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Visible region reflectance spectroscopy and nonlinear regression analysis of spectral data have been
used to present qualitative and semiquantitative evidence that some tetrahedral Ni?* is present in all
six phyllosilicates examined. Highly crystalline willemseite and chrysotile, poorly crystalline nepouite
as well as two natural minerals, and a mixture of poorly crystalline nepouite and nickel hydroxide all
showed the presence of tetrahedral Ni** as well as octahedral nickel. Chemical analysis of willemseite
confirmed quantitatively the presence of excess Ni lending further support for the presence of tetrahe-

dral nickel.

Introduction

Recent papers and reviews concerning
structure and crystal chemistry of Ni-bear-
ing phyllosilicates reveal several particular
traits which clearly distinguish these miner-
als from their pure Mg-bearing homologs
(1-3). Regardless of whether these minerals
belongto1:1(7 A) or to 2:1(10 A) mineral
families, it has often been noticed that
atomic substitution of octahedral Mg?* by
Ni2* cations in such frameworks is accom-
panied by modifications less often observed
in pure magnesium end members of those
families. For example, secondary Ni clay
minerals generally have structural disor-

* To whom correspondence should be addressed.

ders and may deviate from theoretical stoi-
chiometry (2, 4). In addition, we have seen
that, particularly among 2 : 1 Ni silicates be-
longing to the kerolite—pimelite series,
some specimens swell in presence of polar
liquids. It is for this swelling characteristic
that pimelites have sometimes been consid-
ered as belonging to the smectite group of
clay minerals. In contrast, Brindley (2) con-
siders these kerolite—-pimelite minerals to
be members of the 2:1 nonswelling layer
silicate group. Brindley (2) does not, how-
ever, rule out the possibility that some
specimens might consist of 2 : 1 nonswelling
layers slightly interstratified with 2 : 1 swell-
ing smectitelike layers.

Since capacity to swell is directly related
to the number and nature of hydrated cat-
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ions present in interlamellar space and
therefore to negative charge existing in the
framework of these silicates, such observa-
tions regarding swelling in minerais con-
taining Ni**, Mg?*, and Si** as the only cat-
ions raise questions concerning the origin
of charge. Indeed, isomorphic replacement
of Mg?* by Ni** in octahedral sheets of
“‘talc-like’” minerals should a priori have no
effect on total charge balance and cannot
therefore explain the induction of swelling
behavior. Should, however, a small portion
of Ni** occupy tetrahedral positions within
the silica sheet, this would give rise to a net
negative charge excess and related swelling
properties. More generally, existence of
tetrahedral Ni in layer silicates would also
offer an alternative approach to considering
the crystal chemistry of these silicates,
whether or not they exhibit swelling prop-
erties. In this paper, we address this latter
possibility and present evidence that Ni?*
may indeed be incorporated into tetrahe-
dral sheets of various Ni bearing phyllosili-
cates.

Theory

Visible-ultraviolet absorption spectrum
of tetrahedrally coordinated transition cat-
ions shows much more intensity than the
corresponding spectrum for octahedrally
coordinated cations. Therefore, it would
seem possible to use diffuse reflectance
spectroscopy as a technique to identify tet-
rahedrally coordinated Ni?* in the presence
of large amounts of octahedrally coordi-
nated Ni (5, 6).

Although diffuse reflectance and optical
absorption techniques used in examination
of garnierites have indicated possible Ni**
substitution for Mg?* in octahedral posi-
tions (I, 7, 8), these studies were only
based on absorption band energy analysis.
To distinguish tetrahedral in the presence
of octahedral Ni?*, it is necessary to com-
pare both band position and relative band
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intensity. We use this type of analysis to
demonstrate that Ni>* may be incorporated
into tetrahedral as well as octahedral
sheets.

Ni¢* Octahedral Spectrum

Spectrum for octahedrally coordinated
Ni** can be interpreted by referring to en-
ergy level diagrams for the &® ion in an octa-
hedral field. These transitions are spin-al-
lowed:

L P02 JE— T, (F)  nearir (1)
355 (F) -=mnmmee- 3T (F) V-nearir (2)
YV o Rre— STe(P)  V-uv. (3)

Following Lows’ (10) suggestion, it is ex-
pected that the *F — 3P transition would
show a more intense spectrum than those
corresponding to transitions between Stark
levels. (It should be noted that all of these
transitions have to be regarded as spin-al-
lowed, Laporte-forbidden (9).

