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The polarized single-crystal electronic spectra of Ni(pL-his);+ HsO (specifically the racemic lattice compound Ni(p-his)eNi(L-

his).» 2H,0) and of Ni(L-his),» H.O have been obtained at ambient and cryogenic temperatures (his = histidinate).

For the

orthorhombic crystal of the racemate, the molecular polarizations have been calculated from the spectra measured with

the electric vector of the radiation parallel to the crystallographic axes.
molecular axes with respect to the extinction directions is seen to be minimal.
show only moderate intensity variations from those of the racemic crystal.
aqueous solution supports the assumption of the oriented gas model.
the molecular spectra have been interpreted in terms of the triaxial point group Cs.,.
electric dipole selection rules has been shown to be very temperature dependent.
The observed maxima have been compared by least-squares analysis to the eigenvalues
calculated in a ligand field model in which the potential is expanded in terms of tesseral harmonics.

for these vibronic transitions.

The correction for the 11° misalignment of the
The spectra of the momnoclinic levo crystal
Comparison of the crystal spectra to that of the
Using the spectra of the racemic crystal as a guide,
Intensity not conforming to the pure
Allowing vibrations have been assigned

Fitting the spectra

as assigned using the Cy, selection rules gives a Dg of —1125 cm ™ while B and C are found to be 783 and 3653 c¢m™1, respec-

tively.

Introduction

The structure of transition metal complexes of amino
acids has received much attention in recent years due
to the possible role of these complexes as models for the
more complicated enzymatic systems activated by
metal ions. One of the most frequently encountered
amino acids in these processes is histidine (I). Since
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free histidine has three basic sites of widely differing
pK.'s, the nature of its interactions with metal ions is
strongly pH dependent. It is one of the strongest
metal coordinators among the amino acids? and it plays
an important role in the binding of metals by proteins,
principally, if not entirely, through its imidazole func-
tion. In simple complexes with metal ions histidine
has been observed both as a bidentate and as a triden-
tate chelating ligand.

There are in the literature numerous studies dealing
with histidinate complexes in solution.?=??2 QOn the
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other hand, there are relatively few papers describing
the isolation and characterization of individual metal-
histidine complexes in the solid state. Isolation of
complexes of platinum(II),2*-% molybdenum(V),2¢
and cobalt(ITI)? have been described. In addition,
isolation of the oxygenated compound [Co(r-his):]s0:
has been reported,® though its structure is still un-
known. The structures of two zine(II)-histidine com-
plexes have been determined,®—% as well as structures
of bis(pL-histidinato)nickel(II),*  bis(r-histidinato)-
cobalt(II),3%3% p-histidinato-L-histidinatocobalt(IT),3
bis(L-histidine)copper(II) dinitrate dihydrate,® and
bis(r-histidinato)cadmium(ITI) .3

In this paper we report our polarized spectral results
for single crystals of Ni(prL-his); H,O and Ni(i-his)s-
H,0 (his = histidinate).®® In both compounds, the
histidinate ion acts as a tridentate ligand, coordinating
to the metal atom through three of the four possible
functional groups. These are (a) the carboxyl group
(or oxygen), O, (b) the a-amino group, N,, and (c) the
imidazole nitrogen next to the alanine residue, Nj.
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CRYSTAL HABIT and MOLECULAR

PACKING in
NI(D,L-HISTIDINATE), H,0
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Figure 1,—Crystal morphology of Ni(pL-his),+ He0.

Experimental Section

Source of Reagents.—vL-Histidine and pr-histidine were ob-
tained from Nutritional Biochemicals Corp., Cleveland, Ohio,
and nickel(IT) carbonate was from Baker and Adamson Products,
Morristown, N. J. Reagents were used without further purifica-
tion.

Growth of Single Crystals.—All crystals were grown from
aqueous solution. For example, 2.04 g of prL-histidine was dis-
solved in 20 ml of warm water and 0.809 g of NiCO; was added.
This mixture was heated until evolution of CO; ceased and all
the NiCO; had reacted. A deep blue-purple solution (pH 7.2)
resulted. From the filtered solution large, well-formed blue-
purple crystals appeared within a few hours. These crystals have
a percentage of carbon, hydrogen, and nitrogen corresponding
to the formula Ni(his),-2H;0. Along with the blue-purple
crystals of the dihydrate appeared a ‘‘background” of pink-
purple crystals of recognizable regular habit but too small to be
used conveniently for spectral purposes. These small crystals
were induced to grow larger by raising the pH of the solution with
NaOH to between 10 and 11. At this pH the pink-purple crys-
tals dominated and relatively large specimens, several mil-
limeters on a side, could be obtained by slow evaporation. The
crystals were verified to be Ni(prL-his),- H:O by X-ray diffraction
determination of the space group?! and by C, H, and N analyses
by Galbraith Laboratories, Inc., Knoxville, Tenn.

