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Abstract

Neutron diffraction studies on powder samples of FeOCl and
FeOCI{TTF)1/8.5 establish that TTF intercalated into FeOCl contributes to the
diffraction pattern and exhibite long range order. Room-temperature
time-of-flight diffraction results are reported. The structure of FeOCl was
refined in space group Pmnm with a=3.7730(1)4, b=7.9096(1)4, and
c=3.3010(1)A. Least squares Rietveld refinement (21 parameters, 3296 degrees
of freedom) yielded R=0.0169, Ryw=0.0248 (Rexpected=0.0115). The structure of
FeOCI(TTF)1/8,5 was refined in space group Immm with a=3.784(2)4,
b=3.341(2}A, and ¢=25.97(2)4, using a model in which the TTF molecules lie in

the bc plane, with equal occupancy of the four poasible sites.



Introduction

Intercalation compounds are of interest not only as catalytic materialal
but also as low-dimensional conductors.2 Neutron diffraction studies on
TaS2- and NbS2-pyridine intercalatesd showed that the aromatic ring is
perpendicular to the host layers and that the C-N axis of the pyridine ring
is oriented parallel to the sulfide layers. This result was contrary to initial
ideas that the nitrogen lone pair was directed at metal atoms within the host
or that the pyridine rings were parallel to the host layers.4 A structure
gsimilar to that of NbS2(py)g.5 (pPy=pyridine) has been proposed for
FeOCl(py)1/3.5 Structural models have been proposed for amine intercalates
of FeOCl and other metal oxychlorides based on lattice expansions and
Mt&ssbauer,sv6 NMR,7 and pseudo single—cryst.a18 studies. The currently
accepted model is one in which the three-~fold axis of the amine is not
parallel to the b-axis of the host, and the amines are "nested"” in the
chloride layers.,72

A new class of intercalates currently under investigation in our
laboratory employs tetrathiafulvalene {(TTF) and related compounds as guest
speciea.29 A layered material such as. FeOCl has the potential to enforce a
self-stacked structure upon the intercalated electron donor molecules, a
requirement for low-dimensional conductors.10 1In addition, charge transfer
occurs between the tetrathiolene guest and the host lattice, resulting in
stacks of radical cations between the layers.9 Iron K-edge EXAFS (Extended
X-ray Absorption Fine Structure) spectra show little perturbation of the local
Fe environment in the intercalatea,u indicating that the structure of the
host layers has not changed significantly. Powder X-ray diffraction data
confirm the existence of long range order and the crystallinity of the solid,u

but are dominated by the FeQCl layers. Unfortunately, neither EXAFS nor
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X-ray powder diffraction provides direct information on the position and
orientation of the TTF guest.

The independence of neutron scattering power upon atomic number
makes neutron powder diffraction a promising technique for elucidating the
structure of FeOCI(TTF)1/8.5. Neutron diffraction data are complementary to
the X-ray data, and have provided the first evidence for long-range ordering
of the TTF radical cations within FeOCl. The study required high neutron

flux, a large data collectict: range (10-0.5A4) and resolution comparable to that

of an X-ray powder experiment.

Experimental
FeOCl was preparedf¢ by reaction of a-Feg03 with excess FeCl3 at 370°

C for one week in a sealed, evacuated tube {quartz or Pyrex). Excess FeCl3
was removed by washing with acetone that had been dried over CaS04 and
degassed. The intercalate was prepared by reaction of FeOCl with TTF in
dimethoxyethane for 10 days at 60°C.3 The dimethoxyethane was distilled
from CaH2. Both FeOCl and FeOCl(TTF)1/g8,5 are water-sensitive, and all
manipulations were carried out uader a nitrogen atmosphere. The samples
were characterized by X-ray powder diffraction and elemental analyses.
Neutron powder diffraction data were collected on the General Purpose
Powder Diffractometer (GPPD) at the Intense Pulsed Neutron Source (IPNS)
and analyzed at Argonne National Laboratory. IPNS uses a proton accelerator
and synchrotron to produce high energy neutrons by bombardment of a
spallation target (uranium). These neutrons are then moderated to lower
energies before they are used for diffraction. The GPPD is equipped with
time~of-flight (tof) detectors, of which there are two sets each at 30°, 45°,

