3/点 一을]｝
(5)

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

A 4dl system in a strong cryst지 field of octahedral sym­
metry results in a 2 72 ground state. The spin-orbit interac­
tions and the tetragonal distortion interactions split the 

threefold degenerate 2TZ level into three doubly spin degener­
ate levels. The eigenvalues and the corresponding eigenfunc­

tions are given by11

ei = T+y--2

们二-「〉丄이，:1〉
Oi=＜이 1 十〉一 히 或＞ (6)

@=矿「矿卜2

加=이 —「〉—二〉

说=히1+〉+ 이匸〉 (7)

打=一丨「〉

捞=1一1*〉 ⑻

Where

—11〉=飞号*(4丄+W火)

—'＞=3号 "%호 t站*)

G = 号〔|2〉-|-2〉〕 (9)

"= ｛우b-3买+9쩌 

次 =늘_专(匚/2_知心 

歹=专+菱("2_笠)心

and
部=(0/2)0 (io)

The electronic wave functions which we shall use in 사｝is 
paper may be expressed, in real notation, as

|44^〉=(嚎^)" xzr exp(—j9r) 

14d”〉= (^)1 /2 y^r exp ( 一 &) 

|4妇＞=(务■)'〃 꺼『exp (-岡 (11)

where g is the optimized orbital exponent.12
The magnetic field interaction, “田(Z+2)・B, is then added 

and treated as a perturbation to yield new eigenfunctions 
I 妒〉and the corresponding eigenvalues, E* The principal 
values of the NMR shielding tensor a arc determined by 

considering the magnetic field B as parallel to the xt y and 
z axis and then averaged by using a Boltzmann distribution.

The NMR shift is given by

如一 2 M 佝 當exp(—E,/W)

B 3Tr 4k Z2exp(-EiMT)

Ai and B, may be expressed in terms of spherical harmon­

ics,

&=為'、/方面〔Yi⑹奶+电⑹釦〕
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+巴0,0)〕*站、/无珞(包0)

+ # J균汚 払(包 0) +# J有 為。(& 0) (13)

8=阿\缶应〔Yi(软)+珞竺殷)
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+ 匕 无匕o(Q0)
+磅)々汚方也0 +冷作為0⑹0 (14)

for t = 1, 2, 3.
The coefficients and for Z = 1 -6 are functions 

of the internuelear distance R、the spin oi it coupling con­
stant [and the distortion parameter J. If we may define 

matrices g? and ht? as shown in Table 1 and 흐 respectively, 
the coefficients dp and 瑚 may then be expressed in terms 

of these matrices gR and h滑 and two matrices and 
of radial dependence as follows;

#=己々丄)器 (15)
w，= l



TABLE 1: The Matrix Elements gf?

m --------------------------- 1__1 2 3
1 次 屏 0
2 一 J2■泌3 0
3 쇼序 次屏 0
4 —2泌3 2㈣ 0

TABLE 2: The Matrix Elements 花?

m ______ ______
1

1
2 3

i 次+状 胪+。4
电f 0

7 跻 却요
飲一分

0

3 （，、瘧a序-/2泌） （、/2泌3— J乏e阳）
«1-*2 e2~^l

4 序 a2 , 62
Of

-----------1-—r.一一
旳―勺 4—电

5 mb _ ^2ab J~2ab ^~2ah
一 C3 色一勺 ei *3—e2

6 _±_ a2 , 屏
以一。3 公一4 ---------- F---------

勺一切 C3—ei

TABLE 4: The Matrix Elements

心） 4仙(£)for Rt8

<知=(4/231)& 742知/&從

山2=—(32/2기)&
一594000/&伊

上=一(14/231)$
一고59875/R 修

上=0 0
山5=(4/231)$ 74250/碎，
^16=-<4/231)5! 一 74250/R從
dzi = -(8/1617)S 一 148500/7&從
^=-(64/1617)5! 一 1188OOO/7R 從
d23=(4/539)S 24750/7R從

