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A method to calculate the magnetic moments for d】and d2 complexes in a strong crystal field of trigonal symmetry has 
been developed in this work choosing the trigonal axis （III） as the quantization axis. The calculated magnetic moments 
using this method for d1 and d2 complexes in a strong trigonal ligand field fall in the range of the experimental values. The 
dipolar shifts for cl1 and d2 complexes in a strong trigonal ligand field are also calculated using the calculated magnetic susce
ptibility components. The calculated values of the dipolar shifts also fall in the reasonable range.

Introluction

A great deal of interest has been focussed on the use of 
the magnetic properties of d-transition metal complexes 
as a means of determining stereochemistry and ground state 
electronic properties.1 It is frequently found in the first 
series transition metal complexes that the magnetic moments 
are close to the spin-only magneli^ moments. The experi
mental values of the magnetic moments do not however agree 
precisely with the magnetic moments calculated from the 
spin-only formula. Comparing the experimental magnetic 
moments with the spin-only values for given transition metal 
complexes, the stereochemistry and ground state electronic 
properties of those complexes have been inferred2.

The magnetic moments for d1 and d2 transition metal 
complexes in a strong crystal field of tetragonal symmetry 
were investigated when the four fold axis was chosen as a 
quantization axis3a. The calculated values of the magnetic 
moments were reported to be in good agreement with the 
experimental values if the suitable distortion parameters and 
the spin-orbit coupling constant are chosen.

The pseudo contact NMR shift was first given by 
McConnell and Robertson3b in the form

著 = F $（어釆） （3cos；?—L） F（g） （ia） 

where R is the distance between the paramagnetic center 
and the NMR nucleus and 0 is the angle between the 
principal axis of the complex and the vector between the 
paramagnetic center and the NMR nucleus. F（g） is a 
function of the principal g-values. Kurland and McGravey3c 
extended this and showed that the pseudo contact shift may 
be expressed in terms of the magnetic susceptibility comp- 
ponents, %aa,

+으 - Xyy） sin2 從 os 2。］ （1 b）

The purpose of the present work is first to investigate the 
magnetic moments for dx and d호 transition metal complexes 
in a strong crystal field of octahedral and trigonal symmetries 
when the three fold axis is chosen as a quantization axis, and 
secondly to examine 나此 dipolar NMR shift for d1 and d2 

complexes, using the theoretically derived formulas to cal
culate the magnetic susceptibility.

2. The Magnetic Moments for d1 Transition Metal 
Complexes of a Trigonal Symmtry

Jf the three fold axis is chosen as a quantization axis, the 
axial wave functions with t2 symmetry are,4

13d/〉
四=/을 |2〉一/普 T〉

饥= /을 I 一2〉+ /普1〉 （1c）

For a dn system in a strong crystal field of trigonal symmetry, 
the approximate Hamiltonian representing the various 
interaction is

化二留一棗 y--2-<} +的으 + 贝七）+" ⑵

where

俄=£ "广Sj + Z &（电—2） +S 8（・K£+2$D （3）
i'=l i-l i=l

The spin-orbit co니pling and distortion interaction are 
treated as a perturbation acting on the crystal field potential. 
The spin-orbit coupling and distortion interaction matrices 
for the axial wave functions of a d1 system are,

—1宛〉 両〉 用〉

—<0 기 히2十& ~c/庙 0
〈的 一 2書 0
<^\ 0 0
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用〉 1杭〉 确〉

<0扌1 비 z + & 一이 m 0

<o 지 一m 一游 0
<^l 0 0 一디2 誓 （5）

Solving the above matrices, the 2T2 ground 마ate is separated 
into three Kramer's doublets. The magnetic field interac
tion is then added and treated as a perturbation to yi이d six 
eigenfunctions | 如〉with the corresponding eigenvalues En.

