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seem to indicate that it is difficult for diphosphate ion
to achieve more than tridentate coordination. Al-
though the spectra are not complete enough to indicate
the state of both ends of the diphosphate, it seems clear
that at least one PO;s end must be coordinated through
two O atoms. Since bidentate coordination of an
oxyanion group is known to produce a stronger split-
ting than monodentate coordination®® this could ex-
plain why Zn(II) and probably also Cu(II) and Be(II)
are so effective in splitting the antisymmetric stretching
vibration of phosphate ligands, whereas the lower ef-
ficiency of cations like Ni(II) and Co(II) might be con-
nected with a monodentate coordination of these cat-
ions to each of the PO; groups. The latter question
cottld be further investigated if Raman spectra of these
colored complexes could be obtained with a suitable
exciting source.
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Complexes of the type HgM (NCS)s; with M2+ =
Mn?+, Fe?t, Co?t, Ni2t, Cu?t, and Zn?* have been
known for some time, and their reflectance spectra
have recently been described.!=* This note reports
studies of the reflectance spectra and X-ray powder
patterns of the solid solutions of Mn(II), Fe(II), Co(II),
Ni(I1), and Cu(II) in the zinc salt and some powder
photograph data for the Mn and Fe salts.

The X-ray structure* shows that the blue salt HgCo-
(NCS)4 contains Co(II) in almost regular tetrahedral
sites surrounded by four nitrogen atoms (angles N-Co-
N 117.6 and 105.6°), while there is essentially tetra-
hedral coordination of the mercury atom by four sulfur
atoms. The corresponding zinc salt is isomorphous
with the cobalt salt® 1In the green salt HgCu(NCS),,
the Cu atom is surrounded by an approximate square
plane of nitrogen atoms, with bridging sulfur atoms
above and below the plane.® The reflectance spectrum
of the anhydrous nickel salt,? which is obtained by
dehydration of HgNi(NCS),-2H,0, shows that the Ni
atom must be six-coordinate in roughly the same way
as the Cu atom in HgCu(NCS),, although the powder
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patterns show that the nickel and copper salts are not
isomorphous.

The powder patterns of the Mn and Fe salts are
identical but for spacing, but differ significantly from
those of the Co and Zn salts. However, the patterns
can be indexed fully on the basis of tetragonal unit
cells of similar dimensions to those of the Co and Zn
salts, but with slightly larger ¢ dimensions and smaller
¢ dimensions. The indexing is shown in Table I.
The unit cell volumes, shown in Table II, are almost the
same as those of the Co and Zn salts, and, for the Fe
salt, the measured density, 3.00 = 0.05 g/cc, and the
calculated density, 3.021 g/cc, are very close to those
of the Co and Zn salts. The Mn and Fe salts are thus
isomorphous with the Co and Zn salts, but not iso-
structural, differing in space group. The Co and Zn
salts have space group I4, while the Mn and Fe salts
have additional mirror planes.
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The precipitation of salts of composition Hg[Co,-
Zny ,J(NCS), from solutions containing both Co(II)
and Zn(II) is well known, and the small variation in
lattice parameters in the solid solution range x = (-1
has been studied.® Similar salts of the type Hg[Cu,-
Zny_,]J(NCS)4 have also been studied, and the lattice
constants were found to vary only slightly from x = 0
to x = 0.4, the apparent maximum value.” From
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TaBLE II
Unit CELL DIMENSIONS
Unit cell
Compound a, A ¢, A vol., A3 Ref
HgMn(INCS)s 11.293 4.257 542.9 This work
HgFe(NCS)y 11.205 4.280 537.3 This work
HgZn(NC8)u 11.097 4.405 542.4 This work, 5%
HgCo(INCS)« 11.10g 4.374 539.8 5
Hg[Mno.115Z10.88 }(NCS)s 11.071 4.412 540.8 This work
Hg[Feo.nZno.sss ] (NCS8)s 11.11g 4.379 539.4 This work
Hg [Coo.1e6Zn0.53 ] (NCS)4 11.085  4.435  545.0 hig
Hg [Nio.oxsZno.e7 ] (NCS)4 11.07g  4.423 542, QL
¢ This work
11.077  4.433  543.3
Hg [Cuo.c3Zn6.017] (NCS)4 11.07¢ 4.433 543.2
¢ This work, 7
11.06g  4.433 542.9)

¢ Reference 5 gives @ = 11,084, ¢ = 4438, V = 545.2. ?aq, ¢,
and V interpolated from data in ref 5. ¢ Duplicate determina-
tions on different specimens of the same samples.

solutions more concentrated in Cu than required to
give x = 0.4, the green salt HgCu(NCS), also precipi-
tates.

