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Two previously uncharacterized members of the Rbo—Mn—P—0O system, RoMnP,0, and 5-RbMnHP30;,, have been
synthesized using a phosphoric acid flux synthetic route and their crystal and magnetic structures determined using neutron
powder diffraction. The crystal structure of RbMnP,0- (space group P2./c, a=7.3673(2) A, b=9.6783(2) A, c=8.6467(2)
A, and 8 =105.487(1)°) was found to be isostructural with RbFeP,0O. The polymorph S-RoMnHP30 was also isolated as
a single phase and found to crystallize in the space group C2 (a = 12.2066(5) A, b = 8.5243(3) A, ¢=8.8530(4) A, 5 =
107.233(2)°). Both structures consist of frameworks of comer-sharing MnOg octahedra Imked together by condensed
phosphate anions, with Rb™ cations located in the intersecting channels. In both cases the Mn*" octahedra exhibit unusual
Jahn—Teller distortions indicative of a plasticity effect driven by the steric requirements of the condensed phosphate anions,
and this causes a strong violet coloration similar to that observed in the manganese violet pigment; the structure of this has
yet to be determined. Magnetic susceptibility measurements show that both RoMnP,O; ( Ty = 20 K) and 5-RbMnHP30;
(Ty = 10 K) undergo a phase transition at low temperatures to an antiferromagnetically ordered state. Low-temperature
neutron powder diffraction studies show that the magnetic ground states of each of these materlals involve both
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ferromagnetic and antiferromagnetic super-superexchange interactions between orbitally ordered Mn®*, which are
mediated by PO, tetrahedra. These interactions are compared and discussed.

Introduction

The huge variety of known and potential inorganic frame-
work materials offers an opportunity to explore fundamental
materials chemistry and to develop materials displaying a
range of diverse and exploitable properties. This has driven
much research in recent years and has led to the discovery of
many new systems, including those based on purely inorganic
frameworks (e.g., metal phosphate zeotypes)' and, more
recently, the hybrid metal—organic frameworks (MOFs).>
Significant progress has also been made in harnessing their
potential, as exemplified by the development of materials
whose open framework structures can be tailored to control
and catalyze organic reactions.’

The presence of transition-metal ions within a framework
can offer a number of potentially important properties, includ-
ing catalytic, optical, conducting, and magnetic behavior.*> A
rich area of relatively unexplored framework possibilities may
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be found in transition-metal condensed phosphate systems.
The simplest condensed phosphate anion is diphosphate (or
pyrophosphate, P,O,*"), which is adaptive to the bonding re-
quirements within a structure, principally through variations
in the P—O—P bond angle. This leads to significant structural
d1vers1t?/ in transmon metal dlphosphate systems, as ev1dent
in A'"M""P,0, (4" = alkali metal, M™ =V, Fe, Mo),®” where
the framework consists of corner-sharing MQOg octahedra and
P,05 units. Snmlarly, although less studied, triphosphate ani-
ons (P3010 7) are known to form frameworks with transition
metals,®~'? providing further examples of metal—phosphate
framework topologies.

Framework materials possessing magnetic order are rela-
tively rare but are of fundamental interest in understanding
the nature of magnetic interactions. To this end, we have
identified the Rb—Mn—P—O condensed phosphate system,
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in particular phases containing Mn*", as offering an impor-
tant insight into frameworks possessing orbital order via
Jahn—Teller distortions and their influence on magnetic
order. This system was first investigated in 1988 by Guzeeva
and Tananaev,'> who identified a number of distinct phases,
including RbMnP,07 and two polymorphs of RboMnHP;0y,
(previously labeled I and II, hereafter referred to as o and 3,
respectively, for consistency with the standard polymorph
labeling), and reported their syntheses and X-ray powder
diffraction patterns but provided no further structural de-
tails. Previous studies by Wright and Attfield'* have solved
the nuclear and magnetic structure of a-RbMnHP;0,,. Here
we report for the first time the nuclear and magnetic struc-
tures of two further phases from the Rb—Mn—P—O system,
B-RbMnHP;0,, and RbMnP,0O-, enabling a detailed com-
parison with related frameworks containing Mn*" and allow-
ing the further investigation of exchange interactions between
orbitally ordered Mn®" ions mediated through phosphate
linkages. While exchange interactions via a single intervening
diamagnetic species (superexchange) are now readily pre-
dicted (via Goodenough’s'* and Kanamori’s' seminal
work), descriptions of longer exchange pathways through
multiple species (often referred to as super-superexchange)
are much less developed. Significantly, the condensed phos-
phate phases studied here possess magnetic order but are
sufficiently magnetically dilute to provide further examples
of these longer range magnetic interactions.

Experimental Section

RbMnP,0; and S-RbMnHP;0,, were pregared using a
method similar to that for a&-RbMnHP;0,"” via a classic
phosphoric acid melt method using a solution of Rb,CO3 and
Mn,O51in H3PO4 (85 wt %). These two different phases could
each be isolated by varying only the Rb:Mn ratio in the
reaction mixture; varying the pH was found not to affect
the favored product. 3-RbMnHP;0,is synthesized when the
molar ratio of reagents Rb:Mn:P isin the range (7—7.5):1:15.
The optimized ratio was found to be 7:1:15, which was used to
synthesize the sample reported in this paper. RbMnP,O5 can
be synthesized using the reagents in a molar ratio Rb:Mn:P of
(9—10):1:15, with the optimized ratio of reagents used to
produce the sample reported in this paper being 9:1:15. In
each case, the solution was heated at 250 °C for 48 h before it
was cooled to room temperature over a 24 h period. For both
phases, the product was then collected by suction filtration
and washed with water, yielding a purple microcrystalline
powder in each case.

