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arious properties of the absorption spectra of the complexes
Vof the first transition group elements have been discussed in
the previous papers of this series.!”* The basis of these con-
siderations was the crystal-field theory, a theory in which the
assumption is made that the main properties of e. g. a complex,
are determined by the electrical field originating from the ligands.
It was shown that a simple perturbation treatment could account
quantitatively for the absorption bands in the copper (II) com-
plexes.

The present paper is intended to give an account of the
information that may be obtained about the Ni(II)-complexes
when using the crystal field theory. For this purpose the necessary
quantitative results for eight equivalent d-electrons (or two
positrons) will be derived. The derivation will be carried out in
the mdst straightforward manner on the analogy of the method
in ref. 2. The formulae derived will be utilized in the numerical
calculations of the spectra of the simple para- and diamagnetic
Ni(II)-ammines. Further it is shown that a strong hybridization
using 3 d orbitals seems out of question in the discussed octahedral
Ni(II)-complexes.

General Theory.

The electronic configuration of the free Ni(II) ion is 152 2s?
2p®3s% 3p% 3d8, the ground state is a 3F level. The lowest excited
states are: 1D 3P G 1S. Unfortunately only the 3P term value is
known with accuracy.® It is found at 17000 cm~!. The “‘normal’’
bands with a molar extinction coefficient ¢ ~ 10 are due to
transitions between states with the same multiplicity.> ¢ There-
fore it is the splittings of the 3F and 3P terms which determine
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the spectra of the paramagnetic complexes, and the splittings of
the 1D, *G and 1S terms which determine the spectra of the dia-
magnetic Ni(II) complexes.

We assume that the perturbing field originating from the
ligands is so strong that the (L — S) coupling can be neglected.
The value of L and the symmetry of the field then delermine
the number of states into which a given term splits up. We shall
use the hole-formalism? and treat the eight 3d electrons as
equivalent to two 3d positrons. The unperturbed wave functions
¥, m with angular momentum L and the magnetic quantum
number M =— L, - L4 1...L are constructed by com-
binations of the single parllcle wave functlons ' (1) and % (2)
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The indices on the 3d single-particle wave functions refer to -

the magnetic quantum numbers.

The perturbation term of the Hamiltonion is the same as the
one used in ref. 2, equation (3)

HO(1) = -

HO _

—D (m) —

__r 2n+11‘“+1

The different terms H

MM =

ﬁ?

{ s

H(”(l) + H®M (2)

.n

HY(p,

Y3 (Ouy) PR (0)

¥ dt in the

of the two 8d positrons.

The wave functions ¥ 5, for the ®F state can be found by
the method of ConpoN and SuorTLEY.® Leaving out the spin-

functions we find:

secular equation now have to be evaluated. On the analogy of

the argument in ref. 2, it is seen that in the single electron integrals

n must be 4, 2, and 0. H{}), is then different from zero only for

m =4, 2 and 0, which means that M — M’ must be even.
The secular equation is then:

1 . (1) (1)
Py 5 = /5 (2 (1) 91(2) — 91 (1) p2(2)) Hyy — Ef 0 Hm 0 H(l) 0 H(l)

- | 0 HY-—EY ¢ HE 0 HY, 0
W30 = /5 (w2 (1) po(2) — wo(1) v2(2)) H%) 0O H{P*E(l) 0 H{l_)1 0 Hl(l_)3

(1) (1) (1) (1) ‘

3 ‘ 0 Hs 0 Hy' —EY 0 Hj” 0 0 (2

Por = /2 a1 9 (2) — poa (D) va2) 1 " . ()
P HY, 0 HY  0HY -ED o gWO
1
+ ]/ £ (1 (1) wo(2) — we (1) 12(2)) 0 HY o HY oHY, —EW 0
1) (1) ) (1) 1
¥, o ]/ L (92(1) p-a(2) — yoa() ya(2) 0 A% 0 HY 0 Y. 0 R0
2
+ l/g (p2(1) -1 (2) — w1 (1) v1(2)) By means of the symmetry conditions of the matrix and by
- row and column operations we get the four equations:
= ]/ 10 (p1(1) p—2(2) — p-s(1) v1(2))
_ /I ‘ EW = gD g9,
- ' 3(%(1) P-1(2) — w1 (1) po(2)) (D) W )
i AR HE B (B — ED) —2(H) — 0 3)
- ‘/; (po(1) ¥-2(2) — p-2(1) ¥ (2)) ~ (H £ HYy— EDy (D HE, —EDY —(HE £ HY)2 = 0

