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Abstract. Lithium iron(I1I) monophosphate-monohydrogen-mono-
phosphate, Li,Fe[(PO,)(HPO,)], was synthesized under mild hydro-
thermal conditions and its crystal structure was determined by sin-
gle crystal X-ray diffraction methods. Crystallographic data: mono-
clinic, P12,/nl (no. 14), a = 4.81422Q) A, b = 7.9898(4) A, ¢ =
7.4868(4) A, B = 104.398(3)°, V = 278.93(2) A3, Z = 2, D, =
3.104 g - cm 3. The structure is characterized by FeO4 octahedra
sharing common O-corners with six neighbouring PO, tetrahedra
to form a three-dimensional framework. Lithium cations are lo-
cated within channels running along [100]. The channels are

formed by eight-membered rings resulting from the connection of
alternating FeOg octahedra (4X) and phosphate tetrahedra (4X).
High-resolution diffraction data allowed to refine a split model for
the position of the hydrogen atom. Magnetization data confirm the
valence state 3+ for iron and detect an antiferromagnetic ordering
of the iron moments below 23.6 K. Thermal decomposition of the
compound was investigated by DTA/TG methods.

Keywords: Hydrogen disorder; Iron phosphate; Hydrothermal syn-
thesis; Crystal structure; Magnetic properties

Synthese, Magnetismus und Kristallstruktur von Li,Fe[(PO4)(HPO,4)| mit
Verfeinerung der Position des Wasserstoffatoms

Inhaltsiibersicht.  Lithium-Eisen(I1I)-monophosphat-monohydro-
genphosphat, Li,Fe[(PO4)(HPO,)], wurde unter milden hydrother-
malen Bedingungen dargestellt und die Kristallstruktur durch
Rontgenbeugung am Einkristall bestimmt. Kristallographische Da-
ten: monoklin, P12,/n1 (Nr. 14), a = 4,8142(2) A, b = 7,9898(4) A,
¢ = 7.4868(4) A, B = 104,398(3)°, VV = 278.93(2) A3, Z =2, D, =
3,104 g - cm 3. Die Struktur ist durch FeOg4-Koordinationsoktae-
der charakterisiert, die iiber gemeinsame Ecken mit sechs benach-
barten PO,-Tetraedern zu einem dreidimensionalen Netzwerk ver-
kniipft sind. Die Lithium-Kationen befinden sich in entlang [100]

verlaufenden Kandlen. Der Durchmesser der Kanile wird durch
achtgliedrige Ringe bestimmt, die aus der alternierenden Verkniip-
fung von FeOg-Oktaedern (4x) und PO,-Tetraedern (4x) resultie-
ren. Die zu hohen Beugungswinkeln gemessenen Rontgendaten er-
lauben die Verfeinerung eines Splitmodells fiir die Position des
Wasserstoffatoms. Messungen der magnetischen Suszeptibilitit be-
stitigen die Oxidationsstufe 3+ fiir Eisen und zeigen antiferroma-
gnetische Ordnung der Momente des Eisens unterhalb von 23,6 K.
Der thermische Abbau der Verbindung wurde mit DTA/TG-Me-
thoden verfolgt.

Introduction

Lithium compounds have attracted the interest of materials
scientists as well as chemists due to their potential for appli-
cations such as superionic conductors, lithium battery mate-
rials, etc. Five different lithium iron phosphates (LiFe[POy,],
LiFe[P,0;], LiFe[P;0q], LisFes[PO,]5, LigFes[(P,0)s-
(POy),]) and two hydrogenphosphates (LiFe[(PO4)(OH)],
LiFe[(H,P,0,),]) have been reported up to now [1—7]. The
new compound Li,Fe[(PO4)(HPO,)], together with its in-
dium analogue [8], represents a new structure type. In the
indium compound, the hydrogen atom position posed an
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interesting problem, which had not been solved up to now,
i.e. an unambiguous assignment of the anionic units was
not possible. Similar situations (order/disorder of hydrogen
in hydrogen bridges) have also been encountered in many
other phosphate and borophosphate compounds, for ex-
ample in (NHy),In[P,O,(OH)], NaGa[BP,O,(OH)s],
KGa[BP,0O,(OH);], Naln[BP,O,(OH);] [9—12], etc. Like in
many other hydrogen-bonded systems the local symmetry
at the hydrogen atom position caused a symmetric arrange-
ment. The corresponding O—H distances of about 1.2 A
within the symmetric bridges had to be considered as
quite unusual.