Ni#* Tetrahedral Spectrum

Energy level diagrams for ¢® ions in tetra-
hedrally coordinated Ni** fields show that
the most intense bands in the spectrum cor-
respond to three spin-allowed transitions
from a 37, ground term:

3Ty (F) ~===emm-- 3T (F) ir 4)
ST (F) = mmmmmeee 3A2(F)  nearir (5)
Ty(F) --=-mm--- Ty(P) v (6)

Band intensities in tetrahedral complexes
are higher than in octahedral ones because
of d—p mixing. Although extinction coeffi-
cients have been reported to be around 100
(9), wide variations in this figure have been
documented. Compared to intensities of
spin-allowed, Laporte-forbidden transi-
tions, spin-allowed Laporte-forbidden with
d-p mixing transitions have one order mag-
nitude higher extinction coefficients (9).
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Fi1G. 1. Optical spectrum of Ni** in MgO, Ref. (10).

Spectral Evidence for Tetrahedral N#™ in
Nickel Phyllosilicates

Normally, we would expect Ni’* to ap-
pear in the brucite layer of phyllosilicates
and therefore occupy a octahedrally coordi-
nated position. Its spectrum in this case
should be similar to the one reported by
Low (10) for Ni** in magnesium oxides and
illustrated here in Fig. 1 (10). Characteristi-
cally this spectrum shows two major bands
over the energy regions we are concerned
with here. The first broad band is a partially
resolved doublet having a center of gravity
at 680 nm. This doublet band results from
the Ay, (F) = 3T\,(F) transition mentioned
previously for octahedral Ni** but also
from a 3A,,(F) — 'E (D) transition which,
in spite of being partially forbidden, shows
anomalously large intensity due to mixing
of the 'E, and 3T, levels because of spin/
orbital interactions. The second more in-
tense band occurs at 408 nm and corre-
sponds to the *A,, (F) — 3T, (P) transition
of octahedral Ni**. These transitions are
summarized in Fig. 2.

If Ni** were to be placed in a slightly
distorted octahedral field or the field were
to show a lack of symmetry due to a differ-
ence in ligands, we would expect pertuba-
tions in the above spectrum. These
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perturbations have been studied by
Schmitz-DuMont et al. (I1) who investi-
gated the influence of framework expansion
on reflectance spectra for both tetrahedral
and octahedral Ni** in oxo compounds.
They observed that a reduction in symme-
try causes little effect on ligand field com-
ponents when ligands are at vertices of a
regular octahedron. These authors found
that this reduction produces ligand field
weakening and results in a shift in band po-
sition towards slightly higher wavelength
than that corresponding to a cubic field.
Similar effects occasionally occur in frame-
work or lattice expansion. On the other
hand, distortion of the octahedron gives
larger shifts (towards higher wavelength)
than either lattice expansion or degree of
symmetry perturbations. Wood (/2) and
Rossman et al. (13) have also shown that
distortion not only gives the highest values
for band wavelengths, but also more in-
tense absorption bands, due to the fact that
these cations are located in noncentrosym-
metric sites. A summary of reported reflec-
tance spectroscopic data is shown in Table
I

If, on the other hand, some Ni** were
tetrahedrally coordinated in silicate layer,
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F1G. 2. Energy level diagram and observed optical
transitions for Ni?* in an octahedral field of MgO.
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TABLE II
SAMPLE CHARACTERISTICS
% Ni**/ CEC SBET Ni/Si
Sample? 3. octahedral metal Phases (meq/100 g) (m¥g) ratio
A 55 Mg-Ni pimelite partially swellable 0.2 Ni 136 —
B 66 Mg--Ni pimelite partially swellable 2.8 Ni 180 —
+ serpentine 15.5 Mg
C 100 Willemseite® — 0.824
2.13 free SiO, — 49.8
D 100 Chrysotile — 39.8
E 100 Nepouite — — —
F Sample E before recrystallizing by hydrothermal reaction — — —_

% After removing the free SiO,.

