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A novel vanadium(IV) phosphite, (VO)4(4,4'-bpy),(HPOs)s, was hydrothermally synthesized and characterized by
single-crystal X-ray diffraction. This compound crystallizes in the monoclinic system with the space group C2/c and
cell parameters a = 35.970(3) A, b = 15.9400(13) A, ¢ = 10.7681(7) A, B = 101.073(4)°, and Z = 8 with R; =
0.0482. The structure of the compound consists of trigonal bipyramidal [VO,N] and pseudopyramidal [HPOs] blocks,
which are connected by corner-sharing, to form vanadium phosphite layers in the bc plane. These layers are
further linked through 4,4'-bpy pillars, generating a 3D framework. Thermogravimetric analysis and magnetic
susceptibility data for this compound are given.

Introduction pillar directly bonding to inorganic skeletal backbone,
such as in Zg(4,4-bpy)(PQF),,° and (3) as a ligand linking
both a metal and an inorganic framework, such as in [Cu-
(4,4-bpy)](VO,)(PQy).10 Other interesting compounds in
metal/phosphate/4bpy systems are [G@t,4-Hbpy),-
(POy)(Ho.sPOu)2(HP Q) 2(H2P Oy)2(H20)2] - H20  (1D),M [Ni-
(4,4-bpy)(HPOy)7]-CsHOH-H,O (2D)}? and [Iny(4,4-
bpy)s(HPOy)4(HPOy)4]4-H,O (3D) and others, especially
three interesting vanadium/phosphatebdy compounds
(4,4-H:bpy)[V2(HPOy)4(4,4-bpy)] (2D),** [(VO2)2A(4,4-
bpy) s(4,4-Hbpy)(PQ)]H-0 (2D),*> and (NH)[(V20s)z-
(4,4-bpy)(H.POy)(POy),]-0.5H0 (3D)16 Moreover, the

. . } replacement of phosphate by phosphite in these systems
Its own size and shape. The 4Bpy molecule may serve has been taken account, since the incorporation of the

several functions in the inorganiorganic hybrid materials . .
including (1) as an organic template and charge-compens:at-pseUdOpyramIdaI hydrogen phosphite group [P Cereated

ing cation, such as in (44,bpy)(M0;0,,):H,0 2 (2) as a

The design and synthesis of inorgan@rganic hybrid
materials have provoked significant interests owing to their
rich structural chemistry and potential applications in ca-
talysis, biology, and optical and electromagnetic functibris.
Huge structures of these materials were reported, showing
various architectures with one- (1D), two- (2D), and three-
dimensional (3D) connections between inorganic and organic
specie$~7 A study of the literature of inorganieorganic
hybrid materials showed that 4dpy molecule was the most
extensively used organic ligand to achieve various open
framework structures, for its strong coordination ability and
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several novel structures, such as organically templated cobalof C, H, and N on the basis of the empirical formula given by the

phosphité}” manganese phosphités?zinc phosphites)—2° single-crystal structure analysis.

and vanadium phosphités. X-ray powder diffraction (XRD) data were collected on a

inorganic-organic metal phosphites and found novel com- A). The step size was 0.02and the count time was 4 s. The infrared
. . ] (IR) spectrum was recorded within the 488000 cnt! region on

E)gllflg)(:lflI—ESI\[lgn:'(ZISE(OSHB)[ﬁ:Qi]C[ZZHrSSIjI;:[)(%g])zl(-iCz)OH)(Ll—lsO'\l) a Nicolet Impact 410 FTIR spectrometer using KBr pellets. A

2728 A1 qi ; ic hvbrid Perkin-Elmer DTA 1700 differential thermal analyzer was used to
(HPGy);]-H,0O, etcz’**All reported inorganie-organic hybri obtain the differential thermal analysis (DTA) and a Perkin-Elmer

phosphites have exhibited distinguished structural featurestga 7 thermogravimetric analyzer to obtain thermogravimetric
due to the particular geometry of the building block of analysis (TGA) curves in an atmospheric environment with a
phosphite and the lower oxidation states of phosphorus atom.heating rate of 10C min2.

