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We have performed a series of EPR measurements on M2SnC16 (M = NH:, CHrNH;, and 
[(CH,),NH,]+) crystals doped with the CrOj- ion and thermally treated at different temperatures. Via 
EPR, we have detected the Cr(VI)O:- to Cr(V) and/or Cr(III) thermal reductions. A Cr(V) species, in 
the form of CrOi-, is thermally produced in (NH&SnC& and in KzSnClh co-doped with NH:. We 
tentatively assign the thermally produced Cr(II1) species as isolated CP+ ions. We have also studied 
in some detail the Cr(V1) to Cr(II1) thermal reduction in K+SnCl,, : CrO$- crystals either co-doped with 
one of the [(CH,),NH,-,I+ ions (n = O-4) or coated with CH,NH* . HCl or NH&l. The experimental 
results indicate that it is the hydrogens of the N-H groups which are responsible for the observed 
reduction. We have analyzed the magnetic symmetries and the spin Hamiltonian parameters of the 
thermally produced Cr(V) and Cr(II1) species. These species can be controllably and repeatably 
produced via thermal treatments. This thermal method provides an attractive and easily accessible 
method for the production of the CrO:- species, which is conventionally produced via either X- or 
-y-ray irradiation. 0 1992 Academic Press, Inc 

Introduction 

This paper reports the investigations by 
electron paramagnetic resonance (EPR) of 
the thermal reductions of Cr(V1) into Cr(V) 
and/or Cr(II1) in single crystals of M,SnCl, 
(44 = NH:, K+, CH,NHi , and 
[(CH,),NH,]+) doped with CrO:-. The ther- 
mal reduction of Cr(VI) into Cr(V), in the 
form of a Cr(V) oxyanion, has been ob- 
served in (NH,),SnCI, and in K,SnCl, co- 
doped with NH: . The thermal reduction of 
Cr(V1) into Cr(II1) has been observed in the 
following CrO!--doped crystals: (a) 
(NH,),SnCl, ; (b) K,SnCl, co-doped with 
one of the [(CH,),NH,-,I+ (n = 1-3) ions; 

(~1 WW-WnC16 ; Cd) KCHJ2NH212 
SnCl, ; and (e) (NH,),SiF, , which is isomor- 
phous with (NH,),SnCl,. We have deter- 
mined the magnetic symmetry and the spin 
Hamiltonian parameters of the thermally 
produced paramagnetic species. We discuss 
the structures of these paramagnetic species 
and the mechanisms of the solid-state chem- 
ical reactions. 

Yu and Chou (I) have recently investi- 
gated via EPR thermal reduction of the type 
Cr(VI)Oi- ---, Cr(II1) in single crystals of 
(NH&SO4 and LiNH,SO,. This solid-state 
reaction can be regarded as the reduction 
part of an overall redox reaction. Wu and 
Yu (2) have recently investigated via EPR 
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thermal reduction of the type CrOz- + e- + 
CrO:- in (NH,),H(SeO,), : CrOi- crystals. 
The ammonium ion, NH,‘, is capable of act- 
ing as a reducing agent for the chromate ion 
in ammonium-containing compounds. We 
have now extended this type of investigation 
to other hydrogen-containing ions, such as 
the [(CH,),NH,-,J+ (n = 1-3) ions, which 
could thermally reduce the chromate ion in 
solids. The monomethylammonium ion, 
W&NH,) + , is abbreviated as (MA)+; the 
dimethylammonium ion, [(CH,),NH,] + , as 
(DMA)+ ; and the trimethylammonium ion, 
[(CH,),NH]+, as (TMA)+. The reducing 
agents described above are present in the 
host compounds either as a constituent or a 
dopant. However, we have found that iden- 
tical thermal reductions can be accom- 
plished in K,SnCl, : CrO:- crystals coated 
with a thin layer of either CH,NH, * HCl or 
NH&l. The same thermal reductions can 
also be achieved by putting the crystals in- 
side a powder mass of either CH,NH, . HCl 
or NH&l. These results shed light on the 
mechanisms of the solid-state reactions, and 
also provide a new method of hydrogenation 
for the solid state compounds. 

The hydrogens, which participated in the 
thermal reduction of Cr(VI), could belong 
to a reducing molecule which is either a 
nearest neighbor to the chromate ion or far 
removed from it. In hydrogen-containing 
compounds, it is difficult to ascertain 
whether the hydrogen in question origi- 
nated from a local or a nonlocal reducing 
ion. However, the fact that the thermal 
reductions in question can be achieved 
via reducing agents highly diluted in the 
crystals implies that the hydrogens origi- 
nated from nonlocal reducing ions. Fur- 
thermore, since the same paramagnetic 
species are thermally produced by em- 
ploying different reducing ions, it can be 
inferred that it is the hydrogens rather than 
other fragments of the reducing ions which 
are responsible for the observed solid-state 
reactions. That the same thermal reduc- 

tions are experimentally observed by the 
method of coating with either CH,NH, 
. HCl or NH&l is consistent with this 
picture. 