Experimental

Synthesis

Li,Fe[(PO4)(HPO,)] was obtained under mild hydrothermal con-
ditions in the course of our investigations on the formation of boro-
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Fig. 1 TG/DTA for Li,Fe[(PO4)(HPO,)]; for further details see text.

phosphates [13]. The reaction was carried out with mixtures of
FeCl;-6H,O (2.703 g), LiH,PO, (5.197 g), and Li,B,O; (1.691 g)
with a molar ratio of 1 : 5 : 1 in aqueous solution. The mixture
was filled into a 20 ml Teflon autoclave with a filling degree of
about 30 %. The autoclaves were placed in an oven and kept at
493 K for two weeks. The starting materials were all of analytical
grade and were used without further purification. The solid prod-
uct was washed by hot water and dried in an oven at 340 K. The
composition of the product was confirmed by chemical analysis
(ICP) with Li 5.36 (calc. 5.33 wt.%), Fe 21.84 (21.42), P 24.55
(23.76) and H 0.415 (0.387). No boron was detected in the product
although borate was present during synthesis.

TG/DTA analyses of the title compound (Fig. 1) revealed
a strong endothermal peak at 754 K. The corresponding
weight loss of about 3.68 % is close to the theoretical value
of 3.46 % for the loss of half a water molecule per formula
unit. Obviously, the condensation of hydrogenphosphate
groups leads to the release of constitutional water and a
mixture of LiFe[P,05] [2] and LisFe,[PO,]; [4] is formed as
derived from X-ray powder diffraction patterns. Additional-
endothermal and exothermal peaks at higher temperatures
are presumably corresponding to reactions and melting pro-
cesses in the phase mixture.

The magnetization of the title compound was measured
with a SQUID magnetometer (Quantum Design, MPMS-
XL 7) in the temperature range 1.8—320 K. The material
showed antiferromagnetic ordering at 23.6(2) K with a
weak ferromagnetic component with a magnetization of
0.032 pg in 100 Oe external magnetic field (powder average;
see Figure 2 bottom). The paramagnetic effective moment
Uegr Was calculated by non-linear and linear Curie-Weiss fits
(x(T) = C/(T-0) in the range 50—320 K of the H = 10 kOe
data to 5.97 pg /Fe-atom (6, = —38.1 K) and 5.95 pp/Fe-
atom (0, = —37.2 K), respectively. Commonly found mag-
netic moments for Fe3" in octahedral coordination are
5.70—6.00 ug while for Fe?>* values of only 5.10—5.70 ug
are observed [14]. The result shows that the material exclus-
ively contains high-spin Fe3" species (see Figure 2 top).

Structure determination

A suitable single crystal of Li,Fe[(PO4)(HPQO,)] (grain, 0.04
X 0.04 X 0.06 mm?) was mounted on a glass fibre with two-
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Fig. 2 (top) Inverse magnetic susceptibility of Li,Fe[(PO4)(HPO,)]
in a field of 10 kOe. The line represents the fitted Curie-Weiss law
with the parameters z.; and 6.

(bottom) Isothermal magnetization measurement for Li,.
Fe[(PO4)(HPO,)] at 1.8 K.

The symbols connected by a line represent the virgin curve.

component glue. X-ray diffraction data were collected at
295K using a Rigaku R-axis RAPID diffractometer
(graphite monochromator, MoK, radiation) in the angular
range 3.8 = 0 = 62.5°. The structure was solved in space
group P12,/n1 (no. 14) by direct methods using the program
Sir97 [15]. Fourier calculations and subsequent full-matrix
least-squares  refinements were carried out using
SHELXL—-97 [16] applying neutral-atom scattering factors.
The crystallographic data are summarized in Table 1V,
After anisotropic displacement parameters had been in-
cluded in the refinement, the hydrogen atom was located
in a Fourier difference map and refined using an isotropic
displacement parameter. It turned out that the H-atom has
to be positioned off the respective center of symmetry. Al-
though the split position is only half occupied, the refine-
ment converged smoothly. A total of 66 variables were re-
fined to R; = 0.055 and wR, = 0.105 considering 2953

D Further details of the crystal structure investigation are available
from the Fachinformationszentrum Karlsruhe, D-76344 Eggen-
stein-Leopoldshafen (Germany), on quoting the depository num-
ber CSD-391239, the name of the authors, and citation of the

paper.
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Table 1 Crystal data and structure refinement results for