The oxidation states of phosphorus atoms may directly Magnetic susceptibility data were collected on the basis of a
influence the reactivity of secondary coordination oxygen 0.0603 g sample over the temperature range-20D K at a
atoms with for example adjacent metals. In this paper, we magnetic field of 5 kG on a Quantum Design MPMS-7 SQUID
report a new compound (V@¥#,4-bpy)(HPG),, 1, which magnetometer.

consists of layers of vanadium(IV) phosphite pillared through ~ Determination of Crystal Structure. A suitable green single
4,4-bpy ligands into a 3D structure. It is the first example cryst_al with dim_ensions 0.218 0.200x 0.160_mm was glued to
for the hybrid compound prepared in the vanadium/phosphite/2_thin glass fiber and mounted on a Siemens Smart CCD

. . o _ diffractometer equipped with a normal-focus, 2.4-kW sealed-tube
4.4 l_)py S_ystem. The magnetic susceptibility and thermo X-ray source (graphite-monochromatic MooKradiation § =
gravimetric data are also reported.

1.5418 A) operating at 50 kV and 40 mA. Intensity data were
collected at a temperature of 28 2 °C. Date processing was
accomplished with the SAINT processing progr&hiThe total
Synthesis and Characterization. The title compound was number of measured reflections and observed unique reflections

Experimental Section

prepared from a reaction mixture of vanadium oxideQyj, were 14502 and 4340, respectively. Intensity data of 4340
phosphorous acid (R0s), 4,4-bipyridine (4,4-bpy-2H,0), tetra- independent reflections39<h=<39,-9<k=<17,-11<| <
methylammonium hydroxide pentahydrate ((TMA)&H,0), and 11) were collected in the scan mode. An empirical absorption
distilled water with a molar ratio of 1.0:10.0:2.0:8.0:5550¢:H3- correction was applied using the SADABS program with, =

PQO;:4,4-bpy:(TMA)OH-H,0:H;0. A typical procedure began with  0.248 andTm.x = 0.334. The structure was solved in the space
mixing 0.091 g of \tOs, 0.410 g of HPG;, 0.725 g of (TMA)- groupC2/c by direct methods and refined &3 by full-matrix least
OH:-H;0, and 0.192 g of 4;4bpy-2H,0 with 5 mL of H,O to form squares using SHELXTL97. The phosphorus and vanadium atoms
a reaction mixture. The role of (TMA)OH is to regulate the pH were located first. Carbon, nitrogen, and oxygen were then found
value of the system. The mixture was heated in a sealed Teflon-in the difference Fourier map. The hydrogen atoms that are bonded
lined steel autoclave at 16TC for 120 h. The resulting green  to carbon and nitrogen atoms were placed geometrically; the
crystals were washed with distilled water, filtered off, and dried in hydrogen atoms that are bonded to phosphorus atoms were located
air. The yield of product was 72% in weight based on vanadium. in the difference Fourier map. All non-hydrogen atoms were refined
The elemental analysis was conducted on a Perkin-Elmer 2400with anisotropic thermal parameters.
elemental analyzer. Inductively coupled plasma (ICP) analysis was
performed on a Perkin-Elmer Optima 3300DV ICP instrument. ICP Results and Discussion