Chemical reactions in the solid state are 
apparently different from those in the liquid 
state. The solid-state reactions described in 
this paper are worthy of investigations in 
their own right. Besides, the methods de- 
scribed in this paper provide a new way of 
impurity doping. The conventional method 
for producing the CrO:- species in solid 
state compounds is via X- or y-ray irradia- 
tion of CrOi--doped crystals. However, the 
Cr(V) oxyanion species such as the CrOj- 
and the CrO, species produced via irradia- 
tion usually exist as several chemically in- 
equivalent species. This is true for the Cr(V) 
oxyanions produced via y-ray irradiation in 
K,SnCl, : CrO$- and (NH,),SnCl, : CrOi- 
crystals. On the other hand, the thermal 
method yields one chemical species. There- 
fore, the thermal method is more convenient 
and “cleaner” than the conventional 
method. Furthermore, the paramagnetic 
species can be produced in a controllable 
and repeatable manner. 

The crystal structures of the M,SnCl, 
compounds are simple and of high crystallo- 
graphic point symmetries, including the cu- 
bic and the trigonal symmetries. These 
properties facilitate the determination of the 
magnetic symmetries and occupation sites 
of the thermally produced paramagnetic 
species. After the dissociation of the doped 
CrO$- ion, the thermally produced Cr3+ 
ions may be forced to move away from the 
anionic site occupied by the chromate com- 
plex. In crystals of low point symmetry, it 
may not be easy to ascertain the occupation 
sites of the thermally produced Cr3+ ions. 
Furthermore, CrOi- ions with relatively 
high concentration can be doped into the 
M,SnCl, crystals. Consequently, M,SnCl, 
crystals provide excellent hosts for the in- 
vestigations of the solid-state reactions de- 
scribed in this paper. 
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Experimental 

Single crystals of (NH,),SnC& , K,SnCl,, 
and their solid solutions doped with the 
chromate ion were grown at 40 or 5O”C, from 
slightly acidic aqueous solutions made up of 
stoichiometric amounts of NH,Cl(KCI) and 
SnCl,. The crystal shape is predominantly 
octahedral for these cubic crystals; the { 1 I l} 
type faces are invariably obtained, and the 
(001) type faces are rare. (MA),SnCl,: 
CrOi- crystals were grown in a similar man- 
ner at 20 or 40°C. The crystals obtained for 
this trigonal compound were mainly the 
(0001) hexagonal plates. (DMA),SnCI, : 
CrO$- crystals which are of orthorhombic 
structure were also grown in a similar man- 
ner at 20 or 40°C. Some of the crystals ob- 
tained were (010) rectangular plates, which 
are useful for EPR measurements. 

Thermal treatments of the M,SnCl,: 
CrOi- crystals were carried out in a pro- 
grammable furnace, usually at temperatures 
well below the decomposition temperature 
of the host compound. The EPR spectrome- 
ter used in this investigation has been de- 
scribed previously (I). Thermal decomposi- 
tion of the host compound was investigated 
by using the DuPont 9900 series thermal an- 
alyzers. These included Thermalgravimetry 
Analysis (TGA) and Differential Thermal 
Analysis (DTA). 

Crystal Structure of M,SnCI, 

K,SnCl, , (NH,),SnCl,, and (TMA),SnCl, 
crystallize in the cubic Fm3m, K,PtCl, 
structure (3). Figure 1 depicts the arrange- 
ment of atoms within a unit cell of the cubic 
K,PtCl, lattice. (MA),SnCl, crystallizes in a 
rhombohedral (R3m) distortion of the cubic 
K,PtCl, structure (3). (DMA),SnCl, crystal- 
lizes in an orthorhombic (Ci,) distortion of 
the cubic K,PtCl, structure (4). The basic 
crystallographic data of M,SnCl, are sum- 
marized in Table I. 

FIG. 1. A drawing depicting the atomic positions in 
cubic K?PtCl, structure. The black circles denotes the 
cation and the large open circles the anion. The chlo- 
rines of the octahedral (PtCl,)‘~ complex are located at 
special positions at the three cubic axes and equivalent 
positions. 

Results and Discussion 

A. Thermal Analysis 

TGA results are summarized in Table II 
and plotted in Fig. 2. The measured weight 
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FIG. 2. The TGA curve for (a) (CH,NH&3nCI,, (b) 
WHMnCl,, and (c) K2SnCI,. The curve for 
[(CHJ2NH2],SnC1, almost coincides with that for 
(CH,NH@nCI,. 
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TABLE I 

THE BASIC CRYSTALLOGRAPHIC DATA OF M2SnC16 

Site symmetry 

Compound Crystal system Space group K N C Sn Cl 

K,SnCI, Cubic Fm3m S3m m3m 4mm 
WHd2SnC16 Cubic Fm3m 43m m3m 4mm 
(CHjNHJ2SnCI, Trigonal RJm 3m 3m Jm m 
W-UNHhSnC4, Orthorhombic Pmn m m m m; 1 
W-VWWQ Cubic Fm3m 53m 3m m3m 4mm 

versus temperature data were taken at a rate 
of lO”C/min. TGA curves for the pure and 
the chromate-doped M&Cl, showed no 
discernible difference. The temperature T, 
in Table II is defined as the temperature at 
which a 1% weight loss had been measured. 
The thermal treatment temperatures em- 
ployed for the sample crystals were mostly 
well below the T, of the compound, such 
that any thermal decomposition of the host 
compound should be minimal. 