=(32/1617)51 594000/7踏
^25=-(8/539)5i -49500/7^
&=(8/1617)$ 148500/7&伊
』31=(2/231)&-(2/63)/1 225/R 咿
如=-(8/231)F34-(20/693)F8+(4/63)/i 一4950/&咿
心=-(4/231)F3-(20/693)Fa-(2/63)代 一고025/&咿
^34=0 0
心=(2/231)凡+(2/63)厶 一 22S/R咿
奴=-(2/231 )FS 一(2/63)代 225/&咿
^1=(4/1155)^0-(4/735)/! 2070/7R 咿
由2 = -(8/1155)4+(76/24255而一(256/고4255四

一(16/8085)F<—(8/11 55)F6+(92/24255)Fi

TABLE 3: The Matrix Elements

_________ C,M) for R—*oq

Cn=0 0
Cu=(16/2 기)$ 297000/&&
Cu=-(20/231)51 -371250/^
Cm=-(2/231)5i 一 37125/%%
Czi=(32/1617)S 594000/ZR 從
€22=-(16/1617)5!

■-고 97000/가?從
^=(8/1617)5! 1485000/7R7炉
C끄=(4/1617肉 74고5O/7R 從
(R=0 0
CK=(4/231)F3+(4/231)Fg 2250/R 咿
C33= -(4/231)F3+(4/693)Fg+(4/63) h 一고700/R 咿
C34=(8/693)2%+(2/63) fv 一225/碎2
Gi-(16/24255)F4+(32/2205) ft
G2=(8/lI55)rw-(46/24255)Fi-(38/24255)F7

一 2520〃妁羿

+(4/1155)% 3600/7R 咿
v«= -(8/1 155)Fw+(38/24255)£7-(12S/24255)F9

-(4/1155術一(8/24255)月+(46/24255泪
+(8/2205)羌 一6480/7&咿

C” = -<64/2455)F9+(4/735) ft 一고070/7R5#
Csi = —(8/441) 74-(8/441) tt 一48修
^=(2/441)^-(2/441) Ts 0
C5S=(6/441)Ti+(2/441)7i+(4/441)T44-<4/147X1 72/Zi3
C54 = (4/441)3+(4/441 k i 고 4/R3
Csl = -(8/2205)M-(8/315)«! 0
C&=-(8/735)，M 0
爲3=(4/735)」“一(4/105)再 0
C敬=_(8/2205)M—(8/3 ] 5)旳 0

-(8/245) /i 一 153O/7R咿
dg= 一(8/11 55)Fw+(46/24255)Fi+(38/24255)F7

+(64/24255)Ji-(4/l 155)F€-(4/735)/l —90/7&咿

4=(92/고4255)Ft—(76/24255)F7 一 1800/7R咿
^5=(4/1155)Fio-(46/24255)Fi+(38/24255)F7

4-(4/735)/i 2430/7&咿

力6드 一 (4/1155)Fy (4/735) J； —1530/7&咿

^5!=(4/735)7^—(4/441Xi —4/K3
如 드 (4/147) 73+(8/147) 72+(4/441)7；

+(8/735)7%+(32/441肉 72/K3
心=—(2/147) Ti+(2/441) T5—(4/441 Xi —24/R3
^54 = -(4/441)T1-(4/441)Ts 一40/把
必5=(2/441)3+(2/441)及+(4/735)7；+(4/44[肉 “足

^56= —(4/735) 7^—(47441)；! 一4/心
% 그 T4/735)M+(8/315)明 0

4드(16/고 2O5)M+(8/315) 明 0
<43=(32/2205)^+(8/315回 0

%느-(8/2고05)M °
dfis= _(8/2205)M-(8/315)w o
兹=(4/735泌1+(8/315)珂 0

*=言 M4)砂 U6)

where t=2fir.

The matrix elements q”血)and 勿&)、together with their 
asymptotic expansions for R—s are listed in Table 3 and 
4, respectively.