Table 4 Selected bond distances, angles and bond valence sums (Xs)
for Li,Fe[(PO,4)(HPO,)], e.s.d’s are given in parentheses

Li; Fe[(PO4)(HPO,)]

Crystal size 0.04 X 0.04 X 0.06 mm (pale pink, trans-
parent)

Formula weight / g - mol~! 260.68

Density calc. / g - cm ™3 3.104

# (MoKa) / mm™! 3.281

Radiation / A MoKa, 0.71073

Measurement temperature 295(2) K

Space group P12,/nl (no. 14)

al A 4.8142(2)

blA 7.9898(4)

cl A 7.4868(4)

ple . 104.398(3)

Unit cell volume / A3 278.93(2)

z 2

Data measurement method

Toins Tmax
Miller-index-range

Rigaku R-axis RAPID diffractometer

D = 127.40 mm, 20 = —143° — 61°;

2 =0%0=0°w=060-180° Aw = 5%
7 =30° ¢ =90°, o = 60°—180°, Aw = 5°
0.5965, 1.0000
—“10=h=11,-19=k=19,-18=[=18

Ormax 62.67°

Total data collected 12115

Unique data 3879, 2953 (I > 20(1))
Rin, Ry 0.034, 0.030

R, [F? > 25(F?)], wR; [all] 0.055, 0.105

No. of parameters refined 66

(AI6)max < 0.001
Goodness-of-fit on F? 1.097

Residual electron density —3.275, 1.396

(min, max)/ eA™3

Table 2 Atomic coordinates, isotropic displacement parameters
(A?) and occupancies for Li,Fe[(PO,4)(HPO,)], e.s.d’s are given in

parentheses

Atoms Site X y z Ueqliso Occ.
Fe(1) 2b 12 12 0 0.00534(4) 1
P(1) e 0.86814(7)  0.65394(4) 0.73487(4) 0.00503(5) 1
Li(1) 4e 0.3913(7) 0.8653(4) 0.8428(5) 0.0149(5) 1
o(1) 4e 0.6466(2) 0.67604(11)  0.84872(13)  0.00804(12) 1
0(2) 4e 0.9807(2) 0.82247(12)  0.68669(14)  0.00933(13) 1
0(3) 4e 0.1170(2) 0.54604(13)  0.84039(14)  0.00905(13) 1
0o(4) 4e 0.7415(2) 0.56006(14)  0.55196(14)  0.01025(14) 1
H(1) 4e 0.571(12) 0.519(9) 0.518(10) 0.020(15) 0.5

Table 3 Anisotropic displacement parameters (Az) for
Li,Fe[(PO4)(HPO,)], e.s.d’s are given in parentheses

Atom Uy, U Uss Un Uz Uss

Fe(l) 0.00509(7)  0.00534(6) 0.00545(7)  0.00070(6) 0.00108(6)  0.00030(6)
P(1)  0.00425(10) 0.00545(9) 0.00538(10) —0.00018(7) 0.00120(8)  0.00070(8)
Li(l) 0.0174(13)  0.0135(12) 0.0149(13)  0.0039(10) 0.0062(10)  0.0028(10)
O(l)  0.0078(3) 0.0078(3)  0.0103(3) 0.0010(2) 0.0054(3)  0.0021(2)
0O(2)  0.0109(3) 0.0074(3)  0.0101(3)  —0.0024(2) 0.0035(3)  0.0021(2)
O(3)  0.0061(3) 0.0104(3)  0.0097(3) 0.0026(2) 0.0002(3)  0.0017(3)
O(4)  0.0088(3) 0.0148(4)  0.0068(3)  —0.0045(3) 0.0012(3) —0.0027(3)

