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firing gave predominantly superconducting material, with small
amounts of impurity phases. This synthetic route to supercon-
ducting YBa,Cu;0;_; was not pursued further because of two
limitations: (1) the inability to solubilize the copper ethylene glycol
salt via complexation with barium in the desired 3:2 Cu:Ba
stoichiometry, and (2) the lack of a suitable yttrium alkoxide which
is soluble in ethylene glycol.
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Two new Ba/Hf/S phases of formula BasHf,S;; and BagHf sS4 have been prepared from BaS, Hf, and elemental sulfur at 1050
°C in BaCl, flux reactions. The compounds are the n = 4 and 5 members of the Ba,, Hf,S,,4; series which are rare examples
of Ruddlesden—Popper sulfides. The compounds contain perovskite blocks extending infinitely in a and b with double BaS layers
and a 0 !/, O shift every n layers in ¢. The Hf-S distances in both comxounds average 2.48 (2) A with regular HfS, octahedra.

The 12-coordinate Ba atoms display Ba-S distances averaging 3.49 (2)

with the Ba-S distances for the 9-coordinate Ba atoms

in the double BaS layers ranging between 3.08 and 3.52 A. Crystal data for BaHf,S;; (20 °C): a = 6.977 (1) A, b = 7.006
(2) A, and ¢ = 45.280 (5) A, Z = 4, D = 5.45 g/cm’, orthorhombic, space group Fmmm. Crystal data for BagHfS,¢ (20 °C):
a=17002()A,b=26987 (2) A, and ¢ = 55.205 (6) A, Z = 4, D, = 5.48 g/cm’, orthorhombic, space group Fmmm.

Introduction

The oxides of general formula A,4,B,O;,+,, first identified in
the Sr/Ti/O system by Ruddlesden and Popper,' represent an
important class of solid-state materials. The most well-known
structures in the series are the n = 1 members, which have the
K,NiF, structure type, and the n = © compounds, which are the
ABO, perovskites.? Intermediate phases with #n = 2, 3 are known
for the group 4 oxides,'** the strontium and europium vanadium
oxides,*” and the La, ,Sr,CaCu,Q; copper oxides® to name a few.’
The copper—oxide phases are high-temperature superconductors
with transition temperatures as high as 60 K.!° 1In an attempt
to extend the Ruddlesden—Popper phases into the metal sulfides,
we!! and others'? have recently reported the preparation of the
Ba,MS, (n = 1; M = Hf and Zr) and Ba,Zr,S; (n = 2) phases.
We report here the synthesis, structure, and properties of Bas-
Hf,S;; (n = 4) and Ba Hf,S,4 (n = 5) that, together with BaHfS,
(n = =),'? are the third and fourth Ba—Hf-S phases characterized
to date. To our knowledge, these compounds are the first
Ap+1B, X34+ phase with n > 3 to be structurally characterized
(excluding n = ).

Experimental Section

General Procedures. All sample manipulations were conducted in a
Vacuum Atmospheres Co. drybox system. All reagents were purchased
from Cerac Inorganics and used as received. Powder X-ray data were
collected on a modified Phillips XRG 2000 diffractometer interfaced with
a Radix databox and MDI software system.

Synthesis of Ba;HfS;, and BagHfS,s. BaS, Hf powder, and ele-
mental sulfur in a 3:2:4 ratio, respectively, were ground and loaded into
a silica ampule along with 25% BaCl, by weight. The tube was sealed
under vacuum and placed inside a larger silica tube which was also sealed
under vacuum. The material was heated to 1050 °C at 0.3 °C/min and
fired at 1050 °C for an additional 20 h. The sample was then quickly
cooled to room temperature (*/, h.). The resulting material was washed
with water to dissolve the BaCl, flux, leaving two types of well-formed
crystals: orange-brown plates and darker brown parallelepipeds. A
lighter orange-brown powder primarily composed of elemental sulfur and

* University of Maryland.
!Purdue University.

