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Amine-Intercalated Layered Sn'' Phosphates with Open-Framework Structures
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Three new Sn'! phosphate materials, [NH3(CH,)3NH,(CHy),-
NH;(CH,)3NH;3]-2[SnoPoOg]  (I),  [(N2Cs5H14)2][SnyPsO46]
3H,O (II) and [(N,C5H14)][Sn,P2Og]-H,O (III), have been
synthesised by means of hydrothermal methods using N,N'-
bis(3-aminopropyl)ethylenediamine (BAPEN; for I) and
homopiperazine (H-PIP; for II and III), respectively, as the
structure-directing organic amines. The solids I-III have lay-
ered architectures. The structures of all three compounds
consist of strictly alternating vertex-sharing trigonal-pyrami-
dal SnOj and tetrahedral PO, moieties forming infinite layers

possessing apertures bound by 4- and 8-T atoms (T = Sn, P).
The distorted 4- and 8-membered apertures within the layers
suggest the subtle influence of the lone-pair of electrons of
Sn' on the structure. The interlamellar space is occupied by
the protonated organic amine molecules which interact with
the framework through N-H--O hydrogen bonding. The
compounds I-IIT bear some structural relationship to the lay-
ered zinc phosphite phases.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

The wide structural diversity along with the potential ap-
plications in the areas of catalysis, sorption and separation
processes are the reasons for the continued interest in the
area of open-framework materials.[!! The continuing re-
search has clearly established that new materials with novel
structures can be made in the presence of structure-direct-
ing organic amines.””! It is now firmly established that tin(II)
phosphates exhibiting open-framework structures can be
prepared employing hydrothermal methods.®~!31 The chem-
istry of divalent tin and its related compounds, especially
the phosphates?® 131 and the phosphonates,!'*1°l continues
to yield unexpected results with the lone-pair associated
with Sn'! playing a significant role. In the family of tin
phosphates, the isolation of solids having zero-,*! one-,[*]
two-[°8 and three-dimensionally® '3l extended networks
clearly indicates that the system is versatile like the other
family of open-framework phosphates. It is noteworthy that
one of the basic structural building blocks, present in most
of the phosphate based open-framework solids, is a four-
membered ring made of [M,P,0,4] units. The analogue with
M = Sn has also been isolated and characterised.[’! The
main structural features present in all the tin phosphate and
phosphonate materials are the presence of either three- and/
or four-coordinated Sn'! atoms that are vertex-linked to
PO, tetrahedra forming channels and cavities. In general, it
is observed that the Sn/P ratio in many of the tin phos-
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phates is >1. In this paper, we report the hydrothermal syn-
thesis and structures of three simple open-framework tin(II)
phosphates, [NH3(CH,);NH,(CH,),NH,(CH,);NH;]:
2[Sn,Py0g] (I, [(N2CsHyg),][SnyP4O16]:3H,O0  (I)  and
[(N,CsH 4)][Sn,P,Og]-H,O (III), having an Sn/P ratio of
1.0. The compounds were prepared in the presence of N,N'-
bis(3-aminopropyl)ethylenediamine (BAPEN; for I) and
homopiperazine (H-PIP; for I and III ), respectively, as the
structure-directing agent.

Results and Discussion

Three new Sn'' phosphates, [{NH;(CH,);NH,(CH,),-
NH(CH,)3NH;}5]-2[SnoPoOg] (1), [(N2CsHia)o][SnaPsOg6)
3H,O (II) and [(N,CsH;4)][Sn,P,O5]'H,O (III), were syn-
thesised using hydrothermal methods. As a result of the
synthesis being kinetically controlled solvent-mediated reac-
tions, there is no relationship between the starting synthesis
mixture composition and the stoichiometry of the final so-
lid product. The compounds I-III have similar structures
consisting of layers that are intercalated by the structure-
directing organic amine molecules. The structures are based
on a network of strictly alternating SnO; and PO, units.
These units form infinite layers with the incorporation of
the organic amine in the fully protonated form.

The asymmetric unit of I contains 18 independent non-
hydrogen atoms, of which two Sn and P atoms are crystallo-
graphically independent. The structure of I is constructed
from a network of SnO; and PO, units forming infinite
layers which are anionic. The connectivity between these
moieties creates 4- and 8-membered rings along the b-axis.
The polyhedral connectivity between the SnO; and PO,
units forming the two-dimensional layer is shown in Fig-
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ure 1. As can be noted, each four-membered ring within the
layer is connected to four eight-membered rings and each
eight-membered ring is attached to four four-membered
rings. The organic amine molecules (BAPEN) balance the
charges of the anionic layers and are located in the spaces
between the layers. The individual layers are held together

by the fully protonated BAPEN molecules through hydro-
gen bonding interactions (Figures 2a and b).