analysis for the product gave the contents of V 22.36 wt % (calcd L . .
22.64 wt %) and P 13.86% (calcd 13.77 wt %), indicating a V:P Characterization. Powder X-rqy d|ffract|_on pattgrn for
ratio of 1:1. Elemental analysis showed that the sample contains (YO)a(4,4-bpy)(HPG;)s was entirely consistent with the
26.80, 1.86, and 6.15 wt % of C, H, and N, respectively, in simulated one on the basis of the single-crystal structure,
agreement with the expected values of 26.69, 1.78, and 6.22 wt %as shown in Figure 1. The diffraction peaks on both patterns
corresponded well in position, indicating the phase purity
(17) Fernandez, S.; Pizarro, J. L.; Mesa, J. L.; Lezama, L.; Arriortua, M. of the as-synthesized sample. The difference in reflection
(18) ; Rojo, T Int. - inorg. lsnalt_er'\zﬂc;gg 35?3?12?2@ L Arriortua . INtENSities between the simulated and experimental patterns
I.; Olazcuaga, R.; Rojo, Tinorg. Chem.2001, 40, 3476-3483. was due to the variation in crystal orientation for the power

(19) Fernandez, S., Mesa, J. L., Pizarro, J. L., Lezama, L., Arriortua, M. sample
I., Olazcuaga, R.; Rojo, TChem. Mater200Q 12, 2092-2098. ’
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(21) 2Rg°8d§ersy J. A Harrison, W. T. AChem. Commun200Q 2385~ the sample ca. 33.45% in the temperature range from 420 to
(22) Harrison, W. T. A.: Phillips, M. L. F.; Stanchfield, J.; Nenoff, T. M. 800 °C, corresponding to the deC(_)mp05|t|0n of 'dpy
23) lﬂorg_- Chevr\T;-ZTOO/Jijoéfil“?(j&SE??- Chen2001 160, 4—7 molecular (calcd 34.65%). Accordingly, the DTA curve
arrison, W. T. AJ. Solid State Che ~7. o . o
(24) Harrison. W. T. A Phillips, M. L. F.. Nenoff, T. MJ. Chem. Soc., exhibited .three exothgrml.c peaks for the decomposition of
Dalton Trans.2001, 2459-2461. the organic template in air. The structure was collapsed at
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Mater. 2001 3, 10331038, 420 °C when the organic part was lost.
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(27) Fu, W.; Shi, Z.; Zhang, D.; Li, G.; Dai, Z.; Chen, X.; Feng, B. Instruments Inc.: Madison, WI, 1996HELXTL, version 5.1; Siemens
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Table 2. Selected Bond Lengths (A) and Angles (deg) for
(VO)4(4,4-bpy)(HPOy)4>P
V(1)—0(1) 1.574(6) V(2XO(5) 1.586(6)
V(1)—0(2) 1.923(6)  V(2)-0(6) 1.980(5)
V(1)—0(3) 1.993(5)  V(230O(7) 1.931(6)
V(1)—0(4) 1.942(5) V(2»0(8) 1.938(5)
V(1)-N(1) 2.171(7)  V(2-N(3) 2.146(6)
> V(3)—0(9) 1.563(6)  V(4)O(13) 1.569(6)
e B
i',:-’ experimental V(3)—-0(12) 1.947(5)  V(4rO(16) 1.932(5)
- ) V(3)—N(2) 2.159(7)  V(4»-N(4)* 2.158(7)
P(1-0(4) 1.504(5)  P(ZO(7)* 1.492(6)
’ P(1)-0(6) 1.515(6) P(2r0O(8) 1.521(5)
simulated P(1)}-O(11)B 1.492(6)  P(2-0(10) 1.519(6)
P(1)-H(1P) 1.33(9) P(2)H(2P) 1.37(9)
) 1 L N L 1 L L P(3)-0(2)" 1.501(6) P(4)O(3)% 1.522(6)
5 10 15 20 25 30 35 40 45 50 P(3-0(12) 1.509(5)  P(4yO(15)" 1.497(6)
o Theta (Begree) (3 H(3P) 1360)  PHIP) 144(6),