Yy = %(w_l(l) po2(2) — W_s(1) 9o(2)) The different H{ph are now evaluated. We get e. g. for H{Y:
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2 1) (2 1) (2)
((){)):S“/_(qu) @) y0) (>)+‘/ (p 2 — 40 |

HO (D) + HO (2)) drydy = 5\ |9 P HO (1) dry

HE =\P,HV (Vs dx

2

+ES|% ‘2H(1)(1)d71-
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with respect to E®. Because of the complexity of the final for-
mulae for the general case, these will not be written out. Cal-
culations for some definite cases are given below.

From the 3P term we gel analogously:

The question of obtaining the solutions of a two particle
problem has then been reduced to the evaluation of the single-

particle integrals. These integrals are tabulated in ref. 2,

8
equation (9). Leaving out the common factor 15']‘2, we get:

(D (2)

. 5 P
Similarly we obtain:
@ A 3 1 3 1
11 el D(O, /,t) QBO"_%Bz-%ng +(ﬂ5+ﬂ6) ZB(]T% 2-—-5: 4‘
[ 1 1
HE = D0, w) 2B0+g34]+(#5+M6)[230+§B4}
@ 3 9 By—LB,——B
Hz :D(O,,M)Lng—l— B4 + (us + pe) 0 : 2 2_1 4
(1) 5
High = D4, 1) —2—434
51/1 31./1
I e T
HY =0 |
5 3
Hgl)l = D(2, ) ‘:“Zﬁ B4“£‘Bz}

157/1 /1 ]
(1 _ 191/ 1
5
HY — D4, w)- —‘)B).
13 ( lu) ( 8V15 4

The first ordér perturbation energies of the Ni(II) complex

are obtained by inserting (4) into (3) and solving the equations

/9
- D@ 1/ 2 D@ /2 0@
EL 10"’— 193 L 10w (G I/ i /10 Y Yy
4 1 n A
— (1) .(2) 1 ,.(2) il (2) __ (2) 5
0 15 Vo2 ¥z l 1o YeiYe l/ v yA— |/ v 3 B
/9 / 9
— (1) (2 (1) (2) (1) Ml e s
Wl—l 10 Y_s 1101 l/ 10 Y1 I 10 Yo 1/’ 10’4) V)
The secular equalion is
HY_, —EW 0 HY,
0 H{Y - ED 0 =0,
HE, 0 H{Y —E®
1. €.
E® — g .
E® = g 4 HO, } ©
where

2
H(l) = D0, 1) [9B0+ B } +(M5+MG) {2 Bo“‘ng}

1
H(l) = D0, p) l2 BO—IBBZ} + (ps + pg) {2304‘332}

H(l) _

The Hexa-Coordinated Ni(II)-Complexes.

The energy levels of Ni(Il) complexes, with six equal point
dipoles placed in a regular octahedron around the cation, arve
obtained from (3) and (6):

The 3F state splits up into three levels:

§
i
T
]
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e 24 [12 By— B, I,
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ng © (12 By +2 B, T,

The [ notation is the nomenclature of BETHE.”
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cubic field.

Fig. 1.

The term scheme of the paramagnetic octahedral Ni(II) complexes with cubic
symmetry.

For the 3P state, which does not split up in a cubic crystal-
field, we get:

8
3P:4—5—f2,u-12B0 Iy
The energy levels for one d-positron is2:

8
E, = —f*u[6 By + By
X ®)
E, = -fzﬂ{GBo_gBJ-

A combination of (8) and (7) in the notation of HARTMANN
and ILsg?® gives
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1 9
5E1+5E2 F4
3F: E1+E2 ]"5 (9)
2 E, T,
4
3p: 5E1+gE2 I, (10)

Between these four levels three transitions from the groimd state
3F1; are possible. (See Fig. 1). The freque11c1es of the three
absorption bands are:

v, = (Ey—E)) em™!
— 9 E B —1
Vo = :r;( 27 1) cim (1]_)

vy = 17000 +§(E2—E1) em !

From these is obtained the simple rule that v,/v, = 1.8.

