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two consecutive Fibonacci numbers as an approximant
for the irrational t in the quasicrystals (Zhang & Kuo,
1990; Kuo, 1993). Therefore, these crystalline phases are
called approximants of a decagonal quasicrystal.
Pentagons also exist in hexagonal crystals, such as the
u-AlyMn phase (Shoemaker, 1993), and this had been
discussed together with the structural model of the Al-
Mn decagonal quasicrystal.
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Sciences and the National Natural Science Foundation of
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Postdoctoral program of China for a grant.
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Abstract

The crystal structure of K;[FeCls(H,0)] was exam-
ined at 15K and ambient pressure (1 bar = 0.1 MPa)
and at 15K and 0.14 GPa (1.4 kbar) by single-crystal
time-of-flight neutron diffraction in order to search for
structural changes coincident with the discontinuity in
the slope of the spin-flop transition field (Hsg) ver-
sus pressure at 60 MPa. It is found that intramolecular
and hydrogen-bond distances and angles are statisti-
cally equivalent at the two pressures. However, there
are significant changes of as much as 0.049(3)A in
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the intramolecular Cl. - -Cl distances which may affect
the Fe—ClI. - -Cl—Fe superexchange pathways and the
discontinuity in Hsg. Dipotassium aquapentachlorofer-
rate(IIl), M, = 329.3, F(000) = 636, orthorhombic,
Pnma, Z = 4. At 15K and ambient pressure (0.1 MPa),
a = 13.452(5), b = 9.631(2), c = 7.003(Q)A, V =
907.3 (5) A%, D, = 241 gcm™. At 15K and 0.14 GPa,
a = 13391(4), b = 9.648(2), c = 6.942(2)A, V =
896.9 (4) A3, D, = 2.44 g cm™. The a and ¢ axes decrease
slightly, whereas the b axis increases slightly, under
applied pressure.

Introduction

The series of compounds A,[FeXs(H,0)] (A = K, Rb,
Cs, and NH4; X = Cl and Br) have been extensively

Acta Crystallographica Section B
ISSN 0108-7681 © 1995



44 K[FeCls(H,0)]

studied because of their interesting magnetic properties
(Carlin & Palacio, 1985). The salts order antiferromag-
netically with transition temperatures 7, ranging from
ca 6 to 23 K. These ordering temperatures are unusually
high for discrete, hydrated, metal complexes involving
superexchange pathways of the type Fe—X- - -X—Fe and
Fe—O—H- - -X—Fe. That is, the metal ions are not
directly connected by covalently bonded atoms, such
as an Fe—O—Fe or Fe—Cl—Fe linkage. The iron(III)
ions in these compounds are in high spin, S = 5/2
states, exhibit weak magnetic anisotropy, and therefore
are good examples of the Heisenberg model. Except for
Cs,[FeX5(H,0)], the compounds are all isomorphous.

The K;[FeCls(H,O)] salt has a zero applied-field
critical temperature 7.(0) of 14.06 K (McElearney &
Merchant, 1978). An investigation of the boundaries
between the paramagnetic, antiferromagnetic, and spin-
flop phases in the H-T phase diagram shows the bi-
critical point at 13.6 K and 34.1 kOe (Palacio, Paduan-
Filho & Carlin, 1980). From single-crystal Mdssbauer
measurements in an applied magnetic field it is deduced
that the spins are aligned along the a axis in the
antiferromagnetic phase and along the c¢ axis in the spin-
flop phase (Karki & Hall, 1993). K;,[FeCls(H,0)] is also
of particular interest due to the unusual pressure depen-
dence of its spin-flop transition field, Hsg, as reported
by Ortiz, Paduan-Filho & Missell (1980, 1981). Hsg
decreases sharply (dHsp/dP ~ —18 kOe GPa™') up to
60 MPa. At 60 MPa there appears to be a sharp discon-
tinuity in the slope of Hsg versus pressure (dHsg/dP
~ —20kOe GPa™!), indicative of some type of phase
transition. In addition, comparison with the isomorphous
Rb salt suggests that Hgg should increase with applied
pressure due to the assumed contraction of the lattice.
Thus, it has been proposed (Ortiz, Paduan-Filho & Mis-
sell, 1981) that the decrease in Hgr with pressure could
be due to a subtle change in the coordination geometry
of the iron. In this paper we describe the single-crystal
neutron diffraction structure of K,[FeCls(H,O)] at low
temperature with and without applied pressure in order
to identify any changes.

