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Transition-metal phosphites of cobalt and vanadium,
[C4NoH;,][Co(HPO3)2] (1), [C4NoH14][Co(HPO3),] (II), [Co-
(C10HgN,) (H2PO3),] (III), [C4NoHi4][VIF(HPO3),]-H,O (IV),
and [C3N,yH;],[V,T(H,0)3(HPO3),(HPOy)3] (V), have been
synthesized and characterized. Organophosphorus esters
were employed to stabilize cobalt in tetrahedral coordination
and also to prepare the low-dimensional structures, which
are otherwise difficult to synthesize. The structures have
one- (I, II, IV), two- (III) and three-dimensionally (V) ex-

tended networks built up by the linking of metal polyhedra
and phosphite wunits. Another vanadyl phosphite,
[C2NLH10][(VIVO)5(H,0) (HPO3),]-H,0,['% was also prepared
and investigated extensively by ESR, magnetic susceptibility,
and other studies. All the compounds in the present study
exhibit antiferromagnetic interactions. Well-established
magnetic models have been used to fit the experimental
data. The compounds have also been characterized in detail
by using UV/Vis spectroscopic studies.

Introduction

Compounds possessing channels and cavities have much
potential to be utilized in the areas of catalysis, sorption,
and other related processes.!' 3! Though the aluminosilicate
zeolites are the most widely studied class of compounds
that exploit open spaces,*3! the discovery of aluminophos-
phates with comparable structures in the early 1980s* are
equally important. The aluminophosphates, prepared by
employing a variety of organic amines, provided the neces-
sary impetus to investigate phosphate structures of other
metals. This resulted in a large variety of phosphate frame-
work structures that now incorporate most of the elements
of the periodic table.[!-3]

During the course of these studies, it has also been estab-
lished that other related anions such as the arsenates, phos-
phites, selenites, selenates, sulfites, and sulfates can also be
incorporated as part of the family of extended network
structures.!~*31 Each one of these anions is important from
a structural point of view, as they provide diversity that
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depends on the charge, size, shape, and the number of bind-
ing sites. Of these, the phosphite structures appear to re-
semble the phosphate analogues, as has been shown in the
family of zinc phosphites.[®

Transition-metal phosphites have also been prepared and
characterized over the years.! The transition elements pro-
vide opportunities to investigate the interplay of coordina-
tion preferences, oxidation states, and ligand geometries
and to correlate them with well-founded theoretical models
available in the literature.l'->) The earliest study of transi-
tion-metal phosphites was carried out by Zubeita and co-
workers, who isolated a 3D vanadium phosphite,
[HoN(CH>CH,),NH,J[(VVO)5(HPO)4(H,0),].7# The di-
rectional synergy between the framework and the organic
amine was established by Harrison in [CN;H¢],[(VIVO);-
(H,0)5(HPO3),]:3H,0.81 Rojo and co-workers reported
new phosphite structures of cobalt.l’5%]

We have been interested in the study of phosphite-based
compounds for some time and have discovered interesting
frameworks.["1% In continuation of this theme, we have now
isolated five new amine-templated open-framework phos-
phite structures based on vanadium and cobalt. The com-
pounds, [C4N,H 5][Co(HPO3),] (1), [C4N,H 4][Co(HPO;),]
(IT),[Co(CyoHgN)(HoPO3), (I, [C4NL H 1, [ VI F(HPO3), )
H,O (IV), and [C3N,Hsp[V4"(H,0)3(HPO3)4(HPO,);]
(V), have been prepared by solvothermal methods and their
structures were determined by using single-crystal X-ray
diffraction. In this paper, we present the synthesis, structure,
and characterization of these compounds.
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Results and Discussion
Cobalt Phosphite Structures

Structure of [C,N,H;,][Co(HPO3),] (1) and
[CiN:H 14][ Co(HPO3),] (11)

The asymmetric units of I and II consist of eight non-
hydrogen atoms. The Co atom is tetrahedrally coordinated
to four oxygen atoms in both structures, which is consistent
with the deep-blue color of the compounds. The average
Co-O bond length is 1.955 A for T and 1.951 A for IL. The
cobalt atoms are connected to the phosphorus atoms
through four Co-O-P linkages with an average angle of
135.75° for I and 132.70° for II. The phosphorus atoms in
both structures are connected to the cobalt atoms through
two Co-O-P linkages and possess one terminal P-O bond.
Selected bond lengths are listed in Table S1 (Supporting In-
formation).

The structures of I and II have the same building units.
Thus, the CoO4 and HPOj units are strictly alternating and
they are connected through their vertices to form four-
membered rings, which are further linked through their cor-
ners, giving rise to 1D anionic [Co(HPO3)]*>~ chains. Dipro-
tonated piperazine (in I) and 1,4-diaminobutane molecules
(in IT) act as the charge-compensating cations and occupy
the interchain spaces, which interact with the cobalt phos-
phite units through C-H---O and N-H---O hydrogen bonds

(b)

Figure 1. (a) The 1D cobalt phosphite chains and the organic
amine molecules in [C4N,H ,][Co(HPO3),] (I). Dotted lines repre-
sent the possible hydrogen bond interactions. (b) View of the ar-
rangement of the chains down the chain axis. Note that each of
the chains is surrounded by six other ones.
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(Figures la and 2a). These interactions give rise to supra-
molecularly arranged 2D layers. The observed hydrogen-
bond interactions are listed in Table 1. The projection of
the structures down the chain axis, showing the layout of
the adjacent chains is given in Figures 1b and 2b, respec-
tively.

