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A novel mesostructured mixed-valence polyoxovanadate with
formula  [NH;(CH,){NH;] 1 [VisO37(CD 1, [V1503(CH1(OH),
(H,0), was synthesized hydrothermally under autogeneous pres-
sure at 443K for 5 days from an aqueous mixture of
NH,(CH,)({NH, and V,0; in acidic HCl (1 M) medium. Its
structure was solved from single-crystal X-ray diffraction data at
room temperature. It crystallizes in the orthorhombic symmetry
(space group Pnma) with a=23.616(5), b=44.78509), c=
18.568(4) A, V'=19638.3(5) A®, and Z = 4. Two types of poly-
oxovanadate clusters, [V,s0;,(CD)]®" and [V,50,(CDT*", have
been characterized, around which the stacking of hexanediamine
dications is different. XPS measurements are in reasonable
agreement with the calculated average vanadium valence state of
4.60=0.1 in this hybrid compound. All things being similar,
hexanediamine appears to be slightly less reducing than octyl-
diamine and therefore has been placed below octyldiamine in
a phenomenological diagram implying the “effective’” redox po-
tential of diamines which have to be compared with that of
VV/VIV couple in the solid. © 1999 Academic Press

Key Words: vanadium—-oxygen clusters; mixed-valence; hybrid
compound; diamine “effective” redox potential; XPS analysis.

INTRODUCTION

In the past years, the hydrothermal technique combined
with the templating effect of various organic cations has
been extensively used for synthesis of zeolite molecular
sieves (1,2). More recently the silica-based mesoporous
MCM-41 was obtained by use of amphiphilic cations (3, 4).
Since then, this discovery has prompted a renewed interest
for soft chemistry routes, among which is the use of organic
templates. In this field, new series of molybdenum and
vanadium phosphates and phosphonates containing amines
or diamines with 1-D, 2-D, and 3-D open-framework struc-
tures were prepared (5-11). For a few years, the texturing
effect of diamines has made it possible to synthesize new
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vanadium or molybdenum oxide structures containing or-
ganic dications. So far, the chemical behavior is not fully
elucidated for these new intercalated transition-metal ox-
ides, whose framework dimensionalities seem to vary, espe-
cially as a function of pH and diamine length. Furthermore,
the chemistry of these new organic—inorganic hybrids is by
far very versatile as it depends on several hard-to-control
parameters, such as composition, absolute and relative con-
centrations, temperature, pH, time, and heating and cooling
rates. Hence, the results can be hardly predictable. Possibly,
two phases, reduced and unreduced, may coexist as it was
recently found in the system molybdenum oxide textured by
ethylenediamine (12).

Our research thematic concerns investigations of the dia-
mine length influence on dimensionality of vanadium and
molybdenum oxide frameworks. Recently, we described a
new mixed-valence vanadium oxide textured by octyldiam-
monium cations (13, 14). The inorganic framework is built
up from vanadium-oxygen clusters encapsulating a Cl™
anion, [V;5054(C1)]°", first described by Miiller et al.
(15,16) and later by Shao et al. (17) for the related
[Vi5036(C))]*°~ prepared in basic medium without
template.

In this paper we report on the characterization of a novel
hybrid vanadium oxide templated by hexanediamine which
contains two types of vanadium-oxygen clusters, namely
[V1503-(C]°” and [V;5056(CDH]° .

EXPERIMENTAL
Synthesis

The available commercial reactants V,05, 1-6 dia-
minohexane, HCl (1 M) were mixed with water in the
respective molar ratios 1:1.5:1.8:239. This unstirred mixture
was readily transferred into a Teflon-lined stainless-
steel home-made autoclave. The initial pH value was 2.5.
The mixture occupied 80% of the autoclave volume. After
gradual heating up to 443K, this temperature was main-
tained constant for 5 days. After that, the temperature was
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FIG. 1. TGA and DSC curves of [NH3(CH,)¢NH3]10[V1503(Cl)],
[V15036(C)](OH); (H,0); (heating rate 300 K/h).

decreased to room temperature for 15 h. The final pH of the
mixture was close to 6.5 at room temperature. These syn-
thesis conditions have been quite similar to those carried
out for [NH;(CH,)sNH3]3[V15036(CD](NH;3)6(H,0)3
(13). The solid prepared under autogeneous pressure con-
tained a mixture of black single crystals and black powder.

A small amount of hand-picked crystals was collected for
hydrolysis tests and a study by TGA under argon coupled
to a mass spectrometer analysis. At room temperature, these
single crystals very slowly undergo surface hydration but
are quickly hydrolized in water. The TGA analysis shown in
Fig. 1 exhibits a first loss of 5.5% below 393 K, attributed to
surface hydration water. A second loss of 1.8% was ob-
served between 393 and 483 K and was related to constitu-
ent water and hydroxyl groups. The decomposition of
hexanediammonium cations was observed between 493 and
743 K and corresponds to a weight loss of 21%. A further
loss of about 4% was attributed to chlorine and oxygen
removal from the solid to give an unidentified amorphous
solid, most likely a vanadium suboxide. Hence, thermal
analysis did not make it possible to propose the exact
formulation, finally established after a complete structural
determination.