Instrumentation.—All spectra were measured with a Cary
Model 14R recording spectrophotometer using the visible and
IR-1 modes. A high-intensity tungsten halide source, pen
period control, and near $-20 photomultiplier tube were used to
enhance the quality of the spectra. The light was polarized by a
calcite ultraviolet DC-200 Glan-Thompson prism (Crystal
Optics, Chicago, Ill.) placed in the entrance window of the sample
compartment. An iris diaphragm and/or neutral density filters
were used to attenuate the reference beam. For spectra ob-
tained at liquid nitrogen temperatures a fused-quartz cryostat
(H. 8. Martin and Co., Model M203908-S (modified)) was used.
For spectra at helium temperatures an Andonian Associates
Model 0-24/7M variable-temperature cryostat was used. The
sample temperature in the Andonian cryostat was measured by
a calibrated germanium resistor and a conductance bridge. The

temperature was between 4 and 5°K throughout the measurement
of all spectra nominally classified below as “5°K.”

The crystals were mounted over appropriately sized holes in
brass plates and masked to prevent light leaks and reflection
with Apiezon Q putty. The alignment of the crystals was
verified with the aid of a polarizing microscope using extinction
directions and interference figures correlated with the orientation
of the crystal axes as determined by Weissenberg photographs.
The mounting plates were then attached to a room-temperature
or cryostat mount and the crystals were positioned at the focus
of the Cary 14R sample beam.

Solution spectra were measured by standard techniques in 1-cm
Pyrex cells in the Cary 14R.

Analysis of Spectral Data.—A base line, determined by
measuring the polarized spectrum of an empty mounting plate
(with the same size hole as used for the crystal) positioned in the
cryostat, was subtracted from each spectrum. This was neces-
sary since an isomorphous, colorless crystal does not exist.

The band envelopes of overlapping bands were approximated
by drawing in curves (1) so that at any value of » the sum of the
analyzed parts equaled the total absorbance and (2) so that the
bands approximated the normal symmetric shape of an isolated
absorption band.

Absolute and relative strengths of the transitions giving rise to
the spectral bands were determined in terms of integrated band
intensities, I, where I = f(¢/v)dv which for reasonably sym-
metric bands can be approximated as I = (1/vmax) e dv. The
molar absorptivity, ¢, has the usual significance, 4.e., 4 = ed,
where absorbance, 4 = —log I/log I,, concentration, ¢, is in
units of moles per liter of crystal or solution, and path length, /,
is in units of centimeters. Note that I is in units of molar
absorptivity. The molar concentration of the crystals was
determined using the formula ¢ = 103d/M where d is the density
of the crystal (determined and/or verified in this instance by
flotation in chloroform-bromoform mixtures) and M is the
molecular weight.

For vibronic bands the expression I7 = I coth (h8/2kT)% was
used to approximate 6, the electronic ground-state frequency of

(87) O. G. Holmes and D. 8. McClure, J. Chem, Phys., 36, 1686 (1957).
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the intensity-producing normal mode. The integrated band
intensity at 5°K was assumed equal to [ in the above expression.

The areas of the spectral bands were measured by planimeter
with accuracy == 0.1 cm® The scale of the spectra, feplotted
after conversion of Angstrém units to wave numbers (cm™1), was
such that the areas ranged between 10 and 50 cm? for most
bands. Thus, the error in area measuremient should be small
compared to other experimental uncertainties.

Calculations were performed using the IBM 360/75 computer
at Triangle Universities Computer Center (TUCC), Research
Triangle Park, N. C.

Crystal Structure and Morphology

Ni(prL-his);- H,0.%—The crystal structure of Ni(pL-
his),- H;O has been determined by Fraser and Hard-
ing.® The deep purple crystal is orthorhombic with
space group Aba2, ¢ = 15.18, b = 13.05, ¢ = 7.72 A,
and Z = 4. The normal habit of the crystal is illus-
trated in Figure 1. Spectra were measured with light
incident normal to the (001) zone (‘¢ view”) and the
(010) zone (*‘b view’’) of the crystal. In each case,
sections of suitable thickness were ground and polished
with their faces normal to the appropriate crystallo-
graphic axis. The thickness of the plates was measured
with a microscope ocular which was calibrated with an
objective micrometer slide. The measurements are
believed to give the thickness within £=5%,. The
“b view” was relatively easy to obtain since the (010)
face is prominent in the normal habit. These faces
could be perfected by allowing polished crystals to
stand in a saturated solution for a few hours. The
(001) faces do not develop naturally; thus, crystal
plates for the “c view”’ could be obtained only by me-
chanical polishing and were not as high in optical
quality as the naturally polished “b view”,

The crystals contain equal numbers of Ni(p-his),
and Ni(r-his); molecules related by b-glide planes.
The site symmetry of the nickel atoms is C.. The
orientation of the molecules within the unit cell and
with respect to the crystallographic axes is shown in
Figure 1. The C; axes of the molecules (the z molecular
axes) are parallel to the twofold screw axes and to the
¢ crystallographic axis. The x molecular axis bisects
the N 4~Ni-O angles (which have been shown to be only
80°3%1) and the ¥ molecular axis is approximately along
the Ni-N: bonds. (These deviate from collinearity by
2.4°.) The x and v molecular axes have two different
orieritations 11.3° to either side of the crystallographic
b and ¢ axes, respectively, in the ab plane.