(b)

Figure 2. (a) The 1D cobalt phosphite chains and the organic
amine molecules in [C4N,H 4][Co(HPOs),] (IT). Dotted lines repre-
sent the possible hydrogen bond interactions. (b) View of the ar-
rangement of the chains down the chain axis. Note that each of
the chains is surrounded by six other ones.

Table 1. Important observed hydrogen-bond interactions in com-
pounds I-III.

D-H-A D-H[A] H-A[A] D-A[A] D-H-A[
Compound I

C(1)-H(1A)+-O(3) 0.97 1.75 2.708(4) 170

C(1)-H(1B)-O(3) 0.97 1.75 2.682(5) 161
Compound II

N(1)-H(1A)--O(2) 0.89 2.02 2.890(5) 164

N(1)-H(1B)-+-O(3) 0.89 1.93 2.769(5) 157

N(1)-H(1C)+0(3) 0.89 1.86 2.737(5) 168
Compound IIT

C(2)-H(4)O(5) 0.93 2.52 3.432(6) 167

C(5)-H(6)O(4) 0.93 2.40 3.303(6) 163

C(7)-H(8)+0O(4) 0.93 242 3.242(6) 147

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[a] Intra.

Eur. J. Inorg. Chem. 2010, 18291838



Amine-Templated Transition-Metal Phosphites

Structure of [ Co(C1yHgN,)(H,PO0;3),] (III)

The asymmetric unit of III consists of 21 non-hydrogen
atoms. The Co atom in III is octahedrally coordinated to
four oxygen and two nitrogen atoms, with an average Co—
O/N bond length of 2.146 A. Each cobalt atom is connected
to two distinct phosphorus atoms through four Co-O-P
linkages, with an average angle of 131.7°. Of the two phos-
phorus atoms, P(1) is connected to the cobalt atom through
one Co-O-P linkage and possesses two terminal P-O
bonds, whereas P(2) has two Co-O-P linkages and pos-
sesses one P-O terminal bond. Bond valence sum calcula-
tions''! and bond length considerations indicate that P(1)—
O(5) with a distance of 1.553(3) A and P(2)-O(6) with a
distance of 1.556(3) A are protonated. This was further sup-
ported by the observation of a proton position next to the
oxygen atoms in the difference Fourier maps. Thus, both
the phosphite units are H,PO; groups. Selected bond
lengths are listed in Table S1 (Supporting Information).

In compound III, CoO4N, octahedra are connected to-
gether to form Co,OgN, dimeric units. The dimers are fur-
ther connected through H,P(2)O3 units to form a 1D chain
(Figure 3a). H,P(1)O5 units are connected to these chains
through the three-coordinate oxygen atom, O(3), and hang
freely. The 1D chains are further connected by 4,4'-bipyr-
idine ligands to form a 2D layer structure (Figure 3b). The
observation of a free hanging phosphite unit has been made
for the first time in transition-metal phosphite structures.

(b)

Figure 3. (a) The inorganic chains in [Co(C,oHgN,)(H,PO3),] (I1I).
Note the formation of the CoO4N, dimers and their connectivity
through H,POj; units. (b) The connectivity between the chains
through the 4,4'-bipyridine ligands.

Vanadium Phosphite Structures

Structure of [ CuN,H ][ VI'"F(HPO;3),]-H,0 (IV)

The asymmetric unit of IV contains nine non-hydrogen
atoms. The vanadium and phosphorus atoms occupy spe-
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cial positions with site multiplicities of 0.25 (4d) and 0.50
(8 h), respectively. The vanadium atom is octahedrally coor-
dinated with four oxygen and two fluorine atoms with an
average V-O/F distance of 1.967 A. The vanadium atom
forms four V-O-P linkages and two V-F-V linkages (av.
135.9°). The phosphorus atom makes two V-O-P linkages
and possesses one P=O terminal bond. Selected bond
lengths are listed in Table S1 (Supporting Information).

In the structure of IV, vanadium atoms are connected
through the trans positioned fluorine atoms to form a 1D —
V-F-V- chain. The HPOj; units are grafted onto this chain
such that each vanadium octahedron shares four oxygen
atoms with four distinct HPO; units, giving rise to a 1D
chain, [VF(HPO,),]> (Figure 4a; Figure S1, Supporting In-
formation). The structure closely resembles the mineral tan-
coite, LiNaHAI(PO,),(OH),.['”l The individual chains are
spatially arranged to form a hexagon (Figure 4b) and sim-
ilar arrangements have been observed before in many phos-
phate structures.!!]

e

(2)

Figure 4. (a) The inorganic chain structure in [C4N,H 4][V!F-
(HPOs),]'H,O (IV). (b) View of the arrangement of the chains
down the chain axis. Note that each of the chains is surrounded by
six other ones.