Structure Determination

Diffraction data collection was carried out on a STOE
Imaging Plate system using the MoKa X-ray radiation.
A total of 66,892 intensities were collected at room temper-
ature and corrected for Lorentz and polarization effects but
not for absorption. The averaging in the orthorhombic
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space group Pnma gave 9689 independent reflections,
among which 6731 obeyed the criterion I > 2¢(I). The
structure was solved by combining direct methods and
Fourier syntheses using the XS and XL routines of the
SHELXTL program chain version 5 (18). No attempt was
made for positioning hydrogen atoms because of the already
high number of atomic parameters to be refined in that very
large unit cell. Only vanadium, chloride, and oxygen atoms
were anisotropically refined, whereas carbon and nitrogen
atoms were isotropically refined. Crystal and intensity col-
lection data as well as significant refinement parameters are
given in Table 1. Refining attempts in the other allowed
space group Pn2;a did not give satisfactory results. Atomic
coordinates and equivalent temperature factors are given in
Table 2. Accordingly, the formulation of the new hybrid

TABLE 1
Crystal, Collection, and Refinement Data of
[NH3(CH2)6NH3]10 [Vl5037(Cl)]2[V15036(Cl)] (OH)3(H20)3

Crystal data
[NH;3(CH,)sNH3110[ V15037 (C)12
[V15036(CD1(OH);(H,0);

Chemical formula

Formula mass (amu) 544596

Crystal system Orthorhombic
Space group Pnma

VA 4

Description Black plate-like crystal
Size (mm) 0.75%0.2x0.12
Temperature 293 K

a(A) 23.616(5)

b (A) 44.785(9)

¢ (A) 18.568(4)

o (%) 90.0

() 90.0

7 () 90.0

V(A% 19638.3(5)

p calc (g cm™3) 1.84

u(MoKe) (mm~1) 2.16

Data collection

Diffractometer type STOE Imaging Plate

Radiation MoKa, 2 =0.7107 A

0 range (°) 23<60<420

Index ranges —23<h<23, —44<k<44,
—l6<i<17

Collected reflections 66892

Independent reflections
Observed reflections
with I > 26(1)

9689 [R(Int) = 0.0609]
6731

Refinement (on F?)

Atomic scattering factors Neutral atoms from SHELXTL sofware

No. of variables 915
Ry(F) 0.073
WR,(F?) 0.135
Goodness-of-fit on F? 1.75
Extinction coefficient 0.0014(1)

Largest diff. peak and hole 25and —14e A3
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TABLE 2 TABLE 2—Continued
Positional and Thermal Parameters for
[NH3(CH,)sNH3]10[ V1503(CD [ V15036(C)1(OH)3(H,0); Wyckoff
Atom position X y z U (eq) (A?)
Wyckoft

Atom  position N y B Uleqr (A2 062 8d 0.2261(6) 0.0305(3)  0.3496(8)  0.042(4)