B. The Cr(VZ) + Cr(V) Thermal 
Reduction in (NH,),SnCl, : CrOi- 

The Cr(V1) + Cr(V) reduction can be ac- 
complished via thermal treatment at temper- 
atures well below the T, of the host com- 
pound. For example, at 170°C for 8 hr or at 
200°C for l-4 hr. Crystals so treated yielded 

TABLE II 

THE DECOMPOSITION 
TEMPERATURE OF M2SnC16 

Compound Tw (“0 

K+SnCI, 409 
WHMnCb 225 
(MA&SnCl, 250 
(DMA)#nCl, 239 
(TMA)2SnCI, 239 

Nore. T, is defined as the tem- 
perature at which a 1% weight loss 
had occurred. 

an S = t paramagnetic species which can 
be identified as a Cr(V)(3d ‘) species. Figure 
3 shows an [ilO]-oriented EPR spectrum at 
120 K for this species. Figure 4 shows the 
observed and fitted (001) rotation patterns at 
120 K. Each EPR line of this Cr(V) species 
displays an approximately 1 : 2 : 1 hyperfine 
pattern. K,SnCl, : CrO:- crystals lightly 
(1%) co-doped with NH: and thermally 
treated yielded an identical S = 2 EPR 
spectrum, but without a hyperfine pattern. 
Thus, this hyperfine pattern can be regarded 
as the result of the coupling of the odd elec- 
tron of this Cr(V) species with two equiva- 
lent ammonium protons. K,SnCl, : 
CrOi- crystals irradiated with y-rays exhib- 
ited several Cr(V) species (see Section D). 
The symmetry and principal g-values of one 
of these species are identical to those of the 
thermally produced Cr(V) species in 

3390 G 3510 G 
1 t 

FIG. 3. A 120 K, [ilO] EPR spectrum of the Cr(V) 
species thermally produced in (NHJ$nC& . The micro- 
wave frequency was about 9.5 GHz (same for the other 
figures). 
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FIG. 4. The observed and fitted (001) rotation patterns at 120 K for the thermally produced Cr(V) 
species in (NH,),SnC16. 

(NH,),SnCl, and K,SnCl,. The -y-ray pro- 
duced Cr(V) species in K,SnCl, does not 
exhibit the proton hyperfine structure. The 
absence of the detectable proton hyperfine 
structure for the thermally produced Cr(V> 
species in K,SnCl, can be understood as a 
result of the diluteness of the doped NH,+ 
group. 

The EPR spectrum of this Cr(V) species 
shows rhombic symmetry, with the three 
cubic axes of the host lattice as the principal 
axes of the spin Hamiltonian tensors. The 
rotation patterns can be analyzed by using 
the following effective g-factor for an S = 2 
species (4), 

R2 = 12Txx + m2Tyy f n2Tzz f 21mT,, 

+ 2mnTy, + 2nlT,, (1) 

where the 3 x 3 Tij matrix is the square of 
the g-matrix, and 1, m, II are the direction 
cosines of the magnetic field with respect 
to the reference axes which are chosen as 

parallel to the three cubic axes of the host 
lattice. The principal g-values and proton 
hyperfine constants used to fit the rotation 
patterns are listed in Table III. 

C. The Cr(VI) to Cr(V) Thermal 
Reduction in K,SnCl, Co-doped with NH: 

No EPR spectrum related to Cr(V) or 
Cr(II1) can be detected from K,SnCl,: 
CrOi- crystals thermally treated at temper- 
atures below or above the T, of the com- 
pound. However, the Cr(V1) to Cr(V) ther- 
mal reduction can be detected in K,SnCl, 
crystals lightly codoped with (NH,),SnCl, . 
For example, a crystal co-doped with 1 
mole% of (NH,),SnCl, yielded a Cr(V) spe- 
cies with principal g-values identical to 
those of the Cr(V) species in (NH,),SnCl,, 
after it had been thermally treated at 200°C 
for 4 hr. This spectrum, however, did not 
show a clearly discernible proton hyperflne 
pattern. This shows that the ammonium ion 
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TABLE III 

THE PRINCIPAL ~-VALUES AND PROTON HYPERFINE CONSTANTS OBSERVED FOR THE 0(V) SPECIES THER- 

MALLY PRODUCED IN (NH&3nCI, AND IN AMMONIUM-DOPED K,SnCl,, AND Y-RAY PRODUCED IN K,SnC& 

Host &?I R! g3 A, (G) AZ (G) A3 (G) T  W Note 

(NH&SnC& 1.996 1.969 1.910 5.9 4.7 2.5 120 Thermally produced 
K2SnC16 I .996 I .969 1.906 120 y-ray produced 
K2SnCI, : NH: (1%) 1.995 1.968 1.906 120 Thermally produced 

is the reducing agent responsible for the 
Cr(V1) to Cr(V) thermal reduction in 
(NH,),SnCl, and in ammonium-doped 
K,SnCl,. 