Experimental

Neutron data collection

Large single crystals (~3mm?®) were obtained by
slow evaporation from a 1:2 molar ratio solution
of FeCl;.6H,O and KCI in dilute hydrochloric acid.
Time-of-flight neutron diffraction data were obtained
at the Intense Pulsed Neutron Source (IPNS) at
Argonne National Laboratory using the single-crystal
diffractometer equipped with a position-sensitive °Li-
glass scintillation area (30 x 30 cm) detector (Schultz,
1987). At the IPNS, pulses of protons are accelerated
into a heavy-element target 30 times a second to produce
pulses of neutrons by the spallation process. Because of

Table 1. Unit-cell, data collection and refinement
parameters for K,[FeCls(H,0)]

15K,0.1 Mpa 15K, 0.14 GPa
a(A) 13.452 (5) 13.391 (4)
b (A) 9.631 (2) 9.648 (2)
c(A) 7.003 (2) 6.942 (2)
v (A% 907.3 (5) 896.9 (4)
Space group Orthorhombic Pnma
z 4
Radiation Neutrons

Wavelength range (A)
Data-collection technique

0.7-4.2 determined by time-of-flight
Time-of-flight Laue with 30 x 30 cm

position-sensitive area detector
Linear absorption 0.64 + 0.60A
coefficient p(A) (cm ')

Absorption correction (cm) Spherical, r = 0.09

Function minimized Sw(‘'F, —:F')?

No. of reflections 2018 1891
(F?>30)

R(F) 0.057 0.054

wR (F) 0.052 0.050

GOF 1.08 1.06

the pulsed nature of the source, neutron wavelengths are
determined by time-of-flight based on the de Broglie
equation A = (h/m)(¢/l), where h is Planck’s constant,
m is the neutron mass, and ¢ is the time-of-flight for
a flight path /, so that the entire thermal spectrum of
neutrons can be used. With an area position-sensitive
detector and a range of neutron wavelengths, a solid
volume of reciprocal space is sampled with a stationary
orientation of the sample and the detector. Details of
the data collection and analysis procedures have been
provided previously (Schultz, Van Derveer, Parker &
Baldwin, 1990). Table 1 contains a summary of the data
collection, analysis and refinement parameters for this
experiment.

Temperature and pressure were controlled using a
helium gas pressure cell mounted on the cold stage of
a Displex® closed-cycle helium refrigerator (Air Prod-
ucts and Chemicals, Inc., Model CS-202). The crystal
in the pressure cell was immersed in the fluorinated
hydrocarbon Fluorinert® (3M Company) in order to
provide hydrostatic pressure conditions. For the first
data collection, the cell was pressurized to 0.14 GPa
and cooled to 15 *1 K. It was then warmed to room
temperature, the pressure was released, and the crystal
was cooled to 15 +1 K for the second data set.

An orientation matrix was initially obtained by
an auto-indexing procedure using data obtained by
searching a histogram for peaks (Jacobson, 1986). 15
diffractometer settings were used for both the high-
and low-pressure data collections to obtain at least
one unique quadrant of reciprocal space. For each
setting of the diffractometer angles, data were stored
in three-dimensional histogram form with coordinates
x, y, t corresponding to horizontal and vertical detector
positions and the time-of-flight, respectively. The 120
time-of-flight histogram channels were constructed with
constant A¢/t = 0.015 and correspond to wavelengths of
0.7-4.2 A. Bragg reflections were integrated about their
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Table 2. Atomic coordinates and anisotropic thermal parameters for K [FeCls(H,O)]

First line: T= 15K, P=0.1 MPa (ambient pressure). Second line: T= 15K, P=0.14 GPa.