Ni(r-his),- H,O.—The structure of Ni(vr-his)s  H,O is
reported® to be isomorphous with that of Co(r-his)s-
H:0,% which is monoclinic with space group C;, ¢ =
2044, b = 8.324, ¢ = 6.347 A, 8 = 90.0°, and Z = 4.
The crystals are obtained as rhombic needles elongated
along the b axis with both the ¢ and ¢ axes projecting
out of the most prominent flat face. (The ¢ axis makes
an angle of 24° with thisface.) Thus, in the two crystal
views obtained, spectra could be measured with light
|l6 in both cases. The other polarizations were ||c and
approximately [la. Asstming the molecular axes to be
assigned in the same manner as in Ni(pL-his)s+ H:O, this
implies that spectra can be meastired ||x and approxi-
mately ||y or 2.

Although the space group of the Ni(r-his)s-HO crys-
tal is different from that of its racemic analog, the molec-
ular packing is essentially the same. Since the axes of

(38) M. M. Harding, private communication.
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the levo crystal are orthogonal (accidentally), the same
views of the molecular array can ostensibly be obtained.
However, the orientation of the axes with respect to
the faces considerably complicates the experiment and
makes cotiversion from crystal to molecular polarization
ratios less certain.

Results

Ni(pL-his),- H,0.—The natural or “'b view’’ shows a
strongly dichroic scheme: E|c, rose-pink; Ella, deep
purple. The “‘c view” is also strongly dichroic: E|b,
pale blue-gray (almost colorless); Ella, deep purple.
In both views extinction occurs parallel to the crys-
tallographic axes as required by symmetry. The ‘b
view’’ and “‘c view’’ polarized spectra at 80°K measured
along the extinction directions are shown in Figure 2.

20
NI(D,L-HISTIDINATE), H,0
CRYSTAL SPECTRA
80°K
s} Ella K

i

Ellb e i \'\.
it

\

€ {I mole'cm’)

ENERGY (kK)
Figure 2.—Polarized spectra of Ni(prL-his),- H;0 at 80°K.
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Figure 3.—Calculated molecular spectia along x, y, and z
axes in Ni(pL-his)s-HsO at 80°K.

Note that the ¢ polarization is common to both views.
From these data the molecular polarizations, that is,
the spectra which would be observed with the electric
vector of the light along the molecular x, v, and z axes,
have been calculated. The calculated %, ¥, and z spec-
tra at 80°K are given in Figure 3. The energies,
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TABLE I
SPECTRAL DATA FOR Ni(pL-his)y- Hy0 AT 300, 80, AND 5°K

Polariza-
tion of
electriL rmax(5°K), ——Integrated band intensity, J——
vector, E kK 300° 80° 5° %
x 10.6 4.3 4.0 3.7 5
16.5 0.26 0.18 0.17 33
18.8 0.48 0.32 0.30 32
29.6 0.66 0.39 0.38 40
v 11.4 4.2 4.1 3.8 5
16.5 0.64 0.44 0.43 31
19.0 1.6 1.4 1.4 11
27.3 0.64 0.50 0.40 21
29.6 0.72 0.66 0.53 19
z 10.6 0,72 0.33 0.25 54
18.9 0.48 0.42 0.45 10
28.8 0.38 0.35 0.34 6

A7{300-80°K),

~——=— Molar absorptivity, ¢ ——— Allowing mode 9, cm

300° 80° 5° Symmetry  Energy®
16.4 18.1 16.5
2.3 1.8 1.8 B 324
3.2 2.6 2.6 [-23 300
5.4 3.9 3.8 B2 273
18.4 21.8 20.0
4.7 4.6 4.6 B 340
11.4 12.0 11.4
5.5 5.1 7.5
8.4 5.9 5.5 B 390
2.3 1.6 1.2 By 150
3.6 3.5 4.4
3.2 - 3.6 4.0

e Ascalculated by the approximation of Holmes and McClure;¥ see text.

integrated band intensities, and molar absorptivities
of the observed and calculated maxima at 300, 80,
and 5°K are given in Table I.
Ni(L-his).- HsO.—Microscopic
demonstrates distinct dichroism: with E||b, blue-

gray (almost colorless); with Elja, deep purple. (Thus,
as in the racemic crystal, interaction of the molecule
with light seems most significant in the “‘out-of-plane’
direction, i.e., along the N1~Ni-N direction). Extinc-
tion directions are parallel and perpendicular to the
needle axis. The energies and molar absorptivities of
the observed maxima are given in Table II.