Initial sample characterization was performed on a Siemens
D5000 powder X-ray diffractometer. Neutron powder diffrac-
tion data were recorded on the HRPT instrument at SINQ,
Paul Scherrer Institute, Switzerland, using an incident neutron
wavelength of 1.886 A, over the range 10 < 26 < 140°, for 8§ h
per data set, at temperatures of 2 and 100 K. Rietveld ana-
lyses'® of the neutron diffraction data were carried out using
the GSAS software package'” to refine both the nuclear and
magnetic structures of these phases. The refinements per-
formed used a linear interpolated background function and
an asymmetry corrected pseudo Voigt peak shape.'®
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Figure 1. Observed (O), calculated (red line), and difference (blue line)
profiles and reflection positions (magenta marks) of the Rietveld refine-
ment carried out on the neutron diffraction data measured on RbMnP,0,
at 2 K. The low-angle region is enlarged in the inset, with arrows
indicating peaks with significant magnetic intensity.

The magnetic susceptibility measurements of RbMnP,O,
were carried out using a Quantum Design Physical Properties
Measurement System (PPMS), using 73.9 mg of sample. The
ACMS control system was set up in DC extraction mode,
which mimics the SQUID detection system. The magnetic
susceptibility of S-RbMnHP;0;, was measured on a Quan-
tum Design Magnetic Properties Measurement System
(MPMYS), using 66.9 mg of sample. In both cases zero-field-
cooled (ZFC) and field-cooled (FC) measurements were
carried out under an applied field of 0.1 T. No differences
were observed between ZFC and FC measurements, and
therefore only ZFC measurements are reported here.

Results and Discussion

RbMnP,05. Crystal Structure. The X-ray powder
diffraction pattern of RbMnP,O; was initially indexed
using 25 accurately measured reflection peak positions using
the Treor program.'® This resulted in a primitive monoclinic
cell with parameters similar to those reported for RbFe-
P,0,,” and therefore this structure was used as an initial
model for RbMnP,0O; in Rietveld refinements of the neu-
tron diffraction data measured at both 100 and 2 K. The
refinement of the 100 K data converged to a value of wR, =
2.20%, confirming RbMnP,0; adopts a structure with space
group P2;/c and unit cell parameters a = 7.3708(1) A,
b =9.6773(2) A, ¢ = 8.6494(2) A, and = 105.462(1)°.
There is no evidence of a structural phase transition on
cooling to 2 K, and the data yielded the cell parameters
a=173673(2) A, b =19.6783(2) A, ¢ = 8.6467(2) A, p =
105.487(1)°, and wR,, = 2.24% (see Figure 1). The final
refined structural parameters are shown in Table 1, and
selected bond lengths and angles are given in Table 2.

The resulting nuclear structure (see Figure 2) consists of
intersecting framework tunnels, with the 10-coordinate Rb™
ions located at the intersection of these tunnels. The frame-
work consists of Jahn—Teller distorted MnOg octahedra
corner sharing with P,O; groups. The Mn*" are octahed-
rally coordinated but do not show a simple tetragonal [4 + 2]
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Table 1. Refined Structural Parameters for RbMnP,0; Obtained from Rietveld
Analysis of Neutron Diffraction Data Measured at 2 K (Space Group P2;/c)"

atom site occupancy X v z 100 UiSQ/A2
Mn 4e 1.0 0.2294(6) 0.6031(5) 0.7563(6)  0.82(9)
Rb  4e 1.0 0.1806(3) 0.3119(3) 0.0437(3) 1.36(7)
P(1) 4e 1.0 0.4373(4) 0.6306(3) 0.1904(3) 1.21(8)
PQ2) 4e 1.0 0.1322(4) 0.9059(3) 0.8307(4)  0.95(7)
O(l) 4e 1.0 0.3327(5) 0.9501(3) 0.8056(4) 1.21(7)
O(2) 4e 1.0 0.0868(4) 0.7380(3) 0.2558(3) 1.58(8)
O(3) 4e 1.0 0.6354(4) 0.5756(3) 0.2357(4) 1.46(7)
O4) 4e 1.0 0.1435(4) 0.5904(3) 0.5043(3) 1.39(7)
O(5) 4e 1.0 0.3263(4) 0.6043(3) 0.0204(3) 1.51(7)
0O(6) 4e 1.0 0.9885(4) 0.4967(3) 0.2268(3) 1.13(7)
O(7) 4e 1.0 0.4455(5) 0.7841(3) 0.2445(4) 1.26(8)

“Lattice parameters: a = 7. 3673(2)A bh=09. 6783(2)A c=28. 6467(2)
A B = 105.487(1)°, V = 594.16(3) Al Magnetic moments: M, =
0. 36(8)#3, = 0.0up; M. = —3.97(4) ug; |IM| = 3.99(4) ug. R factors:
WRy, = 2.24%, R, = 1.72%, Rp> = 1.92%, %% = 6.915.

