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The mixed-valence iron phosphates !, {[C,N,H,, (], siFe"Fe"™(PO,)(H, sPO,),]-H,0} (1) and * [Fe"sFe"™,(PO,),-

(Hy.sPO,),] (2) have been synthesized by hydrothermal methods. Their crystal structures were determined by single-
crystal X-ray diffraction and Md&ssbauer spectroscopy. Mdssbauer spectroscopy suggests the Fe centers in compound
1 to be mostly in a trapped, mixed-valence +2 and +3 oxidation state from which the average protic hydrogen
occupation on HPO, and piperazinedium is calculated to be 0.8. At 4 K there is an intervalence tunneling process
between part of the Fe** and Fe*" atoms. Compound 1 contains linear strands of corner-sharing {FeO,} and {PO,}
tetrahedra. The Fe atoms are bridged by Fe—-O-P-O-Fe and Fe—O-Fe linkages. The strands are held together by
hydrogen bonding interactions involving the piperazinedium and the water molecules of crystallization as well as
complementary H-bonds between the HPO,-groups. The iron phosphate 2 is found from Mossbauer spectroscopy

to be a trapped mixed-valence system with about 30% Fe**/70% Fe** which translates perfectly into Fe"sFe™, from
which a total of two protic hydrogens on phosphate has been calculated. The crystal quality permitted the protic
hydrogens in 1 and 2 to be found and their positions freely refined. At 4.2 K the Fe** is completely and Fe** partially
magnetically ordered in 2. Compound 2 is a three-dimensional framework constructed from edge- and corner-sharing
{FeOg} octahedra and {FeOs} trigonal bipyramids together with the {PO,} tetrahedra. Temperature-variable
magnetic measurements confirm the oxidation state assignments for 1 and 2 through a matching experimental and

calculated value for g at 300 K.

Introduction

Recent years have seen numerous studies on the construction
of (hydrogen)phosphato-metal network compounds.'* Metal
phosphates with open-framework structures, most notably
aluminium phosphates (AIPOs) are of interest because of
their potential applications as catalysts, molecular sieves or
ion-exchange materials>!'*'7 similar to zeolites.”® Many such
compounds are prepared using organic amines as structure-
directing agents by hydrothermal methods.***'"*?7 With
metal atoms such as zinc, aluminium or gallium, there is no
problem in the assignment of the oxidation state and sub-
sequently the structure solution in terms of protons on the
organic amine and the phosphate groups. The structure
solution from single-crystal X-ray diffraction and the formula
may be ambigious with metal atoms which can exist in two
readily available oxidation states™® since the hydrogen atoms
which are crucial for the assignment of the oxidation state are
not easily located. On the other hand, it is such metal types that
are of particular interest in the construction of open-frame-
work metal compounds for catalytic applications because
of their redox activity.’>"7 We show here how Mdssbauer
spectroscopy is necessary to arrive at a complete structural
description of the mixed-valence compounds !, {[C,N,H,, ] s-
[Fe"Fe"'(PO,)(H, sPO,),]- H,0} (1) and °,[Fe"sFe™,(PO,),-
(HysPO,),] (2). This also includes the correction of a recent
structural report on “3_[Fe'(PO,),(HPO,),]” *® which has to be
correctly formulated as 2.

This journal is © The Royal Society of Chemistry 2003

Results and discussion
Compound 'w{[C4N2Hu.6]1.S[Fe"Fe”'(PO4)(H0.8PO4)2]-HZO}, 1

Hydrothermal treatment of piperazinedium hydrogen-
phosphate monohydrate?® with iron(ir) chloride in the presence
of triethylamine in tetrahydrofuran at 180 °C yielded dark-
blue crystals (turning green upon grinding) which have been
analyzed as ', {[C,N,H,, ¢, s[Fe"Fe™(PO,)(H,sPO,),]-H,0} (1)
(eqn. (1)) from single-crystal X-ray diffraction and Mossbauer
spectroscopy.

2+

HPO,2"H,0 + 2 Fe''Cl, + NEt;

1)
180 °C el
——» {[C4NyHyq 6]t s[Fe"Fe™(PO4)(Ho sPO4)2l- HO} +
THF
1

1.5 [C4NoH4]Cly + [NHEL]CI + 0.5 Hy + 2 H,0

The hydrogen atoms of the water molecule, the hydro-
genphosphato ligands and on the nitrogen atom of the piper-
azinedium cations in 1 were found in the X-ray data Fourier
maps and their atomic positions could be freely refined. Yet,
their occupation factors are closely related to the oxidation
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Table 1 Maossbauer parameters for compound 1¢

Temp./K Subspectrum o*Febmm s~! AEy‘/mms™' B, /I Tesla Rel. area (%)

293 (RT) Narrow doublet 0.41 0.56 - 62.5

Wide doublet 1.21 2.70 - 37.5

77 Magnetic sextet 0.51 —0.04 28.0 26.0

Narrow doublet 0.51 0.73 - 35.8

Wide doublet 1.32 291 - 38.2

4.2 Magnetic sextet 0.51 +0.15 48.7 16.3

Magnetic sextet 0.56 -0.21 52.6 22.8

Doublet 0.88 1.45 - 26.9

Magnetic sextet 1.34 —0.88 30.3 34.0

“ The errors of the hyperfine parameters are about 2% and of the relative areas 5%. * Isomer shift. ¢ Quadrupole splitting. ¢ Magnetic hyperfine field.