The expression for the anisotropic temperature factor is exp[ — 2mXa@**U, > + b*2Up k> + ¢*?U 0% + 2a*b* U ohk + 2a*c* U skl +

2b*c* Ukl)).
X y z
K 0.3538 (2) 0.0023 (3) 0.8540 (3)
0.3544 (2) 0.0025 (2) 0.8517 (3)
Fe 0.1141 (1) 1/4 0.8061 (2)
0.1150 (1) 1/4 0.8057 (2)
cI(l) 0.2186 (1) 1/4 1.0785 (2)
0.2202 (1) 1/4 1.0785 (2)
cl) 0.2525 (1) 1/4 0.6043 (2)
0.2527 (1) 1/4 0.6021 (2)
cl3) 0.0062 (1) 1/4 0.5326 (2)
0.0057 (1) 1/4 0.5320 (2)
Cl@) 0.10447 (8) 0.00376 (7) 0.8141 (1)
0.10489 (7) 0.00392 (7) 0.8145 (1)
o -0.0088 (2) 1/4 0.9839 (3)
—0.0081 (2) 1/4 0.9857 (3)
H —0.0350 (4) 0.3314 (3) 1.0441 (5)
~0.0356 (3) 0.3311 (3) 1.0452 (6)
UII U22 UU UIZ UIJ U23
K 0.0089 (10) 0.0079 (6) 0.0097 (7) 0.0004 (8) -0.0014 (8) 0.0003 (6)
0.0071 (9) 0.0083 (6) 0.0087 (7) -0.0005 (7) -0.0010 (7) 0.0015 (6)
Fe 0.0062 (6) 0.0043 (3) 0.0061 (4) 0 0.0010 (5) 0
0.0042 (5) 0.0047 (3) 0.0060 (4) 0 0.0003 (4) 0
ci( 0.0070 (6) 0.0087 (4) 0.0067 (4) 0 -0.0014 (4) 0
0.0064 (5) 0.0091 (4) 0.0059 (5) 0 —0.0016 (4) 0
ql2) 0.0053 (5) 0.0069 (4) 0.0068 (4) 0 0.0010 (5) 0
0.0043 (5) 0.0083 (4) 0.0058 (4) 0 0.0012 (5) 0
Cl(3) 0.0068 (6) 0.0077 (4) 0.0082 (5) 0 ~0.0014 (5) 0
0.0073 (6) 0.0076 (4) 0.0065 (5) 0 ~0.0006 (5) 0
Cl(4) 0.0077 (4) 0.0053 (2) 0.0095 (3) 0.0001 (3) 0.0020 (4) 0.0004 (3)
0.0080 (4) 0.0056 (2) 0.0081 (3) 0.0000 (3) 0.0021 (3) 0.0003 (3)
o) 0.0102 (11) 0.0071 (5) 0.0132 (8) 0 0.0067 (9) 0
0.0097 (10) 0.0076 (5) 0.0108 (8) 0 0.0048 (8) 0
H 0.035 (2) 0.017 (1) 0.033 (2) 0.003 (1) 0.007 (2) ~0.0076 (9)
0.031 (2) 0.019 (1) 0.035 (2) 0.006 (1) 0.009 (2) ~0.008 (1)

predicted location and were corrected for the Lorentz
factor, the incident spectrum, the detector efficiency and
dead-time losses. A wavelength-dependent spherical
absorption correction was applied (Howard, Johnson,
Schultz & Stringer, 1987). Symmetry-related reflections
were not averaged since different extinction factors
were applicable to reflections measured at different
wavelengths.