VOy4F>

L
L

Structure of [ C;N,Hs ][V /(H,0);(HPO3) (HPO,);]
(V)

The asymmetric unit of V consists of 18 non-hydrogen
atoms. Of these, two vanadium atoms, V(1) [2b], V(2) [2a],
and one phosphorus atom, P(3) [4d], occupy special posi-
tions with site multiplicities of 0.16 for V(1) and V(2) and
0.33 for P(3). All the vanadium atoms are octahedrally co-
ordinated with six oxygen atom neighbors with an average
V-0 bond length of 2.012 A for V(1), 2.003 A for V(2), and
2.001 A for V(3). The V(1) and V(2) atoms form six V-O—
1831
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P linkages [av. 139.2° for V(1), 131.5° for V(2)], and V(3)
makes five V-O-P linkages (av. 139.8°) and possesses one
terminal V-OH, bond. All three phosphorus atoms make
three V-O-P linkages. Whereas P(1) and P(3) belong to
HPO; groups, P(2) belongs to a HPO,4 group. Thus, both
phosphite and phosphate groups exist in this structure. Be-
cause the starting mixture does not contain any phosphoric
acid, the phosphate group must have formed by the oxi-
dation of the phosphite species during the synthesis. Similar
formation of phosphate species from the phosphite has
been observed before.['% Selected bond lengths are listed
in Table S1 (Supporting Information).

The 3D structure of V can be understood by considering
two different connectivities involving the vanadium octahe-
dra and the phosphite and the phosphate units. Thus, the
V(3)0Os5(H,O) and HP(2)O,4 units are connected through
their vertices to form six-membered rings, which are capped
by HP(3)O; moieties. The capped six-membered units are
connected together to form a cationic layer of the formula
[V3(H,0)3;(HPO,);(HPO5)]*, encompassing circular 12-
membered rings (Figure 5a). The layers are topologically
similar to that observed in many layered amine-templated
aluminophosphates.'3 The layers are arranged one over the
other in an 4A4A-+ fashion and are connected by anionic
1D vanadium phosphite chains, [V(HPO3);]*~ (Figure 5b).
The 1D chains, formed by the connectivity involving V(1)

(b)

Figure 5. (a) The inorganic layer in [C3N,Hs[V,"(H,0)s-
(HPO3)4(HPOy)s] (V). Note the 12-membered aperture in the
middle. (b) The 1D chain [V(HPOs);]*>  that connects the layers
in V.
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O, V(2)Og and HP(1)O3 units, penetrate the vanadium
phosphite-phosphate layers perpendicularly. This connec-
tivity gives rise to a pillared layer arrangement where the
pillars pass through the 12-membered apertures within the
layers (Figure 6; Figure S2, Supporting Information). This
arrangement gives rise to interconnected channels bound by
14 T atoms (T =V, P). The disordered amine molecules and
imidazolium cations occupy the 14-membered channels.
Similar pillared-layer structures have been observed in the
indium phosphate Ing(HPO,4)4(H>0)¢F5+(C1oN>Hyg)3(H30)-
(H,0),"4 and in the vanadium phosphite (C4HgN,Hy)o s-
(C4HgN,H3)[V4(HPO3),(H,0)3]1.5H,0.1#1

Figure 6. The T atom connectivity shows the linkage between the
layers through the 1D chains in V. The 14-membered channels are
occupied by imidazole cations (see text).

[C:N:H ][ (V'V0)3(H;0)(HPO;3) J-H,0 (VI)

During the course of the present investigation, we also
succeeded in preparing a compound with vanadium in the
+4 oxidation state, [CoN,>H ;o][(VIVO)3;(H,O)(HPO3)4]-H,O.
The synthesis and structural studies of this compound have
been previously established by Feng et al.l'*l (Figure S3,
Supporting Information). As part of this study, we have car-
ried out detailed magnetic and electron spin resonance
(ESR) investigations on this compound.