observation again

TABLE II
SpECTRAL DATA FOrR Ni(L-his); - HyO

Polarization Polarization

Ymax Molar ) Ymax Molar
of electx;ii (80°K), absorptivity, of electri:x (80°K), absorptivity,
vector, E kK € vector, E kK €

x 10.5 20 y 23.9 0.9

16.5 1.4 27.1 19

18.8 2.4 29.2 13

29.5 4.9 z 10.8 8.0

y 11.5 8.8 16.3sh 0.7

16.4 6.4 18.8 4.0

18.7 21 27.0sh 1.5

23.4 1.0 29.0 3.6

-In both crystals the three-band systems observed are
as expected for a nickel(IT) atom in an effective ligand
field of approxiinately octahedral symmetry. The
similarities between the spectra of the pL case and the
L case, while not exact, are quite close. - The obvious
splitting of and energy separation of the band maxima
suggest that the same intensity-gaining mechanism is
effective in both crystals, The x spectra in the two
systems correspond almost exactly. A very intense
band occurs at 10.56 kK, two maxima occur at 16.5 and
18.8 kK in the visible region, and one band occurs at
29.4 kK in the near-uv region. The y and z spectra
do not correspond quite as closely with respect to inten-
sities but five distinct bands of about the same energy
are apparent in each case. Spin-forbidden bands ap-
pear to be more prominent in the levo case. Partic-
ularly striking are the weak, but well-defined bands be-
tween 23.0 and 24.0 kK. The similarities described
here imply that the absorption is due chiefly to mo-
lecular properties and that crystal-packing interactions
are negligible in their effect on the energies of the
electronic spectra in these cases.

Nickel(II)-pL-Histidine Solution Spectra.—Previous
workers have reported absorption spectra of solutions
of nickel(IT) and histidine in the visible region.’® In
this paper we report spectra obtained at various pH’s
in the infrared, visible, and near-ultraviolet regions for
comparison to the crystal data. Three broad Gaussian
bands occur in the spectrum at 10.7, 18.0, and 28.0
kK. At low pH (3.18) the middle band shows a
distinct splitting reminiscent of that seen in solutions
containirig the Ni(H:0)¢?* cluster,® implying that the
amino acid has been completely protonated and that the
pale green hexaaquo complex is probably the primary
species in solution. As pH increases, the band maxima
move to higher energies. This spectral shift is
observed visually as the color changes from green to
pale blue to purple-blue and finally to deep blue-purple,
the color of the Ni(pL-his)y- HoO crystals. Other than
the splitting of the middle band at low pH, there is
minimal evidence of broadening or splitting in these so-
lution spectra (Figure 4).

Ni®* and D,L-HISTIDINE
AQUEOUS SOLUTION

€(I-mole™cm™)

b5y
ENERGY (kK)
Figure 4.—Solution spectra of Ni?* and pL-histidine as a
function of pH.

Calculation of Spectral Ligand Field Parameters.—
In fitting the spectra to a set of crystal field parameters
we have used a computer program called ‘“‘d? Spectral
Calculation and Hunt” (pTwoscH), written and gen-
erously provided by Couch.® The electrostatic poten-

(39) C.X. Jgrgensen, Acta Chem. Scand., 10, 887 (1956).
(40) T. W. Couch, Ph.D. Dissertation, University of Tennessee, 1368,
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tial at a point (r;, 6, ¢,) near the metal atom site as
origin is expanded over a sum of tesseral harmonics,

Zm (81, d1)

V(ﬁ, 01; d’t) = 2 'chmrinzcnm(gh d’t)

where the coefficients ¢, are given by a sum over the
ligand charges (R;, 8;, ¢,)

4 Zonm(ej' ¢j)

'chm = _12 M + 1 q; Rjn-}-l

The method of calculation has been described by
Prather®! and applied to garnets containing the Yb3+
ion.# The program pTWOSCH has been used success-
fully to fit electronic spectra of nickel(II) chloride com-
plexes in a low-symmetry field.*3 ’

For (C;, symmetry and suitably chosen axes, only
terms with even values of #» and m will have any effect,
and for d electrons, only those with # < 4 need be in-
cluded. Thus, five nonzero values of I',, must be in-
cluded: Ty, T, T'as, T'sg, and T'ss.  The (@2; S'L'J M’
| V|d?; SLJM) matrix elements are then calculated, the
45 X 45 matrix is diagonalized, and the program fits
the calculated eigenvalues to those observed spectrally,
by least-squares analysis. A “HUNT’ subroutine is
employed whereby each of the erght ligand field pa-
rameters (including B, C, and ¢) is varied individually
until the fit function is minimized. The results pro-
vide not only B, C, and ¢, the 45 eigenvalues, and the

(41) J. L. Prather, Ngt. Bur. Stand. (U. S.), Monogr. No. 19 (1961).
(42) M. T. Hutchings and W. P, Wolf, J. Chem. Phys., 41, 617 (1964).
(43) G. E. Shankle, Ph.D. Dissertation, University of Tennessee; 1968,
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coefficients of the crystal field potential expansion in the
low-symmetry field but also the percentage triplet—
singlet character of each eigenvalue.