Table 2. Selected Bond Distances (A) and Angles (deg) for RbMnP,0; Measured
at2 K

Mn—0(2) 1.861(5)  Mn—0(5) 2.203(5)
Mn—0(3) 1.988(5)  Mn—0(6) 1.913(5)
Mn—0(4) 2.104(6)  Mn—0(7) 1.955(5)
P(1)-0O(1) 1.615(5)  PQ)—0O(1) 1.607(4)
P(1)-0(3) 1.504(4)  P(2)-0(2) 1.535(5)
P(1)-0(5) 1.501(4)  P(2)—0(4) 1.482(4)
P(1)-0(7) 1.553(4)  P(2)—0(6) 1.519(4)
0(2)-Mn—0(3) 174.8(3) 0(3)-Mn—0(7) 94.6(2)
0(2)-Mn—0(4) 91.9(2) 0(4)—Mn—0(5) 176.7(3)
0(2)~Mn—0(5) 91.4(2) 0O(4)—~Mn—0(6) 91.3(3)
0(2)~Mn—0(6) 86.1(2) 0(4)—Mn—0(7) 90.2(2)
0(2)~Mn—0(7) 90.3(2) 0(5)—~Mn—0(6) 88.3(2)
0(3)~Mn—0(4) 89.7(2) 0(5)~Mn—0(7) 90.5(2)
0(3)-Mn—0(5) 87.0(2) 0(6)-Mn—0(7)  176.2(3)

0O(3)—Mn—0(6) 88.9(2)

Jahn—Teller distortion, as might be expected for a high-spin
d*ion, but instead display a further distortion. This consists
of two long axial bonds (2.20 and 2.10 A) and a range of
shorter bonds, two of medium length (1.99 and 1.96 A) and
two shorter (1.91 and 1.86 A) It is worth noting here that the

“parent” RbFeP,0; structure’ itself also displays a range of
Fe—O bond lengths, ranging from 1.92 to 1.99 A, even
though it contains Fe*™ (high-spin d°), rather than
Jahn—Teller active Mn>*. It is useful at thlS point to consider
bond valence sum (BVS) calculations,”® which are com-
monly used to estimate the oxidation states of atoms from
the number of coordinating species and their bond lengths to
the atom being considered. For Mn®" in our structure, a
BVS of +3.25 was obtained, which is consistent with this
valency, albeit slightly overbonded. If we now consider the
pyrophosphate group, which displays typically distorted
PO, tetrahedra, with long P—O bonds to the bridging O(1)
atom and shorter bonds to terminal O atoms, similar BVS
calculations for the two P sites in this structure provide close
to ideal values for P°", with BVS values of +4.9 and +5.0 for
P(1) and P(2), respectively. It would therefore appear that
the steric requirements nnposed by the pyrophosphate
ligands as they chelate to the Mn*" ions are dominant and
this causes further distortions of the octahedral site. This
influence of the local structural environment over electronic

(20) Brown, I. D.; Altermatt, D. Acta Crystallogr., Sect. B 1985, 41(Aug),
244-247.
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Figure 2. Nuclear structure of RbMnP,O; viewed down the ¢ axis,
showing MnOg octahedra (deep red), Rb™ ions (yellow), and P,O; con-
densed phosphate anions (gray). The thin black line defines the unit cell.
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Figure 3. Temperature dependence of the magnetic susceptibility of
RbMnP,07 (black crosses) with a fit to the Curie—Weiss law (red line).

considerations of the Jahn—Teller active Mn*" has been
seen in a number of other systems (e.g., Mn(acac);>') and is
known as the plasticity effect, describing the relatively soft
(plastic) coordination sphere of the metal in question.”?
Interestingly, the intense violet color exhibited by
RbMnP,0O; appears similar to that of the commercially
available pigment “manganese violet”* (nominally
NH4MnP,05), and although the structure of this pigment

(21) Fackler, J. P.; Avdeef, A. . 1974, 13(8), 1864-1875.

(22) Bersuker, 1. B., In The Jahn-Teller Effect; Cambridge University Press:
Cambridge, U.K., 2005; pp 495—498.

(23) Lee, J. D.; Browne, L. S. J. Chem. Soc. A 1968, No. 3, 559-561.
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Figure 4. Magnetic structure of RbMnP,0O; at 2 K viewed down the
[010] direction, showing the orientation of the magnetic moments of the
Mn*" ions (green arrows).

remains unreported, the distorted manganese coordina-
tion is likely to be similar in both materials and should
provide some structural insight into the optical behavior
of Mn*" pigments.

Magnetic Properties. The magnetic susceptibility data,
measured on 73.9 mg of sample (Figure 3), shows that
RbMnP,0O; orders antiferromagnetically with 7 =20 K.
At temperatures above this transition temperature it be-
haves as a Curie—Weiss paramagnet, and a Curie—Weiss
curve fitted at 77 = 50 K gives the effective magnetic
moment por = 4.54 up (cf. 4.9 ug expected for high-spin
d* Mn** ions**) and © = —10.9(2) K. The sharp Néel
transition and negative ® suggest that three-dimensional
antiferromagnetic order occurs at temperatures below
20 K. Indeed, as Ty is approximately twice the magnitude
of O, this suggests that both ferromagnetic and anti-
ferromagnetic pathways are present, and all are satisfied
in the long-range ordered arrangement.

