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Abstract and Summary.—The efiect of pressure on the Mossbaver resonunce
spectra of Fe(III) with thiveyanate (M-SCN) and isothioeyunate (M-NCS)
ligands has been studied.  Fe(NCS)z-6H.0, which has the isothioeynnate strue-
ture, reduces with increasing pressure, reversibly. and with a pressure depen-
dence for the conversion very similar to that shown by a wide varety of ionic
ferric compounds. K:Fe(SCN)s has the thioeyanate structure. At low pres-
sures, it exhibits a significantly larger reduction thun the Fe(NCS). With in-
creasing pressure the thioeyanate complexes isomerize, each eomplex apparently
exhibiting about the same degree of conversion at a given pressure. At 150 kb
the isomerization is essentiully complete. The reduction of the Fe(lIl) to
Fe(II) is reversible but the isomerization is not, and the sample. when powdered
and reloaded in the high-pressure cell, exhibits the isomer shift. quadrupole
splitting, and Fe(IID) to Fe(Il) conversion churucteristic of an isothioeyanate.
Heating the thiocyanate to 110°C at 5 kb yields « mixture of thieeyanate and
isothiocyunate that converts with pressure completely to the isothioeyanate.

Maéssbauer resonance has proved useful in studying the oxidation state, spin
state, and ch 1 bonding in ds of iron. The information is inferred
from the isomer shift (the s electron density at the nueleus) and from the quad-
rupole splitting (the separation between the two peaks arising from the splitting
of the nuclear state of spin 3,2 due to interaction of an electrie field gradient with
the nuclear quadrupole moment).  Since resonance is obtained in a Méssbauer
spectrometer by moving the source with respeet to the absorber, these energies
are characteristically expressed in mm ‘see. In this paper, all isomer shifts are
given relative to bee iron metal at one atmospheric pressure.

For typically ionie, high-spin ferrous compounds, the isomer shift lies in the
runge 1.2-1.4 mm/sec, which corresponds to a relatively low eleetron density ut
the 1 These I Is exhibit a large quadrupole splitting (2.0-3.0
mm/sec) that results from the aspherie distribution of electrons in the 3d shell.
High-spin ferric compounds show isomer shifts in the range 0.3-0.5 mm/see (i.c.,
the 8 electron density at the nuelens is muceh higher than for ferrous eompounds)
and small quadrupole splittings (0-0.6 mm/sec) caused entirely by a noneunbie
ligand field. There exist ibly ferrous Is such as FeS, FeSe, and

FeTe, whose binding hax u large covalent eomponent, that exhibit isomer shifts
in the runge 0.7-0.9 mm/sce.'  They may also have quadrupole splittings of in-
termedinte value.

It has been abserved in this luborntory that ferrie iron reduces to the ferrous
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state in a wide varicty of compounds including halides,? oxalates and acetonate,?
phosphate, citrate and sulfate,* ferrieyanide and Prussinn blue? and hemin and
hematin®  The process is reversible with some hysteresis. [t follows the empiri-
eal relationship:

Cu
K= —=4P? 1

Cit =
where A and B are independent of pressure.  From thermodynamie arguments,
one obtains the equation:

dInCy P — 1My
oI P RT

where V1 and 1" are the volumes of the ferrie and ferrous ions with their associ-
ated ligands. There is both experimental and theoretical evidence that the
antibonding metal orbitals deerease in energy vis-a-vis the nonbonding ligand
orbitals with inereasing pressure, and that it is this proeess which permits the
thermal transfer of electrons.

In this paper, we discuss studies involving the thioeyanate (—SCN) and
isothiocyanate (—NC'S) ions. In the former case, the metal is bonded to the
sulfur; in the latter case, to the nitrogen. There is a very extensive literature on
the eonditions for formation of thioeyanates and isothiocyanates?=" In gen-
eral, the tendency is for first-row transition metal jons to form isothiocyanates
and for second- and third-row ions to form thioeyanates. The bonding usually
is established from small differences in the C-N stretching frequeney or larger
differences in the C-S stretching frequency.  The latter peak is, however, very
weak and not obtainable with small sumples in solid-state mulls.  Burmeister
and Basolo'® have shown that one can obtain thioeyanate-isothioeyanate isom-
erization in the solid state, u fact which will be of considerable importance in
the discussion below. The compounds studied were Fe(NCS);-6H.0 and
K.;Fe(SCN)s. Both pounds were synthesized with iron enriched to 85 per
cent in Fe¥. The technique of Claus'? was used for the FetNCS);-6H.0, while
the method of Kriiss and Moruht'* was used for the KiFe(SCN)s.  The eompo-
sitions were checked by chemical analysis.  The high-pressure Masshauer oper-
ation has been described elsewhere.'*

