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TaABLE IT

RATE ConsTANTS FOR CHLORIDE Loss FROM Pt(Meyen)Clyin 1:1
ETtHanoL-H;0 AT 25°

[Acetate], 3/ pH kobsd, sec™t
0 5.5 1.11 X 107°
0 [OH"] = 0.056 M 1.00 X 107
0.04 6.5 1.02 X 103
1.00 6.76 1.08 X 1073

reaction mixtures at the end of the reaction with silver
nitrate revealed that both chloride ions had been liber-
ated. The product was the same in all four reactions,
presumably the hydrolysis product.

Even with a poor ligand such as carboxylate ion the
neighboring group effect is displayed. Although free
acetate ion does not react with a similar complex, when
chelation is possible then the incoming carboxylate
ion assists the elimination of the coordinated chloride
ion, The amount of assistance determines whether the
monochloro or diacetato complex is formed. The in-
creased rate of reaction of the carboxylate ion over the
carboxylic acid group is due to the entropy term rather
than a lowering of the activation energy. The activa-
tion energies for the substitution of the first chloride
ion are the same in both cases. The larger entropy of
activation for the carboxylate ion reaction is consistent
with an internal SN2 displacement of the chloride ion.
The activation energy for replacement of the second
chloride ion is higher by about 5 kcal. This could ex-
plain the lack of reaction of the carboxylic acid group,
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since the entropy of activation would be expected to be
much lower than for the reaction of the conjugate base.
Also the ring-opening reaction would be expected to be
acid catalyzed, and this would help to push the equi-
librium completely over toward the monochloro com-
plex.

The fact that the activation energy for the forma-
tion of the second chelate ring to give the diacetato-
platinum(II) complex is higher than that for the for-
mation of the first ring seems to indicate that some
steric strain is involved.

The pronounced dependence of the reaction of Pt-
(H,EDDA)Cl; on pH can be contrasted with the re-
action of the quinquedentate [Co(HEDTA)CI]- to
give Co(EDTA). The rate of the latter reaction is
virtually independent of pH.5" It was suggested that
the carboxylate ion group could not assist the elimina-
tion of a negatively charged ligand due to electrostatic
repulsion. The present work shows that the same
reasoning cannot be applied to the complexes of plati-
num(II). The SN2 character of the reaction of plati-
num(II) complexes leads to marked anchimeric assist-
ance effects, whereas the SN1 character of the cobalt-
(III) reactions does not allow such assistance.
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The optical absorption spectra of mulls of Ni(py)sBr: and Ni(py)4Cl; have been determined at liquid nitrogen temperature

The splitting of the absorption bands due to the strong axial field is discussed using crystal field theory.
made and agreements between experiment and theory are excellent.

Assignments are
The difference between solution and solid data is dis-

cussed. The Dg’'s of Cl~and Br~ were calculated to be 680 and 600 cm !, respectively.

Introduction

In the course of investigating?®?® some pyridine com-
plexes of nickel(IT), we noticed some interesting proper-
ties in the electronic absorption spectrum of the tetrag-
onal complexes. There has been a great deal of inter-
est in tetragonal metal complexes?— with much of the
work being centered on Co(III) and little attention
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being paid to Ni(II). The appearance of ‘‘extra”
bands in Ni(py)iCl; was taken as evidence for tetrag-
onal distortion,’ but a complete interpretation of the
spectra was not attempted.

The complexes chosen for this study are Ni(py).Xs
where X~ = Cl~ and Br—. These have been shown to
be paramagnetic with the X groups occupying the frans
positions. 1! Both of these complexes are ideally
suited for analysis because the electronic spectrum

(9) O. Bdstrup and C. K. Jgrgensen, Acta Chem. Scand., 11, 1223 (1957).

(10) M. A. Porai-Koshits, T7. Inst. Krisiallogr. Akad. Nauk SSSR, 10,
117 (1934).