After the nuclear contribution was fitted for the 2 K
neutron diffraction pattern, extra peaks and intensity
were evident (Figure 1, inset). From these a magnetic unit
cell was determined, commensurate with the nuclear cell
and consistent with the magnetic space group P2,’/c. The
magnetic intensities were Rietveld-fitted using a calcu-
lated form factor for Mn®".%> A good agreement between
observed and calculated intensities was obtained (WR,, =
2.24%), with the relative orientations of the four Mn
spins in the unit cell found to be (0.23, 0.90, 0.26)+, (0.23,
0.60, 0.76)—, (0.77, 0.40, 0.24)+, and (0.77, 0.10, 0.74)—.
The magnitude of the moments was found to be 3.99(4)
ug, as would be expected for a high-spin Mn*", and their
easy axis was found to be orientated effectively parallel to
the ¢ axis, a direction closely related to that of the long
Mn—O bonds of the Jahn—Teller distorted MnOg octa-
hedra (shown in Figure 4).

(24) Carlin, R. L., Magnetochemistry; Springer-Verlag: Berlin, 1986.
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Academic: Dordrecht, 1992; Vol. C.
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—b Mn"

Figure 5. Nearest neighbor Mn—Mn interactions in RbMnP,0-, with
magnetic exchange pathways labeled. Relative spin orientations are
indicated by + or —.

Figure 6. Magnetic exchange pathways in RbMnP,O- linking Mn**
ions via the P(1)O4 unit of the P,O; group (Mn—---—Mn’, J,;
Mn—---—=Mn", J;; Mn'—---—=Mn", J3). Moment directions are indi-
cated by arrows. A similar situation exists around the other P(2)O, unit
of the P,O; group.

Clearly as Mn—Mn distances within the structure are
too long (>5 A) to facilitate direct exchange, it is there-
fore likely that the exchange pathway responsible for the
magnetic order at low temperature is facilitated via
intervening phosphate tetrahedra. Whangbo et al.>*?’
have considered the nature of many such interactions,
often described as super-superexchange interactions, and
have identified the O---O separation as being highly
significant: the closer this separation, the stronger the in-
teraction. In this structure, the closest Mn—O---O—Mn
interactions occur via Mn—O—P—O—Mn linkages (i.e.,
via an intervening PO, tetrahedron), and therefore we
shall describe the magnetic interactions using such lin-
kages. Accordingly, each Mn spin is connected to other
Mn spins via four apparently ferromagnetic Mn—O—
P—O—Mn pathways within the ab plane (J; and J,) and
four similar but antiferromagnetic pathways in the ¢
direction (J3, J4, and J5) (see Figure 5). The shorter Mn—O
bonds mediating the ferromagnetic interactions are with-
in the equatorial plane of the Jahn—Teller distorted
octahedra, and from crystal field considerations these

(26) Whangbo, M. H.; Dai, D.; Koo, H. J. stk 2004, No. 19,
3019-3025.

(27) Whangbo, M. H.; Koo, H. J.; Dai, D. il . 2003,
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are in the direction of the empty d,. ,. orbitals. In
contrast, the antiferromagnetic interactions are each
mediated by one such short bond and by one long axial
Mn—O bond (associated with the singly occupied d..).
However, on closer inspection of the structure it is clear
that each PO,4 unit within the P,O- group simultaneously
connects together three Mn centers (nominally Mn, Mn/,
and Mn"’) via the three oxygens on the terminal triangular
faces of the P,O; unit; only the bridging O(1) is not
involved (see Figure 6). Thus, the apparent ferromagnetic
super-superexchange interactions that occur within the ab
plane, mediated via the shorter, equatorial Mn—O bonds
(J and J,) are also each connected via P(1)—O(5) and
P(2)—0(4) to the axial Mn”—0O(5) and Mn"' —0O(4) bonds,
respectively, in an apparent antiferromagnetic super-
superexchange interaction (i.e., J3, J4, and Js). This effec-
tively gives a triad of interlinked exchange interac-
tions which define all the spin directions in the structure.
Given the similarities in the geometries of the linkages
Mn’—--+-—Mn and Mn”—---—Mn’ (as shown in
Figure 6), which all contain a longer apical Mn—O bond
and a shorter Mn—O bond with similar bond angles, we
might expect these to provide similar exchange interac-
tions. If this is the case, then it rather limits the possible
spin scenarios for the triad if we are to observe a simple
collinear ordered arrangement. If these aforementioned
super-superexchange interactions (i.e., Mn”—-+-—Mn’
and Mn"—- - - —Mn) are ferromagnetic, then the remain-
ing super-superexchange interaction (Mn'—-++«—Mn) is
constrained to be ferromagnetic, resulting in a ferromag-
netic material. Equally, if both are antiferromagnetic,
then this remaining interaction is therefore ferromag-
netic, leading to an overall antiferromagnetic material.
The magnetic structure obtained from low-temperature
neutron data is in accordance with this latter scenario.
Clearly, a combination of the geometries, orbital occu-
pancies, and relative strengths of interactions are respon-
sible for the nature of the observed exchange interactions.
A further discussion of the general nature of the exchange
interactions in RbMnP,0y is presented later in this paper
when geometries and orbital occupancies are considered
alongside those observed in a- and S-RbMnHP;0,.
P-RbMnHP30,. Crystal Structure. An initial single-
crystal X-ray diffraction analysis of a low-quality crys-
tal was able to provide a basic structural model for
p-RbMnHP;0,4, which was then used in conjunction
with a Rietveld refinement of the neutron powder diffrac-
tion data to determine the complete structural details.?®
The resulting model was refined, using data measured at
100 K, in the space group C2 and converged to a value of
wRy, = 2.50% with unit cell parametersa = 12.2187(4) A,
b = 8.5226(3) A, ¢ = 8.8629(3) A, and 8 = 107.244(2)°.
When the temperature was lowered to 2 K, there was no
evidence of any structural phase transition and the re-
finement converged with wR, = 2.79%, a = 12.2066(5)
A,b = 8.5243(3) A, c = 8.8530(4) A,and 5 = 107.233(2)°
(see Figure 7). The final refined structural details are