5 In all samples the oxidation state of Ni was found to be 2+.

< This is the Ni talc synthetized by Martin et al. (14).

we might expect that a Ni?* tetrahedral
doublet band having a center of gravity be-
tween 610 and 640 nm would show contri-
butions in the uv-visible spectra. This con-
tribution would correspond to the relative
percentage of Ni** tetrahedral/Ni** octahe-
dral in the mineral. Thus one might see a
shift in the broad Ni?* octahedral doublet to
higher wave numbers and a change in the
relative intensities of the bands which
would otherwise occur at 680 and 408 nm.

Experimental

General Requirements

Minerals were selected for their capacity
to swell and for the absence of cations other
than Ni, Mg, and Si. Using these con-
traints, the work presented here was per-
formed on two selected natural phyllosili-
cates as well as on four synthetic samples,
on Ni end member *‘talc-like’’ silicate (wil-
lemseite) and two different serpentines, and
a mixture of nickel hydroxide/serpentine,
both poorly crystalline (all characteristics
of these minerals are summarized in Table
II).

Techniques

X-ray diffraction was performed using Ni
filtered CuKa radiation. For the natural
minerals, these studies have been done on
untreated, K-saturated and ethylene glycol
solvated samples, prepared as oriented ag-
gregates. The synthetic samples were ex-
amined as random powder.

Analytical electron microscopy (A SEM
100 CX TEMSCAN fitted with a KEVEX
energy dispersive spectrometer) including
transmission electron microscopy and thin
film X-ray microanalysis studies have been
performed on the synthetic samples to
check morphology and degree of homoge-
neity.

Oxidation number of Ni was determined
using an iodometric method. In this case,
samples were dissolved in a mixture of
H,SO,-HF acids, in the presence of KI at
60°C under N,. Blanks subjected to the
same treatment as samples were titrated as
well. Chemical analyses were done on the
synthetic ‘‘talc-like’” sample (willemseite)
to determine accurately the Ni/Si ratio.
This particular sample was subjected to al-
kaline fusion, with Na,CO; + K,;CO; in Pt
crucibles and collected with HCI acid. Af-
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TABLE 1lI

MAJOR BANDS AND RELATIVE INTENSITIES
IN EXPERIMENTAL REFLECTANCE SPECTRA

Observed bands

Sample A (nm) DWW

735 (shoulder)
700 (shoulder)
658 (A\y)
385 (Ay)
740 (shoulder)
710 (shoulder)
B 660 (A;)
405 (shoulder)
385 (A\3)
710 (shoulder)
740 (shoulder)
650 (A;)
385 (A3)
730 (shoulder)
695 (shoulder)
660 (Ay)
390 (A3)
740 (shoulder)
665 (Ay)
420 (shoulder)
395 (A3)
730 (shoulder)
710 (shoulder)
665 (\)
395 (A\3)

1.08

1.17

0.93

0.79

1.16

1.16

ter drying the suspension in a steam bath,
the residue was treated with a mixture of
HCI and HNO; acids to extract totally Ni
from the SiO, precipitate. Amount of Si in
the precipitate was determined gravimetri-
cally and Si in solution was determined col-
orimetrically. Dissolved Ni was determined
by atomic absorption from the resulting so-
lution. A summary of the above results as
well as surface areas for some of the miner-
als can be found in Table II.

Optical spectra were scanned on a Beck-
man Acta IV spectrophotometer with a dif-
fuse reflectance accessory, in the wave-
length range from 800 to 350 nm. Spectra
were of powdered samples at room temper-
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ature with MgO used as a reflectance stan-
dard.

Results and Discussion

Reflectance bands and their relative in-
tensities are collected in Table III. An in-
spection of the spectra, Fig. 3, shows that
there are two relatively intense bands in the
regions of 665-650 and 395-385 nm. The
ratio of these band intensities (measured
from peak areas), I;/I,, is not a constant for
all of the spectra but changes from 1.16 to
0.79.

As suggested in the theory above, obvi-
ous assignment of the highest energy band
in all spectra (400 nm) should be assigned to
the transition *A,, (F) — 3T}, (P) for Ni** in
octahedral symmetry. However, the broad
absorption with a band maxima around 666
nm necessitates some caution in its inter-
pretation because it lies in an energy region
too high to arise from the *A,, (F) — 3T, (F)
transition and it furthermore shows an

>

ABSORBANCE

5§

| 1 I |
400 500 600 700

FiG. 3. uv reflectance spectra of phyllosilicates Re-
flectance spectra of phyllosilicates samples A—F over
a wavelength region of 350-800 nm.
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anomalously large intensity when com-
pared to the normal octahedral spectrum
shown in Fig. 1.