(11) A. S. Antsishkina and M. A, Porai-Koshits, Kristallografiye, 3, 676
(1958).
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contains bands in excess of those needed to fit the param-
eters which can then be used to check the model.

We have chosen to interpret our results in terms of
crystal field theory. The crystal field theory for tetrag-
onal d® metal complexes has been developed by Maki
from a weak-field point of view!? and from a strong-
field point of view by Hare and Ballhausen.!® Fenske,
et al., have developed the complete theory, including
spin-orbit coupling, for tetragonal d?® systems.!* Here
we have extended the theory of Hare and Ballhausen
to include the singlet states using methods outlined by
Ballhausen.!®

Theory and Calculations

The determination of the transition energies requires
a solution to the Schroedinger equation: 3V = EV¥
where

5 = 2 —(R/2m)VE — (Ze*/ry) +
= (@/ry) + ;VC%) (1)

i>j
All terms have the usual significances, and V<F(r,)
is the crystal field operator for a molecule with Dy,
symmetry. Spin-orbit coupling has been omitted.
Since we are interested in differences for transition
energies, the first two terms of eq 1 need not be evalu-
ated as these are assumed to be constant. Evalua-
tion of the matrices whose elements are given by

Hym = <‘I’n{3c/1‘1’m>
where

)

5= 2 (e¥/ry) + ZVCF(H)
yields the matrix equation
E=B+C+ Dq+ Ds + Dt
or
E=BM+4 CM’' 4+ D¢gM"’ 4 DsM’"’ + DiM'""’

where B and C are the Racah parameters and Dg,
Ds, and D! represent the parameters associated with
V¥ The H,, values for the singlet states were
determined by use of strong-field wave functions using
the techniques described by Hare and Ballhausen.!%1
The results are presented in Table I.

The observed spectra are fitted to the theory by
varying the parameters Dg, Ds, Dt, B, and C. The
parameter C arises only in the spin-forbidden transi-
tions. This was done by solving the matrix equation
with the use of a program developed at this laboratory
by Mr. D. H. Dugre. This program is a minimum-
seeking routine which varies the coefficients of the

(12) G. Maki, J. Chem. Phys., 28, 651 (1958).

(13) C. R. Hareand C. J. Ballhausen, 7bid., 40, 788 (1964). For complete-
ness we give the matrix element (SEg(¢T2g)|VCF|*Eg(*T1g,5F)) = +/3(Ds +
5/4D8).

(14) R. F. Fenske, D. S. Martin, Jr., and K. Ruedenberg, I'norg. Chem., 1,
441 (1962).

(15) C. J. Ballhausen, “Introduction to Ligand Field Theory,”’ McGraw-
Hill Book Co., Inc., New York, N. Y., 1962,

(16) Strictly speaking the Ni(py)«X2 is not D4y, but Cey; however, if we
consider only the nitrogens of the pyridine ring and the anions, the system is

Dsp and this symmetry will be assumed.
(17) See ref 15, Chapter 5.
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TABLE 1
MATRIX ELEMENTS FOR SINGLET STATES

Stat

Free ion On Dup Ds D¢
1D 1E, 1By, +2 -8
A4, —9 —14/,
1G 1E, By, 0 7
1A, 0 7
19 A, 1A, 0 —14/,
G 1Ay, 1A, 0 7
G YTy B;, 2 —8
’ 1Eﬂi -1 -3
1D 1Ty, 1B,, 0 7
1Eb, 0 —7/4
1G T, 1A,, —4 2
1Ee, 2 3/,

S

(E®| Vor[ "B /in/3

energy matrices, B, Dg, Ds, and Di, until the best fit of
experimental data is obtained or until the calculated
energies agree with the observed energies within experi-
mental error. A least-squares error sum is used as the
criterion of the best fit. Then C is obtained by fitting
the low-energy spin-forbidden band.

Since the relationship between the crystal field param-
eters and those of the molecular orbital approach, as
described by McClure,*® will be of use later, these are
given below

—3D 5Dt
Sr = 3 SQ-I—DD @)

—12Ds — 15Dt
do = —8*— (3)

Experimental Section

Preparation of Complexes.—All chemicals used were of re-
agent grade quality and used without further purification.