state of the iron atoms. A full protic hydrogen occupation of the
two hydrogenphosphato groups and the piperazinedium cations
translates into an iron oxidation state of Fe(1r) within the form-
ula ' {[C,N,H,,], s[Fe",(PO,)(HPO,),]-H,0}. A mixed-valence
Fe(m)Fe(ur) compound would require an average protic
hydrogen content of 0.8 on each HPO, and each nitrogen of
C,N;H,, thus ' {[C,N,H,, ¢]; s[Fe"Fe™(PO,)(H, sPO,),]-H,0}
for electroneutrality. Finally, a fully Fe(in) compound would
require an average protic hydrogen occupation of 0.6 to give the
formula ', {[C,N,H,; 5], s[Fe™,(PO,)(HysPO,),]'H,O}. These
small differences in hydrogen occupation when going from a
total of 22 over 21 to 20 hydrogen atoms per formula unit did
not reflect in significant changes in the R-value during structure
refinement. Hence, single-crystal X-ray structure refinement
could not lead to an unambiguous formula assignment. Instead
of the average fractional occupation factors, full hydrogen
occupation on HPO,>™ at the expense of the piperazine groups
could, of course, have been assumed. Thus, an alternative
formula for the Fe(m)Fe(ir) case would have been ! {[C,N,-
H g.33]1 s[Fe"Fe"™(PO,)(HPO,),]-H,0}  or ' {[C,N,HJ[C,N,-
H,,]o s[Fe"Fe™(PO,)(HPO,),]-H,0} if one wants to further
differentiate between the two piperazine moieties.

Therefore, it was of primary importance to determine the
oxidation state of the iron atoms in 1. ’Fe Mossbauer spectro-
scopy can help to determine whether iron atoms are Fe(in),
Fe(m)*® or mixed-valence.»** The room-temperature Moss-
bauer spectrum of 1 (Fig. 1(a)) can be fitted by two doublets, a
narrow one which can be assigned to high-spin Fe(in) and a
wide one assigned to high-spin Fe(m) for both of which the
observed isomer shift and quadrupole splitting (Table 1) are
typical.*® Subspectra with isomer shifts 6*™ below 0.7 mm s
are assigned to Fe**. The Mdssbauer spectrum of 1 recorded at
77 K (Fig. 1(b)) can be fitted by two doublets with about the
same parameters as seen in the room temperature spectrum
plus a magnetic sextet which originated from part of the Fe(1ir)
doublet. At 4.2 K (Fig. 1(c)) both the Fe** and Fe*" are mag-
netically ordered as evident by the appearance of the magnetic
sextets and the absence of their wide and narrow doublets,
respectively, seen at higher temperature. The hyperfine splitting
parameters and the magnetic ordering observed at low temper-
ature in compound 1 are consistent with both Fe(1r) (S =2) and
Fe() (S = 5/2) in tetrahedral environment.***® However a new
doublet has appeared at 4.2 K with a different isomer shift and
quadrupole splitting than seen before for the doublets at higher
temperatures. The new doublet comprises intensity from both
the Fe?* and Fe' signal. This new doublet is assigned to an
intervalence transition between Fe(u) and Fe(i), that is to a
detrapping of the valence states.** The fact that the electron
exchange is only seen at low temperature but not anymore
at high temperature is explained by a tunneling process
or a coherent superposition of two states Fe,?*Feg’" and
Fe,}"Fep®" instead of a charge transfer process. At higher
temperature, thermal vibrations of the Fe atoms destroy the
coherence and lead to a valence localization or trapping.*® The
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Fig. 1 Mossbauer spectra of 1 at (a) room temperature, (b) 7 =77 K
and (c) 4.2 K. A sum of Lorentzians (solid line, parameters in Table 1)
is used to fit the experimental data (dots).

intensity ratio I >/Ig>" is less than 1 which in part may be
explained with an expected somewhat higher recoil-free frac-
tion for the Fe’* sites. It should also be noted that the line
widths for the transitions at RT in Fig. 1(a) are somewhat larger
(0.5 mm s™') than usual (0.25 mm s™"). Such broadening is con-
sistent with Fe?*/Fe®" disorder.®

While Méssbauer spectroscopy may suggest a higher Fe(iir)
content, for simplicity we take the two Fe centers as Fe"Fe™ or
in the nominal +2.5 oxidation state. Therefore, the formula for
1 would have to be ' {{C,N,H ., s[Fe"Fe™(PO,)(H,PO,),]-



H,0} (where 2x + 3y = 4) or on average x = y = 0.8 with
LAICN,H ], s[Fe"Fe™(PO,)(H, sPO,),]-H,0}.  Hence, the
protic hydrogen atom positions on hydrogenphosphate and
piperazinedium are not fully occupied. Furthermore, X-ray
crystallography as an averaging method cannot unequivocally
decide on the protic hydrogen occupation factors in 1 even
though the data set was very good (see R-values in Table 8). An
argument for deviation from an average protic hydrogen occu-
pation between phosphate and piperazine might invoke the dif-
ference in acidity constants (pK,-values) for [C,N,H,,]*" and
HPO,* and the species distribution as a function of pH calcu-
lated therefrom (see Fig. 2).*° Such an argument would, however
be based on the aqueous solution behavior. The solid state can
easily stabilize [C,N,H,,]*"/HPO,>" acid-base ratios different
from the solution content. Examples have been provided by the
structures of [M(H,0)s*"[C,N,H,*"(HPO,*), M = Co(i),
Ni()) which could be grown regardless of the solution pH
values between 3.5 and 6.2.° The structures stabilize the
coexistence of [C,N,H,]*" and HPO,*  in a ratio which could
not be found in aqueous solution (see Fig. 2). Thus, we decided
on an average hydrogen occupation of H,g over both hydro-
genphosphate groups and the piperazinedium cations for 1.
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Fig. 2 Species distribution for piperazine/phosphate in the range
pH 2-12. pK values: pKpy, = 1.92; pKpyy, = 6.75; pKpy = 11.59; pKi gy, =
5.59; pKi 5 =9.71; P =PO,, L = piperazine.