0(33) 8d 0.0376(6) 0.21793)  0.8986(9)  0.045(4)
V(1) 8d 0.1802(1) 0.0578(1) 0.7756(2)  0.0215(9) 0(34) 8d 0.1181(6) 0.1774(3)  0.5565(9)  0.050(5)
V(2) 8d 0.0686(1) 0.0345(1)  0.6585(2)  0.0234(9) 0(35) 8d 0.3415(6) 0.1487(3)  0.5983(9)  0.041(4)
V(3) 8d 0.0365(1) 0.0855(1)  0.5643(2)  0.0294(9) 0(36) 4¢ 0.1306(8) 0.2500 0.864(1) 0.048(6)
V(4) 8d 0.2612(1) 0.0088(1)  0.5471(2)  0.0237(9) 0@37) 8d 0.1950(6) 0.2182(4)  1.103(1) 0.051(5)
V(5) 8d 0.3192(1) 0.0685(1) 0.5488(2)  0.0242(9) 0(38) 84 —0.0107(6) 0.1600(4)  0.932(1) 0.058(5)
V(6) 8d 0.2929(1) 0.0537(1)  0.7013(2)  0.0207(9) 0(39) 8d —0.0445(6) 0.2183(4)  0.978(1) 0.055(5)
V(7) 8d 0.1738(1) 0.0027(1)  0.6859(2)  0.0231(9) O(40) 8d 0.1782(6) 0.2170(4)  0.968(1) 0.053(5)
V(8) 8d 0.1133(1) 0.0193(1)  0.5121(2)  0.0228(9) O(41) 8d 0.1103(6) 0.1816(4)  1.123(1) 0.057(6)
V(9) 8d 0.0914(1) 0.1108(1)  0.7002(2)  0.0256(9) 0(42) 8d 0.1960(6) 0.1608(4)  1.033(1) 0.055(5)
V(10) 8d 0.2735(1) 0.1190(1)  0.7789(2)  0.033(1) 0(43) 8d 0.0041(6) 0.1828(4)  1.067(1) 0.056(5)
V(1) 8d 0.2270(1) 0.1224(1)  0.4683(2)  0.029(1) O(44) 4c 0.274009) 0.2500 1.015(1)  0.063(7)
v(12) 8d 0.2879(1) 0.1263(1)  0.6050(2)  0.030(1) 0(45) 8d 0.1372(7) 0.1911(4)  0.837(1) 0.060(5)
V(13) 8d 0.1242(1) 0.0912(1) 0.4234(2)  0.030(1) O(46) 4¢ —0.05749) 0.2500 0.846(1) 0.072(7)
V(14) 8d 0.1382(1) 0.1445(1)  0.5702(2)  0.032(1) O(47) 8d 0.0223(7) 0.1597(4)  0.210(1) 0.065(6)
V(15) 8d 0.2094(1) 0.0445(1) 042716  0.027(1) 0(48) 4c — 0.0868(9) 0.2500 0.097(2) 0.080(8)
V(16) 8d 0.1551(1) 0.1889(1)  1.0432(2)  0.048(1) 0(49) 84  —0.1163(7) 0.1923(5)  0.093(1) 0.078(8)
V(17) 8d 0.0373(1) 0.1885(1)  0.1613(3)  0.055(1) O(50) 8d 0.1859(9) 0.1897(6)  1.243(1) 0.081(8)
V(18) 8d 0.1188(1) 0.2129(1)  0.8994(3)  0.052(1) O(51) 4c 0.1656(7) 0.2500 1.221(1) 0.064(7)
V(19) 4c —0.0166(2) 0.2500  0.9148(4)  0.052(1) 0(52) 84 —0.0254(9) 0.2150(4)  0.177(1)  0.066(5)
V(20) 8d 0.0141(2) 0.1890(1) 0.9717(3)  0.046(1) 0O(53) 8d 0.2570(5) 0.1377(3)  0.698(1) 0.030(4)
V(21) 4¢ 0.2081(2) 0.2500 1.0292(4)  0.057(1) 0O(54) 8d 0.2507(4) 0.0801(3)  0.768(1) 0.024(3)
V(22) 8d —0.0618(2) 0.2125(1)  0.0815(4)  0.066(2) 0O(55) 8d 0.34293(5)  0.1208(3)  0.794(1)  0.044(4)
V(23) 8d 0.1508(2) 0.21102)  1.1894(4)  0.072(2) O(56) 8d 0.2395(6) 0.1350(3)  0.847(1) 0.045(4)
V(24) 4c 0.0169(4) 0.2500 1.2281(5)  0.084(3) 0(57) 8d 0.0753(7) 0.2156(4)  1.225(1) 0.065(5)
Cl(1) 4c 0.0717(2) 0.2500 1.0569(5)  0.064(3) O(58) 4¢ —0.0019(9) 0.2500 1.310(1) 0.068(7)
Cl(2) 8d 0.1798(4) 0.0715(1)  0.5939(3)  0.037(2) 0O(59) 8d 0.0067(9) 0.1883(7)  0.754(1) 0.092(9)
o(1) 8d 0.3112(4) 0.08793)  0.6411(7)  0.025(3) 0(60) 8d 0.0874(9) 0.0164(7)  0.313(1) 0.082(9)
0(2) 8d 0.1173(4) 0.0060(3)  0.6121(8)  0.020(3) O(61) 8d 0.3922(9) 0.1682(7)  0.726(1) 0.087(9)