The theory and data given in the litera-
ture (Table I) for the spectrum of Ni?* in a
cubic field support the fact that the band at
400 nm should be about twice as intense as
the one at 660 nm. On first impression one
might hypothesize that distortion of the oc-
tahedron causes this effect for these two
bands. However, the wavelength value de-
termined here is a good deal smaller in mag-
nitude than that expected for the *A,, (F) —
3T,, (P) transition for Ni?* in a distorted six-
fold coordination since, as mentioned pre-
viously, distortion causes shifts of the
bands toward even higher wavelengths.

An alternate spectral interpretation can
be found in the assumption that a fraction
of Ni** is in tetrahedral symmetry. In this
case, the band near 660 nm must represent
overlapping bands assigned to 3T,(F) —
3T, (P) (for Ni** tetrahedral) and 34,,(F) —
3T, (P) (for Ni** octahedral) transitions.

Qualitatively, the position and shape of
the 660-nm band can be explained in the
following fashion: if we assume that absorp-
tion bands in uv and visible spectrum are
Gaussian (9), and if one superimposes four
Gaussian curves, two corresponding to the
experimental value of the Ni** tetrahedral
doublet bands having a center of gravity
near 625 nm, and two corresponding to
those of the Ni?* octahedral doublet having
a center of gravity around 714 nm, a recon-
structed band of intermediate value would
be obtained. Thus, the observed band at
658 nm could actually arise as a combina-
tion of these four single transitions. The
anomalously large intensity of this band,
compared with the band in the region of 400
nm, can be attributed to the fact that band
intensities in tetrahedral are larger than
those in octahedral ones. Therefore, any
Ni?* which occurs in tetrahedral symmetry
would greatly increase band intensity. It
should be further added that optical spec-
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trum profile for these Ni-phyllosilicates
agrees well with results obtained with
spinels, in which Ni** occupies both octa-
hedral and tetrahedral sites (17).
Quantitatively this hypothesis can be
tested using nonlinear regression analysis.
Each of the component bands can be de-
scribed by Gaussian functions of the form

A= Amax e——k(v—vmax)z
where

A = percent absorbance at any v
Amax = percent absorbance at v,

k = the coefficient related to band-
width (cm?)
v = wave number (cm™!)
Vmax = Wave number at maximum ab-

sorption (cm™').

A computer program ((BMDP 3R)-
Health Science Computing Facility, Uni-
versity of California, Los Angeles) which
utilizes a weighted least squares best fit and
Gauss—Newton iteration then selects best
values for Ap.., k, vmax, having had, as in-
puts, a set of A and v data over the entire
energy range of interest. It should be re-
called that the composite curve is being re-
constructed with four Gaussian wavefunc-
tions (those corresponding to two
tetrahedral and two octahedral bands ex-
pected in the wavelength region of 550 to
800 nm. Given that each wavefunction has
its own associated Aq.y, Vmax, and k£ con-
stants, the computer attempts to solve for
12 unknowns using a range of input A, v
data sets.

The results of this mathematical recon-
struction are shown in Figs. 4A-F. In each
figure, the composite curve, reconstructed
from the ‘‘best fit’* wavefunctions shown in
the figures, is illustrated by a continuous
line with associated real A and » values taken
from Fig. 3. As mentioned previously, re-
solved tetrahedral bands appear at lower
wavelength than resolved octahedral bands
in all cases. Associated Ana.x, Vmax, and k
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FiG. 4. Nonlinear regression analysis of uv reflectance spectra. Reflectance of composite spectra
(over wavelengths from 500-800 nm) shown in Fig. 3 for mineral samples A—F corresponding to Figs.
3A-F, respectively. Composite theoretical curve ~— is fit by tetrahedral —, 2 octahedral -.-.-.- , and
a low wavelength band --- due to tailing from very low wavelength octahedral peak shown in Fig. 3.
Shown dots, superimposed upon the theoretical curve, are actual spectra data taken from Fig. 3.

constants for these functions are shown in
Table IV. (v values are from here on con-
verted to \ for literature comparison). The
resolved band, appearing at the lowest
wavelength in all figures is not related phys-
ically to tetrahedral Ni2* as it appears at too
high an energy level. This band is predi-
cated by the need to “‘fit”’ tailing produced
by the even lower wavelength octahedral

band at 390 nm. Indeed, there is always
some tailing produced by this octahedral
band which must be included in any curve
fitting analysis.