ch;?l(J\r/e()i(4EXgS;)T(eHr|§?)L)ind simulated power X-ray diffraction patterns Hgg:g%g 122283 m%gﬁég igggg)l)
N(2)—C(6 1.293(11) N(4yC(16 1.339(10
Table 1. Crystallographic Data for (VQ}4,4-bpy)(HPOs)a NEZ;-CE]})) 1.319((11)) Nggcgzog 1_3322113
- c(1)-c(2 1.283(14) C(1BC(12 1.387(12
femr,“p'”ca' formula 9%H53N4V4P4016 cgzg—c&,; 1.385%143 c§1213cE13§ 1.382&11;
space group C2/c (No. 15) C(3)-C(4) 1.338(11) C(13}C(14) 1.372(12)
o5 Greg i ames i)
b4 15.9400(13) C(6)-C(7) 1.371(12) C(16)C(17) 1.408(11)
e i s i daal iR
\Z/. As 2059-0(8) C(9)-C(10) 1.315(13) C(19)C(20) 1.374(12)
T, K 293(2) O(1)-V(1)—0(2) 113.2(3)  O(5rV(2)—0O(7) 113.1(3)
oy Shvien i omvaon  imad
calo 3 1.973 —V(1)— : - :
ito Kay, man- 1289 O-V()-0(3) 10123 O(V(2-0®)  1012(3)
pE Sl B sovaen B
WR2 1> 20(1)] 0.1560 O(1)-V(1)—N(1) 95.0(3)  O(5}V(2)-N(3) 95.5(3)
4Ry = 3||Fo| = [Fll/3|Fol. ® WRy = { S[W(Fo> = FAZ/ S[W(FA]32, O(2)-V(1)-N(1) 84.4(2)  O(7yV(2)-N(3) 83.5(2)
w = 1/[0?|Fo|2 + (0.078P)2 + 17.587P], whereP = [Max|Fo|? + 2|F¢|2l/ 88}:%3:”83 22-33%) 8%%%:“8 22-36%2(%)
' Shveol Al Shvael i
IR spectrum of the sample showed that the stretching o(11)-Vv(3)-0(12) 131:7(3) O(16YV(4)—0(15) 13022(3)
vibrations of G-H and N—H bands were from 3050 to 2900  9(9)7V(3)-0(10) = 101.4(3)  O(1HV(4)—O(14)  101.5(3)
cm%, and the bands at 1612, 1535, 1492, and 1417'cm 88%;:3%:888; 22;3% 8&%&&3:8&2 SS;;‘%
were associated with the pyridine ring stretching vibrations. 8&)1—)1/\(/3(%)—N’£‘2()2’*;1 gzg% 882;%2—”883 gg-ggg
The bands at 1138, 1063, 1023, and 995 trwere _ : _ :
’ ' ' O(12-V(3)-N(2)*  84.1(2 O(15%-V(4)—N(4)2  84.9(2
associated with the stretching vibrations of @ and P-O o&oﬁvEgi—NBm 163.%()3) o((14;vg4g—N§4g#2 164.(2(23)
bonds, respectively. There appeared the absorptions at 242688%;2:&&8&8 ﬂg-gﬁfg 8%::2%%_8%? ) iég'gff))
cm ! due to the stretching vibrations of the-#® groups in O(4)y-P(1-0(6) 110.7(3)  O(10}P(2)-O(8) 110.0(3)
phosphie arions o M a7
Descrlp_tlon Qf the Structure. The crystgllographm data 0(6)-P(1)-H(1P) 103(4) OB} P(2)-H(2P) 109(3)
for 1 are given in Table 1. Selected bond distances and angleso(2y*—P(3-0(12) 110.0(3) O(1BF—P(4)-O(3)*® 114.5(3)
are listed in Table 2. An ORTEP drawing of the asymmetric 8@2&;_5((33); g((fzf)) ﬂgggg gggﬁ’aﬁa’&?) icl)g-ggg
unit of the structure is shown in Figure 2. It crystallizes in  o(2f*—p(3-H(3P)  107(4) O(18f—P(4-H(4P) 101(3)
the monoclinic space group2/c with a unit cell content of 882)):58))::83 18383 8&?2;5(%)_—:&%) 13‘7‘8
eight formgla units. AII_ atoms are at geperal positions. There PGf—0(2)-V(1) 148.7(4)  P(2>0(10)-V(3) 134.5(3)
are four unique vanadium ions, four unique phosphorus ions, P(4)7—0(3)-V(1) 133.9(3) P(I#-0(11-V(3)  149.1(4)
and two 4,4bpy ligands in an asymmetric unit. The two Eg)):gggg:xgg igg-igig ﬁggggigﬁ% igg-‘z‘&‘g
ligands in the asymmetric unit as rodlike ligands have the py—o(7)-v(2) 148.4(4) P@P—-O(15)1-V(4)  146.8(4)
same coordinative mode. Each of the'<4gy ligands bridges P(2-0(8)-V(2) 137.0(3)  P(4rO(16)-V(4) 136.3(3)