0(3) 8d 0.0560(5) 0.0914(3)  0.4731(7)  0.034(4) N(1) 8d 0.3510(7) 0.0148(4)  0.385(1) 0.033(4)
04) 8d 0.0142(5) 0.0154(3)  0.6845(8)  0.032(4) N(2) 8d —0.0617(7) 0.0826(4)  0.737(1) 0.039(5)
0(5) 8d 0.0541(5) 0.0441(3)  0.5599(8)  0.025(4) N(@3) 8d 0.1019(8)  —0.1365(5)  0.969(1) 0.055(6)
0(6) 8d 0.2910(5) 0.1048(3)  0.5103(8)  0.026(3) N@4) 8d 0.0121(7) ~ —0.0382(5)  0.580(1) 0.043(5)
o(7) 8d 0.2271(5)  —0.0097(3) 0.6193(8)  0.022(3) N(5) 8d 0.1247(8) 0.1318(4)  0.893(1) 0.054(6)
0(8) 8d 0.1929(5) 0.01103)  0.4913(8)  0.024(3) N(6) 8d 0.1784(9) 0.0211(6)  0.217(1) 0.076(6)
0(9) 8d 0.2280(5) 0.0293(3)  0.7279(8)  0.021(3) N(7) 8d 0.1992(7)  —0.0385(4)  0.398(1) 0.046(5)
0(10) 8d 0.1362(5) 0.0912(3)  0.7611(7)  0.031(4) N(8) 8d 0.2874(9) 0.16129)  1.268(2) 0.151(5)
o(11) 8d 0.1276(5) 0.0482(3)  0.4359(7)  0.023(3) N©) 8d 0.0930(9) 0.1685(9)  0.354(2) 0.143(1)
0(12) 8d 0.2790(5) 0.0436(3)  0.4822(7)  0.024(3) N(10) 8d 0.2811(9) 0.1871(6)  0.909(2) 0.085(7)
0(13) 8d 0.0480(5) 0.1281(3)  0.7534(9)  0.041(4) C(1) 8d 0.411(1) 0.013(1) 0.419(1) 0.049(6)
0O(14) 8d 0.3462(5) 0.0430(3)  0.7510(7)  0.025(3) C@2) 8d 0.445(1)  —0.007(1) 0.370(1) 0.047(6)
O(15) 8d 0.1788(5) 0.0483(3)  0.8605(7)  0.026(4) CQ3) 8d 0.504(1)  —0.012(1) 0.401(1) 0.049(6)
0O(16) 8d 0.1477(5) 0.1405(3)  0.6755(8)  0.037(4) C4) 84 —0.039(1) 0.034(1) 0.850(1) 0.048(6)
o(17) 8d 0.1640(5)  —0.0258(3) 0.7357(8)  0.031(4) C(5) 84  —0.014(1) 0.065(1) 0.848(1) 0.049(6)
0O(18) 8d 0.1458(5) 0.1267(3)  0.4734(8)  0.028(4) C(6) 8d  —0.053(1) 0.089(1) 0.815(1) 0.040(6)
0(19) 8d 0.0725(5) 0.1202(3)  0.5993(8)  0.030(4) C(7) 8d 0.060(1)  —0.119(1) 0.925(1) 0.056(7)
0(20) 8d —0.0308(5) 0.0895(3)  0.5663(8)  0.038(4) C®) 8d 0.086(1)  —0.112(1) 0.852(1) 0.053(7)
0(21) 8d 0.2510(6) 0.1452(3)  0.4096(8)  0.041(4) o) 8d 0.044(1)  —0.093(1) 0.809(1) 0.069(6)
0(22) 8d 0.1061(6) 0.0996(3)  0.3429(8)  0.043(4) C(10) 8d 0.067(1)  —0.087(1) 0.732(1) 0.050(7)
0(23) 8d 0.2211(5) 0.1422(3)  0.5585(7)  0.027(4) c(n 8d 0.027(1) —0.066(1) 0.691(1) 0.054(7)
0(24) 8d 0.2079(5) 0.0871(3)  0.4194(8)  0.032(4) C(12) 8d 0.049(1)  —0.060(1) 0.617(1) 0.051(7)
0(25) 8d 0.0512(5) 0.0748(3)  0.6724(7)  0.022(3) C(13) 8d 0.129(1) 0.106(1) 0.954(2) 0.10(1)
0(26) 8d 0.3043(5) 0.0333(3)  0.6083(7)  0.022(3) C(14) 8d 0.079(1) 0.106(1) 0.996(2) 0.092(9)
0(27) 8d 0.0782(5)  —0.0070(3) 0.4721(7)  0.031(4) C(15) 8d 0.077(2) 0.077(1) 1.036(2) 0.12(1)
0(28) 8d 0.0963(5) 0.18353) 0.9761(9)  0.045(4) C(16) 8d 0.112(2) 0.077(1) 1.102(2) 0.14(1)
0(29) 8d 0.1227(5) 0.0332(3)  0.7308(7)  0.026(4) C(17) 8d 0.109(1) 0.046(1) 1.147(2) 0.13(1)
0(30) 8d 0.3847(5) 0.0682(3)  0.5241(9)  0.037(4) C(18) 8d 0.173(1) 0.049(1) 0.196(2) 0.12(1)
0(31) 8d 0.3010(5) —0.0161(3) 0.5110(8)  0.033(4) C(19) 8d 0.173(1) ~ —0.067(1) 0.434(2) 0.071(7)