Discussion

As part of a study on transition-metal phosphites, three
cobalt phosphites (I-IIT) and two vanadium phosphites (IV
and V) have been prepared and characterized. For the prep-
aration of the low-dimensional phases of cobalt, I and 1I,
we employed triethylphosphite (TEP) as the phosphorus
source. The use of tributyl phosphate as the source of phos-
phorus for the synthesis of new phosphate phases of
zinc, 1% cobalt,[162-160] and manganesel!*°! with novel struc-
tural features has been known. It has been postulated that
the slow hydrolysis of the phosphate ester may be responsi-
ble for the observation of new types of structures in these
compounds. Similarly, the use of triethylphosphite possibly
enables a controlled release of the phosphite ions in solu-
tion and could have provided some kinetic control in the
formation of the 1D cobalt phosphite phases. It may be
noted that the formation of low-dimensional structures of
cobalt, especially in tetrahedral coordination, is always dif-
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ficult and novel approaches may be required to stabilize
such phases. 1D cobalt phosphates with Co?* ions in tetra-
hedral coordination have been stabilized by the use of
amine phosphates.'”! In the present study, the use of or-
ganic esters could be responsible for the stabilization of tet-
rahedral cobalt as well as the low-dimensional structures in
cobalt phosphites I and II. A new type of 1D chain struc-
ture is connected through the 4,4’-bipyridine units, forming
the layer in III. The synthesis of this phase was facilitated
by employing normal hydrothermal methods, which inci-
dentally stabilized the octahedral cobalt species unlike in I
and II, where tetrahedral cobalt is present. This observation
also suggests the importance of the reaction conditions dur-
ing the preparation of framework compounds containing
cobalt.

Compounds IV and V have vanadium in the +3 oxi-
dation state and both structures bear a close resemblance
to the other phosphite and phosphate compounds reported
in the literature.'! Thus, [C4;N,H4][VI'F(HPO;),]-H,O
(IV) closely resembles the mineral tancoite, LINaHAI(POy),-
(OH),.l"® Though transition-metal phosphates with tanco-
ite chain structures are known, this is the first report of a
tancoite structure among the transition-metal phosphites.
Compound V, [C3N>Hs,[V4 T (H,0);(HPO;3),(HPO,);], has
a close structural relationship with many structures re-
ported in the literature.l'>!¥ The closest relationship has
been observed with the iron phosphite [C4N,H,][Fel,-
(H,0)5(HPO3);]-(H,0),, x = 0.6, reported by us.[!%]

The stability of compound I was observed to be not very
good when exposed to atmospheric conditions, and we
could not characterize this phase satisfactorily. We have,
however, characterized all other compounds by using UV/
Vis spectroscopic and magnetic studies. The previously
known vanadium phosphite [C,N,H,o][(VIVO);(H,0)-
(HPO3)4]"H,O (VI) was also studied in detail.

European Journal
of Inorganic Chemistry

UV/Vis Spectroscopic Studies

UV/Vis absorption spectra were recorded in the solid
state (Perkin—Elmer, lambda 35) at room temperature,
which indicates the presence of Co'! in tetrahedral and octa-
hedral coordination environments in compounds IT and III,
respectively, VI in compounds IV, V, and V!V in compound
VI (Table 2; Figure S4, Supporting Information). The dif-
fuse reflectance spectrum of [C4N,H4][Co(HPO;),] (II)
shows bands at 18181, 17159, and 15734 cm ™!, which can
be assigned to the v; transition [*T;(P)«<*A,] (generally ap-
pears as multiple transitions). The v, band [*T;(F)<*A,]
generally appears in the near-infrared region, which was not
observed. We also observed a shoulder at ca. 24096 cm™!,
which indicates the possible presence of a small amount of
Co*" ions in octahedral coordination (*A,—'T,,). Similar
observations have also been made earlier in compounds
containing tetrahedral cobalt.'® 1In the case of
[Co(CoHgN,) (H,PO53),] (III), the absorption band at
30760 cm™! can be assigned to the intraligand m—n* transi-
tion of the bpy unit. Compound III exhibits a redshifted
absorption relative to the ligand, which may be due to the
perturbation of the m—n* transition of the free bpy unit on
bonding with the metal atom. Similar absorption shifts of
the bonded bpy units have been observed before.'®19l The
bands at 19287 and 8560 cm ™! can be assigned to the transi-
tions from the *T;, (*F) fundamental state to the excited
levels T ,(*P) and “T,4(*F), respectively, whereas a shoul-
der at 16236 cm™! corresponds to a weak transition to the
excited level *A,,(*F). We have made estimates of the D
and Racah parameter B values by fitting the observed ab-
sorption frequencies to the energy expressions for a d’
ion.? The calculated values of D, and B are 738 and
657 cm™!, respectively. The reduction of the B parameter
value with respect to that of the free ion (1115 cm )% sug-

Table 2. The observed UV/Vis bands and the corresponding transitions for compounds II-V.

Compound Frequency [cm™] Assignment Symmetry
I 18181, 17159 15734 4T (P) < *A, Co** (T
24096 (sh.) A1, — Ty Co** (0p)
I 30760 intraligand m—m*
transition of bpy
19287 AT 14(*P) < T 4(*F) Co** (0p)
16236 (sh.) 4A0.(*F) < 9T 4(*F)
8560 YTo,(*F) « T 4(*F)
v 14685 3T5,(°F) < 3T 1,(CF)
22896 3T1,(°P) « *T},(°F) V3t (0y)
29878 3A5,(°F) < T ,(F)
11389 (sh.) spin forbidden 'E,('D)
'T,('D) < °T,
\% 14814 3T2,(°F) « 3T ,(’F)
22675 3T1,(°P) « *T,(°F) V3 (0y)
29498 3A5,(°F) < 3TI{;(-*F)
11037 (sh.) spin forbidden "E('D),
szg(lD) <« 3’1"1g
[CoNLH,o][(VIV0)3(H,0)(HPO3),- H,OM 11037 °B, < ’E
15313 ’B, « ’B; vo**
22321 2B, « A,