(28) The single-crystal analysis provided accurate lattice parameters,
indicated a suitable space group, and provided locations of the heavier
scattering Rb, Mn, and P atoms. The remaining atoms in the structure were
located from unassigned scattering intensity via Fourier difference mapping
generated from the Rietveld analysis of the neutron powder diffraction data.
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Figure 7. Observed (O), calculated (red line), and difference (blue
line) profiles and reflection positions (magenta marks) of the Rietveld
refinement carried out on the neutron diffraction data measured on
B-RbMnHP;0,, at 2 K. The low-angle region is enlarged in the inset,
with arrows indicating peaks with significant magnetic intensity.

Table 3. Refined Structural Parameters for [-RbMnHP;0;, Obtained
from Rietveld Analysis of Neutron Diffraction Data Measured at 2 K (Space
Group C2)*

atom site occupancy X y z IOOUiSO/A2
Rb 4¢ 1.0 0.7654(5) 0.8644(6) 0.2342(7) 0.9(2)
Mn(1) 2b 1.0 0 0.187(2) 0.5 0.6(4)
Mn(2) 2a 1.0 0 0.716(2) 0 1.2(4)
P(1)  4c 1.0 0.9715(7) 0.4894(9) 0.2720(8) 0.2(2)
P2) 4c 1.0 0.7678(8) 0.3026(9) 0.213(1) 0.83(2)
P(3) 4c 1.0 0.5747(7) 0.487(1) 0.237(1) 0.7(2)
Oo(l) 4c 1.0 0.9371(6) 0.613(1) 0.368(1) 1.1(2)
0(2) 4c 1.0 0.0337(6) 0.5472(8) 0.1571(9) 1.2(2)
0O3) 4c 1.0 0.0399(6) 0.3559(9) 0.3687(9) 0.8(2)
04) 4c 1.0 0.8529(6) 0.4124(7) 0.1555(8) 0.2(2)
O(5) 4c 1.0 0.8294(6) 0.1924(9) 0.3274(9) 1.5(2)
O6) 4c 1.0 0.6823(6) 0.2312(8) 0.0594(9) 0.7(2)
o(7) 4c 1.0 0.7043(6) 0.424(1)  0.3006(9) 1.3(2)
0®) 4c 1.0 0.4959(5) 0.3626(8) 0.1570(8) 0.1(2)
009) 4c 1.0 0.5482(6) 0.5344(9) 0.391(1) 1.3(2)
0O(10) 4c 1.0 0.5797(7) 0.6280(8) 0.130(1) 1.7(2)
H(l) 2a 1.0 0 0.1302) 0 0.9(4)
H2) 2b 1.0 0 0.619(2) 0.5 4.2(6)

_ “Lattice parameters: a = 12.2066(5) A, b=8.5243(3) A, c=8.8530(4)
A, B =107.233(2)°, =879.83(9) A°. Magnetic moments: M, =3.54(8)
s M, =0.0 ug; M.=1.4(2) ug; |M|=3.81(6) ug. R-factors: wR,, =2.79%,
R, = 2.19%. Rp = 3.43%. " = 6.526.

given in Table 3 and selected bond lengths and angles in
Table 4.

The structure of f-RbMnHP;0;, was found to possess
the same framework topology as a-RbMnHP;0,,"
containing MnQOg octahedra which are linked by hydro-
gen triphosphate anions to produce a three-dimensional
framework with Rb" cations situated within the frame-
work channels. A polyhedral representation of the struc-
ture of S-RbMnHP3;0,, is shown in Figure 8. Both
polymorphs crystallize in C-centered monoclinic space
groups with very similar lattice parameters, resulting in a
difference in density between the two phases of <1%.
The loss of the glide plane in S-RbMnHP30q results in
two formula units per asymmetric unit and two unique
Mn environments within the unit cell; this compares with
one present in a-RbMnHP;0, (space group C2/c). The
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Table 4. Selected Bond Distances ( ) and Angles (deg) for f-RbMnHP;0,,
Measured at 2 K

Mn(1)—0(3) 2.0002)[x2] Mn(2)—0(2) 1.96(1)[x2]
Mn(1)—0(5) 2.188(7)[x2] Mn(2)—0(6) 2.134(7) [x2]
Mn(1)—0(9) 1.82(2)[x2] Mn(2)—O(8) 1.88(1)[x2]
P(1)-O(1) 1.49(1) P(3)-0(7) 1.60(1)
P(1)-0(2) 1.52(1) P(3)-0(8) 1.46(1)
P(1)-0(3) 1.52(1) P(3)-0(9) 1.55(1)
P(1)-0(4) 1.65(1) P(3)-0(10) 1.54(1)
P(2)-0(4) 1.59(1) H(1)—0(10) 1.271(9)
P(2)—0(5) 1.42(1) H(2)—0(1) 1.193(8)
P(2)—0(6) 1.57(1) o(l)---O(1') 2.383(9)
P(2)-0(7) 1.63(1) 0(10)- - -O(10") 2.541(9)
Rb—O(1) 2.99(1) Rb—0(6) 3.072(9)
Rb—0(2) 3.122(9) Rb—0(8) 3.086(9)
Rb—0(3) 3.31(1) Rb—0(9) 3.62(1)
Rb—O(4) 3.347(9) Rb—0(Y) 3.71(1)
Rb—O(5) 2.954(9) Rb—0(10) 2.968(9)
Rb—0(6) 3.503(9)