[NH;3(CH,)sNH3110[V15037(CD)1>[Vi5036(CD1(OH); (H,0);

TABLE 2— Continued

Wyckoff

Atom  position X y z U (eq) (A?)
Cc0)  8d 0203(1)  —00721) 05112  0.087(%8)
C(21) 8d 0.192(1) —0.100(1) 0.542(2) 0.10(1)
c2)  8d 0.285(1) 0.101(1) 11222)  0.092(8)
c3)  8d 0.297(2) 0.132(1) 11532)  0.12(1)
c4)  8d 0271(2) 0.127(1) 12373)  0.14(1)
ces)  8d 0.046(2) 0.1831)  03873)  0.19(1)
cQ6)  8d 0.009(2) 0.1621)  04123)  0.15(1)
C27) 84 —00453) 0.1802)  0466(3)  0252)
C28) 84 —0.074(3) 0.161(2) 04754)  021(2)
c29)  8d 0.389(4) 01702)  0942(5)  035(4)
c(30)  8d 0.328(2) 0.180(1) 09682  0.14(1)
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between the [V;505-(C1)]°~ (I) clusters are found at
11.20(1), 11.76(1), and 13.15(1) A. Interclusters Cl(2)-Cl(1)
distances of 12.01(1), 12.54(1), and 13.03(1) A are observed.
So, clusters (II) are more separated than clusters (I). These
later are more densely stacked because of higher volumic
density of dications in the central part. It is worth noting

TABLE 3
Selected Bond Lengths (A) in [NH;(CH,)sNH;],o
[V1505(CD L V150:6(CD1(OH);(HO)s

Uleq) = 3> Uafata;a;.

is established as [NH;(CH,)sNH;]:0[V15034(Cl)],
[V15036(C1)]1(OH);(H,0);. By looking at Table 2 describ-
ing the positional and thermal parameters it is clear that
most of the atoms have rather high thermal parameters,
especially the carbons and a few nitrogens (refined isotropi-
cally). Even some vanadium and oxygen atoms which be-
long to the [V;5034(C1)]°~ cluster exhibit high U, values.
This feature arises probably from some kind of dynamic
disorder frequently observed in such mesostructured or-
ganic/inorganic hybrids. Because of the high volume cell
and of the large number of atoms it is not too surprising to
observe disorder. For example several vanadyl groups such
as V(24)=0(58) or V(23)=0(50) exhibit most likely orienta-
tional disorder. In this structure, bond lengths are affected
by a rather important standard deviation (Table 3). How-
ever, since no special problems for locating atoms were
encountered, it can be concluded that the structural deter-
mination is reasonably correct.

DESCRIPTION OF THE CRYSTAL STRUCTURE

This new hybrid exhibits an original three-dimensional
assembling whose inorganic framework is built up from
two types of slightly different vanadium-oxygen clusters:
[Vi5035(CD]® (I) and [V;5054(C1)]°~ (II) encapsulating
the chloride anion Cl™. The average distance between Cl
and V is about 3.43 +0.1 A, practically the same value
found by Miiller et al. (15). A projection of the structure
along [001] is shown in Fig. 2. It is of note that the stacking
density varies inside the orthorhombic cell. The central part
in the cell implying [V,505-(C1)]®~ clusters is more densely
stacked than the other part containing the [V;50;4CI)]°~
polyoxovanadate groups. These differences are reflected on
distances between the clusters. In the mirror plane perpen-
dicular to the y axis, the clusters [V,5034(Cl)]°~ (II) are
separated by a Cl(1)-CI(1) distance of 13.81(1) A. In the
central part of the unit cell the shorter C1(2)-Cl(2) distances

d (&) d (&) d(A)