Results and Discussion

h should be indicated here that for calculation of %&) 

and 山*0), we adopt 사崂 hyperfine integrals for 4d orbitals 

listed 이sewhereL They are given in terms of a series which 

are “Dear combinations of the radial integrals. In those 
hyperfine integrals, radial series corresponding to l/R% 
I/密 and ]/R~ terms are represented as F< and S】，res- 

pectiv이y. In a strong crystal field environment of tetragonal 

symmetry, the symmetry of a 4d】system is reflected in the 
appearance in the result for AB!B of only those combinations 
of spherical harmonics 0) that transforms as the 

identity representation alg of the point group D4h.i3 There- 
fore> 叫(⑵ contains #J沂玲但©)(1/月)term, 
which is different from 나k octahedral case.

The NMR shifts are tabulated in Table 5a for a 4d】system



axes

of tetragonal symmetry not only changes,

in a strong crystal field environment of tetragonal symmetry 

and in Ta비e 5b for a 4dr system in a strong crystal field 
environment of octahedral symmetry for a comparison. Here, 

후您 choose 8 as 2.8481/oq, the spin-orbit coupling constant 
as 1030 cm-1 and the distortion parameter as 1000 cm-1. 
These parameter values are similar to those for Mo다 ion. 
The temperature is taken as 7=300 K. As shown in Table 

5a, AB/B for specific 22-values along the (100) and (010) 

are consi이ent with each other for a system in a 
strong crystal field of tetragonal symmetry. However, as 
R increases theNMR shift for a 4d' system in a strong crystal 
field environment

markr티y in magnitude but also in sign, which is different 
from a 4/ system in a strong crystal field environment of 
octahedral symmetry, as shown in Table 5b. This result 

represents an anisotropic NMR shielding for a system 
in 죠 strong crystal field environment of tetragonal symmetry. 
Along the (100), (이 0) and (110) axes, AB/B values are 

negati히e for all values of R except for R^QA nm while along 
the (001) axis, AB/B is positive. The NMR shift along the 

(111) axis is, however, negative for all values of R.

As 아low。in Table 5b, ABjB for a 4d" system in a strong 

crystal fi리d environment of octahedral symmetry along the 
(100), (010), (001) and (111) axes is negative for all values 

of R while akmg the (110) axis, the NMR shift is positive 
md the decreasing rate of JB/B is greater than that for

... ........... . — — ' — r、ui iva 1

a 4』'system in a strong crystal field environment of tet­

ragonal symmetry, as R inoeases. We also find that along 
나2 (001) axis, ABfB fbr a 4d‘ system in a strong crystal 
^eld environment of tetragonal ^mmetry is almost triply 

greater in magnitude than those along the (100) and (010) 
axes.

The NMR results for a 4<P system both in strong tetragonal 
and octahedral crystal fields using eq. (12) and the corres- 
pmding multipolar terms, 1/2?3,1/225 and 1/^, given in eq. 
(13) and (14) are listed in Table 6 and 7. A comparison of 
나)e multipolar terms with the exact solution given by eq. 
(12) shows that 산multipolar res비ts are in agreement with 
the exact results when RW0.25 nm. It is also found that 

the (100), (001) and (DO) axes, 1/於 term is the domi­
nant contribution to 사le NMR shift while along the (111) 
axis, 니R9 term dominantly contributes to the NMR shift. 
시on흐 the all axes, the contributions of the other terms 

may not, however, neglected, as shown in Table 6. For a 
42' system in strong crystal field 타wironment of octahedral 

symm러ry, 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 니 and 1/R? tenns in a strong crystal field of 
tetragonal symmetry is 져most the same as that along the 
(001) and (111) axes while their sign is opposite, as R inceases. 
We 鱼】d that along the (001) axis, 1/昭 1/足 i /依 terms

TABLE 5: /E/政ppm) fbr Specific R Values fbr a 4d〔 Systems
(a) In a Stroi% Crystal Field of Tetragonal Symmetry (d=1000 cm-1, C=1030 cm-1 and T=300 K)