0(3)-Mn(1)=0(3)  87.9(8)
0(3)-Mn(1)—-0(5)  85.6(5)
0(3)-Mn(1)=0(5')  92.6(5)
0(3)-Mn(1)-0©)  92.03)
0(3)~Mn(1)=0(9") 175.3(3)
O(5)~-Mn(1)-0(5')  178(1)

0(5)-Mn(1)—-0(9)  92.1(4)
O(5)~Mn(1)—-0(©')  89.7(5)
0(9)—-Mn(1)—-0(©9')  88.5(9)

O()-P()-0(Q2)  115.8(7)
O()-P(H-0(3)  114.1(6)
O()-P()-0@)  107.2(6)
0Q2)-P(1)-0(3)  108.7(6)
0Q)-P(1)-0@)  103.4(6)
0(3)-P(1)-0@)  106.8(6)
0(@4)-P(2)—-0(5)  111.0(7)
0@)-P(2)—0(6)  106.4(7)
0(@4)-P(2)—0(7)  103.1(5)
O(10)—H(D)—(10')  178(2)

0(2)-Mn(2)=0(2')  85.4(8)
0(2)~Mn(2)—0(6)  83.4(4)
0(2)-Mn(2)=0(6') 101.8(5)
0(2)-Mn(2)—0(8)  90.6(3)
0(2)-Mn(2)—0(8') 165.2(4)
0(6)~Mn(2)—0(6') 173(1)
0(6)~Mn(2)—0(8)  91.8(4)
0(6)~Mn(2)—0(8')  83.6(4)
0(8)~Mn(2)—0(8')  96.8(9)
0(5)—PQ2)—0(6)  115.9(7)
0(5)—-PQ2)—0(7)  107.9(7)
0(6)—-PQ2)—0(7)  111.9(7)
O(7)-P(3)—0@®)  111.7(7)
O(7)—P(3)—0(9)  102.5(7)
O(7)—P(3)—0(10)  105.1(6)
0(8)—P(3)—0(9)  109.6(6)
O(8)-P(3)—0(10)  114.3(7)
0(9)—P(3)—0(10)  112.9(7)
O(H-HQ)-0(1")  175(2)

framework topology of these polymorphs is also the same
as that observed in CsMnHP;0,,, and therefore it is
possible to compare how the framework adapts to the
size of the alkali-metal cations. The structures of
CsMnHP;0,, and -RbMnHP;0,, are both described
by the C2 space group symmetry, but the latter possesses a
unit cell of twice the volume. It would appear that the
larger cell is necessary to describe the distortion of the
structure to accommodate the smaller Rb, most evident in
the ordered displacements of Rb cations within the frame-
work channels.

One of the most prominent structural differences be-
tween the two RbMnHP;0,, polymorphs is the differ-
ences in pore dimensions. This is evident in their [010]
projections (see Figure 8), with the previously reported
a-RbMnHP;0,,'? possessing pores with approximate
dimensions ~1.9 x ~4 A, whereas the f-RbMnHP;0,,
framework undergoes a distortion whereby two pores of
different dimension are created; a significantly wider pore
(~2.5x~3.9 A) alternating with a longer narrower pore
(~1 x~4.8 A) This enlargement of one channel coupled
with the narrowing of the adjacent channel appears to be
related to a significant rotation of the Mn(1)Og4 octahedra
around a diad.

In -RbMnHP;0,y3, both Mn atoms in the asym-
metric unit are located on diads, whereas the Mn site
in a-RbMnHP;0 lies on an inversion center, giving the
Mn atoms in the two structures differing coordination

Inorganic Chemistry, Vol. 49, No. 3, 2010 939

geometries. In both a- and S-RbMnHP;0,,, the Mn
atoms are coordinated by four different triphosphate
groups; in S-RbMnHP;0,, the two singularly con-
nected triphosphate groups are found in a cis config-
uration, whereas in a-RbMnHP;0,, the point
symmetry of the Mn atom constrains them to be in a
trans configuration.

Table 4 indicates that S-RbMnHP30, contains highly
distorted MnOg octahedra and PO, tetrahedra. The
MnOyg octahedra display a marked [2 + 2 + 2] Jahn—
Teller distortion with two long axial Mn—O bonds (2 x
~2.2 A) and two short (2 x ~1.85 A) and two inter-
mediate (2 x ~1.98 A) equatorial bonds. This pattern
of Mn—O bond lengths is similar to those previously
reported for CsMnHP;0,, (low-temperature neutron
data)'® and o-RbMnHP;0,,,"” although in the latter the
[2 + 2 + 2] distortion is less pronounced with the four
shorter Mn—O lengths more closely matched (2 x 1. 92(1)A
2 x 1. 98(1)A 2 x2.21(1) A) BVS calculations for Mn**
B-RbMnHP;0,, give valences of +3.3 for both of the Mn
sites, which suggests a less than optimal coordination
environment for Mn*". However, just as was evident with
RbMnP-05, the BVS calculations for the P in the tripho-
sphate groups are close to optimum (P(1), +4.9; P(2), +4.9;
P(3), 4+5.0), which suggests that the coordination prefer-
ences of the triphosphate groups are dominant. These
triphosphate groups contain three distorted PO, tetrahedra,
with longer P—O bonds to the bridging O(4,7) atoms and
shorter bonds to the terminal and P—OH oxygen atoms.
This pattern of P—O bond lengths is also found in both
0o-RbMnHP;0,, and CsMnHP;0;,. The Rb™ is in 11-fold
coordination (see Table 4), although two of these Rb—O
distances are long (>3.6 A): cf. the 10-fold coordination
exhibited by the alkali-metal cations in 0-RbMnHP;0,
and CsMnHP;0 structures. In all these structures, strong
symmetric O- - -H- - - O hydrogen bonding links the tripho-
sphate anions into chains, forming the three-dimensional
framework. Such hydrogen bonding is common to many
hydrogen phosphates.?’