Table I. Summary of Crystallographic Data for BagHf,S,; and
BaﬁHfsslﬁ

Bast‘Sn BaﬁHfssls
fw 1817.49 2229.51
space group Fmmm Fmmm
cell dimens at 20 °C
a, 6.977 (1) 7.002 (1)
b A 7.006 (2) 6.987 (2)
c, A 42.280 (5) 55.205 (6)
v, A? 2213 (1) 2700 (1)
z 4 4
linear abs coeff, cm™ 284.35 287.53
rel. transm factors: max; min 1.0; 0.59 1.0; 0.09
no. of unique data 757 541
data with 7 > 3.0¢(0) 686 469
no. of variables 42 49
shift/esd final cycle 0.01 0.27
R(F,)° 0.054 0.079
R,(F,)° 0.085 0.130
density, g/cm’ 5.45 5.48

“R(F,) = ZIFo - Fcl/ZFo; Rw(Fo) = (ZWIFO - Fclz/zwpoz)l/z'

some BaS was also present. The single crystals accounted for ca. 70%
of the reaction mixture. The synthesis is reproducible.
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Crystallographic Studies. Structural Determination of Ba;Hf,S,;. A
dark brown brick of dimensions 0.28 X 0.1 X 0.1 mm was mounted on
a glass fiber in a random orientation. Data collection was performed at
20 °C with Mo Ka radiation (A = 0.71073 A) on an Enraf-Nonius
CAD4 computer-controlled «-axis diffractometer equipped with a gra-
phite crystal, incident beam monochromator.

Cell constants and an orientation matrix for data collection were
obtained from least-squares refinement, using setting angles of 25 re-
flections in the range 26 < # < 28°, measured by the computer-controlled
diagonal slit method of centering. The crystallographic data are sum-
marized in Table I. A total of 757 unique reflections were collected
between 4° and 55° in 20 with 686 having / = (30)/. The latter were
used in refinement of the structure. Lorentz and polarization corrections
were applied to the data. An empirical absorption correction!® and a
secondary extinction correction!* were applied. Scattering factors and
anomalous dispersion corrections were taken from refs 16 and 17, re-
spectively.

The data were indexed on a face-centered orthorhombic cell and
displayed no additional systematic absences, consistent with space groups
F222, Fmm2, and Fmmm. Solution and refinement in the higher sym-
metry space group Fmmm (No. 69) confirmed the latter as the correct
choice. The initial atom coordinates were estimated using idealized
positions based on a standard Ruddlesden—Popper type structure. The
structure was successfully refined (SHELx-86) by the full-matrix least-
squares method with all atoms anisotropic in the final cycles. The final
residuals were R(F,) = 5.4% and R,(F,) = 8.5%. The highest peak in
the final difference map was 4.17 e/A%,

Structural Determination of BagHf¢S;s. An orange-brown plate of
approximate dimensions of 0.17 X 0.17 X 0.04 mm was mounted on a
glass fiber in a random orientation. Data were collected at 20 °C as
described above. Cell constants and an orientation matrix for data
collection were obtained from least-squares refinement, using setting
angles of 25 reflections in the range 21 < # < 23°. Data were collected
in plate mode from 4 to 45° in 26 by using the w scan technique. A total
of 541 unique reflections were collected of which 469 having 7 = 3¢(])
were used in solution and refinement. Lorentz and polarization correc-
tions were applied. Due to the platelike nature of the crystals, significant
absorption problems existed as evidenced by the relative transmission
factors of 1.000 (maximum) and 0.091 (minimum). An empirical ab-
sorption correction'* and a secondary extinction correction!® were applied.
Scattering factors and anomalous dispersion corrections were taken from
refs 16 and 17, respectively.

The data were indexed on a face-centered orthorhombic cell and
displayed no additional systematic absences, consistent with space groups
F222, Fmm2, and Fmmm. Solution and refinement in the higher sym-
metry space group Fmmm (No. 69) confirmed the latter as the correct
choice. The structure was solved by using SHELX-86. The remaining
atoms were located in the succeeding difference Fourier syntheses. The
structure was successfully refined by the full-matrix least-squares method
with all atoms aniostropic in the final cycles. The final residuals were
R(F,) = 1.9% and R,(F,) = 13.0%. The highest peak in the final
difference Fourier had a height of 4.02 ¢/A%,