The energies of the best fit of the calculated levels are
indicated in Figure 5. A Dg value of approximately
1000 em™! (Dg for bis(glycinato)bis(imidazole)nickel-
(II) complexes has been reported* as 982 cm™!) was
used as an initial input parameter along with the esti-
mated values of B = 937 em™!, C. = 3750 cm™~, and
A= —280cm™. In perfect octahedral geometry the
nonzero coefficients I'yp and Ty are related by the fixed
ratio (5/7)"*. In addition, in a tetragonal field I'y can
be related to the crystal field parameter Dg by the rela-
tionship T'w = 2(357)"*Dg. For the d® configuration
the I',, coefficients are relagted to the v,, parameters

used by Hutchings®? in his expansion of the crystal field
potential as in 4043

- Iel<7k>'7cnm

where |e| is the electronic charge and (r*) is the kth
power of the radial integral. The I'c,, coefficients
which give the best fit of the calculated levels to the ob-
served levels are 11sted in Table III. The fit function

Iy =

TABLE I1I
LicAnD FiELD PARAMETERS AND ENERGY LEVELS
CALCULATED FOR Ni(pL-his)s- H:0

Parameters, —Energy, cm 11—

cm ! Excited State Caled? Obsd

A 10,658 10,6800

B = 783 3T 24 (F)4{ B2 11,300 e
C = 3853 A 11,903 11,400
T =.6238; Bz = 3930° B, A 13,130 12,800
Ty = 8458; Bt = 7155 By 18,556 18,500
Iy = —18.2; B2 = —8.1 8T1g(F){ B1 18,864 18,800
Ty = —28,302; Byt = —16,982 As 19,397 19,000
Ty = ~23,517; Byt = —14,088 1A1g Ay 21,900 21,600°
B: 27,298 27,300

#T15(P){ B1 28,870 28,900

Aq 20,661 29,600
2 8ee B. G. Wybourne, ‘‘Spectroscopic Properties of Rare
Earths,” Interscience, New York, N. Y., 1965, for a definition
of the B,* coefficients, which have been related to the I'vn’s by

Couch.% ? Caleulated with ¢ = +500. After ¢ was changed
from +50 to +500, no iterations were done to refine the fit.
¢ Not used in fitting procedure.

for this fit is 5 X 10° for an average agreement of the
nine levels fitted of =100 cm~!. The comparison of
the observed and calculated levels is given in Figure 5.

Dlscu ssion

The purpose of this work and of similar studies—
has been to gain an enhanced understanding of a mo-

lecular spectrum by using a single crysta) as an orienting
matrlx in which to measure low-temperature and polar-
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ized spectra. Although many of the above studies
have concerned themselves with systems of relatively
high symmetry, fewer studies have been carried out in
which the metal jon environment differs greatly from
the idealized purely octahedral symmetry. To be most
successful in such an investigation one must be assured
that the crystal spectra are essentially of molecular
origin and not characterized by appreciable solid-state
effects. That is, can we consider that the crystal acts
like an oriented gas with respect to its interaction with
electromagnetic radiation? If this is so, we should find
that the solution spectra are reproduced in terms of
band maxima, shapes, and areas by a statistical sum-
mation of the distinct crystal spectra. In the case of
the orthorhombic crystals of Ni(pL-his)s- H,O the re-
quisite equation is

€soln = 1/3<5a + e + 50)

where ¢, €, and ¢ are the molar absorptivities mea-
sured along the crystallographic axes at 300°K. When
plotted, this summation agrees reasonably well with the
spectrum of the pH 10 solution from which the crystals
were grown. Band maxima and shapes are very closely
in agreement. Therefore, we conclude that the oriented
gas approximation is valid, at least for explaining the
electronic spectrum. The small differences in band
shapes and intensities are likely caused by the effects of
lattice vibrations on the crystal spectrum.

The determination of the spectra polarized along the
molecular axes as opposed to the spectra polarized
along the extinction directions in the crystal (¢, 6, and
¢) has been made by the relationships

€ = €&

€, cos?2 8 — ¢, sin? 4
cost § — sin* @

_ g sin?fh — ¢ cos?d
sin* @ — cos* @

6~ 11°

€

These are essentially the same relationships as those
used by Piper and Carlin®®% and by others.’® As
pointed out by Belford,* they are based on the ap-
proximation that, for light polarized along an extinction
direction (a, b, or ¢), the probabilities of interaction
with the electric dipole components of the molecules are
proportional to the products of the squares of the elec-
tric vector projections on the molecular axes and the
intrinsic molecular absorptivities (e, €, and ). The
interesting result of this calculation is that considerable
lack of orientation of the molecular axes with the di-
rections of polarization of light is allowed before there is
an appreciable deterioration of the polarization ratio,
even when the polarization ratio is relatively large.
For example, although the shoulder at 27.3 kK in the &
spectrum of the racemic crystal (Figure 2) is appar-
ently due to the fraction of y molecular polarization
contained, the bands at 16.5 and 19.0 kK in the b spec-
trum cannot be ascribed to nonorientation, since they

(66) T. S. Piper, J. Chem. Phys., 88, 1240 (1961).