7?(nm) 4B/B (ppm) '

(100) axis (010) axis (001) axis (110) axis (111) axis
0.05 1025.504 1025.504 -1474.254 1033.948 -307.9450.10 86.991 86.991 92.482 82.487 -279.005
0.15 一63.398 一63.398 206.742 -67.409 一 58 고60
0.20 一 43.187 一 43.197 111.394 -44.804 -12.2230.25 -25.259 一25.259 59.690 -25.899 -3.4710.30 -15.430 -15.430 34.761 -15.712 一 L269
0.35 一 9.986 一 9.986 21.838 -10.124 -0.552
0.40 -6.797 -6.797 J 4.570 -6.870 -0.272
0.45 一 4.822 一 4.822 10.193 -4.863 -0.147
0,50 -3.539 一 3.539 7.405 一 3.563 -0.085

(b) In a StxGog Crystal Field of Octahedral Symmetry® (d=0 cm-1, C=1030 cm1, T=300K)

人(nm) -
zfB/B(ppm)

(100) axis (010) axis (001) axis (110) axis (111) axis
0.05 -92044.372 一 92044.372 -92044.372 147206.318 一 162486.232
0.10 一 879.293 一8 四.293 -879.293 1216.944 -140i.049
0.15 一 60923 一60.923 一 60.923 91.390 -100.156
0J0 一 8.432 一 8.43 그 -8.432 13.395 -14.525
0.25 -1.787 一 1.787 — 1.787 2.847 -3.076
0.30 -0.504 -0.504 -0.504 0.796 -0.856
0.35 -0.173 -0.173 -0.173 0.271 -0.290
0.40 -0.069 -0.069 -0.069 0.107 -0.113
0.45 -0.031 -0.031 -0.031 0.047 -0.049
0.50 -0.015 一0.이 5 -0.015 0.020 -0.023



(a) 시ong the (100) (or (010)) Axis (3=1000 cm'1, C=1030cm-i and T=300K)

TABLE 6: A Comparision 이 the Exact Values of AB/B(ppm) Calculated Using Eq.(U) with the Midtipolar Terms in a Strong Crystal I^eld of 
Tetragonal Symmetry

A(nm) ------ 4B/B(ppm)

1/A3 1/RS 1/庞 Sum of all 
multipolar terms From eq. (12)

0.05 798.584 181.828 88.943 1069.355 1025.504
0.10 一 137.765 130.185 131.567 023.987 86.991
0.15 -122.817 30.860 30.703 -61.255 一 63398
0.20 -56.444 7.846 5.459 -43.139 -43.197
0.25 -29.025 그.582 1.186 -25.258 —25.259
0.30 -16.799 1.038 0.332 -15.430 -15.430
0.35 一 10.589 0.480 0.113 一 9.986 一 9.986
0.40 -7.087 0.246 0.044 -6.797 -6.797
0.45 一 4.978 0.137 0,019 -4.822 一 4822
0.50 一 3.629 0.081 0.009 一 3.539 一 3.539

(b) 시gg the (001) Axis

/?(nm) ------
1/R3 1/&5 1/&7 Sum of all 

multipolar terms From eq.(12)
0.05 -1597.169 475.793 -309.026 -1430.402 一 1474.254
0.10 고 75.S31 3H.O67 -457.120 129.478 92.482
0.15 245.635 69.924 -106.673 208.886 206.742
。고。 112.887 17.530 -18.966 111.451 111.3940.25 58.051 5.760 -4.120 59.691 59.6900.30 33.599 Z315 -1.153 34.761 34.7610.35 고 L158 1.071 -0.392 21.838 21.838
0.40 14.175 0.549 一 0.154 14.570 14.570
0.45 9.955 0.305 -0.067 10.193 10.193
0.50 7.257 0.180 -0.043 7.405 7.405

(c) 시❹哩 the (110) Axis

J?(nm) ------- JB/B(ppm)