The Fe(NCS);-6H.0 exhibited a broad intense peak at ~2400 em~!, which is
the usual location for the C-N stretching frequency in the isothioeyanate. At
one atmosphere the Masshuuer spectrum showed a pair of symmetrie peaks with
isomer shift and quadrupole splitting typical of high-spin ferric compounds (sce
Tables 1 and 2).  With incrensing pressure, peaks appeared with location and
intensity well within the usual range for high-<pin ferrous eompounds.  The con-
version is shown as a funetion of pressure in Figure 1 (solid triangles, dashed line).
Ferrous isomer shift and quadrupole splitting sppear in Figures 2 and 3. The
equilibrium constant follows equation (1) with a value of B typical of ionic ferrie
compounds (see Tuble 3).  The process is reversible.  The reaction is endother-
mie with a heat of reaction of 0.27 ev, essentially independent of pressure.

(Cri) = B(Ciu1) (2)
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Tasre 1. Tsomer shift vs. presswre.®
Pres-
sure Fe(NCS) KaFe(NCS)e K:Fe(SCN)e
(kb) Fe(l1D) Fe(ll) Fe(LII) Fe(Il) Fe(IlD) Fe(ll)
0 0.40 = 0.39 b 0.88(10)
25 .36 1.34 0.37 0.94
50 0.33 1.31 0.36 1.05
Yt 0.31 1.9 0.35 1.15
100 0.295 1.28 0.34 1.16
125 0.28 Lz 0.33 1.18
150 0.27 1.26 0.325 -
175 0. 1.5 0.32 —_
* mm/sec relative to iron metal at one atmosphere.
Tasre 2. Quadrupole splilting rs. pressure (mm,'sec).
Pres-
sure Fe(NCS): KiFe(NCS) KaFe(SNC)e
(kb) Fe(I1I) Fe(ll} Fe(lLL) Fe(Il) Fe(IID) Fe
0 0.58 - 0.82 — 0.82 1.15(10)
25 0.88 2.08 0.42 2.02 0.92 1.5
50 1.05 214 0.99 2.00 0.9 1.60
7% 1.14 2,97 1.04 2.00 1.0¢ 1.74
100 119 2.20 109 2.00 1.9 1.84
125 1. 2 112 2.00 112 1.90
150 1.24 2.24 1.15 -2.00 - —
175 1.25 2.2 1.17 2.00 —_ —_

The infrared spectrum of K:Fe(SCN), exhibited n rather sharp peak near 2100
em~', which would indieate the probability of thioeyanate bouding. The at-
pheric Massh speetrum showed a pair of asymmetric peaks at slightly
lower isomer shift (slightly higher electron density) than the Fe(NCS);-6HL0.
With the application of 10 kb pressure, a pair of new peaks appeared with an
isomer shift of about 0.9 mm see and a quadrupole splitting of 1.1 mm/sec.
This isomer shift is in the range observed for compounds like FeS, FeSe, and
FeTe. The material was about half converted at 10 kb, and the conversion in-
creased slowly with pressure (open circles. Fig. 1).  Meanwhile, the isomer shift
and quadrupole splitting of the new peaks increased rapidly with increasing pres-
sure, as can be seen in Figures 2 and 3. The peaks did not broaden, so that ap-
parently there was a single ferrous material, not a mixture.  Above 100 kb the
conversion actually deereased with inereasing pressure, as can be seen in Figure 1.
Upon release of pressure the eonversion reversed, and we found only a pair of
symmetrie peaks much like those found for Fe(NCS);-611:0.  Since our samples
were considerably diluted with boron, it was diffieult to get a good optieal spee-
trum after a pressure run, but it appeared that the C-N stretching peak was
shifted to lower frequency, and probably broadened.