60+, 75°, 90°, and 150°*, Highest resolution data are obtained from the 150*
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detector bank.l2 The samples (FeOCl and FeOCl(TTF)1/8.5) were run at room
temperature in a vanadium cell,

The neutron diffraction data obtained on the 26=150° and 90° detector
banks for FeOCl and FeOCl(TTF)j}/8.5, respectively, were used in the
refinement. The neutron wavelength, A(4), is related to tof(sec) and to the

distance L{m) between the sample and the detector by equation 1,
(1) A = s(tof) = 39569 = 2dsine

in which m = mass of the neutron, h=Planck’s constant.

The Rietveld refinement of the tof data was performed using a modified
version of the original program written by Rietveld.13 Two programs
{TOFPRP, TOFLS) fit the background, peak shape, and scaling factors,
accounting for frame overlap reflections (tof zero point), and perform a
full-matrix least-squares refinement of the crystal structure.15,16 (A frame
overlap occurs when reflections generated by slow neutrons from one pulse
have a sufficiently long tof to appear in the diffraction pattern from the next
pulse.) The refinement is achieved by minimizing the sum of the squares of
the weighted differences between the observed and calculated intensities for
every point in the profile under the Bragg reflections by adjusting the
structural and orofile parameters.

The initial atomic positions for the unit cell of FeQCl were taken from
the single crystal X-ray study.14 The FeOCl structure was refined
satisfactorily (R=0.016899, Ry=0.024855, Rexpected=0.011541), varying 21
parameters in the final refinement (3296 degrees of freedom). The refined
parameters were 20 zero, background, half-width parameter, iattice

parameters, an asymmetry parameter, a scale factor, an anisotropic parameter,



and atomic positional and anisotrbpic thermal parameters.

The structure of FeOCI(TTF)]/8,5 was initially refined using Fe,0, and Cl
atomic positions calculated from an idealized modelll and a limited range of
data (1.359-5.04, 1428 degrees of freedom). A difference Fourier synthesis
ghowed significarit nuclear density between the host layers. Subsequent
refinements were carried out using a model that includes a TTF molecule
intercalated into the FeOCl host. Since one molecule of TTF spans four unit
cells of the host lattice along ¢, atomic positions for C, S, and H were
obtained by the superposition (at 1/4 occupancy) of C, S,'and H positions in
the four unit cells. The final refinement used a larger data range
(0.766-3.5154, 1984 degrees of freedom). The programs used for final
refinement were TPRNEW and TLSMOD, recent modificationsl®b of the
programs used in earlier refinements, which allow refinement of a 5-parameter

background function and a 3-parameter linewidth function.

Resultgs and Discussion

FeOCl. The FeOCl structure consists of stacked neutral layers of
distorted cis-(FeClp04)7~ octahedra, which share half their edges to produce
a central sheet of {(FeO), with Cl~ layers outermost on either side of the
sheet.l4 Thé iron atoms share a single oxygen atom along the a axis and
both an oxygen and a chlorine atom along the c axis (Figure 1). FeOCl
crystallizes in an orthorhombic space group, Pmnm. The refined cell
parameters and atomic positional and thermal parameters are given in Table
I. Figure 2 compares one section of the experimentally determined neutron
diffraction pattern and the pattern calculated using the parameters given in
Table I. The cell parameters obtained in the refinement are in good

agreement with those reported by Rouxel and Palvadeauﬂa but are more



precise. The chlorine atoma exhibit relatively large thermal parameters along
both the a and ¢ axes, consistent with weak interlayer interactions and the
eage of intercalation by Lewis bases. Selected interatomic distances and
angles are given in Table II.