(57) T. S. Piper and R. L. Carlin, Tunorg. Chem., 2, 260 (1983).

(68) See for example J. Ferguson, J. Chem. Phys., 82, 533 (1860); 34,
1609 (1961); F. A. Cotton and J. J. Wise, Inorg. Chem., 6, 917 (1967);
R. Dingle, Acta Chem. Scand., 22, 2219 (1968).

(59) T. S. Piper, J. Chem. Phys., 86, 1089 (1962). Our discussions with
Professor Belford are also acknowledged.
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are only slightly diminished by the correction. Similar
behavior had been mentioned by Burns in his polarized
studies of crystals of fayalite, Fe;SiO,.%

The discussion which follows will be concerned only
with the racemic crystal Ni(pr-his), -H;0, since the
most accurate data were obtained on samples of this
system. As mentioned earlier, spectra of Ni(rL-his),-
H,0 served as a comparison with the DL case in order to
justify the assumption that the spectra interpreted are
essentially molecular spectra and to demonstrate
another example of spectra obtained from Ni(II) in a
low-symmetry site.

The effective electronic symmetry of the racemic
complex is obviously a distortion of octahedral sym-
metry, since the three ligand fleld bands characteristic
of octahedral nickel(II) are clearly observed. The
unusually large number of band maxima, the very
strong polarizations of individual maxima, and the gen-
erally small temperature dependence of the intensities
suggest that the intensity-gaining mechanism most im-
portant in weakening the Laporte selection rule
(g </— g) is the low symmetry of the effective field
around the metal atom. The low symmetry of the
ligand field not only results from the electronic differ-
ences in the donor atoms but, as shown in the crystal
structure,3! is also to be associated with the consider-
able distortion of the coordination sphere from regular
octahedral geometry.

We note first that the site symmetry of the nickel
and the molecular symmetry of the compound are (s,
The spectra, however, do not obey (; selection rules,
If they did, all maxima which appear in x should also
appear in y. Figure 3 illustrates that this is not so.
The symmetry of the coordination sphere, that is, of
the metal atom plus the six donor atoms, is Cs,. The
spectra obviously indicate that the x, y, and 2z molecular
axes are electronically distinet (which is the case in the
triaxial point group C,,). The lack of significant
overall temperature dependence indicates that the
spectral band intensity is due mainly to a static crystal
field and confirms the absence of a center of symmetry
in the electronic structure as well as the molecular
structure. From these comnsiderations we conclude
that the most likely point group in which to assign the
spectra is Cy,. Ds, although isomorphous with s, is
rejected because of the pronounced difference between
the O-Ni-O and O-Ni-N, angles (100.3° z5. 79.7°), as
well as the inequivalence of the O and N donors. The
related higher symmetry groups D, Ca, and Dy, re.
quire a center of symmetry and, for Cy and Dy,
equivalence of the x and y molecular axes,

Tetragonal complexes of nickel(II) have received
considerable attention.®!~% Rowley and Drago®%?
obtained spectra showing six band maxima indicating
splitting of each 3T level into a singly and doubly de-
generate (orbital) level. The tetragonal distortion of
complexes of the type Ni(amine)s(ClOy),, with sub-
stituted anilines, in which the lowest energy, spin-

(60) R. G. Burns, J. Sci. Instrum., 48, 38 (1966).

(81) D. A, Rowley and R. S. Drago, I'norg. Chem., T, 795 (1968).

(62) D. A. Rowley and R. S. Drago, ibid., 6, 1092 (1967).

(63) A. V. Butler, D. J. Phillips, and J. P. Redfern, J. Chem. Soc. 4, 1064
(1968).

(64) D. M. L. Goodgame, M., Goodgame, M. A, Hitchman, and M. J.
Weeks, ibid., 4, 1769 (1966).

(65) G. Maki, J. Chem. Phys., 29, 162, 1129 (1958).

(66) G. Maki, bid., 28, 651 (1958).
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allowed T, band is split by approximately 3000 cm ™1,
has been discussed.®® Other spectral studies of tetrag-
onally distorted nickel(II) complexes include investi-
gations of complexes of the type Nil,X, (where L =
heterocyclic amine ligands and X = Br, Cl, or I).%
Maki has discussed the ligand field theory of nickel(IT)
complexes in various low-symmetry point groups® and
has assigned the solution spectrum of Ni(gly)s-2H.0 in
Dy, symmetry.® Rao and Li, however, interpreted
spectra of complexes such as bis(amino acid)bis(imid-
azole)nickel(II) in terms of O, symmetry.