The spectra of Niaqg™" and Nien,™™ are given in Fig. 2.
As abscissa the wave number » is taken and as ordinate the
molar extinction coefficient ¢. Inserting (E, — E1)ay = 7600 cm™
and (Ey — E1)en = 10500 em™ into (11), we find the absorption
maxima given in Table 1.

TaBLE 1.

Comparison of experimental and calculated absorption maxima.
Wave numbers in cm™ .

Ni (H,0),+ + Nien,t+
obs. cale. h obs. ) cale. -
Vg oo . 25300 26000 29000 29500
Vg e e 14000 13700 18350 18900
WL e 8000 7600 11200 10500
Val¥y e, e 1.75 1.80 1.64 1.80
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Fig. 2.

The absorption spectra of nickelethylenediamine complexes in aqueous solutions
at 25° C. Curve (0): Niaqs"'+ Curve (1) Nienag,™ ™" Curve (2) Nien, aq‘2++ Curve
(3) Nien3++ Solutions of the composilion: CNi(NO,,)e = 0.05M, Cppnq =0.15 M
C HNO, = 0.05 M with varying concentrations of ethylenediamine were measured

on a Beckman D. U. Curve (0) is obtained from solutions with €, < 0.05. Curve

{(3) from solutions with C,, < 0.30. For solutions with intermediate ethylen-

ediamine concentrations curves (1) and (2) are computed by means of the method

of ByErrUM.? The consecutive constants were determined to be: log K, = 7.17,
log K, = 6.07 and log K; = 4.27.

In Fig. 2 it is seen that the second band », in the spectrum
of Niaqe™™ is not symmetrical. A closer analysis® shows that it
is actually composed of two adjacent bands with a A» ~ 2000 em L
A slightly tetragonal field may produce such an effect. However,
a tetragonal field would also turn »; into a double band, which
has not been observed. The second band in the spectrum of
Nien,™¥ is seen to be Gaussian-shaped. Therefore, a possible
explanation of the double band in the spectrum of Niage™* may
rather be that the splitting due to the (L — S) coupling in the 3F
state® (~ 2200 cm™ ') is not totally quenched by the weak water
ligand field. This is possibly the case for the stronger field pro-
duced by the ethylenediamine.

The formulae (9) and (10) can also be applied to the spectrum
of Vaqs**™. The energy levels of the 3F state are here placed
in the opposite order of that in the hexaaquo Ni(II) complex,

. 11
E(l55)) = pa [8 BO_£32%E
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© and the 3P state is situated at 13200 cm™. Experiments?® show
that this complex has two bands placed in the visible region of
the ‘spectrum, the first at 17200 cm™%, the second at 25000 cm Y,
so that »,/v; = 1.468. It Seems improbable that the bands can be
due to transitions between the ®F levels only, since the ratio »,/v,
in this case would be 2.25%% (c¢f. (11)). On the other hand, if we
assume that the term scheme is that given by OreeL,1? the bands
are due to: *FI'y— 3F ['s and 3F I, — *P T, i. e. vofvy = 1.56. This
predicts a third band in Vaqe™t " placed at 37000 cm™

~ 270 mp
and due to 3FI,— 3ET,.

- Mixed Ni(1I) Complexes.

The complexes Nienaq,*" and cis-Nien,aq,™ have both the
same formal configuration, i. e. two dipoles u, placed in a cis-
position to each other. Assuming all distances to be equal, the

energy levels for the 3F state (leaving out the factor ZSF E
]

\ 4
 ; E(FQ.(tB)) = {1 {8 B, -+ §B4J + to {4 By + 13)— 34} (ground level)

1. 1]
: E(PS(M)) = U3 [8 Bb+§B4l ‘%MZ {4 B0—€B4J

1

. 1 1
34] +pa [4 Bo+£BzhﬁB4}

1/ 8 11 8 2 5
+§!‘/ {:“1(*5332 1534)—##2(732——&% +(M1+M2)2'T2(B4)2

11 4 3
: :ji‘E(fhmz)) = {8 Bo—}— B,— T 34} +u2 [4 B,— 5 Bz‘—“ﬁB,;}
;é:E(F‘H%)):‘“l {8BO~LBI 11B +ps |4 B —!— ’l—B
1" 357 4274 #2200 7B

1y/ 8 11 ) 1

75‘/[“1(“_‘553% 4234)+M2< 5By )M(ulﬂcz)z 15 (B)?