Vi 015 1631) V9  OI13 1622 VI7T 047 1.6002)
Vi 010 184(1) V9  O10 1.78(1) VI7 041  1.892)
Vi 09 192(1) V9  O16 194(1) V17 O57 19202
Vi 029 194(1) V9 025 194(1) V17T 052 19202
VI 054 1951) V9  O19 197(1) VI7 043  1.94(2)
V2 04 1621) VIO 036 1.66(2) VI8 045 1.58(2)
V2 029 1851) VIO 055 167(1) VI8 036  1.80(1)
V2 025 187(1) VIO 053 1.76(2) VI8 040 191(2)
V2 05 191(1) VIO 054 183(1) VI8 033  1.93(1)
V2 02 192(1) VII 021 160(1) VI8 028 20102
V3 020 1.60(1) VII 06 188(1) VI9 046 1.60(3)
V3 03 177(1) VIl 024 1.88(1) VI9 033  1.951)
V3 019  188(1) VII 023 190(1) VI9 033  1.951)
V3 05 190(1) VII O18 1931) VI9 039 196(2)
V3 025 2091) VI2 035 1621) VI9 039 1.96(2)
V4 031 160(1) VI2 Ol 192(1) V20 038 1.60(2)
V4 07 177(1) VI2 023  193(1) V20 043  1.80(2)
V4 026 188(1) VI2 053 1951) V20 039 191(2
V4 08 192(1) VI2 06 200(1) V20 033 19502)
V4 012 201(1) VI3 022 1602 V20 028 197(1)
V5 030 161(1) VI3 03 186(1) V21 044 15802
V5 06 1.89(1) VI3 018 191(1) V21 040  1.98(2)
V5 012 192(1) VI3  OIl  194(1) V21 040 1.98(2)
V5 01 193(1) VI3 024 1981) V21 037 20002
V5 026 196(1) VI4 034 1572) V21 037 20002
V6  O14 163(1) V14 019 197(1) V22 049 1592
V6 Ol 194(1) VI4 023 197(1) V22 048  1.80(1)
V6 09 1951) V14 018 197(1) V22 039 19702
V6 026 197(1) V14 016 1981) V22 052 19802
V6 054 198(1) VIS5 032 1.622) V22 043 20602
V7 O17 160(1) VI5 024 191(1) V23 050 1.61(2)
Vi 07 1851) VI5 012 1941) V23 051 1.88(1)
V7 09 191(1) VI5 OIl  194(1) V23 057 19102
V7 02 192(1) V15 08 1951) V23 037 1.94(2)
V7 029 200(1) V16 042 1602) V23 041  2.04(2)
V8 027 162(1) V16 041 1.842) V24 058  1.58(3)
V8  OIl  1951) V16 028 1882 V24 057 20702
V8 02 1951) V16 040 1952) V24 057 207Q2)
V8 08 1951) V16 037 1962) V24 052  2.08(2)
V8 05 1.99(1) V24 052 2.08(2)
NI O12 280(1) N4 027 290(1) N7 08 281
NI O17 2831) N5 056 2851) N8 050 2.751)
N2 014 281(1) N5 028 286(1) N8 021 286(1)
N2 055 2891) N5 045 287(1) N9 022 3.11(1)
N3 049 277(1) N6 032 2731) NI0O 056 2.79(1)
N3 035 280(1) N6 060 2.80(1)
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FIG.2. Projection of the structure of [NH3(CH,)sNH;z] 0
[V15037(CD]2 [V15034(CD](OH); (H,O); along [001].

that orientation of alkyldiammonium chains is also different
around clusters (I) and (II). Owing to these differences
in compactness for the two parts, the structure could be

DREZEN AND GANNE

described as resulting from an intergrowth along [010]
between two sublattices, each one containing a different
cluster type. In this way the structure can be considered as
being two dimensional. Channels between clusters (II) with
a diameter size about 5.60 A (as deduced between O(49) and
O(50)) run along the ¢ axis and are able to adsorb free water
molecules (5.5% in weight) as effectively found from the
TGA experiment (Fig. 1).

The two types of clusters, (I) and (II), are depicted in
Fig. 3. Although they show similarities, cluster (I) contains
a tetrahedral vanadium site (V(10)) which is an original
feature. The other vanadium atoms are in square pyramidal
sites (symmetry ~ Cy,), all characterized by the presence of
a shorter bond of vanadyl type (V=0) about 1.61 + 0.02 A
in average length. All the V-O and N-O distances are
given in Table 3. From these data it appears to be clear
that dications establish hydrogen bonding (N-H --- O be-
tween 2.73(1) and 2.91(1) A) with cluster oxygen atoms, as
represented in Figs. 4 and 5. The two types of clusters, (I)
and (II), share a different number of hydrogen bonds, 8 for
cluster (II) and 10 for cluster (I). The water molecules and
hydroxide anions are partly located in the neighborhood of
clusters (I) in the central part of the cell and partly at the
interface between the two sublattices in the channels, on
three independent cristallographic (8d) Wickoff positions,
each one providing a hydrogen bond with cluster (I) oxy-
gens. As proposed above, further place in the channels is
available for adsorption of free water molecules.

Individual valence of each vanadium cation has been
estimated from calculations of bond valence sums by using
the formula of Brown and Altermatt (19). These results are
given in Table 4 as well as the average value and its uncer-
tainty inside each cluster (I) and (II). Taking into account
the refined crystallographic formula, the average vanadium
valence is estimated to be about 4.60 4 0.1 value, which is

FIG. 3. View of the two types of clusters. (a) Cluster (I): [V;503-(Cl)]; (b) cluster (II), [V;503¢(Cl)].
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FIG.4. Arrangement of the hexanediammonium chains around cluster
(I), with hydrogen bonds shown as dotted lines.

higher than that found for octyldiamine (4.43 + 0.02) tex-
tured vanadium oxide (13, 14), although these two com-
pounds were prepared under strictly similar conditions.