D. Nature of the Thermally Produced 
O(V) Species 

The thermally produced Cr(V> species 
could be one of the following four entities: 
(a) a CrOj- tetrahedral complex; (b) a CrO, 
complex; (c) an isolated C?+ ion; and (d) a 
Cr(V) oxychloride complex. It is known that 
via X- or -y-ray irradiation, the CrO:- ion in 
solids can be reduced to either CrOj- or 
CrO; . The EPR of CrO:- has been exten- 
sively studied in the past. The EPR of CrOi- 
primarily in phosphate compounds has been 
reviewed by Greenblatt (5), and in the 
KH,PO,-type ferroelectrics by Dalal (6). 
We have undertaken EPR investigations of 
the Cr(V) oxyanions produced by -y-ray irra- 
diation (total dosage of ca. 5 MRad) in chro- 
mate-doped (NH,),SnCl, and K,SnCl, crys- 
tals. In each case, several S = 4 species, 
which can be construed as the Cr(V) oxyani- 
ons, were detected by EPR at liquid-nitro- 
gen temperature. The EPR spectrum is addi- 
tionally complicated by the presence of 
proton hypertine lines in the ammonium 
compound and additionally by the presence 
of a large number of magnetically inequiva- 
lent sites. The EPR spectrum of the Cr(V> 
oxyanions produced by y-ray irradiation in 
K$nCl,: CrO:- is simpler, because of the 
absence of a proton hyperfine pattern. Upon 

comparing the observed (111) rotation pat- 
terns at 120 K, it becomes immediately clear 
that one of the y-ray produced Cr(V) oxy- 
anion species corresponds exactly to the 
thermally produced Cr(V) species in 
K,SnCl, doped with the ammonium ion. Fig- 
ure 5 shows the observed and fitted (111) 
patterns at 120 K for this y-ray produced 
Cr(V) oxyanion species. This eliminates the 
possibility that the thermally produced 
Cr(V) species is a Cr5+ ion per se. 

We consider next the Cr(V) oxychloride 
possibility. Earlier studies have reported on 
two Cr(V) oxychloride complex ions, 
namely [CrOCl,]-’ and [CrOClJ’; both of 
which have been studied by EPR. EPR of 
[CrOC1,12- has been reported by Kon and 
Sharpless (7, S), and EPR of [CrOClJ’ has 
been reported by Garif yanov (9). The spin 
Hamiltonian parameters have been tabu- 
lated in a review article by Goodman and 
Raynor (10). The EPR spectra of these two 
Cr(V) oxychlorides show axial symmetry, 
and their principle g-values are not similar 
to the thermally produced Cr(V) species in 
M,SnCl, . Furthermore, the EPR spectrum 
of [CrOC1,12- exhibited Cl hyperfme pattern 
(8), whereas that of the thermally produced 
Cr(V) species did not,. Therefore, it is very 
unlikely that the thermally produced Cr(V) 
species is one of these two Cr(V) oxy- 
chlorides. 

The thermally produced Cr(V> species in 
M,SnCl, (M = K+ or NH:) is then most 
likely to be either a CrO:- tetrahedral com- 
plex or a CrO; complex. The observed prin- 
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FIG. 5. The observed and fitted( 111) rotation patterns at 120 K for one of the Cr(V)oxyanions produced 
by y-ray irradiation in K,SnC&. 

cipal g-values indicates that the odd electron 
of the species is primarily localized in a 3d 
x2 - y2 orbital. It has been pointed out by 
Maple and Dalal (II) that it is difficult to 
distinguish between these two Cr(V) oxy- 
anions simply from the evaluated principal 
g-values. They have proposed a relaxation 
method to resolve this difficulty. However, 
we will use a different approach to identify 
the nature of the thermally produced Cr(V) 
species. There is no experimental evidence 
which points out a mother-daughter rela- 
tionship between the CrO:- and the CrO; 
species produced by X- or y-ray irradiation. 
The CrO; species appear to be indepen- 
dently produced, when a Cr-0 bond was 
broken by the incident x- or y-ray photon. 
If the thermally produced Cr(V) species is a 
CrO; species, then it is a product of a redox 
reaction between the thermally excited 
chromate oxygens and the ammonium hy- 
drogens. We note that the thermally pro- 
duced Cr(V) species in question is the only 

Cr(V> species produced in M,SnCl, . It does 
not have another Cr(V) species as a precur- 
sor. This suggests that it is a CrO:- rather 
than a CrO; species (1). 