En=ei + <^| B （KI+2s） 桓〉

I、〈시伙KZ+2s）H|如〉〈如0（裁+2s）H|0> 
f—— ei-ej

（5） 
如=I由〉+ s <0，•愣（KZ+2?）H|如〉I由.〉 （6）

i녹 j 4 — 句

where 街 and 幻 are the eigenfunction and eigenval니e for the 
spin-orbit coupling and distortion interaction （/-； —1~3）. 
Using the eigenvalues E„ of the magnetic field interactions, 
we derive general formulas to calculate the magnetic mo
ments for d1 transition metal complexes of trigonal sym
metry. The parallel and perpendicular components of the 
magnetic moments for this system are

［出⑴明）（一如/W） +，弗⑵exp（-如/时））

I exp（—c/ET）+exp（-％侏7）+exp（—%侏T） J
（7）

where

划⑴响씅-（쯩）粉心听으쯕暑*} 

心）构씅+（쯩）（…）머2一*成 

衫」（3）=3（长一1）2

and

h=히侦 X^= （学+3#+&2）, 匸⑸ = （2K—1）以+（1—长）骸 

2§一芸으, 如今一号스 ande/=_（舞T）

成⑴exp（—ej时）+虑⑵exp（-色/W）

"오 = ' + 屋 （3） exp（一贝/妃厂）__________________ '
. €xp（~ei/kT） +exp（—시矽〜） +exp（—约/妃厂）

（8）

where

成 （1니 3"T-抢0）河

I 3〔1+K（专+3】）］虹

6{（응*）+ （与:媛+3gF" 

信一血-X）

kT \

成⑵={3傍尸+書_*一傷+ 3匚）X-1］2

巾+찌3+司］2 kT 

春 C
6 {（号 +1） - （-흐--1） （勇+3工） XT+2KX』

傍一验+X）

kT \

"오 ⑶二

6〔（号+ 】） + （을 TA，诉F"

kT
一厂

6 ［（专_+1） - （을 -1） （勇+3小次 +2KX』 

傍-3纣X）

The calculated magnetic moments using equation （8） are 
listed in Table 1.

3. The Magnetic Moments for d2 Transition Metzal 
Complexes of a Trigonal Symmetry

The ground state for a d2 system in a strong crystal field 
of octahedral symmetry is 3Tt, which is originated from both 
（/1） and （t 2） （e1） electron configurations. The mixing 
coefficients a and b can be obtained by solving the following 
ligand field-electron repulsion interaction matrix6.

The ground state wave function is

1"）〉 心1, tl）>

<0（燧）1
<*,，丨

—8 5b

6B
6B

2Dg+4B

0（3 幻）=4们為）一Z@ 01, g） （8）

where

42늘+如0+9.切4

-咨（10+9Q/A

and 사）=—6B［A

where /42=（100+180x+150x2） and x~BjDq.

It was reported that, for VCl33EtCN7, —1608 and B= 

523 cm-1. For these values of parameters, the calculated 
values of mixing coefficients are “=0.9982 and 5=0.0600.

We see that the contribution of | （e1,以）〉to the ground 
state （3Ti） is negligbly small. We thus neglect the contribution 
of |（H, 4）〉to the magnetic moments for d2 complexes 
in a strong crystal field of a trigonal symmetry. When the 
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TABLE 1: The Calculated Magnetic Moments for a d1 Complexes 
in a Strong Ligand field of Trigonal Symmetry

(a) Dependence of the Calculated Magnetic Moments on J
T=300K 5=500cm-1 ^=110.cm-1 and K=0.8

150 170 190 210 230 250

1.728 1.727 1.726 1.724 1.723 1.721
卩노 1.805 1.795 1.784 1.774 1.763 1.752

1.780 1.772 1.765 1.757 1.750 1.742
The calc미ated magnetic moments for a d1 complex in a strong 
tetragonal ligand field=1.78~1.86.

(b) Dependence of the Calculated Magnetic Moments on Tempera
ture

Crf=230cm-1, 9=110 cmF, 3=500 cm-1 and K=0.8

T(K) 200 240 280 300 340 380

佝 1.722 1.723 1.723 1.723 1.722 1.720
卩느 1.718 1.736 1.754 1.763 1.780 1.797
卩 1.719 1.732 1.744 1.750 1.761 1.772

The calculated magnetic moments for a d1 complex in a strong tetra
gonal ligand field=1.71~1.84.