The crystal structure of piperazinedium [bis(u-hydrogen-
phosphato)(u,-phosphato)diferrate(m,ir)] hydrate (1) con-
sists of columns or strands of {FeO,} and {PO,} or {HPO,}
corner-sharing tetrahedra (Fig. 3). The bridging oxygen atoms
are provided by the phosphate or hydrogenphosphate groups.
Within the column there exist two crystallographically different
types of iron atoms and three different phosphate groups. Two
phosphate groups are hydrogenphosphate (around P1 and P3);
together with the Fe atoms they construct the outer phosphate
linkages of the strand. Each HPO, group bridges between two
Fe atoms with two of its oxygen atoms as Fe-O-P-O-Fe. The
remaining phosphate moiety, PO,*” constructs the central
linkers of the strand. The PO,*~ group bridges between four iron

Fig. 3 Section of a single column or strand of {Fe,(PO,)(H,sPO,),},
in 1. Ball and stick drawing to the left, polyhedral presentation with the
central atoms shown in the center of the tetrahedra on the right; the
columns run along the b-axis. Symmetry transformations: * = —x — 1,
y=12,—z—12%=x,y+ 1,58=x,y— 1,z;°=—x— 1,y + 1/2,
—z—1/2;°==x—-1,y =32, -z — 1/2.

Table 2 Selected bonds lengths (A) and angles (°) in compound 1¢

Fel-02 1.9227(14) Fe2-09 1.9277(14)
Fel-O12#5 1.9396(14) Fe2-Ol 1.9488(14)
Fel-O5 1.9936(13) Fe2-08#4 1.9729(14)
Fel-O7#9 1.9967(13) Fe2-07 1.9993(13)
02 Fel-01245 116.81(6) 09-Fe2-Ol 116.44(7)
02-Fel-05 106.06(6) 09-Fe2-08#4  108.65(6)
O12#5 Fel-05 98.10(6) Ol Fe2-08#4  101.74(6)
02-Fel-O7#9 110.56(6) 09-Fe2-07 110.56(6)
O12#5 Fel-OT#9  116.70(6) 01 -Fe2-07 112.40(6)
05-Fel-O7#9 106.70(5) 08#4-Fe2-07  106.12(5)

“Symmetry transformations used to generate equivalent atoms: #4 =
—x—=1,y—=12,—z=UZL#5=x,y+ 1,z;#8=x,y — |, z;#9=—x — 1,
y+ 12, —z—=1U2#10=—-x— 1,y — 3/2, —z — 1/2.

atoms using three of its oxygen atoms. Two of these Fe atoms
are joined by a single oxygen atom Fe—O-Fe bridge whereas the
other bridges consist of the usual Fe-O-P-O-Fe type. In addi-
tion to its bridging mode the last phosphate group is chemically
different from the other two HPO, groups by not carrying a
hydrogen atom. Bond distances and angles between non-hydro-
gen atoms are listed in Table 2. The Fe-O distances are in the
expected range.*'™

Neighboring strands are connected through hydrogen bond-
ing interactions. One type of the hydrogen bonding is provided
by complementary H-bonds between the HPO, groups of P1
in the bc-plane (Fig. 4(a)). The cavities thus formed contain
the piperazinedium counter cations and water molecules of

Fig. 4 Connection of neighboring strands of {Fe,(PO,)(H,4PO,),},
in 1; (a) within the bc-plane, showing the complementary hydrogen
bonding between the HPO, groups from P1, the piperazinedium cations
[C,N,H,, J*" and the water molecules of crystallization; (b) within
the ab-plane, hydrogens on carbon omitted for clarity. N and C of
[C{N,H,, J*" can be superimposed. Distances and angles of the
hydrogen bonding interaction are given in Table 3. The protic hydrogen
atoms on HPO, and on piperazine, C,N,H,, are not fully occupied; see
text. Symmetry transformations: '= —x + 1, =y + 1, —z; 2= —x, y —
12, —z—=1/2;*=—-x—1,y =112, —z — 1/2;5=x,y+ 1, z;°=x + 1,
yvzo==x+1,-y,—z¥=xy—-1,z
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Table 3 Hydrogen bonding interactions (A, °) in 1¢

DH---A D-H H---A D--- A DH---A
O3-H31 - - O4#1 0.75(4) 1.87(4) 2.608(2) 173(4)
Ol1-HI1 --- O6#2 0.88(3) 1.66(3) 2.532(2) 174(3)
OI3-HI3A --- 010 1.05(3) 1.86(3) 2.900(3) 168(3)
OI13-HI3B --- O10#3 1.04(3) 1.91(3) 2.942(3) 170(3)
NI-HI1IA --- O4#1 0.94(3) 1.88(3) 2.812(2) 168(2)
NI-HI2B -+ 010 0.94(3) 1.75(3) 2.664(4) 165(2)
N2-H2IA --- 06 0.94(3) 1.84(3) 2.754(4) 166(2)
N2-H22B - -+ O5#2 0.95(3) 1.88(3) 2.817(2) 169(2)
N3-H31A --- Ol#4 0.92(3) 2.08(3) 2.909(3) 148(3)
N3-H3IA -+ O4#4 0.92(3) 2.31(3) 3.079(2) 141(2)
N3-H31B --- O11#2 0.90(3) 1.98(3) 2.837(2) 157(3)

“The hydrogen atom position are not fully occupied; see text; D = donor, A = acceptor. Symmetry transformatios: #1 = —x — 1, —y + 1, —z; #2=—x,

y=12, —z—=1U2;#3=—x, -y, —z#d=—x— 1,y — 172, =z — 1/2.

crystallization. These cations and water provide for additional
hydrogen bonding to the hydrogenphosphate groups and
thereby also connect the adjacent columns in the ab-plane (see
Fig. 4(b)).

