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PSEUDOCONTACT SHIFT IN Eu(III) COMPLEXES. II. A SIMPLE THEORY FOR

COMPLEXES OF C n OR C v POINT SYMMETRY
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An approximate equation has been obtained for the pseudocontact
shift in tris-chelated europium(III) complexes with C3h N D3h or C3v
symmetry. The crystal field energies have been calculated as a first-

order perturbation on the spin-orbit levels.

I. The Eu(III) ion

The ground term of a tripositive europium ion is 7F and the spin—orbif coupling
splits this term into seven levels 7FJ(J=O,1,2,...,6). The energy levels of these mul-
tiplets have been determined(l’u) at about 370 and 1100 cm—1 for the 7F1 and 7F2 levels
respectively, with the 7FO state as a ground level. The (2J+1)-fold degeneracy of a
level is wholly or partially lifted by the action of the crystal field.

As a first approximation to the tris-chelated complex of Eu(III), let us take

or C symmetry for the crystal potential. The Hamiltonian of the system

the C 3v

3n’ P3n

may be written as

SN SPE S e e (D)
here kii is the free ion Hamiltonian and Vc is the crystal potential. The eilgenfunc-
tions of kif can be labelled by J and J  values as IJJZ>. Since V, has no matrix ele-
ment between 7F0 and 7Fl states, we shall use the first order perturbation theory to

obtain the crystal field energies(l). Thus the crystal potential of C3h or D3h symme-

try can be written, within a manifold of a given J value, as(2)
4 6 6__6 6
chAg<r2><J|Ia||J>Og +A8<r ><J||e||J>oﬁ +Ag<r ><J||y]lJ>og *hg<r><I||y| ]3>0 ... (2)

where Ag<r2> etc. are adjustable crystal field parameters, <J||a||J> etc. are Stevens
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proportionality constants, and Og etc. the angular momentum operators. The explicit
forms of these operators and constants can be found in refs.(l) and (2).

Hereafter we shall consider only 7FO, 7Fl and 7F2 levels because other levels
are higher in energy so that their contribution to the susceptibility is negligibly
small. Under the influence of the Vc’ these multiplets break up into a series of dou-
blet |JtM> and singlet |JO> energy levels. To first order in the crystal field , the

energies of these levels are given by
E(]00>)=0
105)=n. +v. - =A, +280<r?>/5
E(l =04 10 1 2 I )
_ 0.2
E(|121>)=A,4V,, =8, Ay<r™>/5

where A, is the separation between the 7FC and 7Fl states in the absence of the crys-

tal field, and

0. .2
E(]20>) =A,4V,q =a,+ 2285<r®>/105 -16A2<r“>/21
- _ 0. .2
E(]2£1>)=0,4V,) =8+ 11A0<r®>/105 +32a0<r">/63 R oS
- _ 0. .2
E(]2£2>)=A,4V,, =A,- 2247<r®>/105 - 8Aﬁ<r”>/63

here A2 is the 7F2 energy in a free ion.

This energy level scheme remains unchanged even in a crystal field of 03 symme-

v
try. This can be seen as follows. The potential Vc(CSV) contains extra terms propor-
tional to <J||6||J>oﬁ and to <Jllyl|J>Og in addition to the V_ described by eq.(l)(lz).
But the matrix elements of these terms are zero in the manifold of a constant J, so
the final result eq.(19) holds also for complexes of C3V symmetry.
ITI. The Zeeman effect

We shall first consider the parallel Zeeman effect. The Hamiltonian is
kb, =BH(L,+25,) e P €9
H being the applied magnetic field. The 7F0 level shows of course no first order
Zeeman splitting, but the second order Zeeman energy arises through coupling with the
7Fl(JZ=O) level.
E(]00>) =-482H%/(A[+V ) e e (B)
Similarly the second order Zeeman energy of the 7Fl(JZ=O) level is
E(|10>) =+48%H%/(A 4V ) - 382H%/ (M, V5=V ) e (D)
The energies of the 7Fl(JZ=il) levels are obtained as
E(|1£1>)=(3/2)8H - 9B8°H?/U(A 4V, -0 -V ) e (B)

The perpendicular Zeeman effects are calculated in an analogous way to yield
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E(|00>) = -48%H?/ (847, )
B(|10>) =982H/U(V, =V ) = 9B87HZ/U(A,4V 0 =0 =V, )
2.2 2.2 2.2 .
E(|11>) =2g°H /(8147 1) + 9BHT/8(V, -V () + 3B°H /8(8)+V,1=8,-V,5 1) e .. (9)
+982H2 /U (A V-8V, )

E(]1-1>) =(ibid)
III. Anisotropy in susceptibility

The Van Vleck equation for susceptibility(3) can be used tc cbtain the anisotropy
in susceptibility.