The asymmetric unit of II contains 42 independent non-
hydrogen atoms, of which 24 atoms belong to the frame-
work and the remaining atoms to the lattice water and
amine guest molecules. There are four Sn and P atoms that

Figure 1. Polyhedral view of a single layer in [NH3(CH,)s-
NHz(CHz)'_)NHz(CHz)g,NH;]'Z[SnszOg] (I) in the ac plane.

e YA
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Figure 3. Polyhedral view of a single layer in [(N,CsHiy)sl-
[Sn4P4016]'3H20 (ll)

(b)

Figure 2. (a) Arrangement of the layers in I in the bc plane. (b) Arrangement of the layers in I in the ab plane. The dotted lines in both

the cases represent possible hydrogen-bonding interactions.
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are crystallographically independent. Similar to I, the struc-
ture of II is constructed by a network of SnO; and PO,
units forming infinite layers that are anionic. The connectiv-
ity between these moieties creates 4- and 8-membered rings
in the ab plane (Figure 3). In II, there appear to be two
types of 4- and 8-membered apertures, the arrangement of
which gives a three-dimensional character to the layers. The
differences in the sizes and shapes of the apertures may be
attributed to the relative positioning of the lone-pair of elec-
trons on Sn'l. The charge-compensating protonated organic
amine cations (H-PIP) are located in the inter-lamellar re-
gions and are involved in hydrogen bonding through N-
H---O, C-H---O and O-H---O interactions (Figure 4).

Figure 4. Arrangement of the layers in II in the bc plane. Dotted
lines represent possible hydrogen-bonding interactions. The lattice
water molecules are not shown.

The asymmetric unit of IIl contains 20 independent non-
hydrogen atoms, of which two Sn and P atoms are crystallo-
graphically independent. The connectivity between the
SnO; and PO, units creates 4- and 8-membered rings within
the layer in the bc plane. The polyhedral connectivity of a
single layer is shown in Figure 5. As can be noted, each

4-membered ring within the layer is connected to four 8-
membered rings and each 8-membered ring is attached to
four 4-membered rings. The 8-membered rings are consider-
ably more distorted compared with those in the structures
of I and II. The organic amine molecules (H-PIP) balance
the charges of the anionic layers and are located in the
spaces between the layers. The individual layers are held
together by the protonated H-PIP molecules through hy-
drogen-bonding interactions (Figure 6).

Figure 5. Polyhedral view of a single layer in [(N,CsH4)][Sn,P,05]
H,O (I1I) in the bc plane.

Compounds I-III therefore represent examples of open-
framework solids possessing alternating anionic and cat-
ionic layers. It may be noted that one of the basic building
units present in many of the tin phosphates and other re-
lated materials, namely M,P,O, units (M = Sn in the pres-
ent case),l’! can be observed in all the structures.

The Sn—O bond lengths are in the range from 2.0635(18)
to 2.1234(17) A and the O-Sn—O bond angles are between
82.76(6) and 93.42(14)° which is typical of three-coordinate
Sn'! centres?® 13 (Tables 1, 2 and 3). The Sn atoms are
linked to P by means of the oxygen links. The P atoms are

Figure 6. Arrangement of layers in III in the ac plane. Dotted lines represent possible hydrogen-bonding interactions. The lattice water

molecules are not shown.

Eur. J. Inorg. Chem. 2006, 3463-3471

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

3465

www.eurjic.org



FULL PAPER

P. Ramaswamy, S. Natarajan

Table 1. Selected bond lengths [A] and bond angles [°] for
[NH3(CH,);NH>(CH»),NH>(CH,);NH;]2[Sn,P>Os] (I).