The difference in Mn*" geometries between the two
polymorphs gives rise to a striking difference in observed
color: B-RbMnHP30 is a deep purple shade, whereas
a-RbMnHP;0,, is pale beige. Similarly, CsMnHP;0,
displays a violet color, as does RbMnP,O5. It is interest-
ing to note that two of the three phases displaying the
violet color have Mn located on diads; the other
(RbMnP,0O7) has Mn on a general position. These phases
also all possess at least one unusually short Mn—O bond
(<1.89 A). In contrast, o-RbMnHP;0,,, which displays
a pale beige color, has Mn on an inversion center and all
bonds are longer than 1.92 A. It is therefore clear that the
plasticity of the Mn>" coordination in the presence of
these condensed phosphate anions provides an opportu-
nity to provide significant variation in optical properties.
A more detailed investigation into the optical properties
of these materials, particularly their relationship to violet
manganese pigments, is currently being undertaken and
will be reported elsewhere.

Magnetic Properties. The magnetic susceptibility data,
measured using 66.9 mg of sample (Figure 9), show that
B-RbMnHP;0,, orders antiferromagnetically below

(29) Emsley, ity 1980, 9(1), 91-124.
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(a)

(®)

Figure 8. Nuclear structures of (a) 3-RbMnHP;0, and (b) a-RbMnHP;0,, viewed down the b axis, showing MnOg octahedra (deep red), Rb" cations
(yellow), H" (small white spheres), and P50, condensed phosphate anions (gray), with the unit cells outlined.
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Figure 9. Temperature dependence of the magnetic susceptibility of
S-RbMnHP;0, and inverse susceptibility (inset).

Tn = 10 K, with no deviation between zero-field and
field-cooled data. The sharpness of the peak suggests that
three-dimensional ordering occurs at this temperature.
This transition occurs at a temperature similar to those
observed in both CsMnHP;0,y and a-RbMnHP;0,,. At
higher temperatures it behaves like a paramagnet, but a
plot of ¥~ vs. T data (inset to Figure 9) displays a
continuous curvature and no evidence of a linear relation-
ship, thus indicating a marked deviation from ideal
Curie—Weiss behavior. It is therefore apparent that the
magnetic interactions of the Mn>" ions in S-RbMn-
HP;0;, are more complex than have been previously
observed in either CsMnHP;0,, or ac-RbMnHP;0.

When the nuclear contribution was fitted to the 2 K
neutron diffraction pattern, additional magnetic peaks
were evident. These magnetic peaks were indexed on the
same unit cell as the nuclear structure, with the magnetic
space group Pc2’. A good agreement between observed
and calculated intensities was obtained, with the final
refined structural parameters shown in Table 3.

The relative directions of the four Mn spins in the
magnetic unit cell were found to be (0, 0.19, 0.5)+,

Figure 10. Magnetic structure of f-RbMnHP30,, at 2 K viewed down
the [010] direction, showing the orientation of the magnetic moments of
the Mn>" ions (green arrows).

(0, 0.13, 0)4+, (0.5, 0.69, 0.5)—, and (0.5, 0.63, 0)—, as
shown in Figure 10. This magnetic structure is similar to
those previously reported for both a-RbMnHP;0,, and
CsMnHP;0;, with the moments directed in the ac plane
and closely orientated to the direction of the long axial
Mn—O bonds of the Jahn—Teller distorted octahedra.
The refined magnitude of the Mn®" moments was found
to be 3.73(5) up (Figure 7), which is similar to those
previously observed for the same ion in o-RbMnHP;0
(3.82(6) up),"> RbMnP,O; (3.99(4) ugp), and the low
temperature moment observed in Mn(acac)s (3.8 ug).>"
Within the f-RbMnHP;0y, structure, the Mn ions
are situated too far apart (>6 A) for any significant
direct exchange to take place. As discussed previously
for RbMnP,O- and reported for CsMnHP;0;, and
a-RbMnHP;0;5, Mn—O—P—0O—Mn linkages mediate
the magnetic exchange interactions between the Mn ions,
resulting in both antiferromagnetic and ferromagnetic
exchange interactions within the magnetic structure. In
B-RbMnHP;0,,, each Mn ion is connected to six other
Mn ions, with four of the interactions within the bc plane

(30) Gregson, A. K.; Doddrell, D. M.; Healy, P. C. kisktaiabgi 1978,
17(5), 1216-1219.
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Figure 11. Nearest neighbor Mn—Mn interactions in f-RbMnHP;0,
with magnetic exchange pathways labeled. Relative spin orientations are
indicated by + or —.

(a) (b) (c)

Figure 12. Geometry of antiferromagnetic exchange pathways in
(a) Rle’lP207, (b) ﬁ-RanHP_—;Om, and (C) a-RanHP3010.