Results and Discussion

In an attempt to prepare single crystals of the Ba;Hf,S, phase,
BaS, Hf powder, and elemental sulfur in a 3:2:4 ratio, respectively,
were ground and loaded into a silica ampule along with BaCl,
(25 wt %) to aid in crystal growth. After the ampule was heated
to 1050 °C, the BaCl, was washed away with water leaving an
equal mixture of orange-brown plates (BagHf;S,) and darker
brown parallelepipeds (BasHf;S,;), which together accounted for
ca. 70% of the total product mass. The EDAX analysis on both
types of single crystals showed Ba, Hf, and S but did not show
the presence of Cl, indicating that chloride incorporation from
the flux was negligible. It was not possible to separate the two
types of crystals manually or prepare them as individual single-
phase compounds. Ceramic preparations of the compounds in
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Table II. Fractional Coordinates and Isotropic Thermal Parameters
for BagHfS ¢

atom x y z B Al
Hf(1) 0 0 0 0.53 (6)
Hf(2) 0 0 0.09003 (4) 0.43 (4)
HI(3) 0 0 0.18095 (4) 075 (4)
Ba(l) !, O 0.04501 (6)  2.64 (9)
Ba(2) 7, 0 0.13445 (6) 131 (7)
Ba(3) 1/, 1] 0.21847 (6) 1.50 (7)
S(1) 1] 0 0.0448 (3) 4.5 (6)
S(2) 0 0 0.1352 (3) 47 (5)
S(3) 0 0 0.2256 (3) 2.1 (3)
S(4) Ye  Ys 01788 (2) 27 (2)
S(5) e 1. 00901 (3) 7.0 (4)
S(6) Y4 4 0 72(7)

?Values for anisotropically refined atoms are given in the form of
the isotropic equivalent thermal parameter defined as (4/3) [a%8(1,1)
+ b¥6(2,2) + ¢26(3,3) + ab(cos v)B(1,2) + ac(cos 8)B(1,3) + bc(cos
@)B(2,3)].

Table ITII. Selected Bond Distances (A) and Angles (deg) for
Ba6Hf5S16

Hf(1)-S(1) 247 (2) Ba(1)-S(5) 351 (1)
Hf(1)-S(6) 2473 (1) Ba(1)-S(6) 3.506 (3)
Hf(2)-8(1) 2.50 (2) Ba(2)-S(2) 3.501 (1)
Hf(2)-S(2) 2.49 (2) Ba(2)-S(2) 3.494 (1)
Hf(2)-8(5) 2473 (1) Ba(2)-S(4) 3.48 (1)
Hf(3)-S(2) 2.53 (2) Ba(2)-S(5) 3.48 (1)
Hf(3)-8(3) 247 (2) Ba(3)-S(3) 3.523 (2)
Hf(3)-S(4) 2.476 (2) Ba(3)-S(3) 3.09 (2)
Ba(1)-8(1) 3.501 (1) Ba(3)-S(3) 3.516 (2)
Ba(1)-S(1) 3.494 (1) Ba(3)-S(4) 3.30(1)
S(1)-Hf(1)-S(1) 180.00 S(1)-Ba(1)-8(1) 90.0 (2)
S(1)-Hf(1)-S(6) 90.00 S(1)-Ba(1)-8(5) 60.2 (3)
S(6)-Hf(1)-S(6) 90.00 S(1)-Ba(1)-S(1) 180 (2)
S(1)-Hf(2)-S(5) 90.0 (4) S(2)-Hf(3)-S(4) 87.3 (3)
S(2)-Hf(2)-S(5) 90.0 (4) S(3)-Hf(3)-S(4) 92.7 (3)
S(5)-Hf(2)-S(5) 180 (1) S(4)-Hf(3)-S(4) 174.5(7)
S(5)-Ba(1)-8(5) 597 (3) S(2)-Ba(2)-8(2) 178.7 (7)
S(3)-Ba(3)-S(3) 83.6 (3) S(3)-Ba(3)-S(4) 63.1 (3)
S(3)-Ba(3)-S(4) 1269 (2) S(2)-Ba(2)-S(4) 59.3 (3)
S(3)-Ba(3)-S(3) 167.2(6) S(2)-Ba(2)-S(5) 60.3 (3)
S(2)-Ba(2)-8(5) 120.7 (3)

the absence of BaCl, showed mixtures of both BagHf:S,s and
BasHf,S,; along with the possible presence of other Ba,;Hf,S3,4
phases. Because the structures of both compounds are composed
of offset perovskite slabs (see below), the calculated and observed
powder X-ray diffraction (PXRD) profiles closely resemble that
of the BaHfS; perovskite. Thus, dstinguishing between the two
phases, or any Ba,. Hf,S;,;, phase with n > 4, is difficult by
PXRD.