FeOCH{TTF)1/8.5. For FeOCl intercalated with TTF, a number of
constraints must be considered before a Rietveld profile analysia can be
undertaken. The Rietveld method is a technique for structure refinement,
not structure determination. The basic structure must be known (or guessed
at) before the data can be fit.

To begin the analysis it was necessary to identify and index all the
Bragg reflections in the powder pattern. The Bragg peaks were fit using

TOF‘MANY,18 a multiplet peak-fitting program. The program derives the d

spacing from equation 2:
(2) tof(i)=(difc)*(D{i)) + (difa)*(D(i))2 + zerol(i)

where tof(i) is the time of flight for each data point, difc, difa, and zero(i)
are instrumental parameters for the GPPD at the time of the experiment, and
D(i) is the d-spacing. The peak shape is cqmputed from the profile
parameters of the diffracted peaks by the convolution of a Gaussian peak
with a hypothetical pulse shape composed of a rising exponential leading edge
and a decaying exponential trailing edge.ls’18 Full widths at half-maximum
height {FWHM) were compared to those of the instrument’s calibration
material, silicon (Figure 3). The diffracted peaks for FeOCl(TTF)1/8.5 are
broader than those of silicon, indicating that the intercalate may have small
lattice strains resulting from intercalation, and that the mean particle size is

smaller than for silicon. The smooth monotonic dependence of FWHM on d



provides additional evidence that all Bragg reflections have been identified

correctly.

The peaks were indexed by a computer-based method (TOFIDX).15,19
Although there is usually not a unique solution, the program gives figures of
merit that strongly discriminate between the solutions. A minimum of twenty
Bragg reflections is necessary to obtain reliable results. Twenty experimental
reflections whose peak positions had been determined from the peak fitting
program were used. Three solutions were found by the indexing program for
an orthorhombic cell (Table III). A large tigure of merit indicates a good fit;
solutions with figures of merit less than 4 were disregarded. 1In Table IV,
the experimental d-spacings are compared to those calculated for the
orthorhombic cell with the largest figure of merit.

The structural model used for the FeOCl layers of the intercalate resuits
from translating aiternate FeOCl layers by (1/2; 0, 1/2) and expanding the
interlayer gap to accommodate the TTF molecules. The resulting symmetry
necessitates a doubling of the b axis to form a centered unit cell (Figure 4),
Such translations of the host layers and increases in interlayer distances
have been observed upon intercalation of FeOCl and other layered hosts.57a
A more standard unit cell descriptionzo (with ¢ as the long axis) was
employed in space group Immm for the remainder of the refinement. Initial
atomic positions for Fe, 0, and Cl were calculated based on the structure of
FeOCl. A least squares refinement of 14 parameters over a limited data range
(1310 degrees of freedom) using only Fe, O, and Cl atoms resulted in the
following R factors: R=0.060947, Ry=0.089157, Rexpected=0-018004; the fit to a
portion of the experimental data is shown in Figure 5. A difference Fourier
synthesis was performe;l on the observed and calculated structure factor

amplitudes. The resulting Fourier difference map showed significant nuclear



densgity between the FeOCl layers. This indicates that the TTF molecules
contribute to the long-range order in FeOCI(TTF)1/8.5.

The presence of TTF in the unit cell was modelled by superimposing, at
1/4 occupancy, the atomic positions of the C, S, and H atoms of TTF in each
of the 4 unit cells spanned by a TTF molecule. Upon inclusion of the TTF in
the model, the data range that could be fit in the least aquares refinement
expanded to 1894 degrees of freedom, and the R factors decreased
substantially to R=0.02025, Ryw=0.028942, Rexpected=0.011079. One portion of
the fit to the experimental data is shcwn in Figure 6, while Table V gives the
final refined atomic and cell parameters.