The complexes were prepared by the following general pro-
cedure. The aquated metal halides were dissolved in a minimum
amount of absolute ethanol, then dehydrated with 2,2-dimeth-
oxypropane by stirring with a magnetic stirrer for 2 hr at room
temperature. The resulting solutions were treated with a large
excess of pyridine and the complex immediately precipitated.
The resultant slurry was then stirred for an additional 1 hr., The
complexes were then collected and washed with ether. These
were then dried under vacuum for 0.5 hr at room temperature.

Anal. Caled for Ni(C;H;N)Cly: C, 53.95; N, 12.59; H,
4.53; Ni, 13.20. Found: C, 53.37; N, 12.03; H, 4.57; Ni,
12.77. Caled for Ni{C;H;N )Bre: C, 44.96; N, 10.50; H, 3.78;
Ni, 11.00. Found: C, 44.70; N, 10.01; H, 3.64; Ni, 10.76.

Spectrophotometric Measurements.—Near-infrared and vis-
ible absorption spectra were obtained using a Cary spectro-
photometer, Model 14RI, equipped with a high-intensity source.

Solutions of the pyridine complexes were prepared by dis-
solving a weighed amount of the appropriate complex in a 109,
pyridine solution of chloroform. This was necessary since these
complexes readily lose two pyridine molecules.

The compounds were ground in Kel-F stopcock grease until a
fine particle size was obtained. The resulting mull was then
placed between two glass slides on the sample holder, then placed
in a dewar filled with liquid nitrogen. A piece of filter paper
saturated with Nujol was placed in the reference beam. Mulls
were made up such that an absorbance of about 0.5 was obtained
and the slits of the spectrophotometer were £0.7 mm in the near-
infrared and £0.08 mm in the visible region. A beam attenuator

(18) D. 8. McClure, “Advances in the Chemistry of Coordination Com-
pounds,’” 8. Kirschner, Ed., The Macmillan Co., New York, N. Y., 1961, p
498,
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was used when necessary to bring the pen onto the paper, and this
was compensated for by increasing the light intensity of the high-
intensity source.

Attempts to measure the polarized single-crystal spectra were
unsticcessful.  Inall crystals that we looked at, dichroism was not
observed either visually or spectrophotometrically when the
crystal was rotated about a well-defined face. Consequently,
nothing further was done with single-crystal polarized spectra.

Results and Discussion

Ni(py)Br;,—In Table II we give the results of our
mull and solution spectra, along with the calculated
values and assignments.

TaBLE II
SPECTRAL RESULTS FOR Ni(py)Br:

v, cm "1
10% py soln
in chloroform Mull spectra Caled Assignment
8,000 (3.2)¢ 8,430 = 15 8,420 3B, — °E,
11,200 (1.2) 11,400 =15 11,490 — 3By
12,260 = 10 12,350 — 14,,(!D)
12,400 () { 12,450 = 10 12,360 — 1B, (D)
14,080 = 10 14,090 — A5, (°F)
15,800 (4.4) { 16,390 £ 10 16,400 — SE,(°F)
. 19, 540 — 1By (*D)
21,040 = 30 | 20,770 — 1AL, (1G)
1 21,740 — 1B, (D)
24,950 — 3, (3P)
o 25,680 — 1E4(G)
25,400 (13.8) 26,030 4= 10 26,040 — 3E,(5P)

o The numbers in parentheses indicate e in units of mole™!