Relative position and intensity of re-
solved octahedral bands at 667 and 758 nm
closely compare to literature values for
Ni** in MgO of 676 = 7 and 746 = 7 nm
reported by Low (10). Although Ni?* is
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TABLE IV

RESULTS OF THE REGRESSION ANALYSIS AND
RATIOS OF TETRAHEDRAL TO OCTAHEDRAL Ni?*

SamP]e Ymax SNiz+ T

Fig. 4 Amax k (em™) RMS* n* Syt o
19.5 386 15,000

A 176 458 13,306

Fig. 4A 128 629 l6200 04 32 0D
102 259 18,760
200 349 15,000

B 18.2 549 13,126

Fig. 4B 156 283 16200 O3 27 04
10.5 920 18,760
210 42,3 15,000

c 18.0 580 13,29

Fig. 4C 120 500 16200 O3 30 030
88 152 18,760
280 431 15,000

D 250 636 13,176

Fig. 4D 11.6  40.2 16,200 03 30 024
8.5 113 18,760
420 624 15000

E 353 63.0 13,199

Fig. 4dE 168 1079 16250 0% 46 016
188 243 17,905
39.0  39.9 15,000

F 33.0 467 12,914

Fig. 4F S50 1351 1625 04 37 004
133 219 17,555

4 RMS = Residual mean square.
® n = Number of cases.

bound not only by oxygen in nickel phyllo-
silicates, but also by OH, it is not surprising
to find close agreement with the oxide spec-
trum due to the fact that O and OH ligands
are not significantly different with respect
to field strength. In addition, the intensity
ratio Iy ym/l758 am Of 1.3 agrees favorably
with the 1.5 value obtained by Low (10).
Most importantly, however, it should be
noted that all samples, (with the possible
exception of sample F), show a band at 617
nm. The position of this band corresponds
closely to that reported in the literature (Ta-
ble I) for tetrahedrally coordinated nickel.
Even more information about the nature
of these minerals can be gained by examin-
ing the ratio of peak areas of the resolved
uv reflectance spectrum. By comparing the
area underneath the peaks attributed to the
Ni?* tetrahedral with the total area of octa-
hedral peaks some semiquantitative infor-
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mation about the Ni?* tetrahedral versus
octahedral character can be obtained (ab-
solute quantitation is impossible due to un-
certainty in extinction coefficients). From
results shown in Table IV, it is obvious that
a trend can be seen, the highest portion of
tetrahedral Ni** being found in sample B
which is the sample having the highest in-
terlayer charge density as well. The peak
area ratio decreases for samples A and C
which correspond to 2 : 1 phyllosilicates but
with negligible exchange capacity. This is
followed by samples D and E, both 1:1
type phyllosilicates. The peak area ratio
therefore closely matches the probability of
finding Ni?* tetrahedrally coordinated
‘‘sites.”” That is, one would expect a 2:1
phyllosilicate to have more tetrahedral sub-
stitutions than a 1:1. One also would ex-
pect that Ni?* substitution in these samples
to be a function of the exchangeable capac-
ity and this can be seen by comparing the
2:1 samples A and C with B. Differences in
peak area ratio can also be found between
the amorphous coprecipitate sample and
that same sample crystallized by hydrother-
mal reaction (sample E). Notice that crys-
tallization increases the peak area ratio sug-
gesting that this process increases the
probability of finding Ni?* tetrahedrally co-
ordinated in the silica layer.

Further evidence for the presence of tet-
rahedral nickel in phyllosilicates can be
found by comparing the Ni/Si atomic ratio
for extremely well-crystallized willemsite
(sample C) with respect to its theoretical
stoichiometry (see Table II). In earlier stud-
ies involving nickeloan kerolite—pimelite
minerals, deviations showing a higher con-
tent in tetrahedral and lower content in oc-
tahedral cations than that predicted by
structural formulae have been interpreted
with respect to Ni(OH), and/or serpentine
minerals being present as impurities (2).
This possibility has been checked with ana-
lytical electron microscopy (thin film X-ray
microanalysis). For all particles examined
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with the microprobe, the nickel/silica ratio
was constant with the exception of a few
cases (very small particles) which only con-
tained silica. This indicates that no Ni(OH),
impurities were present in spite of the fact
that some amorphous silica was being ob-
served. This evidence lends additional sup-
port to results from above, showing that,
for sample C, a small amount of Ni>* must
be in the tetrahedral position.