The goodness of the final fit to the data leads to the conclusion that
the TTF moleculea must be aligned in the bc plane, perpendicular to the
FeQCl layers as shown in Figure 7. This configuration locks the FeOCl layers
into an eclipsed configuration, and places the sulfur atoms of TTF rather
cloge to the chlorine atoms of the FeOCl host (3.324), well within the sum of
the van der Waals radii (3.64). We postulate that the non-bonded electron
density on the sulfur atoms of TTF occupies approximately sp3 orbitals
directed between the chlorine atoms of FeOCl, thus minimizing repulsive
S---Cl intera_ctions. Similar arrangments of electron density have been
deduced for the Se atoms in TMTSF derivatives based on electron density
maps 21 and theoretical calculations.22 Short S---Cl distances have also been
recently observed for [TMTTF][FeCly}.23

The model used here for TTF in FeOCH(TTF)j/g,5 is a very general cne,
making no predictions about the specific stacking arrangement of the TTF
molecules between the layers or in adjacent layers. The only restrictions on
the TTF molecules are that they are perpendicular to the FeQCl layers and

oriented along b. Disorder is used to take into account the four possible



ways in which the TTF molecule may be arranged within a single
orthorhombic unit cell of FeOCl (Figure 8). Obviously, the actual unit cell of
the intercalate muat include at least four of the unit cells defined in Figurea
4 and 7. This structural mode], in which the TTF molecule spans four unit
cells along the b axis and one unit cell along the a axis, predicts a maximum
stoichiometry of FeOCl(TTF)l/g. This is in relatively gsod agreement with the
experimentally determinied stoichiometry of FeOCL(TTF)}i/8.5, allowing one
unoccupied TTF site for every 16 occupied sites, and suggesting that the
TTF molecules are approximately close packed within the layers. The random

site model proposed here does not take this partial occupancy into account.

Conclusions

Analysis of neutron powder diffraction data has demonstrated that, upon
intercalation of TTF, the b axis of FeOCl is expanded and doubled, resulting
in a body-centered orthorhombic structure (space group Immm or 1222). Both
X-ray powder diffraction and EXAFS datall indicate that the intercalate is a
well-defined solid with essentially undistorted FeOCl layers, thus supporting
the hypothesis that the layers are locked by the intercalant. The neutron
diffraction data indicate that the intercalated TTF molecules contribute to the
long-range order of the solid, and that they are perpendicular to the FeOCl
layers and oriented along the b axis. Further neutron diffraction studies are

in progress to determine details of the long range order of the TTF, as are

solid state NMR studies to probe the dynamics of the TTF-FeOCl interactions.
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Table 1. Cell parameters, and final pogitional and thermal parameters
for FeOCl at 300K.

a(4) b(4) c(4)
3.7730(1) 7.9096(1) 3.3010(1)
Fe 0.25 0.11555(8) 0.75 13.8(4) 6.2(1) 14.6(5)
0 0.25 -0.04795(15) 0.25 10.7(86) 7.35(2) 17.6(8)
Cl 0.25 0.32961(7) 0.25 43.8(6) 5.6(5) 19.8(1)

R=0.016899 Ry=0.024855 Rexpected=0.011541



Table II. Distances and angles obtained for FeOCl. There are 2 FeOCl
formula unita per unit cell.

distance (&) number _in _unit cell

Fe-0 1.9608(4) 8
Fe-0 2.0968(8) 8
Fe-Cl 2.3645(7) 8
Fe...Fe 3.1023(7) 16
Fe...Fe 3.3010(1) 8
Fe...Fe 3.7730(1) 8
Fe...O 3.8395(2) 16
Fe...Cl 3.9946(8) 8

angle(9)
O-Fe-0 103.84(6)
O-~Fer0O 80.32(2)
O-Fe-Cl 83.81(3)
0-Fe-Cl 172.35(4)
Cl-Fe-Cl 88.35(4)
0-Fe-Cl 101.26(3)

0O-Fe-0 148.35(8)



Table III. Cell constante and figures of merit obtained for twenty
reflections from neutron powder diffraction data for