If a sample that had been at high pressure was powdered and reloaded, it
exhibited two symmetric peaks at slightiy higher isomer shift (lower eleetron
density) than the original material but in the runge of typieal ferrie compounds
(see Table 1).  As can be scen in Figure 1, the material converted to the ferrous
state with inerensing pressure (selid circles) but with o mueh smaller conversion at
a given pressure, in the low-pressure region. However, by 140-160 kb, the
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Fig. 1. Ln K vs. In P vs. Fe(NCS%-6I1.0, K;Fe-
(SCN)g, and K;Fe(NCS)e.

conversion was essentially the same as in the original material compressed to this
pressure. Upon release of pressure the ferrous peaks disappeared, and the spee-
trum consisted of two symmetric ferric peaks again.

It appears that with pressure the thiocyanate isomerizes to the isothiocyanate.
This is a continuous process, since the isomer shiit and quadrupole splitting of
the ferrous peaks continunusly increase with pressure (Figs. 2 and 3). The
peak widths were essentially independent of pressure, so that we apparently had
primarily one species at any one pressure.  That is to say that, at any given
pressure, each ferrous ion has essentially the same distribution of thioeyanate
and isothioeyanute ligands.  The ferric ion speetrum beeame more symmetrical
with inercasing pressure, so that the ferrie complexes were ulso isomerizing.
However, we could get no quantitative measure of the amount, nor could we
establish the degree to which izomerization preceeded or followed reduction.

The early portion of the conversion data for the thioeyanate (open circles)
was fit with an equation of the usual form, but it is doubtful whether the con-
stants A and B have physicul significance, since the distribution of ligands
varied with pressure.

If the starting material was heated to 110°C at 5 kb, the original asymmetric
spectrum became more symmetric.  As this heated material reduced under in-
creasing pressure, two pairs of ferrous peaks appeared: one with an isomer shift
of about 0.9 mm/sce and a quadrupole splitting of 1.1-1.2 mm 'sec and one at

TasLe 3. Constants A and B in equation K = AP,

Compound A

Fe(NCS), 0.136 0.528
KiFe(NCS), 0.0244 0.692
K;Fe(SCN)g 0.75 0.208

PPCI [EP



v
2 CHEMISTRY: FUNG AND DRICKAMER Proc. N. ALS.
T T T
1.4}
&
“rt e . i |
13 . . ! L . : . &
- re
§ . ]
E e ° ° °
pas °
s .
b R e 4
=
w
=
g 1o ¢ 3 Felll) from E
- ° ® KyFe(NCS)g
e © KyFe(SCN)g |
0<% » Fe(NCS)y
% o

-
PRESSURE (hbar)

Fi6. 2.—Izomer shift vs. pressure, Fe(11) ion.

about 1.3-1.4 mm/sec with a quadrupole splitting of 2-2.1 mm/scc. With
inereasing pressure and inereasing conversion the inner pair of peaks moved out
and merged with the outer pair. Heating the sample at low pressure apparently
completely converted some complexes to the isothioeyanate and left others un-
converted. As far as we could determine, the distribution was independent of
time. At 10 kb and 110°C there was an approximately equal concentration of
isothiocyanate and thioeyanate ferrous complexes.  We could not determine the
distribution of ferric complexes. Rapid eooling to 25°C at 10 kb reduced
the amount of ferrous ion but it quenched in a mixture of thiveyanate and
isothiocyanate complexes.  With inereasing pressure, the total amount of ferrous
ion (thiocyanate plus isothiocyanate) inereased, and the thiocyunate complexes
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Fia. 3.-Quadrapede splitting v, presaire, Fe(H) ion.
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isomerized as had the origina] material. A sample ground thoroughly in s mortar
and pestle and then subjected to pressure sometimes showed a mixture of thio-
cyanate and isothioeyanate ferrous complexes much like a heated sample.

In summary, ferric iron reduces reversibly to the ferrous state with both thio-
eyanate and isothiocyanate ligands, but the electron transfer oceurs more eusily
in the former case than in the latter.  The thioeyanate complex isomerizes ir-
reversibly to the isothioeyanate with increasing pressure.
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