1/R3 1/&5 1/&하 Sum of all 
multipolar terms 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 82.487
0.15 -122.817 21.583 35.968 一65.265 -67.109
0.20 -56.444 5.302 6.395 -44.747 一44.804
0.25 -29.025 1.738 1.389 一25.898 一25.899
0.30 一 16.799 0.699 0.389 -15.712 一 15.712
0.35 -10.579 0.323 0.132 -10.124 -10.124
0.40 -7.087 0.166 고 -6.780 -6.870
0.45 一 4.978 0.092 0.023 一 4.863 一 4.863
0.50 一 3.629 0.054 0.011 一 3.563 一 3.563

(d) Along the (111) Axis

7?(nm) ------- JB/B(ppm)

1/R3 1/&5 1/R7 Sum of all 
multipolar terms From eq. (12)

0.05 0.173 一 186.516 -77.750 -264.093 -307.945
0.10 -0.030 一 126.969 -115.011 -242.010 -279.005
0.15 -0.027 一고 9.250 -26.839 -56.116 一 58.260
0.20 -0.012 一 7.382 一 4.772 -12.166 一 12.223
0.25 -0.006 一 2.4고 7 -1.037 -3.470 -3.471
0.30 -0.003 一 0.986 一 0.290 一 1.269 -1.269
0.35 -0.002 -0.451 -0.099 -0.552 -0.552
0.40 -0.002 一 0.23 고 一 0.039 -0.272 一 0.27 고
0.45 -0.00J -0.128 -0.017 -0.147 一 0.147
0.50 -0.001 -0.076 -0.008 -0.085 -0.085



TABLE 7: A comparision of tbe Exact Values of /B/田(ppm) 
Chculated using eq. (11) of Referencewith the Multipolar Terms 
tn a Strong Crystal field of Octahedral Symmetry9
(a) Along tbe (100) (010) or (001) Axes cm-1, (=1030 cm*1 
and T=300K)

R(nm)
1/R5

JB/B(ppm)
[/史 Sum of all
* m머tipolar terms Exact

0.05 一 219.546 一 91038.574 -91258.120 --92044,372
0.10 一48.772 -775.432 一824.114 一879.293
0.15 一 Z895 一56.646 -59.541 一60.923
0.20 -0.184 一 8.228 -8.411 一 8.432
0.25 -0.041 -L746 -1.787 一 1.787
0.30 -0.016 -0.488 -0.504 -0.504
0.35 -0.007 -0.166 -0.173 -0.173
0.40 -0.004 -0.065 -0.069 -0.069
0.45 -0.002 -0.029 -0.031 -0.031
0.50 -0.001 -0.014 -0.015 -0.015

(b) Along the (110) Axis9

1/Z?5

JB/B(ppm)

“m Sum of all
! multipolar terms Exact

0.05 54.887 147937.683 147992.570 147겨)6.318
0.10 1Z193 1259.930 1272.123 1216944
0.15 0.724 29.049 92.773 91.390
0.20 0.046 13.370 13.416 13.395
@25 0.010 2837 2.847 2847
0.30 0.004 0.792 0.796 0.796
0.35 0.002 0.269 0.271 0^71
0.40 0.001 0.106 0.107 0.107
0.45 0.001 0.046 0.047 0.047
0.50 0.000 0.022 0.022 0.022

(c> Along the (111) Axis9

JB/B(ppm)
顽 源―m 温우;齢―£玉

0.05 146364 一 161846.344 一 161699.980 -162486.232
0.10 32.515 —1378.385 -1345.870 -140L049
0.15 1.930 -100.703 -98.773 -100.156
0J0 0.122 -14.627 -14.505 -14.525
0J5 0.027 -3.103 -3.076 -3.076
0.30 0.011 -0.867 -0.856 -0.856

一0295 —0290 —0290
-0.H6 -0.113 -0.113
-0.051 -0.049 -0.049
-0.024 -0.023 -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 woric may be applied to investigate the NMR shift, 
electronic and geometric structure for 4d* systems and to 

calculate the hyperfine interaction tensor components for 

these systems.
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