In order to assign the molecular axes and relate the
octahedral energy levels to those arising in (i, the
following correlation is carried out. The molecular and
site symmetries place the Cy(2) axis of the (:, point
group along the bisector of the N,~Ni-N, and O-
Ni-O angles. The ¢, plane in the parent O group be-
comes the o,(xz) plane in Ci,; the remaining ¢,(¥2)
plane of the lower symmetry group then correlates with
a o4 plane of O5. The complete correlation as it effects
the electronic energy levels present is shown in Table
IV. (A convenient correlation as employed by Wilson,

TABLE IV
CORRELATION OF Oy WITH Ca,
O E Ca ap ad
E Ce av(x3) ay(y2) Cao
Aggy 1 —1 1 -1 B,
Tog 3 1 -1 1 A+ A+ B
T 3 -1 -1 -1 A; + B; + B,

Decius, and Cross® leads to the same results if the cor-
relation is carried out through the Dy, point group (see
Figure 5). In that case, the z axis in (,, is a former
Gy’ axis in Dy, where the Ni-Ni-Nj direction is as-
sumed to be coincident with the z axis of Dy. The
strong dichroism of the crystals suggests that the Nj—
Ni-Nj direction is very ‘‘different”” from the other two
directions, Thus, the complex could be considered
tetragonal in nature as illustrated in the correlation
diagram of Figure 5. The geometry of the complex
would then suggest a small “‘axial”’ (D) perturbation
(all bond lengths are about 2.10 A), but a large “in-
plane” rhombic distortion. The relation of this choice
of symmetry axes to the geometry of the molecule is
seen in Figure 1.

The ground state of the complex will have 3B; sym-
metry. In Cy, the electric dipole operators pg, uy, and
u, transform as By, By, and Ay, respectively. Assuming
a purely electric dipole mechanism, the selection rules
for the various possible 5By = I'y, transitions are sum-
marized as follows for light polarized along the «, ¥, and
z molecular axes ()X, forbidden; +/, allowed).

I‘BS
" Ay Ag B: B2
x < X X X
y X < X X
2 X X < X

The molecular spectra in Figure 3 only approximately
correlate with the selection rules above. The best
agreement is in the infrared band system where inten-
sity is only predicted in the x and y polarizations. The
z spectrum shows less than 209, of the intensity of the
x,y average. In the two band systems arising from the

(67) E. B. Wilson, Jr,, J. C. Decius, and P. C. Cross, ‘“Molecular Vibra-
tions,” McGraw-Hill, New York, N. Y., 1955.
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octahedral levels Ty, (F) and Ty, (P), intensity is pre-
dicted in only the y and 2 polarizations and in each case
in only a single transition. Actually, two bands are ob-
served in the y polarizations of both the T (F) and
T (P) systems and in the x polarization of the Ty (F)
system. In these multiplets a single z-polarized band
appears. In summary, we see twelve bands as listed in
Table I and-illustrated in Figure 5: six which correlate
with the electric dipole selection rules and six which do
not. A shoulder on the high-energy side of the lowest
energy transitions at 12.8 kK can be attributed to the
spin-forbidden 'E band. A weak band also occurs at
21.6 kK in the z polarization, but not in the x and ¥
polarizations. Although this is in the region often at-
tributed to the spin-forbidden 1A, transition, the polar-
ization of the band suggests that it may be due to an
overtone of the water OH ™ stretching frequency super-
imposed on the electronic transition at 19.0 kK. Be-
cause of this ambiguity this band was not included in
the fitting procedure.

The most likely explanation for the appearance of the
electronically “‘forbidden” bands is vibronic coupling.
If this is the case, we might expect that the temperature
dependence of the “forbidden” bands would be mark-
edly greater than that of the allowed bands. From the
data in Table I we see that this is indeed so. For most
bands the range of per cent temperature decrease for
those assigned as allowed transitions is 5~109, and for
the forbidden bands is 80~55%,. The vibrational
modes of the C;, coordination sphere and metal ion are
6 o, 2 g, 4 By, and 3 B2,  The symmetries of the modes
required to induce intensity in each of the “forbidden”
spin-allowed transitions are given in Table I along with
an estimate of its energy as calculated by the approxi-
mation of Holmes and McClure. ¥

Bosnich® has used one-electron d orbitals for square-
planar nickel(IT) salicylaldehyde complexes in C;, sym-
metry. Using projection operators we have obtained
similar orbitals as illustrated in Table V.

TABLE V
SYMMETRY OF ORBITALS IN Ca (C2'')
Symmetry Orbital Symmetry Orbital
b1 x? — 2 1
a 22 7 bg 7§(xz + yz)
ar xy 1
az 7§(yz — x2)

Using a coordinate system similar to that described
in Figure 7a of ref 68 (where the Ni-Ni—Nj direction is
z(y") and the x’ axis bisects the amino acid rings) the
following energy ordering is suggested by the physical
model

1 1
V2 V2
This assignment yields energy levels which agree with
the calculated order of levels arising from the lowest
(*T9(F)) band system. The order predicted by this
elementary model for the *Ty,(F) band system (B1 <
A; < By), however, does not agree with that calculated
by DTWOSCH or observed spectroscopically.