Similar one-dimensional metal phosphate chains containing
corner-sharing tetrahedra were reported for ! {[CsN,H,,]-
[Co(HPO,),]},** . {[H;N(CH,),NH,]JJAI(PO,)(HPO,)]} ** and
!_{[H;N(CH,),NH,][Ga(PO,)(HPO,]}.*¢ To the best of our
knowledge, no example of chains based on corner-sharing
tetrahedra of iron-phosphate has been reported.

Bond valence sum calculations done on the iron atoms of 1
gave a value of 2.31 for Fel and 2.32 for Fe2 (both with the
parameter R, for Fe*").#*® This deviates somewhat from an
expected value of 2.5 for a mixed-valence Fe"Fe™ system.
There may be a larger Fe(ur) content in 1 as hinted by the
Mossbauer data. Furthermore, we ascribe part of this deviation
to the tetrahedral coordination of the iron atoms in 1, as the
bond valence sum calculations appear to be parametrized more
on structures of penta- and hexacoordinated iron atoms.

Temperature-variable magnetic measurements on 1 support
the oxidation state assignment of Fe"Fe™. The experimental
magnetic moment . = 8.2 ug at 300 K derived from (8y7)"* is
in good agreement with the calculated spin-only value for a
magnetically uncoupled system of g = 7.68 up [tter = (X4S;-
(S; + 1))"u, with S, = 2 for Fe(ir) and S, = 5/2 for Fe(in)]. The
larger experimental value is traced to contributions from spin—
orbit coupling for the Fe(i1) atom. The decrease of e with
temperature (Fig. 5) indicates a weak antiferromagnetic inter-
action. The data could be fitted with J = 17.2 cm™" (H,yenange =
JS;+S,) and g = 2.37 for Fe(1) with g, = 2 kept constant for
Fe(t).

40 10
= 30 1 8
“”Z 6 g_
S, 20 1 TE
P4
= 10 s Tdecrease 3

a Tincrease r2

0 el )

0 50 100 150 200 250 300

Temperature [K]

Fig. 5 Magnetic data for compound 1.

Compound * [Fe" Fe™,(PO,),(H,sPO,),], 2

The iron phosphate 2 was obtained from the hydrothermal
combination of N-methylpiperazinedium phosphate with
iron(1) chloride in water. The analysis of the black—green crys-
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tals relied on the use of *’Fe Méssbauer spectroscopy for the
determination of the iron oxidation state, and hence the protic
hydrogen content on the phosphato ligands. The Mdssbauer
spectrum for compound 2 at room temperature (Fig. 6(a)) can
be fitted with four subspectra as the sum of one narrow doub-
let, two doublets and one magnetic sextet. At liquid helium
temperature of 4.2 K the Mdssbauer spectrum (Fig. 6(c)) can
be fitted with five subspectra as the sum of two doublets and
three magnetic sextets. At the intermediate temperature of 77 K
(Fig. 6(b)), also five subspectra are required to fit the Moss-
bauer spectrum: three magnetic sextets, one narrow doublet
and one wide doublet. Subspectra with isomer shifts, 6™ below
0.6 mm s~ are again assigned to Fe*". This is consistent with
the large magnetic splitting around 50 Tesla. Thus, Fe** is com-
pletely magnetically ordered at 4.2 K. The relative area content
of these Fe** species is around 30%. The large isomer shifts of
the remaining subspectra with 5™ >1 mm s~! are indicative of
Fe?* (S = 2). Their relative area content corresponds to about
70%. These area ratios closely match a molar Fe(ir)/Fe(i) ratio
of 5:2(71.4: 28.6%) as Fe"sFe™, in 2. Also Fe?* is increasingly
magnetically ordered with lower temperature. Magnetic order-
ing has also been reported in other iron phosphates, e.g
2_{[Fe™,(H,0),(O;PCH,PO;H),]-2H,0,} (antiferromagnetic),*
', {[H,;N(CH,),NH,][Fe'™,{ CH,C(OH)(PO,)(PO,H)} ,]-2H,0}
(ferromagnetic), 2 {[H,NCH,CH,NH,], s[Fe"™(OH)(PO,)]}
(weak antiferromagnetic)®! and 3, {[H;NCH,CH,NH;],[Fe-
4O(PO,),]-H,0} (trapped mixed valence, trigonal-bipyramidal
Fe, anti- or canted antiferromagnetic).’** In addition to these
aforementioned examples, Mdssbauer data are also available
for other iron phosphates with octahedrally coordinated metal
centers, eg ' {[C,;N,H,,], s[Fe";,(OH)(PO,)(HPO,),(H,PO,)]-
0.5H,0}* and  *,{[(C,N;H,s)(CN;H,)][Fe"'sF,(H,PO,)-
(HPO,);(PO,),]'H,0} (spin crossover),® 3 _{[C,N,H,,][Fe,-
(OH),(HPO,)s]} (mixed valence) and 2, {[C,H,N,],s[Fe;-
(HPO,),(PO,)(H,0)] (mixed valence, also trigonal-bipyramidal
Fe).