FeOCIH(TTF)1/8.5
a(d) b(a) c(d) Figure of Merit Unit Cell Volume(A3)
3.784 25.961 3.341 1614.9 328.17
10.016 12.986 3.8564 14.2 501.31

6.688 25.959 4.585 11.5 796.02




Table IV. Observed and calculated d-spacings (A) of the neutron powder
diffraction data for FeOCl(TTF)}1/g.5 with the proposed indexing
scheme: a = 3.7836(4) A, b = 25.9629(3) A, and c = 3.3410(4) A

doba(A) h k 1 dcalc(4)
3.4676(1) 1 3 0 3.4667
3.3128(7) o 1 1 3.3137
3.2452(5) 0O 8 0 3.2452
2.8099(4) 0 5 1 2.8096
2.4827(1) o 7 1 2.4823
2.3366(1) 1 4 1 2.3365
2.1834(1) 0O 9 1 2.1834
2.0029(4) 1 11 0 2.0025
1.9828(4) 1 8 1 1.9826
1.9280(5) 0 1 1 1.9277
1.8918(1) 2 0 o 1.8918
1.8720(1) 2 2 0 1.8720
1.8551(2) c 14 O 1.8544
1.8157(5) 2 4 0 1.8162
1.8026(1) 1 10 1 1.8024
1.6705(3) 0O o 2 1.6705
1.6566(3) o 2 2 1.6568
1.6377(1) 1 12 1 1.6372
1.6220(1) 0 16 O 1.6226
1.5701(1) 2 5 1 1.5692
1.5049(1) 1 3 2 1.5049
1.4301(1) 2 9 1 1.4298
1.4164(1) 1 17 O 1.4161
1.4055(3) 0 10 2 1.4048
1.3893(2) 0 12 1 1.3889
1.3509(4) 1 9 2 1.3504
1.3241(1) 0 18 1 1.3242




Table V. Atomic Positions and Thermal Parameters for FeOCHTTF})/8.5

Atom x y z B

Fe 0.0 0.0 0.2170(1) 1.35(6)
o 0.5 0.0 0.2345(2) 1.60(9)
Cl 0.0 0.5 0.1487(1) 1.82(7)
S 0.5 -0.064(15) 0.0599(2) 1.058
c(1) 0.5 0.358(18) 0.0 1.048
c(2) 0.5 0.539(8) 0.249(7) 1.368
H 0.5 0.242(11) 0.678(18) 1.048

8Isotropic thermal parameters for the atoms of TTF were held fixed at
these values during the least squares refinement.
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Figure Captions
Perspective view of two layers of the FeOCl structure. FeOCl is
orthorhombic, Pmnm, a=3.7804, b=7.917A, c=3.303A. Figure adapted
from Ref. 17.
Profile refinement of a portion of the 150* bank data for FebCl at
300K. The observed data are indicated by points and the
calculated data by.a solid line. Marks directly beneath the
pattern indicate the positions of reflections. A difference curve
appears at the bottom.
Plot of full width at half maximum (FWHM) of diffraction peaks of
FeOCl(TTF)1/8,5 compared with a standard silicon sample.
Differences in particle size and residual strains are reflected in
different slope and intercept values of the two samplesa. The
monotonic rise in FWHM values for FeOCI{TTF)},/g8,5 indicates that
all Bragg reflections in this d-spacing range have been detected.
Projection of the unit cell of FeOCl showing the change in cell
symmetry that accompanies cell expansion upon intercalation.
A portion of the profile refinement for FeOCI(TTF)1/8.5, using a
model that contains only Fe, O, and Cl atoms.
Portion of the profile refinement pattern obtained using a model
that includes an entire TTF molecule.
Orientation of one TTY¥ molecule with respect to one unit cell (solid
lines). A quadrupled unit cell along b (dashed lines) is required
by the width of a TTF molecule.
Four possible orientations of TTF within half of the defined unit

cell (bold lines) and the quadrupled unit cell (dashed lines).
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orthorhombic, Pmnm

a=3780A, b=7.917A, c=3.303A
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