(with I > 20(1)) and 3879 contributing unique reflections,
respectively. The atomic positional and displacement par-
ameters, selected interatomic distances, bond angles and
bond valence sums are listed in Table 2, Table 3, and Table
4 [17].
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Fe(1)—0(3) 1.9667(10) (2x)  Li(1)—O(1) 1.942(3)
Fe(1)—0(2) 2.009609) 2x)  Li(1)~O(4) 1.972(3)
Fe(1)—0(1) 2.03898) 2x)  Li(1)-0(3) 1.986(3)
Ss(Fe—0) = 3.095 Li(1)-0(2) 2.060(4)
P(1)-0(3) 1.5270(10) Li(1)—0(4) 2.340(4)
P(1)-0(2) 1.5278(9) 3s(Li—0) = 1.071
P(1)-0(1) 1.5320(9)
P(1)-0(4) 1.5473(11) 0(2)—P(1)-0(4) 107.64(6)
Ss(P—0) = 4.840 0(3)-P(1)-0(2) 109.95(6)
O(4)—H(1) 0.86(5) 0(3)—P(1)-0(4) 105.66(6)
O(1)—P(1)-0(4) 111.89(6)
0(3)-Fe(1)-0(3) 180 0(3)—P(1)-0(1) 110.02(6)
0(3)-Fe()-0(2)  84.72(4) 0(2)—P(1)-0(1) 111.50(5)
0(3)-Fe()-0(2)  95.28(4) 0(2)-Li(1)-0(4)  147.09(16)
0(2)-Fe()-0(2) 180 O()-Li(1)-0@)  124.88(17)
0(3)-Fe()-0(1)  86.29(4) o()-Li(1)-0(3)  119.07(16)
0(3)-Fe()-0(1)  93.71(4) 0@)-Li(1)-0(3)  112.33(16)
0Q2)-Fe()-0(1)  91.04(4) o()-Li(1)-0(2)  113.35(17)
0Q2)-Fe(1)-0(1)  88.96(4) 0(@)-Li(1)-0(2)  90.69(14)
O(1)-Fe()-0O(1) 180 0(3)-Li(1)-0(2)  82.94(13)
P(1)-O(1)~Fe(l)  127.92(5) O(1)-Li(1)-0@4)  95.13(14)
P(1)-OQ2)—Fe(l)  150.08(7) 0(4)-Li(1)-0@)  85.77(13)
P(1)-0(3)—Fe(l)  156.40(7) 0(3)-Li(1)-0(4)  68.43(11)

Fig. 3 Main units and respective connectivity in the crystal struc-
ture of Li,Fe[(PO,)(HPO,)].
The position of the hydrogen atom is only half occupied.

Discussion
Structure description

The crystal structure of Li,Fe[(PO4)(HPO,)] is charac-
terized by FeOg4 octahedra sharing common O-corners with
six PO, tetrahedra resulting in a three-dimensional frame-
work. Each PO, tetrahedron shares common O-corners
with three FeOg4 octahedra (see Fig. 3) [18]. According to
the split model the hydrogen atom of the terminal OH unit
is shared among two PO, tetrahedra. The lithium cations
reside within quite large channels running along the a-axis
and formed by alternating FeOg4 octahedra and phosphate
tetrahedra (see Fig. 4 top). The coordination of the Li ion
is characterized by four Li—O contacts ranging from
1.942 A to 2.060 A to four different PO, tetrahedra and one
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Fig. 4 (top) Crystal structure of Li,Fe[(PO,)(HPO,)] viewed along
[100]. Formal removal of LiOH leads to LiFeP,O; whose structure
[2] is depicted at the bottom. See text.

additional contact at 2.340 A (Fig. 3 and Table 4). The
FeOg octahedra are arranged about a center of symmetry
with Fe—O bond distances ranging from 1.967 A to
2.039 A. Bond lengths and angles within the PO, tetrahedra
are well in accordance with respective values in other phos-
phates [9—12]. An interesting hypothetical relation can be
drawn between the structures of Li,Fe[(PO4)(HPO,)] and
LiFe[P,0O;]. Formal removal of one LiOH unit from the
title compound results in the composition LiFe[P,O;]. The
loss of the constitutional water gives rise to condensation
and formation of [P,O,] groups. The condensation results
in a new arrangement of the building units with the remain-
ing Li ions clearly out of the center of the channels (Fig.
4 bottom).

Hydrogen atom position
In covalently bonded H atoms, a substantial fraction of the

electron density is located at the bond region between the

Z. Anorg. Allg. Chem. 2004, 630, 1632—1636 zaac.wiley-vch.de
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Table 5 Phosphate and borophosphate compounds with a hydrogen
atom reportedly located in a special position shared by two oxy-
gen atoms.