Conclusion

This paper has presented both qualitative
and semiquantitative data to indicate that
Ni?* can exist in tetrahedral coordination in
phyllosilicates. By using uv reflectance
spectroscopy and nonlinear regression
analysis of spectral data, it has been possi-
ble to show that some Ni?** is tetrahedrally
coordinated in all phyllosilicates examined.
Further support for this argument has been
presented in the case of highly crystalline
willemseite. Here, nickel would only be ex-
pected to exist in octahedral sheets and the
atomic ratio of Ni/Si should be 0.75. Chemi-
cal analysis of this sample, on the other
hand, gave a ratio of (.82 supporting spec-
tral evidence that some Ni**, even in this
highly crystallized synthetic sample, is tet-
rahedrally coordinated. Although exchange
capacity for Ni?* substituted phyllosilicates
can be expected to be small compared to
exchange capacities in AP* and Fe’* sub-
stituted phyllosilicates due to ion size con-
straints, we simply point out here that some
Ni2* substitution can occur. The fact that
some tetrahedrally coordinated Ni?* has
been found in all phyllosilicates examined
may help to explain the anomalous swelling
capacity in some of these minerals. As is
the case here, the one demonstrating the
most clear swelling character, namely sam-
ple B, is also the sample having largest ex-
change capacity and the sample having the
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highest peak area ratio (Nilimpedral/
N2l anedral)- In spite of the fact that similar
charge related swelling phenomena could
be alternatively attributed to vacancies in
crystal structure, evidence presented here
warrants a closer examination of tetrahe-
dral nickel’s role in the structure of phyllo-
silicates.

Acknowledgments

This work was performed at the Groupe de Physico-
Chimie Minérale et de Catalyse, Place Croix du Sud 1,
B1348 Louvain-la-Neuve, Belgium, under a research
grant from Belgian Secretary of State for Scientific
Policy (Services de la Programmation de la Politique
Scientifique).

References

I. G. W. BrinDLEY, D. L. BisH, anp H. WaN,
Amer. Mineral. 64, 615 (1979).

2. G. W. BRINDLEY, Bull. Bur. Rech. Geol. Min. Fr.
Ser. 2 Sect. 2 3, 233 (1978).

3. G. W. BRINDLEY, AND H. WAN, Amer. Mineral.
60, 863 (1975).

4. G.W.BRINDLEY AND PHAM TH1 HANG, Clay Clay
Miner. 21, 27 (1973).

5. B. P. STRANGHAM AND S. WALKES, ‘‘Spectro-
scopy,” Science Paperbooks, New York (1976).

6. F. S. STONE, Bull. Soc. Chim. Fr. Ser. 5, 820
(1966).

7. G. H. FAYE, Canad. Mineral. 12, 389 (1974).

8. Z. MaksiMovic aND D. L. BisH, Amer. Mineral.
63, 484 (1978).

9. B. N. Ficais, “‘Introduction to Ligand Fields.”
Interscience, New York (1966).

10. W. Low, Phys. Rev. 109, (2), 241 (1958).

11. V. D. Scamitz-Du MonT, H. GOSSLING, AND H.
BROKOFF, Z. Anorg. Allg. Chem. 300, 159 (1959).

12. B.J. Woob, Amer. Mineral. 59, 244 (1974).

13. G. R. RossMAN, R. D. SHANNON, AND K. WaR-
ING, J. Solid State Chem. 39, 277-287 (1981).

14. G. A. MARTIN, A. RENOUPREZ, G. DALMAI-IM-
ELIK, AND B. IMELIK, Bull. Soc. Fr. Mineral.
Cristallogr. 94, 1142 (1971).

15. F. ALBERT COTTON AND GEOFFREY WILKINSON,
‘“Advanced Inorganic Chemistry.”” Wiley-Inter-
science, New York (1980).