An iron subset of Fe"sFe™, in 2 corresponds to a cationic
charge of +16. This charge has to be matched by the six phos-
phate groups. Electroneutrality then requires a total of two
protic hydrogens on the phosphato ligands to arrive at a total
anionic charge of —16. In the absence of other OH containing
groups in 2 we could use the intensity of the OH-stretching
frequency at about 3330 cm™' to quantify the HPO, content by
infrared spectroscopy. By employing the standard addition
method we have followed the intensity of the OH band upon
additions of exact aliquots of NaHPO, (1.0(1) mg, 7.0(7) pmol
each) to a sample of 2 (1.0(1) mg, 1.0(1) umol). Taking into
account the blind value for KBr (50 mg) we estimate 2.5(10)
pmol HPO,/umol of 2.

Compound 2 is isostructural to an iron phosphate reported
by Zhou et al. with a formula of 3 [Fe™,(PO,),(HPO,),] (2') and
iron fully in the +2 oxidation state because of an assumed full
hydrogen occupancy on the four hydrogenphosphate groups.?®



Table4 Mossbauer parameters for compound 2¢

Temp./K Subspectrum o“Feblmm 57! AEy‘/mms™' B,ITesla Rel. area (%)
293 (RT) Narrow doublet 0.56 0.23 - 27.5
Magnetic sextet 1.11 0.00 11.1 9.5
Doublet 1.15 1.82 25.8
Doublet 1.22 2.62 - 37.2
77 Magnetic sextet 0.42 -1.13 449 8.6
Magnetic sextet 0.55 0.31 48.7 19.9
Narrow doublet 0.56 0.34 - 2.4
Doublet 1.38 2.60 - 60.0
Magnetic sextet 1.35 0.00 11.0 9.1
4.2 Magnetic sextet 0.35 -1.03 48.0 5.5
Magnetic sextet 0.57 0.25 54.8 23.9
Doublet 1.31 1.22 - 17.8
Magnetic sextet 1.37 0.14 15.1 25.8
Doublet 1.43 3.21 - 27.0

“ The errors of the hyperfine parameters are about 2% and of the relative areas 5%. * Isomer shift. ¢ Quadrupole splitting. ¢ Magnetic hyperfine field.
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Fig. 6 Maossbauer spectra for compound 2 at (a) room temperature (b)
T =77 K and (¢c) T =4.2 K. A sum of Lorentzians (solid line) is used to
fit the experimental data (dots); see Table 4 for individual parameters.

The latter compound was made by a different procedure, react-
ing FeCl,, H;PO, and imidazole in water—ethylene glycol under
hydrothermal conditions. Crystals of both synthetic procedures

Table 5 Comparison between cell parameters of compound 2 and 2’

Compound 2 Compound 2’
Assignment Fe";Fe™,, H, sPO, Fe",, HPO,
Symmetry cell Triclinic Triclinic
Space group Pl Pl
TIK 293 293
alA 6.562(3) 6.528(3)
blA 7.980(4) 7.956(4)
c/A 9.536(4) 9.501(4)
al® 103.874(6) 104.03(4)
pr 109.286(6) 109.17(2)
y° 101.577(6) 101.66(3)
VIA? 435.7(3) 430.3 (3)

(ours and Zhou’s) agree in their black—green color. Further-
more, Table 5 shows the agreement in the cell parameters and
Fig. 7 between the X-ray powder diffractograms for the two
structure determinations. Therefore, we suggest that compound
2 and 2’ is the same material and that the hydrogen occupancy
has not been correctly assigned in compound 2’. Furthermore,
compound 2 is similar in formula to two reported iron phos-
phate compounds, namely Fe,(PO,)s(HPO,)** and Fe,(PO,);.%
The simulated X-ray powder diffractograms for the latter two
compounds (not shown here), however, exhibit different
patterns than for compound 2.

100.0
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70.0
60.0
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40.0
30.0
20.0

10.0 ‘ | ‘
0.0 [ ‘| I| | |I | || Qi ||||||||.|||.I| ol | Lol
120 16.0 200 240 28.0 320 2Theta

Fig. 7 Measured X-ray powder diffractogram for the crystals of 2
(upper diffractogram) and the simulated diffractogram for the reported
compound 2’ (lower diffractogram as vertical bars). The simulated
diffractogram from the X-ray structure of 2 (not included) also matches
the experimental diffractogram.*®

Relative Intensity (%)

The crystal structure of compound 2 (2') consists of {FeOg4}
(Fel, Fe3 and Fe4) and {FeO,} (Fe2) polyhedra and {PO,}
tetrahedra sharing edges (Fe4—Fe4) or corners to form a three-
dimensional framework (Fig. 8). Compound 2 has three types
of geometry around the four crystallographically different Fe
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Table 6

DH---A D-H H--- A D--- A DH---A
O11-H11 --- O34#2 0.96(12) 1.54(13) 2.486(4) 166(12)
022-H22 --- 023#16 0.84(2) 1.91(2) 2.705(4) 158(2)

D = Donor, A = acceptor. Symmetry transformations: #2=x — 1,y — 1, z; #16=—x, -y — I, —z + ;"= —x -1, -y — 1, —z + L.