em~t1. ? Too weak to obtain an accurate value,

Before discussing the results, a discussion as to how
the assignments of the spectra were made is appropriate
here (see Figure 1). Considering the low-energy tran-
sitions first, the first two bands that occur are assigned
to the transitions arising from the splitting of the ¥To,(F)
in octahedral symmetry on going to Dy, symmetry (see
Figure 2). The lowest energy transition is assigned
to the ?E, transition and the next higher energy band
to the 3B, transition. The transition to the °®B,,
state is dependent only on the in-plane field strength,
10Dgq for pyridine, which is reported to be 10,000 cm—!
for Ni(py)s?™ in solution.! This transition is assigned
to the band at 11,490 ecm~!. 1t is expected that the Dg
value for pyridine would probably be greater in this
complex than in Ni(py)e®+ because steric repulsions of
the pyridines would be less in the tetragonal bromide
complex. The fact that one complex is evaluated in
solution and the other in the solid could also contribute
to the difference. The transition to the ®E, state
which is predominantly a function of 10Dq for pyridine
and D¢ then lies at 8430 cm~! The slight asymmetry
of this transition can be attributed to a small devia-
tion from Dy, symmetry or a dynamic Jahn-Teller
effect.’® As indicated by the spectrum of neat py-
ridine, the peak at ~8850 cin—! is a pyridine overtone.
These assignments are reasonable, since the crystal
structure shows no anomalies in the Ni-Br distance
or the Ni-N distance and pyridine is expected to have a

(19) F.A. Cottonand M, D. Meyers, J. Awm. Chem, Soc., 82, 5023 (1960).
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Figure 1.—Mull spectrum of Ni(py)Brz at liquid-nitrogen temi-
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Figure 2.—Correlation diagram for the triplet states of a d8
coufiguration. The subscript g has been left off for states in Oy
and Dy for clarity in presenting the diagram.

greater Dg than Br— resulting in a positive value for
Di* [Dt = 4/+(Dg™ — D¢)].

The next less intense doublet that is seen is com-
posed of the components of 'E, arising in the octahedral
field. It is interesting to note here that the two com-
ponents of 'E, in Dy symmetry are predicted to be
degenerate. However, there is an off-diagonal coupling
with the components of the other 'E, excited state.
The off-diagonal coupling is not sufficient to explain
the magnitude of the observed splitting, but since we
have neglected spin—orbit coupling and this is the ac-
cepted mechanism by which spin-forbidden bands he-
come allowed, this is not surprising.

The next two bands that are observed arise from the
splitting of 3T4,(F) when the symmetry decreases from
Oy to Dy, In contrast to the components of the Ty,
the components of 3Ty, (°F) depend to a first order on
both Df and Ds. Since we have determined the sign
of Dt from our first assignment, there remains only to
determine the magnitude and sign of Ds. We assigned
both a positive and negative number to Ds and then
attempted a quantitative fit of all the bands in the
electronic spectrum. With a negative Ds, agreement
between experiment and theory could not be obtained.
Therefore calculations were performed with a positive
Ds. This sign would be expected in a complex with axial
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elongation.®® The result of the computer calculations
and assignments are given in Table II. In Table III
we give the values of B, C, Dg, Ds, and Dt obtained.

TasLE IT1
SPECTRAL PARAMETERS FOR Ni(py )X, 1v Cym~?*
Parameter Ni(py)«Br2 Ni(py)sClz
B 8101 820+ 0.5
C 3130 3260
Dq 1150 = 3 1173 = 3
Dt 316 =0 283 £ 1
Ds 635 = 3 480 = 8
S —156 —10
do —1540 —1240

For our calculations, the band maximum was as-
sumed to be the 0 — 0 vibrational transition, although
this may not be the case.?! Since we have not observed
any vibrational fine structure, this must be assumed.
The error limits given in Table III result from the
fact that, by taking different starting points, the calcu-
lated values of the parameters varied by this amount
while giving transition energies which agreed with ob-
served values within experimental error.

In addition, this assignment is supported by inter-
pretation of the parameters in McClure’s theory. By
use of eq 2 and 3, §7 and §o are calculated to be —156
and —1540 cm~!, respectively. Based on ‘‘chermical
intuition,” the ¢ bonding of pyridine should be greater
than that of bromide ion and consequently the anti-
bonding levels should be raised more in the former.
As a result do should be a large negative number (§o =
Oy — Tuy).