two vanadium sites to form &Vi(4,4-bpy)} fragment.
However, one of them is nearly planar with the two pyridyl
rings twisted by 6.9 The another is not planar, and the two
rings are twisted at an angle of 26.4n this structure, the  unit exhibits a distorted trigonal bipyramidal geometry with
independent vanadium atoms have the same coordinationfVO4N], the basal positions defined by oxygen donors from
geometries. Each of the four vanadium sites in an asymmetrictwo adjacent phosphite groups and a terminal oxide (the

aThe C—H bond lengths are 0.93 R#1, —x + 1/2, -y + 1/2,—z —
1;#2,—x+1,—-y,—z+ 1;#3,x, —y+ 1,z+ 1/2; #4,x, -y + 1,z — 1/2;
#5,X =Y, z— 12, #6,x, y — 1,z #7,x,y + 1,z #8,%, -y, z+ 1/2.
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Figure 3. View of the V/P/O layer of (VO)4,4-bpy)(HPQGs)s. Color
code: V atoms, green; P atoms, yellow; N atoms, blue; O atoms, red.

Figure 2. ORTEP view of the structure of (VQW¥,4-bpyh(HPGs)4,
showing the atom-labeling scheme (50% thermal ellipsoids).

classical short-bond %0, average V04, 1.573 A) and the
apical positions by an oxygen donor from another adjacent
phosphite group and one nitrogen atom of a'-bgy
molecule. Bond-length and bond-strength calculations were
based on the method and data from Brown, Shannon, and
Altermatt332 The bond valence sums (BVS) calculations
assuming V(1)-V(4) bonds gave the values of 3.67, 3.63,
3.73, and 3.71, respectively, indicating all V atoms are
tetravalent. The magnetic measurement supported the BVS
calculations. All of the four phosphite groups in an asym-
metric unit adopt the same;-coordination mode, different
from theus-coordination for the phosphates. The P atom has
its three oxygen atoms bonded to three V atoms. The HPO
exhibits similar P-O bond distances, with a mean value of
1.51 A. The H-P bond distances are similar in all phosphite
anions. The ©P—0 angles are in the range from 109.6(4)

to 114.5(3), while the H-P—O angles range from 103(4) Figure 4. View of the structure of (VO)4,4-bpy),(HPQOy)a, along the
to 109(37. c-axis. Color code: the VEN trigonal bipyramid, green, the HRO

. ) ) ) pseudopyramid, yellow; C atoms, white; N atoms, blue; O atoms, red; H
The structure ofl consists of [VQN] trigonal bipyramids atoms of the HP@pseudopyramid, purple.

that are connected by corner-sharing pseudopyramidal units

[HPO3]2~ to form layers in thebc-plane (Figure 3), which  remaining oxygens of the [(V4N)(HPO)]. four-membered

are further linked through 4;bpy pillars to generate a 3D  rings link other four-membered rings, forming eight-

open framework (Figures 4 and 5). membered rings. The distances between the two opposite
A view of the structure perpendicular to the plane of the vanadium atoms in the eight-membered rings are 5.194 and