E. Thermally Produced Cr(IZZ) Species 
in (NH&SnC16 : G-O:- 

After (NH,),SnCl, : CrOi- crystals are 
thermally treated at 300-320°C for 12-18 
min (with approximately a lSO”C/hr heating 
and cooling rates), two S = 3 species which 
can be construed as Cr(II1) species can be 
detected by EPR. When thermally treated 
at temperatures lower than T,,, (such as at 
17O”C, described in Section B), the - 4 + 
+f transitions of these two S = $ species 
can be detected by EPR, along with the 
Cr(V) species. This indicates that the Cr(V1) 
+ Cr(II1) reduction can be accomplished 
in this compound via thermal treatments at 
temperatures lower than T,. Figure 6 shows 
an EPR spectrum of these two thermally 
produced Cr(II1) species. The EPR spec- 



166 YU ET AL. 

FIG. 6. A room-temperature, [loo] EPR spectrum of the two tetragonal Cr(III) species thermally 
produced in (NHJ2SnC16. The EPR lines of Cr3+(I) are marked by the numeral 1, and those of Cr’+(II) 
by the numeral 2. 

trum of either one of these two Cr(II1) spe- 
cies had exhibited axial symmetry, with the 
symmetry axis pointing parallel to a cubic 
axis of the host lattice. The spectrum can be 
fitted by an S = # spin Hamiltonian of the 
form, 

X = gfiH * S + D[S; - S(S + 1)/3] 

+ -w; - q>, (2) 

where the X, y, z axes refer to the principal 
axes of the crystal field. The secular equa- 
tion for the energies of the ground state spin 
quadruplet can be written as (12) 

W4 - W2[($)G2 + 2D2 + 6E2] + WG2[2D 
- 6D2 cos2 13 - 6E sin* 0 cos(2cp)l 
+ (&)G4 + (f)Ga[D2 - 6D2 cos* 8 
+ 9E2 ~05428) + 12DE sin* 8 cos(2cp)l 

+ (D2 + 3E2)2 = 0, (3) 

where W is the energy, G = gj3H, and 8 and 
cp are the polar angles of the magnetic field 
with respect to the principal axes. In case 
of axial symmetry, the parameter E in Eq. 
(2) or Eq. (3) vanishes. We designate the 
thermally produced Cr(II1) with a larger D 
parameter as the Cr3+(I), and the other as 
the Cr3+(II). The observed and fitted (001) 

rotation patterns for these two Cr(II1) spe- 
cies are shown in Fig. 7, and the fitting pa- 
rameters are listed in Table IV. In addition 
to the EPR spectra of the two thermally 
produced Cr(II1) species, a very strong EPR 
signal which is isotropic and displays a 
seven-line structure (see Fig. 8) can be de- 
tected. The measured g-factor is 1.968, and 
the splitting between two adjacent lines of 
the seven-line structure is 2.6 G. This super- 
hyperfine structure (SHFS) can be resolved 
only in the vicinity of a cubic axis. The mea- 
sured intensity ratio of this seven-line pat- 

TABLE IV 

SPIN HAMILTONIAN PARAMETERSEVALUATED FOR 
THE THERMALLY PRODUCED Cr(111)1~ M,SnCI, AND 
(NH4MiFh 

HOSI Species g D (G) E(G) T(K) 

(NH&SnCI, I 1.986 896 0 120 
II 1.982 429 0 120 
III 1.986 0 0 I20 

K2SnCI,: [(CH,),NH,m,,l+ IV 1.981 949 0 300 
(MA)2SnC16 V I.977 819 0 200 

VI I .977 314 0 2cm 
VII I.975 2532 471 200 

(DMA):SQ, VIII I.986 767 - 293 120 
(NH&SF, : MA+ IV 1.971 304 0 300 
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FIG. 7. The observed and fitted (001) rotation patterns at 120 Kfor the two thermally produced Cr(II1) 
species in (NH.&SnCl,. The calculated fields of Cr3+(I) are plotted as solid curves and those of Cr3+(11) 
as broken curves. 

tern corresponds to that expected for a SHF 
coupling to two equivalent Z = 2 (chlorine) 
nuclei. The chlorine splitting is small such 
that the isotope effect is not observable. The 
g-value of this species indicates that it could 
be either a Cr3+ or a Cr5+ ion. The orbital 
ground state of a Cr3+ ion in a cubic field of 

t 
34lOG 

t 
3425 G 

FIG. 8. The room-temperature, [loo] EPR spectrum 
of a thermally produced Cr(II1) species in (NH&SnCl, 
This EPR spectrum is isotropic and exhibits a seven- 
line SHFS. 

octahedral symmetry is a singlet, and the 
EPR spectrum is isotropic. Low (13) re- 
ported an isotropic EPR spectrum of Cr3+ 
ions with g = 1.9800 in MgO crystals. The 
orbital ground state is either a doublet or a 
triplet for a Cr5+ ion in a cubic crystal field. 
In either case, Jahn-Teller effect is ex- 
pected to be operative. To our knowledge, 
there has never been a report of isotropic 
EPR spectrum observed for Cr5+ . Based on 
these considerations, we believe that the 
species in question is a Cr3+ ion (we desig- 
nate it as the Cr3+(III) species), but we are 
unable to establish a convincing model for 
the structure of this species. This dilemma 
may be resolved by employing ENDOR to 
probe the ligands of this species. 