Solutions and refinements of the structures

The initial non-H-atom positional coordinates for
the structure were obtained from the room-temperature
X-ray structure of the isomorphous Rb;[FeCls(H,0)]
(O’Connor, Deaver & Sinn, 1979). The H-atom position
was obtained from a difference Fourier map. Atomic
scattering lengths used in the least-squares refinements
were those tabulated by Sears (Sears, 1986). The
observations were weighted according to w = (6& +
P|F|* + Q)' with o0& = counting statistical variance,
P = 0.04 (instrumental imprecision), ¢ = constant. Q
accounts for systematic errors which are common to
all data points, e.g. common background errors. In
practice, its effect is small in comparison to the random
uncertainties, as it only reduces the weights of the
weakest reflections, which also yields a value near unity

for GOF = [Ew||F,| - |[Fc||*/(No - N,))'/?, where N, =
number of observations, N, = number of variables. In
the final cycles of least-squares refinements, all atoms
were treated with anisotropic temperature factors and
a secondary extinction correction [Becker & Coppens
(1974) formalism, type I, Lorentzian distribution] was
included. Table 2 contains the final atomic coordinates
and anisotropic temperature factors.*

Results and discussion

The single-crystal neutron structure of K,[FeCls(H,0)]
was determined at 15K at ambient pressure (0.1 MPa)
and at 15K with an applied hydrostatic pressure of
0.14 GPa. The a and c axes contract slightly due to
pressure, whereas the b axis is 0.017(3) A longer at
the higher pressure. This results in a 1% contraction of
the unit-cell volume. Interatomic distances and angles
and the differences between the 0.1 MPa and 0.14 GPa
structures are given in Table 3.

* Lists of structure factors have been deposited with the IUCr (Refer-
ence: CR0474). Copies may be obtained through The Managing Editor,
International Union of Crystallography, 5 Abbey Square, Chester CH1
2HU, England.
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Table 3. Interatomic distances (A), angles (°) and
differences (0.1 MPa—0.14 GPa)

15 K, 15K,

0.1 MPa 0.14 GPa  Difference
Fe coordination geometry
Fe—O 2.070 (3) 2.068 (3) 0.002 (4)
Fe—ClI(1) 2.369 (2) 2.361 (2) 0.008 (3)
Fe—ClI(2) 2.337Q2) 2.323(2) 0.014 (3)
Fe—ClI(3) 2.403 (2) 2.398 (2) 0.005 (3)
Fe—Cl(4) (% 2) 2.3757 (9) 23788 8) —0.003 (1)
O—Fe—Cl(1) 89.40 (10) 89.48 (9)  —0.08 (14)
O—Fe—C\(2) 179.7 (1) 179.7 (1) 0.0 (1)
O—Fe—CI(3) 89.8 (1) 89.6 (1) 0.2 (1)
O—Fe—Cl(4) (*2) 86.67 (4) 86.52 (4) 0.15 (6)
CI(1)—Fe—CI(2) 90.85 (8) 90.80 (7) 0.05 (10)
Cl(1)—Fe—CI(3) 179.21 (9) 179.07 (8) 0.14 (12)
CI(1)—Fe—Cl(4) (x 2) 90.77 (4) 90.75 (4) 0.02 (6)
Cl(2)—Fe—CI(3) 89.94 (7) 90.13(7) -0.19 (10)
CI(2y—Fe—Cl(4) (x 2) 93.32 (4) 93.48 (4) —0.16 (6)
CI(3)—Fe—Cl(4) (% 2) 89.19 (4) 89.19 (4) 0.00 (6)
Cl(4)—Fe—Cl(4) 173.16 (8) 172.86 (7) 0.30 (10)
H-—atom distances and angles
O0—H 0.958 (3) 0959 (3) —0.001 (4)
H—O—H 110.0 (6) 109.4 (5) 0.6 (8)
Fe—O—H (x2) 124.0 (3) 124.5 (3) ~0.5 (4)
H--Cl(4") 2.148 (3) 2.142 (3) 0.006 (4)
O—H—ClI(4) 175.1 (5) 176.2 (4) ~1.1(6)
0--CI(&) 3.103 (2) 3.099 (2) 0.004 (3)
Intramolecular Cl--Cl distances less than 4.7 A (ascending order)
Cl(1)--CI(2") 3.710 2) 3.661 (2) 0.049 (3)
Cl(2)--Cl(4%-™) (x 2) 3.715(2) 3.692 (1) 0.023 (2)
CI(3)+-CI(4" ) (x 2) 3.753 (1) 3.739 (1) 0.014 (1)
CI(1)-~-Cl(4* ¥y ( x 2) 3.789 (2) 3.764 (1) 0.025 (2)
Cl(4)--Cl(4™) 3.832(2) 3.812(2) 0.020 (3)
CI(1)--CI(3") 3.947 (3) 3.899 (2) 0.048 (4)
CI(2)---C1(3%) 4.256 (3) 4.235(2) 0.021 (4)
CI(1)--CI(3") 4.275 (2) 4.262 (2) 0.013 (3)
K---Cl distances (ascending order)
K--Cl(3*) 3.244 (3) 3.234 (3) 0.010 (4)
K--ClI(1'") 3.252 (3) 3.245 (3) 0.007 (4)
K--CI(2) 3.257 (3) 3.249 (3) 0.008 (4)
K--Cl(4) 3272 (2) 3.259 (2) 0.013 (3)
K-CI(3*) 3319 (3) 3319 (3) 0.000 (4)
K--CI(2™) 3.320 (3) 3319 (3) 0.001 (4)
K---Cl(4) 3.366 (3) 3.351 (3) 0.015 (4)
K--Ci(1) 3.387 (3) 3.377 (3) 0.010 (4)