In order to obtain an independent estimation of this
average valence in these two hybrids containing either
hexanediammonium or octyldiammonium cations, we have
carried out ESCA experiments. XPS measurements were
performed on single crystals with the Leybold Heraus ap-
paratus, using the MgKa X-ray radiation as the excitation
source (Eygx, = 1253.6 eV). The 2p core level excitation of
vanadium was especially analyzed. The deconvolution of
the 2p;,, component of vanadium gave two distributions at
518.73 and 517.44eV with diaminohexane, respectively
518.49 and 517.22 eV with diaminooctane. The highest
value was assigned to VY and calibrated down to the refer-
ence value found in the literature for 2p;, in V,Os
(517.4 ¢V) (20) for which the vanadium coordination also is
almost square pyramidal. This correction was necessary to
account for space charge effects. Hence the second peak was
attributed to V' (516.2 eV). It is worth noting that the two
peaks were refined with a same linewidth of 1.6 eV. Results
of this deconvolution are shown in Figs. 6 and 7. Assuming
an error margin of + 3% for the atomic percentages of the
vanadium valences, average valence values of 4.47 £+ 0.03
and 4.55 + 0.03 were calculated respectively for octane- and
hexanediamine templated vanadates. Although the XPS
method more concerns surface analysis and can induce
more uncertainty in chemical composition, the estimation
obtained on the average valence state values seems to be in
reasonable agreement with those calculated from the val-
ence bond sums: 4.43 + 0.02 and 4.60 + 0.1. This latter
value of 4.60 exhibits a higher uncertainty, most likely due
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FIG.5. Arrangement of the hexanediammonium chains around cluster
(IT), with hydrogen bonds shown as dotted lines.

to some degree of disorder in a large unit cell containing
a high number of atoms.

An argument which strongly supports the ESCA analysis
in two distributions, V¥ and V', in a cluster such as
[V15056(CD]®~ templated by octanediamine arises from
the determination of the electronic structure which is in
progress (21). The eight electrons d* are distributed on very
narrow levels built up from “¢,,” orbitals. For explaining the

TABLE 4
Sums of the Bond Valences for the V Atoms
[NH3(CH;)sNH3]10[ V1503:(C)12[ V15036(C1) J(OH):(H,O)5

Atom Valence Atom Valence
Cluster I: [V;503-(C1)]°~
V(1) 4.59 V() 4.72
V(2) 483 V(10) 4.96
V(@3) 487 V(11) 4.84
V4) 494 V(12) 4.34
V(5) 457 V(13) 4.64
V(6) 4.21 V(14) 4.40
V(7) 4.68 V(15) 4.44
V(8) 4.26 Average Valence 4.62 + 0.07
Cluster II: [V;5054(CI)]°~
V(16) 477 V(21) 4.24
v(17) 4.67 V(22) 4.52
V(18) 4.86 V(23) 4.46
V(19) 4.38 V(24) 3.74
V(20) 4.80 Average Valence 4.57 +£0.10

Note. The results refer to the equation ) ; (d(V-0,)/1,78) 1% (16).
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FIG.6. XPS spectrum of V 2p;,, and the result of deconvolution in two
distributions: V¥ and V!V in [NH;3(CH,)sNH;3]3[V15036(C1)](NH3)e
(H,0)s.

evolution of the magnetic behavior depicted in Fig. 8§,
a model of magnetic insulator is proposed. It accounts for
singly occupied levels with “spin up” and “spin down” states
split by an exchange energy gap of about 0.2 eV. This model
makes it possible to explain the magnetic moment value of
2.8 ug below 50 K, corresponding to two unpaired electrons,
and accounts for the value of 4.9 ug at 300 K characteristic
of four unpaired electrons. Naturally, when temperature is

300 T T T T T T T

[vV (2p3n) VIV (2p372)

2500;_{517.43 eV) (516.16 V)

20000

15000

Intensity (cps)

10004
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519.2 518.4 517.6 516.8 516 515.2 514.4 513.6

binding energy (eV)

FIG. 7. XPS spectrum of V 2p3,, and the result of deconvolution in
two distributions: V¥ and V'V in [NH3(CH,)sNH3]10[V15034(Cl)],
[V15036(CD]I(OH)3 (H,0)s.
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increased above 50 K, polaronic hopping between narrow
levels increase more and more but filling of the different
levels corresponds to half-filled or empty levels. So the
redox VY/V' is physically justified.

DISCUSSION

This study provides a novel example of organic-inorganic
hybrid compound containing vanadium-oxygen clusters
textured by alkyldiammonium cations. Diamines are con-
sidered as playing a double role: (a) reducing agent and (b)
template. Although the mechanism of precipitation of clus-
ters such as [V;5034(C])]°~ or related is not known, it
could be envisaged, in a first step, that at low pH values
(~2.5), neutral monomeric vanadates species, reduced
or not by diamines such as [VO,(OH)H,O0);] or
[VO,(OH),(H,0),] (22), aggregate around Cl~ through
dehydration and partial “oxolation” process to form
oxohydroxylated clusters. In a second step, acid-base inter-
calation of diamines gives the mesostructured vanadate.
Such an interpretation is possible since the clusters obtained
by Shao et al. (17) with only ammonium and sodium cations
exist without the templating effect.