The single-crystal X-ray data set for BagHfS,; was indexed
on a face-centered orthorhombic cell [¢ = 7.002 (1) A, b = 6.987
(2) A, and ¢ = 55.205 (6) A] and successfully refined in space
group Fmmm. A summary of the crystallographic data and the
fractional coordinates are given in Tables I and II, respectively.
Selected bond distances and angles are given in Table III. Due
to absorption problems associated with the platelike nature of the
crystal, the final residuals were high with R(F,) = 7.9% and
R, (F,) = 13%. A higher symmetry tetragonal cell with 74/ mmm
symmetry was discounted due to the following reasons: (1) the
(001) faces of indexed thin plates extinguished under a polarizing
light microscope which is inconsistent with a tetragonal cell, and
(2) three independent searches (on two different diffractometers)
of reciprocal space yielded reflections that were indexed on the
same orthorhombic cell. Attempted solutions and refinements
of the data in 74/mmm and other space groups were unsuccessful.
The X-ray data set for Ba;Hf,S,, was also indexed on a face-
centered orthorhombic cell [a = 6.977 (1) A, b = 7.006 (2) A,
and ¢ = 45.280 (5) A] and successfully refined in space group
Fmmm with final residuals of 5.4% and 8.5% for R(F,) and
R, (F,), respectively. The crystallographic data for Ba;Hf,S,; are
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Table IV. Fractional Coordinates and Isotropic Thermal Parameters
for BaHI,S 5

atom x ¥ z B2 A?
Hf(1) 0 0 0.05496 (2) 0.46 (2)
Hf(2) 0 0 0.16578 (2) 0.69 (2)
Ba(1) 0 0 A 3.14 (8)
Ba(2) 0 0 0.28839 (3) 127 (3)
Ba(3) 0 0 0.39076 (4) 1.28 (3)
S(1) 0 0 0 5.1 (5)
5(2) 0 0 0.1094 (2) 3.8 (3)
5(3) 0 0 0.2203 (2) 2.4 (2)
S(4) Ya e 0.0549 (3) 8.4(3)
5(5) 14 Y 0.1632 (2) 2.1 (1)

4Values for anisotropically refined atoms are given in the form of
the isotropic equivalent thermal parameter defined as (4/3) [a%8(1,1)
+ 53(2,2) + 28(3,3) + ab(cos v)8(1,2) + ac(cos £18(1,3) + be(cos
«)f(2,3)].

Table V. Selected Bond Distances (A) and Angles (deg) for
Basﬂf.‘S]g

Hf(1)-S(1) 2489 (1)  Ba(1)-8(4)  3.506 (9
Hf(1)-S(2) 247 (1) Ba(2)~S(3)  3.082 (8)
Hf(1)-S(4)  2472(1)  Ba(2}-S(3)  3.523 (1)
Hf(2)-8(2)  2.55(1) Ba(2)-S(3)  3.51 (1)
Hf(2)-S(3) 2470 (8)  Ba(2)-S(5)  3.305(5)
HI(2)-S(5)  2475(2)  Ba(3)-S(2)  3.50 (6)
Ba(1)-S(1)  3.50 (3) Ba(3)-8(2) 349 (6)
Ba(3)-S(4)  3.487 (8)
Ba(3)-S(5) 3475 (5)

S(1-Hf(1)-8(2) 180.00 S(2)-Hf(2)-8(3) 180.00

S(1)-Hf(1)-S(4) 899 (3) S(2)-Hf(2)-S(5) 873 (2)
S(2)-Hf(1)-S(4)  90.1(3) S(3)-Hf(2)-8(5) 927 (2)
S(4)-Hf(1)-S(4)  89.76 (1) S(4)-Ba(1)-S(4)  89.7 (3)
S(5)-Ba(3)-S(5) 90.7(2)  S(1)-Ba(1)-S(4)  60.03 (8)
S(2)-Ba(3}-S(2) 179.7(3)  S(1)-Ba(1)-S(4) 120.0 (8)
S(2)-Ba(3)-5(4) 1203 (2) S(3)-Ba(2)-5(3) 836 (1)
S(2)-Ba(3)-8(5) 1202 (2) S(3}-Ba(2)-S(5) 131.6 (1)
S(4)-Ba(3)-S(5)  89.5(2) S(5)-Ba(2)-S(5) 96.8 (2)
S(4)-Ba(3)-S(4) 903 (3)

also summarized in Table I. Fractional coordinates and selected
bond distances and angles are given in Tables IV and V, re-
spectively.