F. Thermally Produced Cr(ZZZ) Species 
in K,SnCl, Doped with [(CH,),NH,-,,I+ 

The Cr(V1) to Cr(II1) reduction can be 
accomplished in K$nCl, doped with one 
of the [(CH,),NH,_,,]+ (n = 1-3) ions via 
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FIG. 9. The room-temperature, [ilO] EPR spectrum observed for a thermally produced Cr(II1) 
species in K$nCl, doped with (CH,NH,)+. The upper spectrum is for a crystal doped with a nominal 
10 mole% of (CHINH,)$nCl,, and the lower spectrum for a crystal doped with a nominal 4 mole% of 
(CH3NH&SnCl,. 

thermal treatment at temperatures much be- 
low T,,,. Figure 9 shows two [ilO]-oriented 
EPR spectra detected for K&&1, crystals 
co-doped with CrOi- and MA+ (nominally 
10 and 4%), after these crystals are ther- 
mally treated at 350°C for 2 hr. The strong 
line in the EPR spectrum is isotropic with 
g = 1.968 and displays a seven-line SHFS 
with a splitting of 2.5 G. This SHFS can be 
resolved only in the vicinity of a cubic axis. 
The identity of this paramagnetic species 
should be similar to that of the Cr3’(III) in 
(NH,),SnCl,. The rest of the EPR lines 
can be fitted as to belong to a Cr(II1) 
species. Figure 10 shows the observed and 
fitted (111) rotation patterns for this Cr(II1) 
species in K,SnCl, crystals doped with a 
nominal 10 mole% of (MA),SnCl,. The 
EPR spectra can be fitted by assuming 
that this S = + species possesses axial 
symmetry, with the symmetry axis aligned 
parallel to a cubic axis of the host lattice. 
The evaluated spin Hamiltonian parame- 
ters are listed in Table IV. We designate 
it as the Cr3+(IV). 

Cr3+(IV) can be thermally produced in 

K,SnCl, crystals (doped with MA+ in low 
concentration) at much lower temperatures. 
Figure 11 shows the observed [ilO] EPR 
spectrum for K,SnCl, crystals doped with a 
nominal 2% of MA+ and treated at 150°C (4 
T,) for 15 hr. The two EPR lines marked 
with triangles correspond to the two --& + 
f transitions at [ilO] shown in Fig. 9. The 
strong line in Fig. 11 corresponds to a similar 
line in Fig. 9. Identical EPR spectrum (see 
Fig. 11) can be detected from similarly 
treated K$nCl, crystals doped with 4 
mole% of (DMA),SnCl,, or 4 mole% of 
(TMA),SnCl,, but not for crystals doped 
with 5 mole% of (NH,),SnCl, or 4 mole% of 
KCH,hNhSnC&. These show that in 
K,SnC16 crystals, [(CH,),NH,-,I+ (n = 
l-3) are the much stronger reducing agents 
than NH:. At low concentrations of the re- 
ducing agent, the doped chromate ion on the 
average would not be associated with one 
of the [(CH,),NH,-,I’ ions. Hence, the fact 
that the Cr(V1) + Cr(II1) reduction can be 
accomplished is significant. The implica- 
tions of this experimental result is discussed 
in more details in Section K. 
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FIG. 10. The observed and fitted (111) rotation patterns at room temperature for the thermally pro- 
duced Cr(lII) species in K2SnC16 crystals doped nominally with a 10 mole% of (CH3NH3)2SnCl,. 

G. Thermally Produced Cr(V) andlor 
Cr(ZIZ) Species in K,SnCl, : CrOi- 
Crystals Coated with Either CH,NH, . 
HCE or NH,Cl 

The coating was made by dissolving 
CH,NH, * HCI or NH&l in ethanol and then 
by dipping the crystals into the solution and 
subsequently drying at 40°C. This process 
was repeated several times in order to get a 
thick enough layer of either CH,NH, . HCl 
or NH&l onto the crystals. As far as the 
thermal production of paramagnetic species 
is concerned, another method, which is 
equally effective, is simply to bury the crys- 
tals into dry powders of either CH3NH, . 
HCl or NH&l. After thermal treatments, 
the crystals were washed clean with 
ethanol. 

After thermal treatment, the EPR spec- 
trum exhibited by the crystals coated with 
CH,NH, * HCl is identical to that exhibited 
by the crystals doped with MA+. Namely, 
the thermally produced paramagnetic spe- 

cies are the Cr3+(IV) and Cr3+(III). In crys- 
tals coated with NH&l or buried in NH&l 
powder, the thermally produced Cr(II1) spe- 
cies had exhibited an EPR spectrum identi- 
cal to that exhibited by the crystals coated 
with CH,NH, . HCl or buried in CH,NH, . 
HCl powder. However, an S = 4 species 
can also be detected at liquid-nitrogen tem- 
perature in crystals coated with NH&l or 
buried in NH&l, but not in crystals coated 
with CH,NH, . HCl or buried in CH,NH, . 
HCl powder. The EPR spectrum of this S = 
f species is identical to that of the thermally 
produced Cr(V) oxyanion in K,SnCl,: 
CrOi- crystals co-doped with NH:. Thus 
this species can be identified as a CrO:- 
species. Therefore, the effects of doping the 
K&Cl,: CrOz- crystals with NH: or 
CH,NHl are identical to those of coating 
the crystals with NH,Cl or CH,NH, . HCl. 
The only difference is this: The Cr3 +(IV) 
species can be thermally produced by the 
method of coating with NH&l, whereas it 
cannot be produced by the method of doping 
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FIG. 11. The room temperature, [ilO] EPR spectrum 
observed for the thermally produced Cr(III) species in 
K2SnC16 doped with one of the [(CHj),NH4-,,I’ (n = 
O-3) ions. Only the -4 --f 4 transitions (marked with 
triangles) of the S = $ species can be observed. The 
strongest line is similar in nature to that shown in Fig. 
8. Spectrum (a) is for a crystal doped with 2% of MA+ 
and thermally treated at 150°C for I5 hr. Spectrum (b) 
is for a crystal doped with 5% of NH: and treated at 
150°C for 15 hr. Spectrum (c) is for a crystal doped with 
4% of [(CH,),NH]’ and treated at 150°C for IO hr. 
Spectrum (d) is for a crystal doped with 4% of 
[(CH,)2NH2]’ and treated at 200°C for 2 hr. 