Therefore our assignments seem to be reasonable and
are also supported by the excellent agreement obtained
between calculations and experimental results.

The next peak is assigned to two spin-forbidden bands,
1B { "T3(!D) } and !A;{1A;,(!G)}, and the last band
is one component of the *Ty, in octahedral symmetry
that arises from the °P free-ion term. It is assigned
to the transition to the °E, state. A detailed inspec-
tion of the spectra in this region does not indicate any
shoulder that could be assigned to the 3A,, transition.
However, since the band is positioned on the edge of the
charge-transfer band and since the slits of the spec-
trophotometer were opening rapidly, it is not surprising
that a shoulder could not be seen even if one is present.
Alternatively, the intensity of the ®A,, transition may
be small compared to that of *Eg, and the 3A,, transition
is effectively “‘washed out” by the intense charge-trans-
fer transition and 3E, transition.?!s

Ni(py)«Cl,.—The spectral results for Ni(py).«Cl, are
given in Table IV and Figure 3 along with the calcu-
lated results and assignments. The values of B, C,
Dgq, Dt, and Ds are given in Table ITI. The transitions
were assigned in the same manner as the Ni(py)sBr..

(20) T.S. Piper and R. L. Carlin, J. Chem. Phys., 38, 1208 (1960).

(21) R. Dingle, Acta Chem. Scand., 20, 1435 (1968).

(21a) NoTE ADDED IN PrROOF.—These assignments are the same as those
reported [D. M. L. Goodgame, M. Goodgame, M. A. Hitchman, and M. J.
Weeks, J. Chem. Soc., Sect. A, 1769 (1966) ] in an article that appeared sub-

sequent to the submission of ours. The spectral parameters were not prop-
erly evaluated and differ appreciably from those reported here.
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TaBLE IV
SPECTRAL DaTA FOR Ni(py).Cl,
, cm !
10% py
in CHsCl Mull spectra Caled Assighment
8,650 (3.1)2 9,042 % 20 9,036 = 15 B, — *E(®F)
10,250 (2.2) 11,730 20 11,730 =% 20 — 3By, (°F)
12,620 £ 10 — 1A, (D)
12,500 (1.2) 12,700 £ 5
12,804 = 10 — 1B, (1D)
14,930 &= 100 15,042 £ 20 — 380, (3F)
15,800 (5.1)
16,818 =15 16,831 & 10 — 3B, (3F)
N 20,867 £ 20 —1Bo(*D)
21,336 = 10 — 1A, (1G)
21,768 = 40
22,595 = 10 — 11,('D)
25,812 £ 15 — 3A,,(3P)
o 26,239 =+ 20 — 1B (1G)
25,400 (10.7) 26,759 &= 40 26,727 &= 10 — 3E,(*P)

¢ The numbers in parentheses indicate ¢ in units of mole™?
cm™ L
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Figure 3.—Mull spectrum of Ni(py):Cl; at liquid-nitrogen tem-
perature.

The calculated energies and observed energies again
are in good agreement with each other. The values of
é7 and 80 are —10 and —1240 cm~* which seem to be
consistent.

There are several literature reports indicating that
Dgq for Cl~ is greater than the Dg for Br—. Since the
By, band indicates the Dg® for pyridine is essentially
the same in both complexes, the §g for Ni(py).Cls should
be greater than the do for Ni(py)Br; as is observed.

There is a small decrease in Dg® for pyridine on
going from Ni(py)Cl; to Ni(py)sBr,. This is probably
due to the lengthening of the Ni-N bond as is evidenced
by the crystal structure.’* This is in direct contrast
to the solution data. In solution it appears that, as the
Dq of the axial ligand decreases, the Dg of pyridine in
the equatorial plane increases.

The available data are presented in Table V. The
increase of the Dg of pyridine in the bromide complex
can result from an increased charge on the metal ion
resulting from a decrease in the covalent bonding abil-
ity of bromide relative to chloride.

This order of covalency for chloride and bromide is