Fig. 8 Polyhedral drawing for a section of compound 2, showing the
edge-sharing between the adjacent Fe4 octahedra. The five-coordinated
polyhedra around Fe2 are depicted in blue.

centers. Atom Fe4 is located at a crystallographic inversion
center and has a regular octahedral coordination environment,
while atoms Fel and Fe3 display distorted octahedral co-
ordination environments (Fig. 9(a)). Atom Fe2 is surrounded
by five O atoms from three different phosphate groups in a
geometry intermediate between trigonal-bipyramidal and
square-pyramidal (t = 0.53)% (Fig. 9(b)). The tetrahedral phos-
phate groups provide for the iron-coordinating and bridging
oxygen atoms. All of the phosphate oxygen atoms bridge
between iron atoms except for O11, 022, 023 and O34. The
first two carry (in part) a hydrogen atom as an O—H group, the
last two are (in part) the hydrogen bond acceptors (Fig. 10). In
total the phosphate groups of P1 and P3 each connect seven
iron atoms, group P2 connects six iron atoms. The differences in
the oxygen atom characteristics (bridging versus non-bridging)
are in agreement with the hydrogen-bonding scheme (Fig. 10
and below). Bond distances and angles between non-hydrogen
atoms are listed in Table 7. The Fe-O distances are in the
expected range.*"™*

The oxygen atoms of the OH groups do not bridge between
iron atoms and form hydrogen bonds to equally non-bridging
oxygen atoms (Fig. 10). The hydrogen bond from (P1-)O11-
H11 is formed to an oxygen atom of a cis-positioned PO, group
(around P3) which is bound to the same iron atom (Fe4). This
gives rise to a six-membered ring. The hydrogen bond from
(P2-)022-H22 is a complementary one, formed to an oxygen
atom on a symmetry related P2 ligand.

Bond valence sum calculations done on the iron atoms of 2
gave values of 2.11 (R, for Fe**) or 2.25 (R, for Fe**) for Fel,
1.85 or 1.98 for Fe2, 2.04 or 2.19 for Fe3 and 1.78 or 1.91 for
Fe4.*”*® While this may be interpreted in agreement with an all
Fe(11) compound? it can also be seen in agreement with an
Fe'sFe™, system. If out of the four crystallographically differ-
ent iron positions Fe2 (occupation factor 1) and Fe4 (occu-
pation 0.5) are taken as Fe(ir)-only, then the two +3 charges are
distributed over the four iron atoms of Fel and Fe3 (occupation
1, each), averaging to a charge of +2.5 for each iron atom. If
only Fed is taken as Fe(i)-only (because the calculation on the
five-coordinate Fe2 may be seen as less reliable) then the two +3
charges are distributed over six iron atoms averaging to +2.33
for each iron atom. This latter value is not far from the calcu-
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Fig. 9 (a) Section of the structure of 2 showing the geometry around
Fe atom centers. (b) The five-coordinated geometry around Fe2 atom
(r = 0.53).5” The hydrogen atoms are not fully occupied, see text.
Symmetry transformations: *= —x, —y, —z + I;*=x—1,y,z°=x +
Lyzt=xy+1,z7=—x+1,—y+1,—z+2;=—x, —p+1,—z+
ZM=x,y-1LzP=—x, -y, —z+ 2 B=—x+1L-p+1,-z+1;
Ye—x+1,-y, —z+28=-x+1 -y —z+ 1L

Fig. 10  Section of the structure of compound 2 showing the hydrogen
bonding interaction (dashed lines). The hydrogen atoms are not fully
occupied, see text. Distances (A) and angles (°) for the hydrogen bonds
are given in Table 6. For symmetry transformations see Tables 6 and 7
and Fig. 9.



Table 7 Selected bond lengths/A and angles/° in compound 2*

Fel-012#1 2.087(2) Fe3-023#6 2.062(2)
Fel-03242 2.111(2) Fe3-033#7 2.087(2)
Fel-032#3 2.113(2) Fe3-033#4 2.139(2)
Fel-Ol1 2.113(2) Fe3-031 2.141(2)
Fel-021 2.147(2) Fe3-013#8 2.153(2)
Fel-022#4 2.164(2) Fe3-Ol14 2.238(2)
Fe2-024 2.036(2) Fed-034,~#9 2.134(2)
Fe2-031 2.039(2) Fed-O13#8+#10 2.169(2)
Fe2-021#3 2.110(2) Fed-O24#6+#7 2.257(2)
Fe2-Ol4 2.145(2)

Fe2-01245 2.203(2)

O12#1-Fel-032#2  166.20(9) 023#6-Fe3-033#7  178.83(9)
O12-1-Fel-032#3  90.65(9) 023#6-Fe3-033#4  94.27(9)
032#2-Fel-032#3  78.16(10) 033#7-Fe3-033#4  85.66(8)
O12#1-Fel-O11  104.96(9) 023#6-Fe3-031 90.06(9)
032#2-Fel-011 87.22(9) 033#7-Fe3-031 89.64(8)
032#3-Fel-O11  162.98(9) 033#4-Fe3-031 161.55(9)
012#1-Fel-021 79.45(8) 023#6-Fe3-0O13#8  96.80(9)
032#2 Fel-021  109.21(8) O33#7-Fe3-0O13#8  84.37(9)
032#3-Fel-021 94.71(9) 033#4-Fe3-0O13#8  91.44(8)
O11-Fel-021 81.80(9) 031-Fe3-013#8 105.86(9)
O12#1-Fel-022#4  91.38(9) 023#6-Fe3-014 98.21(9)
032#2 Fel-022#4  82.31(9) 033#7-Fe3-014 80.62(9)
032#3-Fel-022#4  97.92(9) 033#4-Fe3-014 83.42(8)
O11-Fel-022#4 88.60(9) 031-Fe3-014 78.21(8)
021-Fel-022#4  164.48(10)  OI3#8-Fe3-Ol4 164.45(8)
024-Fe2-031 139.59(9) 034-Fed-034#9 180
024-Fe2-021#3  122.35(9) 034-Fed-01348 89.29(9)
031-Fe2-021#3 95.17(9) 034#9-Fed-0O134#8  90.71(9)
024-Fe2-014 104.28(8) O13#8-Fed-0O13#10 180
031-Fe2-014 82.61(9) 034-Fed-02446 90.29(8)
021#3-Fe2-014 97.95(8) 034#9-Fed-024#6  89.71(8)
024-Fe2-012#5 84.54(8) O13#8-Fed-024#6  92.56(8)
031-Fe2-012#5 90.03(8) O13#10-Fed-024#6  87.44(8)
O021#3-Fe2-0O12#5  77.71(8) 024#6-Fed-024#7 180
O14-Fe2-012#5  171.13(8)