Eur. J. Inorg. Chem. 2010, 18291838
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gests that the Co-O/N bonds are significantly covalent.
Similar values of Dy and B have been observed in other
amine-containing open-framework cobalt phosphite com-
pounds.”®  The vanadium phosphite compounds
[CaNLH ,[VIF(HPO5), H,O (IV) and [C3N,Hs][V,"-
(H>0)3(HPO3)4(HPO,4)s] (V) show the spin-allowed transi-
tions from the fundamental state *T;,(°F) to the excited
levels *Ty,(°F), *T1,(°P), and *A,,(°F) at frequencies of
14685, 22896, and 29878 cm! for IV and 14814, 22675,
and 29498 cm™! for V. The spin-forbidden transition
3T1CF)—"E('D), 'T,.('D) was observed as a shoulder on
the first band at 11389 (IV) and 11037 cm™! (V). The calcu-
lated D, and Racah parameter B values for the V' (d?) ion
are Dy = 1519 cm™!, B= 581 cm™! (IV) and D, = 1468cm !,
B =515cm™! (V). The B parameter is approximately 67.5%
(IV) and 59.8 % (V) of that of the V3* free ion (861 cm™!),2%
suggesting reasonable significant covalent character for the
V-O/F bonds. The compound, [C,N,H,J[(VIVO);(H,O0)-
(HPOs),]-H,O (VD3] contains an oxovanadium (VO?>*)
group and exhibits three bands at 11037, 15313, and
22321 cm!. The large intensity of the charge-transfer band
masks the latter (22321 cm!) band. These bands corre-
spond to 2E—2B,, 2B;—’B,, and 2A,—’B, transitions and
are generally referred to as bands I, II, and III, respec-
tively.?!8-21°] Similar observations have been made for other
compounds containing the VO?* species.[*!¢]

Magnetic Properties

Magnetic susceptibility studies of compounds II-V and
[CoNLH o][(VIVO)3(H,O)(HPO3)4-H,O (VI) were carried
out on the powdered samples in the temperature range 300—
2 K by using a SQUID magnetometer (MPMS, Quantum
Design, USA).

The molar magnetic susceptibility of compounds II-V
increases with decreasing temperature and reaches a maxi-
mum at low temperatures (Table S3, Supporting Infor-
mation), indicating that long-range magnetic ordering is
achieved. The observed effective magnetic moment (u.¢) at
300 K for the cobalt-containing compounds is 4.15 pug (in
IT) and 3.78 pp (in IIT), which is close to the expected spin-
only value for the Co®" ions with spin S = 3/2 (3.87 pg) and
in good agreement with the reported values.”?”) A Curie—
Weiss fit of the molar magnetic susceptibility at high tem-
peratures (150-300 K) for II gave values of C = 2.32 cm?K/
mol and 6, = -31.39 K (Figure 7a), and for Il (150-
300 K), € = 1.91 cm? K/mol and 0, = -19.18 K (Figure 7b).
Structurally, compound III is made up of chains of edge-
shared dimers of Co?* connected through the phosphite
bridges, and a dimer model, based on the general isotropic
exchange Hamiltonian, H= 2JS’1-S’2, 2, with J = magnetic
exchange coupling constant and S; = S, = 3/2 was em-
ployed to fit the observed magnetic data (Figure S6, Sup-
porting Information). The susceptibility equation for the
Co?* dimer can be obtained by substituting the values for
the Co?* ion in a dimeric complex from the Van Vleck
Equation (see Supporting Information).l>3! Thus, the values
1834
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of N = Avogadro’s number, g = gyromagnetic ratio (ca.
2.0), ugp = Bohr Magneton, k = Boltzmann constant, 7" =
temperature, J = J;, = J>; = the coupling constant between
two neighboring metal centers, and x = J/kT are included
to give Equation (1).
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Figure 7. The yp vs. T plots for (a) compound II, (b) compound
III, (c) compound IV, and (d)compound V. Inset shows the
1/ym vs. T plot.

A good fit for the experimentally observed data was ob-
tained with a J value of —0.759 cm™!. The small negative
value for J indicates weak antiferromagnetic interactions
between the Co dimers in III. Similar values of J have been
observed previously in compounds containing dimeric di-
meric cobalt species.!!?2

The vanadium phosphite compounds [C,N,H4][V'F-
(HPO;3),'H,O (IV) and [C3N,HsL[V4"(H,0)3(HPO;3),-
(HPO,);] (V) also exhibited comparable magnetic behavior
where the molar susceptibilities increase with decreasing
temperature (Figure 7c,d). The high temperature data was
fitted by using the Curie—Weiss equation in the range 100—
300 K, with the values of C = 0.42 cm’K/mol and 0, =
-2.81 K (compound IV), and C = 1.22 cm*K/mol and 0, =
—13.25 K (compound V). At room temperature, the calcu-
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lated pesr values are 2.42 and 3.09 pp, respectively, and are
in good agreement with the theoretical spin-only value for
trivalent vanadium (2.83 pp).