with NH:. This difference can be explained 
by the difference in the thermal fluxes of 
free hydrogens available for the Cr(V1) to 
Cr(III) thermal reduction. 

H. Thermally Produced Cr(ZZZ) Species 
in (MA),SnCl, : CrOi- 

(MA),SnCl, : CrO$- crystals thermally 
treated at 120°C for 2 days did not yield any 
Cr(V) or Cr(II1) species detectable by EPR. 
One rhombic and two axial Cr(II1) species 
can be yielded by thermal treatments at 
135°C for 8 hr or at 150°C for 15 hr. Ther- 

mally treated at 200°C for 2-4 hr yielded 
only the two axial Cr(II1) species. The EPR 
spectra of these three thermally produced 
Cr(II1) species can be analyzed by the spin 
Hamiltonian in Eq. (2) and the evaluated 
parameters are listed in Table IV. We desig- 
nate the axial Cr(II1) species with a larger 
D parameter as the Cr3’(V), the other as 
Cr3+(VI), and the rhombic species as 
Cr3+(VII) (the rotation patterns for these 
three and other Cr3+ species are available 
upon request). 

I. Thermally Produced Cr(ZiZ) Species 
in (DMA),SnCl,: CrOi- 

The Cr(V1) --$ Cr(III) thermal reduction 
can be carried out via thermal treatments at 
temperatures below T,. The crystal struc- 
ture of (DMA),SnC& is of an orthorhombic 
distortion of the cubic K,PtCI, structure (see 
Table II). A Cr(II1) species can be detected 
by EPR in the crystals thermally treated at 
180°C for 2 hr. The EPR spectrum shows 
rhombic symmetry, and can be analyzed by 
the spin Hamiltonian in Eq. (2). The evalu- 
ated spin Hamiltonian parameters are listed 
in Table IV. The a-axis is observed as a 
principal axis for the ligand field, and the 
other two principal axes lie on the bc plane. 
Figure 12 shows the observed and fitted res- 
onance patterns at 120 K for rotations of the 
magnetic field about the three orthorhombic 
axes. We designate this species as the 
Cr3+(VIII). 

.Z. Thermaliy Produced Cr(ZZZ) Species 
in (NH&SiF6 : CrO:- 

So far, it has been found that thermal 
reduction of the type Cr(V1) ---) Cr(V), or 
the type Cr(VI) to Cr(II1) cannot be carried 
out in certain ammonium compounds. 
(NH@iF6 is one such example. (NH,),SiF, 
crystallizes in two forms, a cubic and a trigo- 
nal modifications. The crystal structure of 
the cubic form is isomorphous with 
(NH,),SnCl,. Cubic (NH,)$iF, : G-02,- 
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FIG. 12. The observed and fitted patterns at 120 K for rotations about the three orthorhombic axes for 
the thermally produced Cr(II1) species in [(CH,)2NH2]2SnCI,. 

crystals were grown from aqueous solutions 
at 20°C. These crystals, after thermal treat- 
ments to the highest permissible tempera- 
ture (about 3OO”C), did not yield any Cr(V) 
or Cr(II1) species detectable by EPR. How- 
ever, crystals co-doped with a nominal 4 
mole% of CH3NH2 * HCl and thermally 
treated at 200°C for 1 hr yielded an EPR 
detectable Cr(II1) species. Figure 13 shows 
a [loo]- and a [l lo]-oriented EPR spectra 
observed at room temperature for this 
Cr(II1) species. The EPR spectrum shows 
axial symmetry, with the symmetry axis 
aligned parallel to a cubic axis. The evalu- 
ated spin Hamiltonian parameters are listed 
in Table IV. We designate this Cr(II1) spe- 
cies as the Cr3+(IX). Apparently, in 
(NH,),SiF,, the reducing power of MA+ is 
much larger than that of NH,+, which is also 
true in K,SnCI, . 