Symmetry codes: (i) —x, 3+ y, 2 -z (i) x, y, | +z; (i) 3 — x,
—y Tt an Vo x ity — 5 () X ity Lo z(vi) T x,
~y =z (vii) 1= x, —p, 3tz (vill) 1 - x, 3+ y, 3+ 25 (i) —x,

*y.2—z;(x)5+x,5—y,§—z;(xi)5+x.%—y, -1-z

In the following discussion, distances and angles refer
to the 15K, 0.1 MPa structure followed by the 15K,
0.14 GPa structure in brackets.

Fe coordination geometry

The coordination geometry about the Fe atom is
distorted octahedral, as shown in Fig. 1. The Fe, O,
CI(1), CI(2) and CI(3) atoms sit on a crystallographic
mirror plane at y = 1/4. Most L—Fe—L' angles are
close to 90 or 180° except those involving Cl(4),
which is bent away from CI(2) and towards the water
ligand {Cl(4)—Fe—O = 86.67 (4)° [86.52 (4)]}. This
is also towards the direction of the hydrogen bond to
a neighboring [FeCls(H,0)1% anion (vide infra). The

Fe—O distances are 2.070(3) A [2.068(3)]. Fe—Cl
bond lengths range from 2.337(2) [2.323(2)] to
2.403 (2) A [2.398 (2)]. The shortest Fe—Cl bond is
to C1(2), which is trans to the water ligand. The largest
apparent change in bond lengths between the ambient
pressure and the 0.14 GPa low-temperature structures
is a small contraction of the Fe—CI(2) bond [A =
0.014 (3) A). In addition, it is possible that Cl(4) bends
slightly more away from CI(2) and towards the O
atom. However, all these changes are small and on the
borderline of the experimental statistical significance,
although changes of a few hundredths of an Angstrom
in the bond lengths may be sufficient to produce the
observed magnetic properties.