&

and for the 3P term:

(12)




12

Nr. 8 '
Nr. 8 v 13
o2 2. : A
E(lyqo) = i {8 Bo—g Bz] + by {4 Bo+ng] ] By/By = 2.26. Further, we assume that the values of the dipole
' 1 . (13) moments are the same both in the “‘mixed” and in the “‘unmixed”
RSN PUE P4 O P P |
E_E 8 ,» .0 8 ,, 5 1
. Th.e formulae for the l.evels of the trans-Nien, aq2*‘+ complex, (Es—Eiug. = B! B4_ 3T 4_5f # By 379,06 " ®
in which the two water dipoles u, are placed in trans-position to 3
each other, is for the 3F state: Efzu B, = 0,60 (E;— E e, ' (15)
8 ‘ ‘
4 9 =P uB, = 1,35 (Ey— Ey)pe.
E(Togz) = |8 Bo+3 BJ + e [4 By +§BJ (ground level) /o (Be = e
1 2 & 3 0 3 N i “]
B(Tyqa) = s |8 By— = } Y [4 B, 2 } The results of the calculatlon. are sﬁlfwn in ’-lable 2 The |
L 3 3 observed absorption spectra of Nienaq{ ' and Nienyaqs ™t are
_ r 9 1 4 shown in Fig. 2; the maxima of the bands are tabulated in
E(lsq5) = Hl‘ 8 Bo‘i‘% B2*734J 4 pa |4 Bo— o= By ~91 34] Table 3. ‘
W (=22 mr i n) 4ot ) + 2w | an o
2 1 2 e 2T 9y | H1 Dy Calculated absorption maxima. Wave lengths in mpy.
8 , 3 = ' s B
E(F4(t2)) = Uy [8 B, — 35 — 34} + uo [4 B, _|_ %BJ Nienagf+ cis-NiengaqF+ trans Nien, agf+
2 4 1230 1150 1140
E(F4(15)) = {8 B, ‘*‘ng } + peq [4 By— B, £B4] 1100 . 1100 950
i 650 590 580
4 5 640 580 570
—3 l/[m( Byt+< B4> + M2< B, +57 )} F41(B))® 360 360 380
350 330 330
and for the 3P state:
TaBLE 3.

2 2 ] Experimentally found absorption maxima. Wave lengths in m .
E(F4(t5)):/u1 {830_332}4‘#2{4304‘334 g ? d

Nienag] + Nien,aqf+
4 4
E( = 8B, + = —
(Lyqa)) #1‘\ ot 5 By| +uz |4 By 5 B,|. _ 980 900, 1000
’ 640 550, 570
. . . ) . : 370 340
For the numerical evaluation we insert all the distances R :

equal to 2.0 A (see ref. 1, 11 and 14) and Z = 7.20 according

7.20

to SLATER,2 1. e. x = =5 -8.78 == 9.1. From Table 3 in ref. 2

The calculated absorption maxima are nearly identical with
those found by experiments. However, it is only in a few cases
that the adjacent bands can be distinguished from one another
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on the measured absorption curves. It is seen that the spectra
of the cis- and trans-Nien,aqs " complexes are nearly equal.

The spectra of the [Ni (NH;), (H,0)s_,] " complexes can be
treated analogously. Taking (E; — E))yg, = 10100 cm™?, e. g.
the band of Nickel monoaquo pentammine, which Brerrum1?
found to have a maximum at 17200 cm™1, is placed at 17300cm 1.
It is instructive to compare the absorption curves in Fig. 13, ref.
13, of the nickel ammines with the absorption curves in Fig. 2
of the nickel cthylenediamine complexes. It is observed that the
spectra of the [Ni(NH,), (H;0),)"t and [Ni (NH,), (H,0),*"
complexes show a slight displacement towards the red as com-
pared with the corresponding ethylenediamine complexes. This
is also to be expected, as (E; — Ey)ng, = 10100 em~1 is slightly
lower than (E,;— E,),, = 10500 cm™1

The dipole moments for the distance 2.0 A and for Z = 7.20
are calculated to be:

Hro0 = 3.45 Debye
HUNE, = 4.55 —
Hen =474 —

Thus both the chemical evidence, as shown by BiErrum,'®
and the model developed here seem to verify that the hexaco-
ordinated Ni(II) complexes are built very nearly as _regular
octahedrons. '

The Four-Coordinated Ni (IT) Complexes.