Formula O—Hdistance (A) Reference
Al[B,P,0,(OH)s]-H,O 1.24 [43]
Ba,FesH(PO,),(P,05), 1.20 [22]
Ba,GaH(P,0,), 1.27 [23]
Ba,V3H(PO,),(P,07), 1.20 [22]
CaK;H(POy), 1.24 [24]
Cs,GaH;(P,0), 1.19 [25]
CsH(ZnPOy), 1.20 [26]
CsMnHP;0,, 1.22 [27]
Cu,K(OH)(PO;F),"H,O 1.24 [28]
Eu(HP,O4)(H,0)4 1.31 [29]
Fe(B,P,0,(OH)s) 1.32 [30]
Fe(NH,)HP;0,, 1.20 [31]
K;3Cuy|(P,07)H(P,0,)] 1.20 [32]
KGa[BP,O,(OH);] 1.22 [11]
KMn(HP;0,) 1.13, 1.31 [33]
LnHP,04(H,0), (Ln= Gd, Dy, Ho) 1.20 [34]
MgNa;H(PO,), 1.22 [35]
NasH,(PO,)(P,0O,) 1.23 [36]
NaAl[BP,O,(OH);] 1.24 [37]
NaFe(BP,O,(OH);) 1.24 [38]
NaGa[BP,O,(OH);] 1.22 [10]
Nay(HP;0,4)(H,0) 1.22 [39]
Naln[BP,O,(OH);] 1.22 [12]
Nd(HP,04)(H,0)4 1.31 [40]
(NH,),In(PO,)(HPO,) 1.24 9]
Pby(Feg 73Alp.22)H(PO4),(OH), 1.19 [41]
RbH;(PO,), 1.22 [42]

Table 6 Difference Fourier peaks after structure refinement on low-
angle data including anisotropic displacement parameters for non-
hydrogen atoms in Li,Fe[(PO4)(HPO,)].

X ¥y z peak distances to nearest atoms
Q1 0.5647 0.5209 0.5322 0.48 0.89 04 1.59 04
Q2 0.9322 0.7476 0.7107 0.35 0.68 02 0.85 Pl
Q3 0.7877 0.7211 0.8542 0.33 0.76 Ol 1.19 Pl
Q4 0.7871 0.6036 0.6250 0.32 0.64 04 0.91 Pl
Q5 0.5717 0.5879 0.8776 0.32 0.84 (@)1 1.27 Fel
Q6 0.0111 0.5707 0.7992 0.30 0.56 03 0.99 Pl
Q7 0.6778 0.6180 0.5288 0.28 0.56 04 1.61 Pl
Q8 0.2464 0.5598 0.9038 0.26 0.69 03 1.34 Fel

atoms. Due to this acentric density distribution, standard
least-squares refinements of positional parameters using X-
ray data tend to displace hydrogen towards the atom to
which it is bonded. Consequently, hydrogen atom positions
determined by standard X-ray methods are systematically
different from those determined with other methods like
neutron diffraction. O—H bond distances from X-ray struc-
ture determination are about 0.1—0.2 A shorter than the
internuclear distances [19]. In case of diformohydrazide it
had been demonstrated that X-ray data collected to high
diffraction angles could offer a way to lift this bias [19, 20].
However, this method was only rarely used. In a consider-
able number of phosphate containing compounds hydrogen
atoms were positioned at centers of symmetry (Table 5).
Within these symmetric hydrogen bridges H—O bond dis-
tances are typically 1.2—1.3 A. In many cases it had to be
assumed that this model represented an averaged situation
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with the H atom at split positions. Only in very rare cases
such a model was confirmed on the basis of X-ray diffrac-
tion data [21]. For Li,Fe[(PO,4)(HPO,)] we succeeded to ob-
tain high-quality crystals which allowed us to collect dif-
fraction data of excellent quality. After structure refinement
on the basis of a data set limited to 20,,,, = 60° the Fourier
difference map clearly revealed the position of the hydrogen
atom (Table 6). Subsequent refinement of the hydrogen
atom including an isotropic displacement parameter con-
firmed well that a split model at 50 % occupancy on the
general position had to be preferred over an ordered model
occupying the center of symmetry at 2a (0.5, 0.5, 0.5). The
latter model would result in O—H distances of 1.24 A, while
the disordered model results in an asymmetric situation
with O—H distances of 0.86 A and 1.62 A, respectively. Ap-
plying various limits with respect to 20,,,x to our data set
mainly results in different O—H distances varying between
0.78(5) and 0.86(5) A. This is in excellent agreement with
the experiences of Hope and coworkers [19, 20], however,
we did not apply a low-angle cutoff to our data set. This
very encouraging result deserves further application of the
method to other systems, but also to investigate why the
Fourier difference map for the full data set is considerably
more noisy.
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