Curiously, the diamine templates, as reducing species,
lead, whatever the diamine, to mixed valence hybrids either
with a particular value 4.5 found in layered vanadates
(23-29) or with a value close to that value in hybrids with
vanadium-oxygen clusters (octane- and hexanediamine).
The mixed valence state in (NH,);Na-[V;5054CI)]*°"
30H,O (17) corresponds to 80% of V. By considering
different diamines, it appears that ethylendiamine is the
most reducing one, as it reduces both V¥ and Mo"", whose
standard redox potentials are separated by 0.8 eV. That
latter value was determined by estimation of the charge
transfer gaps in UV-visible absorption spectra (&~ 2.20 eV
for vanadium and 3.0 eV for molybdenum). The yield of the
synthesis is about 85% for this diamine, whereas it is only
25% for dodecanediamine. Parallel to that tendency, the
crystallinity decreases and single crystals are no longer
formed. In order to have a best overview on the vanadate
hybrids textured by diamines, we propose a phenom-
enological diagram with the standard redox potentials of
Mo""/Mo" and VY/V" (symmetry C,,) and a qualitative
scale of “effective” redox potentials that have to account for
all energies known or unknown in the different pathways
that allow the synthesis of the hybrid (Fig. 9).

When reduction is thermodynamically allowed, kinetic
effects can superpose even more when diamines are longer.
Indeed viscosity plays an important role on intercalation in
the second step proposed for the synthesis of these hybrids.
So, small differences observed in the energy scale, could
be dependent of kinetics of different decomposition path-
ways of diamines still unknown, according to the structural

type.
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FIG. 8. Thermal evolution of the reciprocal molar susceptibility for [NH3(CH,)gNH3]3[V5036(C1)]1(NH3) (H,0)s.

The use of such a diagram was tested for diaminopropane
on a mixture of MoO;/V,0s5, 1/1. Only a reduced vanadate
hybrid was obtained.

Concerning the hexanediamine templated vanadate, no
special attempt was made to change experimental condi-
tions. On the contrary, they were chosen strictly similar to
those selected for the synthesis of the octane compound, in
order to make available comparisons. No ESR study has yet
been done to test the behavior of the [V;5054(CI)]°~ clus-
ter, but it is planned. A magnetic insulator behavior is also
expected for the two clusters in the hexanediamine tem-
plated vanadate at low temperature, with a polaronic hop-
ping at higher temperature.

CONCLUSION

The new mesostructured polyoxovanadate [NH3(CH,)
NH;3]10[V15037(CD]2[V15036(CDH](OH)3(H,0); is an-
other example of the templating effect of diamines. This
organic-inorganic hybrid contains two types of clusters,
[Vi5036(CD]°~ and [V;5034(C1)]°®", textured by organic
dications, ensuring a cohesion with a different denseness.
The less dense stacking inside the cell concerns the environ-

ment of [V;5054(CD)]°~ clusters between which channels
with diameter size about 5.60 A can adsorb free water
molecules in addition to constituent water. The most com-
pact part concerns the [V;505-(Cl)]®~ clusters. So the
structure has been described in terms of intergrowth of two
sublattices with a two-dimensional character.

It is worth noting that the reducing power of diamino-
hexane seems to be slightly lower than that of diamino-
octane according to the average valence state of vanadium,
4.60 + 0.1 vs 443 +0.02, in reasonable agreement with
those obtains by XPS experiments. These values, which
depart slightly from the particular 4.5, result from an ac-
comodation of mixed-valence state through occupation
fluctuations of various narrow electronic levels inside the
cluster. All the diamine templated vanadates exhibit mag-
netic properties which are those of magnetic insulators, at
least at low temperature. They are either antiferromagnetic
or magnetic insulators where “spin up” and “spin down”
states are split by an exchange energy gap (0.2 eV in
[V15s04(C1)]° 7). After analysis of different results found in
the literature, the shorter diamines rather induce layered
structures, whereas the longer favor clustering of the vana-
date framework.
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FIG. 9. Phenomenological diagram implying “effective” redox poten-
tial of diamines (ED, ethylenediamine; PD, propanediamine; BD, bu-
tanediamine; HD, hexanediamine; OD, octanediamine) placed with regard
to the standard redox couples VV/V' in different site symmetries and
Mo"/MoY in Oh symmetry.

From all these results, we have proposed the concept of
“effective” redox potential of diamines to account for all
energies, known or unknown, contributing to their apparent
reducing power. The thermodynamic component is always
present but can be superposed to kinetic contributions of
different pathways affecting especially the longer diamines.
The “effective” redox potentials have been placed on a scale
which is compared to the standard redox potentials
MoY'/MoY and VV/V". Because the mean valence state of
vanadium is always close to 4.5, it is expected that the
position of the longer diamines in the scale rather reflects
kinetic contributions. Other experiments are in progress to
improve our knowledge on the thermodynamics of those
complex systems.
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