V/P/O layer orientated in the [100] plane is shown in Figure 10.398 A. Thus, a 4.8-membered ring network of a [(VON)-

3. The infinite neutral layers [(VON)(HP{J.. are composed  (HPG;)]. layer was formed. It is noteworthy that, unlike

of corner-sharing trigonal bipyramidal [V\@] and pseudo-  other layered vanadium phosphates or vanadium phosphites,

pyramidal [HPQ] units fused together via ¥O—P bonds. this layer is the folded layer along tleaxes, as seen in

First, each [VQN] group forms two \-O—P links, resulting Figure 4.

in polyhedral [(VQN)(HPG;)], four-membered rings with The adjacent V/P/O layers are connected by-Bpy
strict alternation of the V and P species. Two of thelV ligands, generating a 3D structure. The bridgee-V

]E)onds Iln one [(Vq(\jl)(HPQ)]gfou;—meglt])(eriq nnnghrOJecth distance along 4!4py is ca. 11.4 A. The close contact
rom alternate sides In an ordered fashion. en, e yistance between adjacent ‘4bpy ligands is 3.65 A. The
(31) Brown, I. D.; Shannon, R. Dicta Crystallogr 1973 A29, 266-282. size of this channel is a direct consequence of thed-
(32) Brown, I. D.; Altermatt, DActa Crystallogr.1985 B41, 244-247. bpy—V linkage (Figure 5). The 4;4opy ligands increase the
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Figure 5. View of the structure of (VQ)4,4-bpyk(HPGs)4, along the
b-axis. Color code: the VEN trigonal bipyramid, green, the HRO
pseudopyramid, yellow; C atoms, white; N atoms, blue; O atoms, red; H
atoms of the HP@pseudopyramid, purple.
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Figure 6. Thermal evolution ofym (O) and ymT (@) curves of (VO)-
(4,4-bpy)(HPCy)a.

susceptibility, T the temperature (K),C, the Curie
constant, an® the Weiss constant, wit@,, = 1.422 emu
K=t mol™t and ® = —2.996 K, exhibiting a maximum in
ym at 12 K. This result together with the decrease in the
xmT values below 100 K is indicative of antiferromagnetic
interaction in the compound. At 300 K, the calculated
effective magnetic moment/vanadium atom, determined from
the equationuer = 2.828(1.384/4f is 1.66ug, in good
agreement with the predicted spin-only value of 1ug3or

a d vanadium (1V).

Conclusions

The hydrothermal synthesis of a novel inorgaricganic
hybrid vanadium phosphite with the formula (VA),4-
bpy)x(HPO;), and its crystal structure have been described.
This structure consists of layers of vanadium(lV) phosphite
pillared through 4,4bpy ligands into a 3D structure. It is
noteworthy that, in Lii and co-workers reported vanadium/
phosphate/4,40py compounds, the valences of the vanadium
ions of (4,4-Habpy)[V2(HPQy)4(4,4-bpy)] (2D), [(VO2)2-
(4,4-bpy)s(4,4-Hbpy)(PQ)]-Hz0 (2D), and (NH)[(V 20s).-
(4,4-bpy)(H:POy)(PQy);]:0.5H,0 (3D) are+3, +5, and+4/
+5 mixed-valence, respectively. However, all of the vanadiums
in compoundl are tetravalent. It is the first member of the
vanadium/phosphite/44py system. Compountl is ther-
mally stable below 420C. Magnetic susceptibility confirms
the valence of the vanadium atoms. Clearly, this phosphite
as well as other reported inorganiorganic hybrid phos-
phites to date have shown some distinguished structural
features and their own formation mechanisms are different
from those for the phosphates. The higher reactivity of the
secondary coordination oxygen atoms in the phosphites was
observed, and thes;-coordination for the phosphites, which
is different from theus-coordination for the phosphates,
presents further challenges in the formation of a novel family
of inorganic-organic hybrid open-framework phosphites.
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