The assignments verify that the “in-plane’” distor-
tion of ca. 10° is more significant than the ““tetragonal”

22> x? — ¥y > ay > (xz — y2) > (xz + y2)

(68) B. Bosnich, J. Amer. Chem. Soc., 90, 627 (1968).
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distortion along the N-Ni-N; axis. (Similar distor-
tions have also been observed in single crystals of gly-
cine complexes with nickel(II).* This lends spectral
support to earlier chemical studies which have shown
that the bond between a secondary or tertiary nitrogen
atom and a metal atom is weaker than that between a
primary nitrogen and the same metal ion.” Reflec-
tance spectra of complexes of the type Ni(imidazole)sX;
(where X~ = CI—, Br~, I7, or NO;~) have produced™
Dq values ~1050 cm~!, whereas J@rgensen observed?®
an Ni(gly);~ complex with Dg = 1010 em™!, while an
Ni(a-ala);~ anion has been reported’™ with Dg = 995
cm~!. Thus, for the ligands involved, the spectro-
scopic effect of the tetragonal distortion along the Ni—
Ni—Nj is expected to be small. The assignments above
confirm that the “in-plane’’ distortion is most effective
in determining the observed energy levels,

The assignments of the energy levels based on spec-
troscopic polarization studies have been verified by the
ligand field calculations using DTWoscH. Nine ex-
perimentally determined levels were fit (by least-
squares analysis) to within an average of =100 cm—! of
the calculated eigenvalues. Only one level was cal-
culated in a position significantly different from the ob-
served levels. This was the 3B, level arising in the
¥T5,(05) multiplet. Predicted to be forbidden by elec-
tric dipole selection rules, it is calculated to lie at 11.3
kK. It appears, therefore, that the weak band ob-
served in the z polarization at 10.5 kX and tentatively
assigned to vibronic intensity in the ®B, band is really
associated with vibronic intensity in the 3A; level and
that the B, level is not observed. This means that the
splitting of the *E(Dy) component by the rhombic dis-
tortion is smallest in the lowest multiplet (a circum-
stance observed in a previous calculation®),

Because of the uncertainty of assignment of the weak
band at 21.6 kK the 1A level was not included in the fit.
However, based on the fit of the other levels the A,
band is calculated to be at 21.9 kK. This tends to
support the assignment of the 21.6-kK band to this
transition although planned spectra of deuterated crys-
tals should effectively settle this point.

Using this fit the following ligand field parameters
were estimated: Dg = —1125cm™!, B = 783 cm ™!, and
C = 3653 cm~!. Since no experimental evidence for
spin—orbit splitting was available, a value of { = —500
(which is reduced from the free-ion value by approxi-
mately the same amount as B and C) was used in the
final fit.

Conclusion

Most previous reports of the polarized spectra of
single crystals have involved high-symmetry crystals

(69) H. C. Freeman, J. M. Guss, and R. L. Sinclair, Chem, Commun., 485
(19€8).

(70) W. J. Eilbeck, F. Holmes, and A, E, Underhill, J. Chem. Soc. A, 757
(1967).

(71) V. 8. Sharma, H. B. Mathur, and A. B. Biswas, Indian J. Chem., 2,
5 (1964).
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and chromophores of uniaxial symmetry with their
symmetry axes aligned. However, a few studies have
been reported in which one or more of these conditions
did not obtain. We have shown in this report that
reasonably accurate molecular spectra may be obtained
by relatively simple handling of the spectra of biaxial
crystals containing nonaligned, triaxial chromophores.
The implication is that useful, detailed crystal spectra
may be obtained in cases previously shunned or only
cursorily analyzed because of low symmetry.

It is also obvious that the electronic spectra of amino
acid complexes, often only studied in solution and inter-
preted in terms of high-symmetry ligand fields,** can
provide valuable information about the environment of
the metal atom (even when the donor atoms are very
similar) if studied in the solid state at cryogenic tem-
peratures. Similar studies of more complicated species
of biological importance, e.g., metalloenzymes, in ori-
ented single crystals should allow the metal atom to
serve as a sensitive ‘‘probe” near the active site,’%73

Williams, ef al.,”»"® have discussed in detail the ad-
vantages of studying the properties of enzymes in
which the metal atom can serve as an electronic marker,
They also make two important observations which are
perhaps pertinent to the results reported here: (1)
that metals (e.g., cobalt(II) and zinc(IT)) which show
catalytic power, in contrast to many other metals,
often enter sites of low symmetry readily, which appear
to be of special catalytic potential and (2) that where a
metalloenzyme is active, detailed analysis of the spec-
troscopic properties show that the geometry of the
metal-binding site is low symmetry.

Extension of studies similar to the one reported here
to single crystals of metal-activated enzymes substi-
tuted with metal atoms whose electronic structure is
relatively well-known, as is the case for d® nickel(IT)
(even though nickel(II) may not activate the enzyme
very well), may provide valuable information about the -
low-symmetry environment of the active sites in which
protein residues (e.g., the imidazole of histidine) co-
ordinate to the metal in less than idealized symmetry.
As in this simple ‘“model” compound, these studies
might allow a more detailed interpretation of the nature,
symmetry, and orientation of the metal-binding site.
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