The magnetic susceptibility of compound [C,N,H;]-
[(VIVO)5(H,O0)(HPO3),]-H,O!! (VI) also exhibits similar
behavior, where the molar magnetic susceptibility increases
with decreasing temperature (Figure 8a). A Curie—Weiss fit
of the high temperature data (60-300 K) gave values of C
= 1.59 cm*K/mol and 6, = -11.61 K. The negative value of
0, suggests that the interactions between the V4* jons, at
high temperature, are antiferromagnetic. At room tempera-
ture, the observed magnetic moment (u.r) is 2.06 pg, which
is close to the calculated spin-only value for V4* (d!)
(1.73 pg). A plot of T vs. T indicates that at low tempera-
tures (<10 K), there is a sharp rise in the values of yu7T
(Figure 8b), suggesting a possible change in the interactions
between the V4* ions. A study of the dependence of the
magnetization as a function of different field strengths
shows that the magnetization saturates at 5000 Oe (Fig-
ure 8c). The low magnetic field studies indicate a small hys-
teresis, with coercive field and remnant magnetization val-
ues of 17.7 Oe and 4.77 emu/mol, respectively. This suggests
that there could be weak ferromagnetic interactions be-
tween the V** ions at low temperatures in this compound.

European Journal
of Inorganic Chemistry

ESR Studies

We have also employed ESR studies as a function of tem-
perature to probe the interactions between the V4* centers
in [C,N,H,(][(VIVO)3(H,O)(HPO5), ' HO (VI). The X-
band ESR spectra were recorded on the powdered sample
in the temperature range 3.8-300 K (Figure 9a). The calcu-
lated g value of 1.966 indicates that the vanadium species
are present in the +4 oxidation state in this compound. The
spectra did not exhibit any appreciable change in the tem-
perature range 300-100 K. The line width of the ESR sig-
nal, however, exhibits a small increase, which could be due
to the dipolar homogeneous broadening (Figure 9b).?* The
line width starts to broaden below 100 K along with an
increase in the peak-to-peak intensity, which reaches a
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Figure 8. (a) The yy vs. T plot for [CoN-H,][(VIVO);(H,0)-
(HPO3),]-H,O!3! (VI). Inset shows the 1/yy vs. T plot. (b) The yp T
vs. T plot for VI. (c) The M vs. H behavior of [CoN,H o][(V'VO);-
(H,O)(HPO3)4]-H,O (VI). The inset shows the behavior at low
fields.
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maximum at around 7 K. This observation clearly indicates
that at low temperatures, the magnetic centers interact
strongly and the spins are strongly correlated. Thus, the
ESR study appears to support the observation of weak fer-
romagnetic interactions at low temperatures in our mag-
netic studies. Similar behavior has been encountered in
other related systems.[?*2°]

Experimental Section

Synthesis: Compounds I and II were synthesized by employing
nonaqueous solvothermal conditions with the use of an organo-
phosphorus source in place of H;POs. The various synthesis condi-
tions employed in the present study are listed in Table 3. For the
synthesis of compound I, CoCl,*6H,O (0.245 g, 1 mmol) was
mixed with 2-butanol (9.2 mL, 100 mmol). Triethylphosphite (TEP;
0.69 mL, 4 mmol) and piperazine (0.435 g, S mmol) were added,
and the mixture was stirred until it became homogeneous. The final
mixture with composition 1.0CoCl,/6.0H,0/4.0TEP/5.0piperazine/
100(2-butanol) was heated in a 23-mL autoclave at 180 °C for 48 h.
The solid products in I and II consisted of deep-blue needle-like
crystals. We observed that compound I started to turn pink upon
exposure to air, and hence, other than the single-crystal structure,
we have not been able to perform further characterizations. For the
preparation of compound III, a reaction mixture of the com-
position 1.0Co(OH),/4.0H;PO3/2.0(4,4'-bipyridine)/200H,O was
heated at 110°C for 7d in a 7-mL PTFE-lined acid digestion
bomb. In all the cases, reasonable yields of the products were ob-
tained.

For the preparation of the vanadium phosphite phases, a similar
hydrothermal synthetic method was employed, where both the
source of the vanadium as well as the organic amine molecules
were different for different phases (Table 3).

Initial Characterizations: The initial characterizations were carried
out by using powder X-ray diffraction (XRD), thermogravimetric
analysis (TGA), and infrared spectroscopy (IR) measurements. Ele-
mental analysis of the compounds was carried out by using a

CHNS analyzer (ThermoFinnigan FLASH EA 1112 CHNS ana-
lyzer). The results are presented in Table S4 (Supporting Infor-
mation).