It has been shown by X-ray examinations that the diamag-
netic four-coordinated Ni(II) complexes have a square-planar
configuration. (For a review, see ref. 14). According to the mag-
netic evidence the ground level must be a singlet.

In oxder to investigate which state could possibly be the
ground state we shall first consider the splittings of the levels
in a distorted octahedron. The lowest level of the G term in a
distorted octahedron (*G Iy 45 in the nomenclature of BETHE?) is:

BV = a2 [8 Bo+ s Ba+ g Bal + *as f2pa {4 By — 2 By + 51 By
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This is the level which splits up the most in a tetragonal field,
and as none of the other states has this symmetry, the level can
cross these. Taking B,/B, = 2.26 and u, =0, we get for the
square-planar complex

EW = 8 24, [8 By+2.72 B,].

For relatively strong ligand fields this level can be the ground
state, and the complex thus diamagnetic. However, paramagnetic

5
&

3

i

o

square-planar field.

Fig 3.

~Fig. 3. The term splittings in the square-planar configuration. The ground level

is changed from a friplet to a singlet at the point A.

complexes with square-planar configuration seem also to be
possible (Fig. 3).

The G state is estimated by Conpon and SHoRTLEYS to be
placed at ~ 22000 ecm™!, and a reasonable value of the splitting
of the 3F level in a square-planar field is ~ 12000 ¢cm~t. If
1G (I'yq2)) is the ground state, %/4sf2x-2.72 B, > 34000 cm™%,
i.e. 8, f2u By > 12500 em™', which in fact corresponds to a
rather strong crystal-field.

Even if our calculations are only valid for small ligand-
fields, we can e. g. try to calculate the first absorption band of
Nistien,**. (stien = C, C-di(phenyl)ethylenediamine). If we use

"3/45 fzﬂ B4 = 13000 Cm_l, this band 1z (F4(22)) — 1D (F?)(['l)) is

placed at 550 mu. Experiments show only one band situated
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at 450 mu. Another possibility is that second order effects have
already depressed the D (I'3(,) level beneath the G (Lyqs)
level. It is known that in strong crystal fields this level is placed
below the former. ' :

The splittings in a regular tetrahedron are similar, but the
inverse of the splittings in a regular octahedron.l” It turns out
that the coefficients to B, obtained in the octahedral case are to
be multiplied by the factor — %/, e.g. for the 3F state: (the

8
factor Eleu is omitted)

830—8/934 :2E1 F‘z
°F 830*4/2734:E1+E2 Fs
8Bo+4/9B4 :1/5(E1‘}‘9E2)- F4

In the tetrahedral configuration the ground state is a triplet and
the complex is thus paramagnetic. However, the absorption

spectra of paramagnetic complexes assumed to have a tetrahedral

configuration?* do not seem to fit these formulae.

Geheral Remarks.

As demonstrated in the above sections the simple crystal-
field theory is able to account for most of the experimental
material. Thus it seems unlikely that the overlap-integrals be-
tween the ligands and the metal-ion can be of much importance.
This seems to be in accordance with recent calculations by Craig,
Maccorr, Nymorm, OreerL and Sutron.*® The hybridization
3d?4s4p® would produce two 4d electrons, predieting a level
order inversed to the one found and with a ratio »y/y; = 2.25
(cf. formula (9)). However, the actual ratio v,/v; = 1.64 of the
Nieni ™ bands is, as we have seen, in fair agreement with
the picture of an unchanged electronic configuration of the
metal ion.

Van Vieck'S pointed out that complexes are held together
more by polarization forces than by trué valence forces. This
seems to be true for the Ni(Il) complexes discussed here.
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In later publicationsvthe theory will be extended to the simpler
cobalt and chromium complexes and to their poly-nuclear
compounds. '

I am much indebted to Professor J. Bierrum for his great
interest in my work, and for many valuable suggestions. My
thanks are further due to Mr. KLixBULL JORGENSEN for interesting
discussions.

Chemistry Department A,
Technical University of Denmark, Copenhagen.
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