K. Mechanism of the Cr(VZ) 
to Cr(ZZZ) Thermal Reduction 

The Cr(V1) to Cr(II1) thermal reduction 
observed in chromate-doped M,SnCl, crys- 

tals can be regarded as the reduction part 
of an overall redox reaction between the 
thermally excited chromate ion and the re- 
ducing ion. Cr6+(3d0) is reduced to 
Cr3 + (3 d3) and the hydrogens of the reducing 
ion is oxidized to H20. This thermal reduc- 
tion can be accomplished in 
K&Cl, : Cr@- crystals doped with one of 

2iooG k000G 

FIG. 13. The room-temperature EPR spectrum ob- 
served for a thermally produced Cr(lI1) species in 
(NH,)$iF, doped with 4% of CH,NH;; (a) is at H// 
[lOOI and (b) at Hi/[1 101. 
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the [(CH,),NH,-,J+ ions (n = l-3). Fur- 
thermore, the Cr(III) species thermally pro- 
duced are the same as those produced by 
employing different reducing ions, and the 
same is true for crystals coated with either 
CH,NH, * HCl or NH&l. However, this 
reduction cannot be detected in 
K+nCl, : CrOi- crystals co-doped with the 
[(CH,),N]+ ion. These suggest that it is the 
hydrogens of the N-H groups rather than 
the C-H groups that are responsible for the 
observed thermal reduction, and that it is 
the protonic defect and the electronic defect 
associated with the thermally released free 
hydrogens rather than other fragments of 
the reducing ions which take part in the re- 
dox reaction. 

The identity of the thermally produced 
Cr(II1) species in M,SnCl, could be an iso- 
lated Cr3 + ion or a Cr(II1) oxychloride com- 
plex. We note that with the exception of the 
rhombic Cr(II1) species in (MA),SnCl,, the 
thermally produced Cr(II1) species can be 
divided into two classes, in accordance with 
their zero-field splittings. The Cr3’(I) in 
(NH,),SnCl, , the Cr3+(IV) in K,SnCl, , and 
the Cr3+(V) in (MA),SnCl, have exhibited 
axial symmetries and their D parameters are 
of the same order magnitude. We designate 
these species as the class A Cr(II1) species. 
Likewise, the Cr3+(11) in (NH,)$nCl, and 
the Cr3+(VI) in (MA),SnCl, can be put into 
the same class (class B). We note that only 
class A species can be thermally produced in 
K$nCl,: CrOi- crystals and that the same 
Cr(II1) species is thermally produced when 
the reducing ion MA+ is located inside 
(doped) the host and outside (coated) the 
host. In the former (doped) case, some of 
the doped MA+ ions could have completely 
thermally dissociated, thus creating cationic 
vacancies. Some of the thermally produced 
Cr3+ ions could have occupied an off-center 
cationic site. But this is not likely to happen 
in the latter case (coated). Based on these 
observations, we suggest that class A Cr(II1) 
species are isolated Cr3 + ions occupying off- 

center (Sn4+), interstitial sites. At the com- 
pletion of the redox reaction, thermally pro- 
duced Cr3+ ions are forced to move away 
from the anionic site occupied by the Cr6+ 
ion of the CrOi- complex, to a nearby inter- 
stitial site at (0, 0, z) and equivalent posi- 
tions in the cubic or trigonal host lattice. 
The site symmetry is either tetragonal or 
trigonal, and which could account for the 
axial symmetry observed for the EPR spec- 
tra. This class of Cr3+ ions could be associ- 
ated with an H,O molecule produced by 
the redox reaction. Such an H,O molecule 
could occupy the lattice site vacated by 
the thermally dissociated CrOi- complex. 
This arrangement of the H,O molecule 
preserves the tetragonal or trigonal ligand 
arrangements. In this picture, the thermally 
produced Cr3 + ions are coordinated with 
one HZ0 molecule and five Cl- ions, but 
without forming a Cr(II1) oxychloride com- 
plex. Garrett et al. (14) investigated the 
EPR of Cr3+ ions doped into single crystals 
of (NH4)2[InCl,(H,0)]. The doped Cr3+ ion 
is believed as to form a [CrCl,(H,0)]2- 
complex in this orthorhombic compound. 
The observed EPR spectrum is almost of 
axial symmetry. The spin Hamiltonian pa- 
rameters reported by Garrett et al. are 
q = 1.9871, g, = 1.9828, IDI = 594 x 
10e4 cm-‘, and ]E/ = 50.7 x IOs4 cm-‘. 
The zero-field splitting of this Cr(II1) ox- 
ychloride complex is smaller than those of 
the class A Cr(II1) species but larger than 
those of the class B Cr(II1) species. Chlo- 
rine SHFS was not observed for the 
[CrCl,(H20)IZ- species (14), also unobserv- 
able for both class A and class B Cr(II1) 
species. However, for the thermally pro- 
duced Cr(II1) species to be an oxychloride 
complex, it would require the participation 
of the [SnCl,]‘- complex in the redox 
reaction. But the same Cr(II1) species is 
produced irrespective of the temperature 
of thermal treatments. Furthermore, sym- 
metry consideration favors the model of 
isolated Cr3+ ions. We also suggest that 
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class B Cr(II1) species be isolated Cr3+ References 
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ions occupying off-center cationic site in 
(NH,),SnCl, or (MA),SnCl,. We assume 
that at the completion of the redox reac- 
tion, some of the thermally produced Cr3+ 
ions migrate to an off-center, interstitial 
site near either an NH: or MA+ vacancy 
created by thermal treatments. Attention, 
however, must be given to the tentative 
nature of these assignments. With ENDOR 
(which is not available to us) to probe its 
local environments, the structures of the 
thermally produced Cr(II1) species could 
be established more confidently. 
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