“Symmetry transformations used to generate equivalent atoms: #l1
—x—-—L -y, —z+1;#2=x—-Ly—1Lz#3=—x,—y, —z+ 1;#4
x—Ly,z#5=x+ 1Ly z#6=x,y+ 1, z;#7=—x+1,—-y+1,—z+
2#8=—x,—y+1,—z+2:#9=—-x+1,—y+2, —z+ 2;#10=x + 1,
y+1L,z;#ll=x,y— 1,z

lated charges for Fel and Fe3 (with R, for Fe**). Furthermore,
we note that the X-ray structure data set of 2 was collected at
room temperature, while the bond valence sum calculations
appear to be parametrized on low-temperature data sets. The
expected, even slight, contraction of the Fe-O bond lengths at
lower temperature will increase the calculated charge on the Fe
atoms.

Temperature-variable magnetic measurements on 2 support
the oxidation state assignment of Fe";Fe™,. The experimental
magnetic moment of y.¢=13.9 5 at 300 K derived from (8 7)"?
is in excellent agreement with the calculated spin-only value
of a magnetically uncoupled system of s = 13.78 up [t =
(Z4Si(S; + 1)y with S, 5 = 2 for Fe(ir) and S,, = 5/2 for
Fe(m1)]. The temperature dependence of the reciprocal magnetic
susceptibility (Fig. 11) indicates an antiferromagnetically
ordered structure with a Neel point at 7' ~ 20 K. The decrease
in 1/y (increase in y) below 8 K may be due to paramagnetic
impurities, a weak ferromagnetic interaction or non-colinear
spin structures because of spin—orbit coupling which also can
lead to a weak ferromagnetism.*® The calculation of the anti-
ferromagnetic exchange interaction is difficult in such a case.

Experimental

IR spectra (KBr pellet) were measured on a Bruker Optik IFS
25. For a quantitative assessment of HPO, for compound 2 by
the standard addition method 50.0(1) mg of dry KBr and 1.0(1)
mg, 1.0(1) umol of compound 2 were finely ground until a
uniform mixture was obtained and pressed into a transparent
pellet. After the measurement the pellet is pulverized again and
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Fig. 11 Magnetic data for compound 2.

1.0(1) mg, 7.0(7) umol of Na,HPO, (dried in vacuum, 1 x 107°
Torr) is added, ground and the pellet pressed again. The last
sequence of addition of Na,HPO, was repeated 4 times. The
absorbance of the IR band at 3330 cm™' was measured and
plotted against the added molar amount of Na,HPO,. The
blind value for KBr and moisture taken up during the sample
preparation was determined the same way without addition of
2. Extension of the regression lines (R =0.99878 with 2, 0.99773
blind value) onto the negative abscissa gave 16.3(5) (with 2) —
13.8(5) (blind value) = 2.5(10) umol HPO,/umol of 2. Elemental
analyses were obtained on a VarioEL from Elementaranaly-
sensysteme GmbH. X-Ray powder diffractometry was done on
a Stoe STADI P with Debye-Scherrer geometry, Mo-Ka radi-
ation (4 = 0.7093 A) and a Ge(111) monochromator and the
samples in glass capillaries on a rotating probe head. FeCl,:
3H,0 was obtained from Merck.

5"Fe Méssbauer spectroscopy

"Fe Mossbauer spectra were recorded with a conventional
spectrometer in constant-acceleration mode with a *’Co[Rh]
source. The velocity calibration was performed with an a-Fe foil
at room temperature, for which the magnetic hyperfine splitting
is known with high accuracy. The measured isomer shifts are
referred to this o-Fe standard. The experimental spectra were
fitted by a sum of Lorentzian lines by means of a least-squares
procedure.

X-Ray crystallography

Data collection. Bruker AXS with CCD area-detector,
Mo-Ka radiation (A = 0.71073 A), graphite monochromator,
double-pass method ¢—w-scan, Data collection and cell refine-
ment with SMART,” data reduction with SAINT,” experi-
mental absorption correction with SADABS.% Structure analy-
sis and refinement: The structure was solved by direct methods
(SHELXS-97);%" refinement was done by full-matrix least
squares on F? using the SHELXL-97 program suite.*" All non-
hydrogen positions were found and refined with anisotropic
temperature factors. In 1 the hydrogen atoms of the water mole-
cule, the hydrogenphosphato ligands and on nitrogen of the
piperazinedium cation were found and refined with U, (H) =
1.2 U.((O,N). Hydrogen atoms on carbon of piperazinedium
were calculated with appropriate riding models (AFIX 23) and
U, (H) = 1.2 U,(C). In 2 the hydrogen atom on O11 of the
hydrogenphosphato ligand around P1 could be found and
refined with U,(H) = 10.08. The hydrogen atom on 022 on P2
could initially also be found but had subsequently to be refined
with an appropriate riding model (AFIX 84) and U, (H) =
10.08. Graphics were obtained with DIAMOND.** Crystal data
and details on the structure refinement are given in Table 8.