(c) Dependence of the Calculated Magnetic Moments on §
7=300 K, J=230cm-i, ^=110 cm"1 and K=0.8

5(cm-1) 250 300 350 400 450 500

佝 1.679 1.699 1.710 1.716 1.720 1.723
"丄 1.786 1.780 1.775 1.770 1.766 1.763

1.751 1.753 1.753 1.752 1.751 1.750
The calculated magnetic moments for a d1 complex in a strong
tetragonal ligand field=1.80~1.82.
Experimental values 1.68〜1.84

three fold axis is taken as the quantization axis, the two 
electron wave functions for the ground (3Ti) state are,8

Xi = Jz 戚3히

%2=■二焉-渺6们I

Z3=—1 

V厶

担=3스시©"지 '

%5=专{|们用| + |妇扼|}

新 = 二焉시就 切

衍늘 {|折 花 | + | 妬 岡}

炉늘 {【折 们I + |如 妁 1}

%9= J? 丨妩 e기

As described in the previous section, the spin-orbit coupling 
and distortion interactions are treated as a perturbation 
acting on the crystal field potential and electron repulsion. 
The spin-orbit coupling and distortion interaction matrix 
for the axial wave functions of a d2 system is represented in 
the following.

IZ1> IX2> 任5〉 1&〉 IX8> l%9> l%7> l%4〉 |y3>

<X1I 드-3 0 이 2

<&시 0 들-3 C/s

<x5l 지 2 28

<Zel 28

〈시 C/2
<Xsl
〈시

<3쇠
〈〔시

Solving the spin-orbit coupling and distortion interaction 
matrix, the eigenvalues and eigenfunctions for the spin-orbit 
coupling and distortion matrix for the ground state of a 
d2 system are obtained,
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지 2

~d

2S 。2

디2 -3

—d

(10a)

,7=缶法+&3治 
r

冬二一耳 + 肉 。8=1%4〉

山=以3〉 (11)

夢=(1+&2泪

where 工=히匸

The magnetic field interaction is then added and treated as 
a perturbation to yield nine eigenfunctions | 質”〉with the 
corresponding eigenvalues sn

弓=匀+习</耶(KZ+2s) H《K>
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+ 寸 £〈시伙KZ+2s)H|饱〉〈由.愣(KZ+28)H|。,〉 
i=l F ei~ei (12)

饥，= I妃〉+ & 宙一8•愣(어*H|由〉匝〉 (13)

Using the eigenvalues en of the magnetic field interactions, 

the general formulas to calculate the magnetic moments for 
d2 transition metal complexes with a trigonal symmetry are 
derived. The parallel and perpendicular components of the 
magnetic moments for d2 transition metal complexes in a 
strong ligand field of trigonal symmetry are given by

“I ( exp(—^/^T) +exp(—e2/^T) 4-exp(—^3/^T) 4-2exp(—^/^T)
L I +2exp(—e5/kT) +2exp(一细用7)

(14)

where

叫⑴24(3)2__ kT_
(._&；+y)[成 C

24(K+2)2 kT 
唱-弘7忡P

24(K+2)2 *
奇一3z+y)w 

肝(4) = {«(1-응)-(1+ 今"旷 _ — 

血 5)=赤一승) + (1 +씅)3刁2 + 一으铲 

旧(6)=6(K-2)2

24(K+2) ] kT
H 一丫忡 I 

3(K+2)2 kT

成= {exp (—幻/泛广)+exp (-。2/"T) +exp(—g/ET) +2exp(一切/妇「)+2exp(—^5/^T) +2exp(—%/&7)} (15)

where

成⑴=12• 一
(1+〃)(2+号--2KJT

侈-丫+七)"