The precipitation of Hg[M,Zn;_,J(NCS),, for M =
Mn(II), Fe(II), and Ni(Il), occurs only when the
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Table 1I, the lattice constants for these compositions
are practically unchanged from those of the pure Zn salt.

In none of these cases is any trace of superstructure
observed, so the foreign ions are distributed randomly
in the Zn sites.

The diffuse reflectance spectra of these compounds
have been measured with a Beckman DK2A spectro-
reflectometer, using a cell described previously for
measurements at room temperature and 77°K.® The
spectra of the pure Mn, Fe, Co, Ni, and Cu compounds
agree with those reported previously. From the spec-
trum of the Co salt, the parameters A = 4830 cm~'and
B = 694 cm~! were calculated from the centers of
gravity of the two highest energy spin-allowed bands,
agreeing well with values calculated by Cotton, et al.?
The predicted energy of the A, — T, transition is 4830
em~l, A previously unreported weak band (desig-
nated »;) is observed at 4560 ¢m~! and is believed to
belong to this transition. The weakness of this band
is in agreement with the fact that this transition is
forbidden for eleetric dipole transitions in true Ty sym-
metry,

25000 20000 15000 5000 4000 cm-!
LANL AL L B S A D B SR ] TT | L T T I T
c
B
=
£ C
=
§
£ B
4
$§ B ¢
a
s
a8
<
1 A\
—L l g l L I — 1 ’ L | | |
400 500 500 700 1000 1500 2000 2500

mal

Figure 1.—Diffuse reflectance spectra of (A) HgZn(NCS), (B) Hg[Coqg.168%10.53a] (NCS)s (room temp), (C) Hg[Coo.186Z10.834] (NCS)s
(77°K).

concentration of M in the solution is high. The com-
positions in Table IT were formed from solutions 1 M
in Mn, Fe, and Ni sulfates and were stable to repeated
washing by decantation in boiling water. As shown in

The compound Hg[Cog.1eZ110.53: ] (NCS)s has a room-
temperature spectrum (Figure 1) almost identical
with that of HgCo(NCS); but with A = 4730 cm™,

(8) D. E. Scaife, J. Sci. I'nstr., 43, 484 (1966).
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Figure 2,—Diffuse reflectance spectra of Hg[Cui.053Z10.017] (NCS)s (A) at room temperature and (B) at 77°K.
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Figure 3.—Diffuse reflectance spectra of Hg[Mno.115Zn0.s5] (NCS)s: A, MgO ref; B, HgZn(NCS), ref; *, due to Co(II) in sample,
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Figure 4.—Diffuse reflectance spectra of Hg[Feg.111210.859] (NCS)s (A) at room temperature and (B) at 77°K.
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Figure 5.—Diffuse reflectance spectra of Hg[Nig.02aZng . g76] (NCS)s (A) at room temperature and (B) at 77°K,
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B = 717 em~!, while » is at 4530 ecm~% At 77°K,
A =4830cm~, B = 719 em~!, and »; is at 4740 cm 1L,
The slight reduction in A for the room-temperature
spectrum of the mixed salt in comparison with the
value for HgCo(NCS), is consistent with the slightly
larger lattice constant of HgZn(NCS)s. There is an
increase in A at 77°K for the mixed salt, and if the
thermal expansion coefficients found by Straumanis®
for HgCo(NCS); can be applied here, it appears that a
unit cell volume contraction on cooling of about 0.39%;
increases A by about 3.39%. No large departure from
tetrahedral symmetry for the Co ion can be detected
for the Co or mixed Co-Zn salts.

It will be noted that the energies of »; in the Co(II)
spectra are always 150-270 cm ~! less than the values of
A calculated from the other two bands. In fact, it is
not possible to fit all three bands in the spectra accu-
rately on the basis of simple first-order perturbation
theory. There are several possible reasons for these
discrepancies. First, it is not possible to determine
accurately the centers of gravity of the two high-energy
bands without detailed knowledge of their structure;
the work of Ferguson® shows the difficulty of complete
assignments for these bands. Second, it is likely that
the band system in the region of » has a great deal of
structure which is not revealed at 77°K, as found for
Co(II) in ZnO¥ and CdSY crystals. This structure is
partly of spin—orbit origin and partly of vibronic origin,
and it is not certain that the center of the ‘T, multiplet
will be at the same energy as the intensity maximum we
have taken as »;. Third, if the discrepancy is real,
it may be caused by covalent bonding which will lead
to, among other things, differential expansion of the e
and ts orbitals.