Hydrogen bonding

The water ligand coordinates to the Fe atom, trans
to CI(2). The H,O plane is slightly tilted out of the
Fe~-O—Cl1(2)-Cl(4) plane towards CI(1). Each H atom
on the water ligand hydrogen bonds to a Cl(4) atom
on a neighboring [FeCls(H,0)]* anion (Fig. 2), with

2.3757(9)"
2.3788(8)

2.323(2)

CI(2)

Fig. 1. Perspective drawing of the [FeCls(H;0)]% anion at 15K and
ambient pressure (0.1 MPa). Atoms are drawn at the 75% probability
level. For each bond length (A), the top number is for 15 K, 0.1 MPa
and the lower number is for 15 K, 0.14 GPa.

as

Fig. 2. Perspective view of the unit cell of K;[FeCls(H,0)] at 15 K and
ambient pressure (0.1 MPa). Atoms are drawn at the 50% probability
level. H- - -Cl(4) hydrogen bonds are shown as thin lines.
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H-.-Cl(4)=2.148(3) A [2.142(3) ] and O—H. - -Cl(4) =
175.1 (5)° [176.2 (4)]. The hydrogen bond may account
for the distortion of Cl(4) from its ideal octahedral
site, since the distortion is towards the hydrogen bond
and since CI(1) and CI(3) are also in the equatorial
plane, but they are not hydrogen-bond acceptors and
their angles are not distorted. The hydrogen bonds form
one-dimensional chains of [FeCls(H,0)]* anions in the
b-axis direction. Although the hydrogen bonds may
play a role in the superexchange, there are virtually no
statistically significant changes in the geometry of these
bonds between the 0.1 MPa and the 0.14 GPa structures
so that, within the precision of the experiment, there
is no evidence that the hydrogen-bonding network is
responsible for the change in the slope of Hsg versus
pressure.

Intermolecular Cl- - -Cl distances

Intermolecular Cl..-Cl distances in the
~3.743A form a three-dimensional network of
possible Fe—Cl--.Cl—Fe superexchange pathways.
The most statistically significant changes between the
0.1 MPa and 0.14 GPa structures are those involving
Cl- - -Cl distances between neighboring [FeCls(H,0)]*
anions. The largest changes occur for CI(1)-:-Cl(2)
and CI(1)---CI(3), with contractions of 0.049 (3) and
0.048 (4) A, respectively, from ambient pressure to
0.14 GPa. Both of these interatomic vectors occur
within the y = 0.25 plane, with the former being
predominantly parallel to the ¢ axis. Many of these
changes listed in Table 3 are more than 10 e.s.d.’s and
therefore one would predict an effect on superexchange
via Fe—Cl- - -Cl—Fe pathways.

range

Concluding remarks

Although with only two data points it is not possible to
observe a discontinuity, the absence of any pressure
dependence in other parameters, coupled with the
large changes in the Cl.--Cl distances, indicates
that the changes in the Cl---Cl distances (and the
Fe—Cl. - .Cl—Fe superexchange pathways) may be
partially responsible for the discontinuity in the slope

of Hgg versus pressure. The reason for the negative
value of the slope of Hgsg versus pressure is still unclear
since the isomorphous Rb analog Rb;[FeCls(H,O)] has
a unit cell which is larger and a Hsg(0) which is smaller
than that for the K salt. Thus, it would appear that
the application of pressure should increase Hgg if there
is a reduction in the unit-cell volume, which is the
case. A reduction in the anisotropy of the Fe complex
could explain these observations (Ortiz, Paduan-Filho
& Missell, 1981). Within the experimental precision,
our structural data does not appear to support evidence
for a reduction in the distortion of the Fe coordination
octahedron. However, under pressure the unit cell does
not contract isotropically, such that the a and c¢ axes
contract slightly whereas the b axis expands slightly.
Thus, there may be a subtle change in the anisotropy of
the overall lattice which is difficult to evaluate.

Work at Argonne National Laboratory is supported
by the Office of Basic Energy Sciences, Division of
Materials Sciences, US Department of Energy, under
Contract W-31-109-ENG-38.
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