(1+£2)(2+号+2KJT ) 一 (1一 乙2)(2一 号)3XJ-1+2乙[(2 +

2—一多)3zJT-씨(2+号) JT—2찌

JT+2K

成(2) =12 —
(1+F2)(2+号一 2KJT)+ (1-F2) 】+2f[(2+号)JT-2K

*+Y+J)G2

(IM)(2+奇-+2K广】)- (1一旳(2-号)3處 一2K

*+y-j)G2

r [(2+ 学)+(2-
成⑶=3{-二—一匕丄

(1—3^c+J) (1—3^—J)

■ (1+Z，2) (2 + 奇--2KJT ) + (1-乙2)(2-学)3zJT—2Z, [(2"与-)戸-2K

】+2KJT

/zl (4) =12-
'专 _y+j)M

(1+F2)(2+-^—2KJ-1) + (l-F2)(2--^-)W-1+2F[(2 + ^-)J-1-2K]

t+2K广 1

专+ Y+J)G2

"오 ⑸ =21

kT
T

2+ 竽 ) +(2-学"5에 权[(2 +으-_______________________________________________________________

+ 4(l-3z+J) (l+3r-J)

' ：(1 + Z，2)(2+竽+2KJT)— (1—Z，2)(2—쓰-)3.宀+2乙[(2+쓰%) JT+2K
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(1+F2)(2+冬 +2KJT)— (1-F2)(2一号 2+응宀 - 2K3nL+2F

寺+y-j)G2

[(아스%) 4-竽)WL旳 t] [(가승%)一(2-승f 宀+ 沖기 以、

4(1—3^—J) (l+&r+J) C

[W+ （2--을%）W-W，

（고+3卫一 J）

［（2+쓰%） —（2―多）3务尸+ 2KJ』 kT

（1+弘+丿） J C
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4. Calc미ation of the Dip이ar Shift for dx and d2 Complexes

。4 드승愆一J)匚 
乙

'5 = 3弋어2)匸

。6=-(专+永

丿2=(1 + 淑2) 
尸=(辛一3工+9工2) 

乙=(专一次+Y) 

M2=(L2+2) 

f=G—ay) 

G2-(F2+2)

The average magnetic moments for trigonally distorted d2 

transition metal complexes can be calculated from the following 
equation.

口={研+2屋}* (16)

The calculated magnetic moments are listed in Table 2.
If d2 transition metal complexes are in a strong ligand field 

of octahedral symmetry, the distortion parameter, 毎 in 
equation (3) is zero. The expressions for the parallel and 
perpendicular components of the magnetic moments for d2 
transition metal complexes are found to be reduced to the 
form,

寸=

疽⑴ exP^金)*(2)exp(—矗) +“2 (3) exp(—-会")]

. 5expG유＞)+3exp(一着)+exp(—嘔유)

(17) 

where
02(1)={ 15(专「2)2 +5(k+2),

“2(2)= { 3(与2)七+3(k+2)2

”2(3) = — 8(K+2)2

It is found that when the four fold axis is taken as a 
quantization axis the exactly same form as equation (17) can 
be derived for d2 transition metal complexes in a strong ligand

The paramagnetic susceptibility, of the system when the 
magnetic field is parallel to the z axis may be calculated from 
the parallel component of the magentic moment as

y - N伊必
U~-~3kT^' (18)

where 四 is the parallel component of the magnetic moment. 
The magnetic susceptibility when the magentic field is 
perpendicular to the z axis may also calculated from the 
perpendicular component of the magentic moment as

y — N伊
A±~~3kT (19)成

TABLE 2: The Calculated Magnetic Moments for d2 Complexes 
in a Strong Ligand field of Trigonal Symmetry

(a) Dependence of the Calculated Magnetic Moments on J
T=300K,涉=500cmT, ^=H0cm-1 and K=0.8

The calcuated magnetic moments for a d2 complex in a strong 
tetragonal ligand field=2.93 (C/ = 210cm~1).