The powder XRD patterns were recorded on well-ground pow-
dered samples in the 26 range 5-50° by using Cu-K,, radiation (4
= 1.5405 A) (Philips, X'pert Pro). The experimental XRD patterns
are consistent with the simulated XRD patterns generated from the
structures determined by using the single-crystal XRD, though the
intensity of some of the peaks does not match. This could be due
to the preferred orientation effects known in powder XRD experi-
ments (see Figure S7, Supporting Information).

TGA (Mettler-Toledo, ThermoSTAR) studies were performed in
an atmosphere of flowing air (flow rate = 50 mL/min) in the tem-
perature range 25-700 °C (heating rate = 5 °C/min; see Figure S8,
Supporting  Information). The decomposition curve of
[C4N,H 14][Co(HPO3),] (IT) reveals a continuous mass loss (obsd.
21.20%) over a temperature range of 350-500 °C, which could be
due to the decomposition of the amine molecule (caled. 29.13%).
The final decomposed product was found to be amorphous by
powder XRD. For [Co(CoHgN») (H,PO3),] (III), the result indi-
cates a single sharp weight loss (obsd. 33.32%) over a broad tem-
perature range of 200-500 °C, which is due to the loss of the amine
molecules (caled. 41.38%). The final decomposition product after
the TGA studies was found to be crystalline by powder XRD
(Co,P,401,, JCPDS: 40-0068). The difference between the observed
and the calculated weight losses in compounds II and III may be
explained by taking into consideration the oxidation of P!l to PV,
which corresponds to 10.36% (II) and 8.48 % (III). The total weight
loss, then, would be 31.56% (21.20 + 10.36) and 41.80% (33.32 +
8.48), which is considerably closer to the calculated weight loss of
29.13 and 41.38% for cobalt phosphite phases II and III, respec-
tively. For the vanadium phosphite [C4N,H 4] [VI'F(HPO3),]-H,O
(IV), the weight loss of 29.40% appears to be a continuous one,
which could be due to the loss of the amine molecules (calcd.
26.63%) and the loss of fluorine (calcd. 5.65%) and water mole-
cules (caled. 5.33%). For [C3N,H;s][V4™(H,0)3(HPO3)4(HPO,)s]
(V), the weight loss occurs in two steps. The first small weight loss
of 2.07% in the temperature range from room temperature to
250 °C (obsd. 2.07%) may be due to the partial loss of coordinated

Table 3. Summary of the synthesis conditions employed in the present study for compounds I-VI.

Mole ratio Temp [°C]  Time [h] Yield [%0] Product Color
(Based on metal)

1.0CoCl,/6.0H,0/4.0TEP/ 180 48 40 [CaNLH 5][Co(HPO3),], 1] + powder blue crystals +

5.0piperazine/100(2-butanol) pink powder

1.0CoCl,"6H,0/4.0TEP/ 180 72 60 [C4N,H 14][Co(HPO;),], IT blue

4.0(1,4-DAB)/100(2-butanol)

1.0Co(OH),/4.0H;PO;/ 110 168 85 [Co(CoHsN,) (H,PO3),], TII pink

2.0(4,4'-bipyridine)/200H,O

1.0V,05/10.0H5PO5/ 150+ 72+ 85 [C4NLH J[VTF(HPO,),H,0, IV green

5.0(1,4-DAB)/5.0HF/233H,0 180 48

1.0VOSO,/5.0H;PO5/ 150+ 48+ 80 [C3N,H5],[V,"(H,0)3(HPO;),(HPO,)3], V green

2.0imidazole/333H,0 180 48

1.0V,05/3.0HCV/ 165+ 72+ 75 [CoNLH ][(VIVO)3(H,0)(HPO3),]-H,O,'S VI blue

3.0H;P0O;/2.0H,C,04/ 200 24

2.0ethylenediamine/555H,0M!

[a] Unstable, changes color quickly (blue to pink). [b] The synthesis of [CoN>H ][(VIVO);(H,O)(HPO3),]-H,O by Feng et al.l'>l was carried
out from a reaction mixture with the composition 1.0V,05/10.0H3P03/9.0en/232H,0 heated at 160 °C for 120 h.
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Table 4. Crystal data and structure refinement parameters for compounds I-V.[!
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1 I I v \Y%
Empirical formula C4H14C0N206P2 C4H16C0N206P2 C10H12CON206P2 C4H13VFN207P2 C6H23N4027P7V4
Formula weight 307.04 309.06 377.09 337.94 1003.766
Crystal system monoclinic monoclinic monoclinic orthorhombic trigonal

Space group
Crystal size [mm]

C2/c¢ (no.15)
0.16X0.08 X 0.06

C2/c¢ (no.15)
0.16 X 0.08 X 0.06

a[A] 17.774(5) 17.661(10)

b A] 7.248(2) 8.742(5)

c[A] 8.813(3) 8.056(5)

a [°] 90 90

AN 105.151(5) 97.151(9)