The structure of Ba;Hf,S,; consists of BaHfS, perovskite blocks
with corner-sharing HfS; octahedra that extend infinitely along
a and b and are four layers thick in the ¢ direction {Figure 1).
Each four layer block is offset 0 !/, O relative fo the next with
double BaS layers separating the blocks. Five of the six Hf-S
distances range between 2.489 (1) and 2.470 (8) A [2.48 A av-
erage] with one long contact between Hf(2) and S(2) of 2.55 (1)
A. The Ba-S contacts to the 12-coordinate Ba atoms inside the
perovskite blocks [Ba(1) and Ba(3)] average 3.49 (2) A. The Ba
atoms in the double Ba$ layers between the blocks [Ba(2)] are
9-coordinate (cf. Ba in Ba,HfS,) with Ba-S contacts that range
between 3.082 (8) and 3.525 (1) A which are similar to those
found in Ba,HfS, [3.13-3.43 A].

The structure of Ba,Hf:S,; (Figure 2) is quite similar to that
just described for BasHI,S,; except the perovskite blocks extend
five layers in the ¢ direction. Despite the marginal quality of the
structural analysis, the refined structural features seem reasonable
and are quite similar to those of BasHf,S ;. The barium atoms
in the inner portions of the perovskite blocks [Ba(1) and Ba(2)
are 12-coordinate with typical Ba—S distances of 3.49 (1)
{average), whereas the contacts to the 9-coordinate Ba atoms in
the double BasS layers [Ba(3)] range between 3.09 (2) and 3.516
(2) A. The Hf-S distances average 2.48 A and do not show the
asymmetries observed in Ba,HfS, [Hf-S = 2.53 (3) and 2.42 (1)

Al
Bond valence analyses'® of the two phases show consistently
high values for the Hf valence states, which range between +4.55

(18) Brese, N. W.: O'Keefe, M. Acta Crystallogr. 1983, B47, 192,

Chen et al.

Figure 1. (a) Ball-and-stick representation of the unit cell of Ba,Hf,S;
showing the relative orientations of the HfS; octahedra along ¢.. (b) A
polyhedral representation®? of the HfS¢ octahedra with Ba atoms in the
double BaS layers shown as balls. The dimensions of the figure are 2,254
X 2256 % 1.0c.
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Ba
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Figure 2. (a) Ball-and-stick representation of the unit celf of BagHfS ¢
showing the relative orientations of the HfS; octahedra along ¢. (b) A
polyhedral representation® of the HfS, octahedra with Ba atoms in the
double BaS layers shown as balls. The dimensions of the figure are 2.25q

X 2.25b X 1.0c.

and +4.75. Bond valence analyses for all six perovskite-related
Zr and Hf sulfides structurally characterized to date are ab-
normally high (8-50%) with the largest deviations occurring for
the Ba,MS, (M = Zr, Hf) compounds.!! These deviations may
reflect the high degree of compression associated with the K;NiF,
type phases.'

The new Ba,,,Hf S,.,, phases are additional member of the
growing class of perovskite-related Ruddlesden—Popper sulfides
which have previously received little attention. This class of
materials are of interest not only for their “ionic” structure types
that contrast with the more common layered chalcogenide
phases®® but also due to their similarity in structure and covalency
with the high 7, copper oxides where multilayer perovskite type
phases predominate.?’ The possibility of superconductivity in

(19) Ganguly, P.; Rao, C. N. R. J. Soiid State Chem. 1984, 53, 193.
(20) Rao, C. N. R.; Gopalakrishnan, J. New Directions in Solid State

Chemistry, Cambridge University Press: Cambridge, England, 1986.
(21) Sleight, A, W. Science 1988, 242, 1519.



Inorg. Chem. 1992, 31, 1791-1801 1791

Foundation, the Center for Superconductivity Research, and
Department of Chemistry, University of Maryland. We wish to
thank Mr. Cahit Eylem for assistance with the EDAX analysis.