Figure 13. Geometry of ferromagnetic exchange pathways in (a)
RanP207, (b) ﬁ-RanHP30|0, and (C) a-RanHP30|0.

via two Mn(1)—0O(3)—P(1)—0O(2)—Mn(2) (J;) and two
Mn(1)—0(9)—P(3)—0(8)—Mn(2) (J,) linkages. These in-
teractions are all apparently ferromagnetic and provide
ferromagnetically ordered layers in the bc plane (see
Figure 11). The other two connections are in the a direc-
tion, through antiferromagnetic Mn(1)—O(5)—P(2)—
O(6)—Mn(2) (J;) linkages; hence, the ferromagnetic
planes alternate in an antiferromagnetic manner along the
direction (see Figure 10). A closer inspection of the magnetic
structure indicates that neither the antiferromagnetic nor
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the ferromagnetic interactions are sufficient on their
own to define all the spin directions in this structure. This
suggests that the structure is not just a result of one
dominant exchange type but that the presence of both
types of exchange is real and is derived from the indivi-
dual exchange pathways. A detailed view of these indivi-
dual magnetic exchange pathways highlights their
similarities to those observed in a-RbMnHP;O,
RbMnP,0; (see Figures 12 and 13) and also CsMn-
HP50,y. The antiferromagnetic exchange interactions
involve two long Mn—O bonds, and as the tetragonal
Jahn—Teller distortion of a d* ion will favor the occupa-
tion of the d.. orbital over the d,.,. orbital, then inter-
actions in the direction of these bonds will involve the
singly occupied Mn orbitals. It is interesting to note that if
we consider simple superexchange involving these Mn
orbitals via a single intervening O (i.e., Mn—O—Mn,
as present in ternary manganese oxides) and invoke
Goodenough—Kanamori rules,'*'> then for bond angles
of >100° we would expect antiferromagnetic coupling.
Clearly in 8-RbMnHP;0,, we have a lengthened inter-
action pathway, with Mn—O---O—Mn separated by
~2.5 A via an intervening PO, group, but we also observe
an antiferromagnetic exchange interaction. In contrast,
all the nominally ferromagnetic interactions are mediated
by two short Mn—O bonds, separated (i.e., Mn—0O---
O—Mn) by <2.5 A. In this case, consideration of the
Goodenough—Kanamori rules for a simple superex-
change interaction involving the interaction of two un-
occupied d..,» orbitals would predict antiferromagnetic
coupling. Itis therefore apparent that subtle differences in
the geometries of these exchange interactions must be
influencing the type of exchange observed. A closer
examination of the geometry of the O—P—O pathway
within the phosphate group shows that, for the ferromag-
netic interactions in these materials, the O—P—O angle
is <111.0°, whereas for the antiferromagnetic interac-
tions, this angle is larger, > 115.5°, which leads to a slightly
extended Mn—O---O—Mn separation. However, this
variation in separation is unlikely to be solely responsible
for the difference in the sign of the exchange interaction.
Fundamentally, it is more likely that subtle changes in the
geometry of the exchange interactions change the degree
of overlap between adjacent orbitals which facilitate the
exchange pathways, much as we see when the M—O—M
angle is varied in simple superexchange interactions.
Obviously here we have a more complex array of both
atomic and molecular orbitals to consider, and at present
no clear pattern in behavior has emerged. Further studies
are therefore being undertaken to examine these exchange
interactions in detail, aided by additional examples from
similar magnetically dilute frameworks.

Conclusions

In the Rb—Mn—P—0 system we have been able to isolate
and structurally characterize two additional phases, 5-Rb-
MnHP;0,, and RbMnP,0;, containing Mn*" in highly
distorted coordination environments. These increased levels
of distortion, beyond that usually observed for the Jahn—
Teller active Mn®", appears to evidence a plasticity effect,
driven by the structural requirements of the condensed
phosphate anions. These Mn distortions also appear to
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result in an intense violet coloration of the products and
suggest similar structural features are adopted by the pigment
manganese violet.

A comparison of S-RbMnHP;0;, with the previously
reported polymorph a-RbMnHP;0;, shows that they both
possess the same framework topology, but the loss of
symmetry in S-RbMnHP;0,q allows a distortion to pro-
duce markedly dissimilar framework pore dimensions and
color.

These condensed phosphate systems provide excellent
opportunities to isolate and study magnetically dilute inor-
ganic frameworks which display long-range magnetic order
and thus allow the study of magnetic exchange interactions
via more than one intervening species. Both RbMnP,0; and
B-RbMnP;0, were found to order antiferromagnetically at
low temperature, and their magnetic structures were solved
by low-temperature neutron powder diffraction. The mag-
netic structures of RbMnP,0O5, and -RbMnHP;0;, like
that of a-RbMnHP;0, contain both antiferromagnetic and
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ferromagnetic exchange interactions, with these interactions
mediated through Mn—O—P—0O—Mn linkages in which the
Mn*" displays ordering of occupied and unoccupied d
orbitals. The moments in all three phases align closely with
the long, axial direction of the Jahn—Teller distorted MnQOgq
octahedra. In RbMnP,0O5, the magnetic structure appears
governed by a triad of exchange interactions centered on the
terminal faces of the PO units, whereas in f-RbMnHP;0,
similar but independent exchange interactions occur.
Although these studies have provided more examples of
long-range exchange interactions, they have yet to identify
a clear pattern or rationale to their behavior and it would
appear that further examples of magnetically dilute systems
will be required before this can be achieved.
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