7 [°] 90 90

Volume [A3] 1095.9(5) 1234.2(12)

zZ 8 8

Temperature [K] 293 293

Pealed. [g/lem?] 1.861 1.663

4 [1/mm] . 1.868 1.659

Wavelength [A] 0.71073 0.71073

0 range [°] 2.37 to 28.06 2.32 to 28.04

Reflection collected 4547 4858

Unique reflections 1291 1400

Number of parameters 69 69

Goodness of fit 1.150 1.079

R index [I>206(1)] Ry =0.0485 R, = 0.0553
wR, =0.1315 wR, = 0.1276

C2/¢ (no.15)
0.16xX0.14 X 0.08

Imma (no.74)
0.24 X 0.10 X 0.08

P3¢l (no.165)
0.20X0.12%0.08

17.2718(6) 7.2125(11) 13.4985(14)
11.4561(4) 9.2842(14) 13.4985(14)
16.9932(5) 16.730(3) 18.120(4)

90 90 90
119.014(10) 90 90

90 90 120
2940.42(17) 1120.3(3) 2280.35(6)

8 4 12

293 293 293

1.704 1.864 2.143

1.411 1.206 1.765
0.71073 0.71073 0.71073

2.23 to 23.29 2.43 to 26.36 1.74 to 28.01
6037 3955 20659

2119 591 2091

191 55 148

1.083 1.122 1.065

R, =0.0423 R, =0.0881 R, = 0.0499
wR, = 0.1189 wR, = 0.2330 wR, = 0.1317

[a] Ry = X|| Fo| — |FVEIE); wRy = {E[w(Es? — FEAVEIWER) 2. w = U[pA(Fy)? + (aP)> + bP). P = [max (Fp, O) + 2(F.)?)/3, where a =
0.0643 and b = 5.3209 for I, a = 0.0632 and b = 3.7048 for I, ¢ = 0.0580 and b = 7.1718 for III, a = 0.1372 and b = 15.6808 for IV, a

=0.0779 and b = 11.2585 for V.

water molecules (calcd. 5.36%). The second broad weight loss of
10.14% in the range 250-700 °C corresponds to the loss of all the
water molecules as well as the amine molecules (calcd. 15.76%).
Again, the difference in the observed and calculated weight losses
can be accommodated by considering the oxidation of P! to PV
during the TGA studies [9.47% (IV) and 6.23% (V)]. The total
weight loss of 35.62% (29.39 + 9.47) and 18.44% (12.21 + 6.23) is
considerably closer to the expected weight loss of 37.61% in IV
and 21.01% in V. The calcined products in both IV and V were
found to be amorphous by powder XRD.

IR spectroscopic studies were carried out in the mid-IR range
400-4000 cm™' by using the KBr pellet method (Perkin-Elmer,
SPECTRUM 1000; see Figure S9 and Table S5, Supporting Infor-
mation).

Single-Crystal Structure Determination: A suitable single crystal of
each compound was carefully selected and glued to a thin glass
fiber. The single-crystal diffraction data were collected with a
Bruker AXS Smart Apex CCD diffractometer at room temperature
(293 K). The X-ray generator was operated at 50 kV and 35 mA by
using Mo-K, (/. = 0.71073 A) radiation. Data were collected with
w scans of width 0.3°. A total of 606 frames were collected in three
different settings of ¢ (0, 90, and 180°) by keeping the sample-to-
detector distance fixed at 6 cm and the detector position fixed at
—25°. Pertinent experimental details of the structure determination
are listed in Table 4.

The data were reduced by using SAINTPLUS[?! and an empirical
absorption correction was applied by using the SADABS pro-
gram.?’] The crystal structure was solved and refined by direct
methods with the use of SHELXL-97 present in the WinGx suite
of programs.”®! The organic amine molecules in IV could not be
located and appear to be fragmented. The lattice water molecule in
IV and the amine molecules in V were found to be disordered, and
hence, the hydrogen atoms could not be located in the Fourier map.
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The hydrogen position for the P-H group for compounds I-III and
V, and the hydrogen positions of the water molecules and amine
molecules of compounds I-1I1, could be identified from the differ-
ence Fourier maps. For the final refinement the hydrogen atoms
were placed in geometrically ideal positions and refined by using
the riding mode. Bond valence calculations!!'®! for the P(1) atom
in compound IV gave a value of 4.009, corresponding to the pres-
ence of the HP** group. The presence of the HPOs>  anion was
also confirmed by IR spectroscopy, which gave a band at 2420 cm™!
[Vv(HP)]. The last cycles of refinement for compounds I-V included
all the atomic positions and anisotropic thermal parameters for all
the non-hydrogen atoms and the isotropic thermal parameters for
all the hydrogen atoms. Full-matrix-least-squares structure refine-
ment against |F|?> was carried out by using the WinGx suite of pro-
grams.1?8! CCDC-757778 (for 1), -757779 (for II), -297879 (for III),
-757780 (for 1V), and -757781 (for V) contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Selected bond angles and distances, magnetic parameters for
the compounds, details of the elemental analyses, crystal data and
structure refinement parameters for compound VI, figures showing
the structure of compound VI, IR spectra, simulated and experi-
mental XRD patterns of compounds, TGA curves, details of the
magnetic modeling.
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