Supplementary Material Available: Text describing the structure de-
termination and tables of crystallographic data, anisotropic thermal pa-
rameters, and complete bond distances and bond angles (29 pages);
listings of calculated and observed structure factors (5 pages). Ordering
information is given on any current masthead page.

doped analogues of these phases is intriguing and is currently under
investigation.
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Valence Detrapping in Mixed-Valence Biferrocenes: Evidence for Phase Transitions'
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The preparation and physical data characterizing valence detrapping for the PF,~ and SbF salts of the mixed-valence 1/,17/-
dichlorobiferrocenium, 1/,1”””-dibromobiferrocenium, and 1/,1””’-diiodobiferrocenium cations are presented. All six compounds
are shown to be valence trapped on the vibrational time scale as indicated by C-H bending bands seen in the 815-850-cm™! region
of the IR spectrum. 'Fe Mossbauer spectra show that the recrystallized form of the dichloro PFs~ complex 1 is valence trapped
in the 125-350 K range, whereas the initially precipitated form also shows ~50% of a valence-detrapped cation present. Powder
XRD data indicate the presence of two different polymorphs of 1. Only one form of the dibromo PF,~ complex 2 was found, and
it converts from trapped to detrapped in the Mdssbauer spectrum at 125 K. Only one polymorph of the diiodo PFs~ complex 3
was found, and it is valence trapped in the 125-350 K range. Recrystallized dichloro SbF,~ complex 4 does convert from trapped
at low temperatures to detrapped above ~250 K, whereas dibromo SbF~ complex § remains trapped throughout 125-350 K.
Detailed data are presented to show that there are two different polymorphs of diiodo SbF¢~ complex 6. Massbauer data show
the rapidly precipitated form valence detraps at ~ 140 K, whereas the recrystallized form detraps at ~270 K. The EPR spectra
and powder XRD patterns are different for the two polymorphs. The heat capacity of a 12.2514-g sample of the rapidly precipitated
form was determined to show one Cp peak at 134 K, with a small peak at ~270 K attributable to ~5% of the second polymorph.
The 134 K phase transition for the metastable polymorph was characterized to have AH = 740 ® 50 J mol™ and AS = 6.0 £
0.5 J K™ mol™. Thus, it is shown that the valence detrapping in the metastable polymorph occurs in a phase transition, where
the observed entropy gain (AS) is quite close to a value of AS = R In 2 (=5.76 J K™! mol™) expected for the mixed-valence
1/,1”"-diiodobiferrocenium cations converting from being trapped in one vibronic state to dynamically interconverting between
two vibronic states. Solid-state °’F NMR data for a nonrotating sample of the stable (i.e., recrystallized) polymorph of complex
6 show that the SbF¢™ anion converts from being static at 125 K to rapidly reorientating in the 225-300 K range. Valence
detrapping in the mixed-valence 1’,1’”-diiodobiferrocenium cation occurs in the same temperature range as the onset of motion
of the SbF¢™ anion. ‘

interconvert between the Fe,'Fe,Fe ! and Fe,!Fe,'Fe ! vi-
bronic states, for example. However, at the higher temperatures
the Fe;O complexes will have enough thermal energy to overcome
the potential-energy barriers and interconvert between its three

Introduction

Very recently it has been shown that the solid-state environment
about a mixed-valence complex plays a dominant role in deter-
mining the rate of intramolecular electron transfer.* Some of
the most detailed results have been reported for triangular mix-

ed-valence complexes of the composition [Fe;O(0,CCH,)q(L)5]S,
where L is a ligand such as H,O or (substituted) pyridine and
S is 4 solvate molecule.>® The positioning of ligand substituents
on L and solvate molecule S and whether they are static or dy-
namic in the solid state control the rate of intramolecular electron
transfer. Itis clear from *’Fe Mdssbauer and *H NMR data that
all of these complexes have a trapped-valence Fell';Fe!! description
at low temperatures. From variable-temperature IR studies®*5’
it is also known that from 50 to 350 K all of these complexes have
a trapped-valence Fe!!l,Fe!! description on the 1071!~10712-s time
scale. At all temperatures the ground-state potential-energy
surface for each complex has three or four minima, where at low
temperatures the energies of these three or four minima are not
the same. One vibronic minimum has the lowest energy, and the
Fe,O complex is valence-trapped in this minimum.

As the crystal is heated, the environment about each Fe!'l,Fe!!
complex tends to become of higher symmetry. The potential-
energy surface for the ground state is symmetrized, and the en-
ergies of the three or four vibronic states become equal. There
are still appreciable potential-energy barriers for a complex to

* Contribution No. 51 from the Microcalorimetry Research Center, for the
calorimetric part of this paper.
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