J(cm-i) 210 230 250 270 290 310 330

佝1 2.786 2.748 2.710 2.674 2.639 2.604 2.571
住L 2.674 2.669 2.664 2.657 2.650 2.643 2.634
卩， 2.712 2.696 2.679 2.663 2.646 2.630 2.613

(b) Dependence of the Calculated Magnetic Moments on Tem
perature

5—300cm'1, Crf—310cm-1, q，=110cm-i and K=0.8

T(K) 200 240 280 300 340 380 400

2.604 2.683 2.742 2.767 2.808 2.841 2.854
卩노 2.643 2.664 2.679 2.685 2.696 2.706 2.701
A 2.630 2.670 2.700 2.713 2.734 2.752 2.759

The calculated magnetic moments for a d2 complex in a strong 
tetagonal ligand Held그2.89〜297.

(c) Dependence of the Calculated Magnetic Moments on S 
J=310cm-i, ^=110cm-1, T=300 and K=0.8

400 450 500 550 600 650 700

丿如 2.764 2.765 2.757 2,768 2.768 2.769 2.769
卩노 2.696 2.290 2.685 2.681 2.678 2.675 2.673

2.718 2.715 2.713 2.710 2.709 2.707 2.706
The calcuated magnetc moments for a d2 complex in a strong
tetragonal ligand field=2.93~2.96 0=400〜500 cm-1). Ex
perimental values=2.63〜2.82.



TABLE 4: The Calculated Dipolar Shift for a d2 Complex in a 
Strong Ligand Field of Trigonal Symmetry

Magnetic Moments for dx 히id d2 Complexes

TABLE 3: The Cakwlated dipolar Shift for a d1 Complex in a Strong
Ligand Field of Trigonal Symm아ry

(7—300K, C/—154, and ^ = 500cm-1)

7?(nm)

0.05 739.56 一 369.78
0.09 126.811 一 63.405
0.15 27,391 一 13.696
0.19 13.48 一 6.739
0.25 5.916 一 2.958
0.29 3.790 一 1.195
0.35 2.156 一 1.078
0.39 1.558 一 0.779
0.45 1.014 一 0.507
0.49 0.786 一 0.393

(7=300K, J=320, and 5=500 cm-1)

A(nm)

0.05 -14839.7 7419.87
0.09 — 2544.54 1272.27
0.15 一 549.619 274.810
0.19 一 270.443 135.221
0.25 一 118.718 59.359
0.29 一 76.058 38.028
0.35 一 43.265 21.632
0.39 一 31.271 15.636
0.45 一 20.356 10.178
0.49 一 13.984 7.883

where “丄 is 바｝e perpendicular component of the magnetic 
moment.

Substituting the calculated values of 사le magnetic sus
ceptibility using equation (18) and (19) into equation (lb), 
we can evaluate the dipolar 아lift for d1 and d2 complexes in 
a strong cryst이 field of trigonal symmetry and the calculated 
dipolar 아］ifts are listed in Table 3.

5, Results and Discussion

As shown in Table 1, the calculated magnetic moments for 
d1 complexes fall in the range of the experimental values11. 
The calculated magnetic moments for a complex in a 
strong trigonal ligand fi이d decrease slightly as 사le values of 
the spin-orbit coupling constant are increased. The cal
culated magnetic moments for a d1 complex however increase 
slightly as the temperature is increased.

The calculated magnetic moments for a d1 complex in a 
strong trigonal ligand field are almost independent of the 
distortion parameter, § as shown in Table 1. Such a trend 
may be also observed in a strong ligand field of trigonal 
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symmetry as 아lown in Table 2. The calculated magnetic 
moments for d2 complexes in s trong trigonal ligand field fall 
in the range of the experimental values.12
As shown in Table 1 and 2, the caculated magentic moments 
for d1 and d2 complexes9 in a strong tetragonal ligand field 
are slightly higher than those for dl and d2 complexes9 in 
strong trigonal ligand field.

The calculated dipolar shift for d1 and d2 complexes in a 
strong crystal field of trigonal symmetry decrease as the 
distance from the NMR imcleus to the paramagnetic center 
is increased as expected from the previous works13. The 
calculated values of the dipolar 아lifts for a dl complex in a 
strong trigonal field are in reasonable agreement with the 
previous reports14. No theoretical vahw of the dipolar shift 
for a d2 complex has been reported so far.
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