CCDC reference numbers 203657 and 203658.

See http://www.rsc.org/suppdata/dt/b3/b301610b/ for crystal-
lographic data in CIF or other electronic format.
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Table 8 Crystal data for compounds 1 and 2

1 2
Formula C¢H,,Fe,N;0,;P; HFe,0,,P;
M 547.87 481.39
Crystal size/mm 0.29 x 0.14 x 0.12 0.51 X 0.11 x 0.11
Crystal description Plates Isometric
TIK 213(2) 293(2)
0 Range/° 2.44-28.89 2.40-28.64
h; k; [ Range -11,11;,—11,11;—-30,31 -8,8,—10,10;—12,12
Crystal system Monoclinic Triclinic
Space group P2,/c Pl
alA 8.370(2) 6.562(3)
blA 8.562(2) 7.980(4)
c/A 23.865(4) 9.536(4)
al® 90 103.874(6)
pr 93.950(3) 109.286(6)
yl° 90 101.577(6)
VIA3 1706.2(5) 435.7(3)
Z 4 2
D/gcm™? 2.133 3.669
F(000) 1116 466
w/mm™! 2.057 6.351
Absorption correction SADABS SADABS
Max./min. transmission 0.7904/0.5869 1.000/0.5467
Measured reflections 14884 3935
Unique reflections (R, 4137 (0.0186) 2030 (0.0185)
Obs. reflections [1 > 26(1)] 3487 1773
Parameters refined 274 173
Max/min Aple A=*¢ 0.451/-0.577 0.620/—0.729
R1/wR2[I>20(1)]* 0.0240/0.0637 0.0283/0.0699
R1/wR2 (all data)” 0.0295/0.0659 0.0329/0.0712
Goodness-of-fit on F*¢ 1.036 1.027
Weight. scheme w; a/b 0.0405/0.2957 0.0410/0.0000

“ Largest difference peak and hole. * R1 = [Z(||F,| — |F.|)/ZIF,|l; wR2 = [E[w(F,2 — E2)/Z[w(F,)M]. © Goodness-of-fit = [E[w(F,> — F.2)*)/(n — p)]**.
/

“w=1[6XF2) + (aP)* + bP] where P = (max(F,2 or 0) + 2F.2)/3.

Magnetic measurements

Magnetic data were collected at 1 Tesla with a MPMS 5 SQUID
magnetometer (Quantum Design, USA) between 300 and 2 K
in steps of 2 K. Susceptibility data were collected during one
cooling and one heating cycle. The hysteresis was too small to
assign any significance to it.

Synthesis

Piperazinedium [bis(u-hydrogenphosphato)(j,-phosphato)-
diferrate(i,im)]  hydrate, ' {[C,N,H,, (], s[Fe"Fe"™(PO)(H,
PO,),]-H,0}, (1). Under a positive pressure of argon FeCl,
3H,0 (0.353 g, 1.50 mmol) was dispersed in 5 mL of degassed
THF in a Schlenk flask to give a yellowish—green, clear solu-
tion. To this solution piperazinedium hydrogenphosphate
monohydrate? (0.60 g, 3.0 mmol) was added with continuous
stirring, followed by triethylamine (TEA) (0.65 mL, 4.70
mmol). The TEA was needed to adjust the pH of the resulting
solution to around 8. The mixture was stirred at room temper-
ature for 30 min. The solution was transferred to a Teflon-lined
stainless-steel autoclave and heated at 180 °C for 40 h followed
by slow cooling at a rate of 10 °C min~". Dark blue crystals were
collected by filtration (yield 170 mg, 41%). The blue crystals
turned green upon grinding. C4H,,Fe,N;O,;P; (547.87): calc.: C
13.15, H 3.86, N 7.67; found: C 13.27, H 4.13, N 7.69%. IR
(major peaks only): 3440 (br, vOH), 2976 (vC-H), 1466 (vP=0),
985 (vP-0).

Over a period of months when stored as a powder compound
1 seems to undergo a phase change as evidenced by a different
powder diffractogram and Mossbauer spectrum.

Bis(p, ,-hydrogenphosphato)-tetrakis(u,-phosphato)diiron(i)-
pentairon(in), 3 [Fe";Fe,(PO,),(H,sPO,),], (2). Under a posi-
tive pressure of argon FeCl,-3H,0 (0.353 g, 1.5 mmol) was
dispersed in 5 mL of degassed water in a Schlenk flask to give
a yellowish—green, clear solution. To this solution N-methyl-
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piperazinedium hydrogenphosphate (0.645 g, 3.0 mmol) was
added with continuous stirring. The pH of the resulting solu-
tion was 3.1. The mixture was stirred at room temperature for
30 min. The solution was transferred to a Teflon-lined stainless-
steel autoclave and heated at 180 °C for 40 h followed by slow
cooling at a rate of 10 °C min~'. Black—green crystals were
collected by filtration (yield 210 mg, quantitative). Fe,H,0,,P
(962.78): calc.: C 0.00, H 0.21, N 0.00; found: C 0.00, H 0.00, N
0.00% (note that the hydrogen content of 0.20% falls within the
error margin of the CHN instrument). IR (major peaks only):
1457 (vP=0), 1002 (vP-O).
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