The spectrum of Hg [Cuy.0s3Z1. 517 ] (NCS)4 found here,
Figure 2, agrees with that found by Forster and Good-
game? for Hg [Cttg.16Zn.5: J(NCS)s. The broad band at
10,600 cm~! at room temperature is shifted to 11,000
cm~! at 77°K, while a weak band at about 6000 cm—!
becomes evident, particularly in plots against wave-
number. The exact assignment of these bands must
await single-crystal work, but similar work!? on CuCl?~
suggests that they are ligand field transitions in tetra-
hedrally coordinated Cu with moderate tetragonal dis-
tortion. This distortion is occurring here without
changing the lattice constants.

The spectrum of HgMn{(NCS), indicates tetrahedral
coordination of the Mn ion. The spectrum, Figure 3,
of Hg[Mny.;15Z119.58 [ (NCS)4 1s almost identical, and the
better resolved spectrum obtained by comparing the
Mn-Zn salt against the Zn salt indicates tetrahedral
coordination of the Mn, while being rather insensitive to
small distortions.

The spectrum of HgFe(NCS), shows a broad, double-

(9) J. Ferguson, J. Chem. Phys., 89, 116 (1963).
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peaked band at 4800 and 6000 cmi—*. The almost iden-
tical room-temperature spectrum of Hg[Feg.111Z1.589]-
(NCS)y, Figure 4, shows a similar poorly resolved band
system, with maxima at 4930 and 6050 cm—! On
cooling to 77°K, this spectrum is more clearly resolved
into two bands at 4810 and 6490 cm—!. The low-energy
band therefore temains almost unaltered but the
splitting increases from 1120 cm~!at room temperature
to 1520 cm—! at 77°K. This splitting is also observed!
in solution spectra of the tetrahedral ion Fe(NCS),2~
and, being too large for spin—orbit splitting, probably
results from a static Jahn-Teller distortion. In the
Fe-Zn mixed crystal, it is not possible to determine if
the distortion is inherent in the lattice or is a static
Jahn—Teller type. Both are probably of tetragonal
type, and a further ligand field band would be expected
at lower frequencies. No such band was observed for
either HgFe(NCS)4 or Hg[Feo.mZno.ggg](NCS)4 in the
region 4000-650 cm~1

The reflectance spectrum of the salt Hg[Nig.ou-
Zng.g1)(NCS)s, Figure 5, differs considerably from
that of HgNi(NCS),? and from the spectra of systems
containing the tetrahedral ion Ni(NCS),2~.? It can-
not be fitted well on the basis of either regular octa-
hedral or regular tetrahedral symmetry. It has the
over-all appearance of a tetrahedral spectrum but is
shifted to higher energies throughout and is consider-
ably split. The shifting to higher energies suggests
that the Ni(I1) atom is under considerable compres-
sion in the lattice, while the splitting suggests distor-
tion, most probably of a tetragonal nature. The lat-
tice constants do not reflect the compression and dis-
tortion, but it may be significant that 2.4 mole %, seems
to be the maximum Ni content which can be incor-
porated in the HgZn(NCS), lattice.

It is significant that only in the cases of Fe, Ni, and
Cu, which have degenerate ground states (excluding
spin-orbit coupling), are significant distortions present
about the M2+ jon in Hg[M,Zn; ,](NCS)s. These dis-
tortions are therefore likely to be of Jahn-Teller or
pseudo-Jahn-Teller'® type. The distortions have little
effect on the relatively ‘‘soft” lattice of the HgZn-
(NCS)4crystal. The size of the M2+ jon is seen as play-
ing little part in the distortions, as shown by the similar
unit cell volutnes in the pure and mixed salts, and by the
near identity of the spectra of the Mn, Fe, and Co salts
with those of a series of analogous compounds (Cat+).-
M(NCS), in which the M-N distances are relatively
free to adjust themselves.

Experimental Section

The X-ray data were obtained with an 11.46-cm diameter
Philips Debye—Scherrer camera using filtered Cu K« radiation.
Line positions on some films were calibrated by incorporation of
thorium oxide of accurately known lattice parameters, Line
positions were determined with an accurate traveling microscope.
Cell dimensions were obtained by least-squares fitting of the
data.
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