Zx ((Enm(l>)2/kT - 2Enm(2)) exp(—Eg/kT)

~s
~e
I

o e e e (10)
z exp(—En/kT)
Neglecting the Boltzmann contribution from the excilted 7F2 state, we get
5 8 -8 6
X = B%el + ( + )exp(—(Al+VlO)/kT)
CSRAET) B+Vio AotVog=84-Vqg
9/4 9/2
+2( + )exp(—(Al+Vll)/kT) } e e (11)
KT A2+V21 Al—Vll
and
X1 =8%d + + Yexp (= (8,+V, ;)/KT)
BytViy VigVin o BotVp 7847V
-4 -9/4 3/4 9/2
+2( + + + )exp(—(A1+Vll)/kT) }oo..00(12)
BytV gy Via-Vag Bo¥Vppm8y-Vqq BpdVpp=8q-Vy
with
_ -1
e ={1+ exp(-(Al+Vlo)/kT) + 2exp(-(Al+Vll)/kT) } ettt e e (13)

Since the crystal field splitting of 7F2 state is much smaller than the separa-

(1,4)

tion between the 7Fl and 7F2 states , we can approximate egs.(11) and (12) as

8 -8 6 9/4 9/2

X :626{ — + ( — + ——————‘)exp(—AO/kT) + 2( — + — )eXp(—Al/kT)} ..... (1)
By By By=hg KT A=y
and
5 8 -9/2 9/2
XL =Bl — + (——— + ———— Jexp(-40,/kT) +
A Bgmdy A= By
-4 -9/4 3/h 9/2
+2( — + + + )exp(-Al/kT) } e ettt (15)
L Ay=by By=by
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A +V

here for convenience we have changed the notation from A1+V10, 1

11 and A1+A2+V21(i=

0,1,2) to A Al, and A2, respectively( see Fig. 1).

0,
5 8 8 -8 3/2 9/2
Xu=Xe=pel (— » — ) + ( — + + )exp(—AO/kT)
AO Al AO AZ_AO AO—Al
9/2 8 9/2 -3/2
+ ( — + — + + )exp(—Al/kT) } et ettt (16)
kT Al Al—AO AZ—Al

In cases where the crystal field splitting of the 7F1 state 1s small compared with the

spacing between the 7F1 and 7F2 states, we can further approximate eq.(1€) as

5 8 8 -8 972 9/2 8 9/2
Xu=Xp=g%el(— - —) + (— + )exp(~Ay/kT) + (—— + — +

AO Al AO AO—Al kT Al Al—AO

exp(-A,/kT)}

IV. Pseudocontact shift

If we adopt the point dipole model as described by McConnell and Robertson(6),
the pseudocontact shift can be given by the following equation(7).
AH/H = (1-3c0s°8)(Xu=Xa)/R3  ..iiiii... e e e e (18)
Substituting eq.(17) into the above, we obtain an approximate expression for the pseu-
docontact shift in Eu(III) complexes.

AH (1-300526) 5 -1
_ — 3" { 1 + exp(-AO/kT) + 2exp(—A1/kT)}

H R3
8 8 8 9/2 9/2 8 9/2
){(— = — )=(— + dexp(=8y/KT) + (— + — + Jexp(=A /KT)} ..., (19)
By By By By=by KT L

In eq.(19), R is the distance between the central Eu(III) ion and the proton of inter-

est, 0 the angle between the C3 axis of the complex and the R vector, and AO and Al are

the energies of the 7Fl(JZ=0) and /Fl(Jz=il) levels, respectively, as measured from the

ground state 7FO( see Fig. 1 ).

As is evident from eq.(19), the temperature dependence of the pseudocontact shift
of the Eu(III) complex with C3h > D3h or C3V symmetry is quite different from the
Curie behavior. Althcugh the magnetic characters of the crystal field levels in tris-

chelated Eu(III) complexes have not been well recognized(u’S), the dominant terms at

higher temperatures may be the latter terms and at low temperatures the first term may

dominate. The shift is expected to reach asymptotically
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AH (1—300829) 5 8 8
— —'*———g-—ﬁ(——-—) ettt eeeee et B ¢-10))
H R AO Al

at low temperatures( kT<< AO or Al ).

Figure 2 shows the temperature dependence of the pseudocontact shift predicted
by the approximate eq.(19), assuming that 4,=350 cm-l, Al=600 cmFl(u’5), 9=60° and R=6,
7,8 8(8-11)
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Figure 1. The crystal field splitting 3|0 4{0 5|0 0 103/-'-

of the lower multiplets in Eu(III) ion.

Filgure 2. The calculated temparature
dependence of the pseudocontact shift
(eq.(19)) , the resonance frequency

being assumed to be 100 MHz.
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