Sn(1)-0(1) 2.0911(17)  P(1)-O(5)1 1.5412(17)
Sn(1)-0(2) 2.0899(18)  P(1)-O(6)® 1.5475(17)
Sn(1)-0(3) 2.1035(16) P(1)-O(3) 1.5510(16)
Sn(2)-0(4) 2.0635(18) P(2)-O(8) 1.4928(18)
Sn(2)-0(5) 2.0957(18) P(2)-O(4) 1.5268(17)
Sn(2)-0(6) 2.1234(17)  P(2)-0(1) 1.5442(18)
P(1)-O(7) 1.5022(18)  P(2)-O(2)1 1.5448(19)
0(2)-Sn(1)-0(1) 89.128)  O(8)-P(2)-O(4) 111.89(12)
0(2)-Sn(1)-0(3) 86.52(7)  O(8)-P(2)-0O(1) 109.78(11)
O(1)-Sn(1)-0(3) 82.76(6)  O(4)-P(2)-0O(1) 107.85(11)
O(4)-Sn(2)-0(5) 84.62(7)  O(8)-P(2)-O(2)¢ 112.26(13)
O(4)-Sn(2)-0(6) 88.67(7)  O(4)-P(2)-O(2)« 107.20(11)
O(5)-Sn(2)-0(6) 88.13(7)  O(1)-P(2)-O(2) 107.65(11)
O(7)-P(1)-O(5) 108.40(11)  P(2)-O(1)-Sn(1) 119.79(10)
O(7)-P(1)-O(6)™ 112.81(11) P(2)<-0(2)-Sn(1) 122.75(11)
O(5)E-P(1)-O(6)®  108.79(10) P(1)-O(3)-Sn(1) 122.80(9)
O(7)-P(1)-0(3) 110.93(10)  P(2)-O(4)-Sn(2) 130.82(11)
O(5)41-P(1)-0(3) 109.29(10)  P(1)[-O(5)-Sn(2) 126.37(11)
O(6)P-P(1)-0O(3) 106.55(9)  P(1)®1-O(6)-Sn(2) 120.31(10)

Symmetry transformations used to generate equivalent atoms: [a]
X, pz+ 1. [b]—x-y -z [c] x+ 1,y =z [d x,»z- 1

Table 2. Selected bond lengths [A] and bond angles [°] for
[(N2CsH 14),][Sn4P4O16]-3H,0 (ID).

Sn(1)-O(1) 2.082(4)  P(1)-O(4) 1.545(4)
Sn(1)-0(2) 2.092(4)  P(1)-0(6) 1.558(4)
Sn(1)-0(3) 2.124(4)  P(2)-O(14) 1.510(4)
Sn(2)-O(4)l 2.0794)  P(2)-0(5) 1.535(4)
Sn(2)-0(5)! 2.101(4)  P(2)-O(11) 1.546(4)
Sn(2)-0(6) 2.112(4)  P(2)-0(2) 1.547(4)
Sn(3)-0(7) 2.0954)  P(3)-0O(15) 1.517(4)
Sn(3)-0(8) 2.1074)  P3)-O(10) 1.532(4)
Sn(3)-0(9) 2.1153)  P3)-0(7) 1.540(4)
Sn(4)-0(10) 2.082(4)  P(3)-O(9)] 1.551(4)
Sn(4)-0O(11) 2.099(4)  P(4)-O(16) 1.500(4)
Sn(4)-0(12) 2.1154)  P@4)-O(8) 1.533(4)
P(1)-0(13) 1.499(4)  P(4)-0(3) 1.554(4)
P(1)-O(1) 1.5354)  P4)-0(12) 1.557(4)
0O(1)-Sn(1)-0(2) 85.96(15)  O(15)-P(3)-O(10)¢  109.4(2)
O(1)-Sn(1)-0(3) 90.65(15)  O(15)-P(3)-O(7) 110.6(2)
0(2)-Sn(1)-0(3) 92.12(15)  O(10)-P(3)-O(7) 108.2(2)
O@)L-Sn(2)-O(5)1  89.10(15)  O(15)-P(3)-O(9)! 110.6(2)
O(4)1-8n(2)-0(6) 88.93(15)  O(10)-P(3)-09)¢  109.3(2)
0O(5)-Sn(2)-0(6) 85.25(14)  O(7)-P(3)-O(9)l 108.6(2)
O(7)-Sn(3)-0(8) 89.12(15)  O(16)-P(4)-O(8) 110.8(2)
O(7)-Sn(3)-0(9) 88.60(14)  O(16)-P(4)-0O(3) 110.2(2)
0(8)-Sn(3)-0(9) 87.21(14)  O(8)-P(4)-0O(3) 109.5(2)
0(10)-Sn(4)-O(11) 85.27(14)  O(16)-P(4)-O(12) 111.7(2)
0(10)-Sn(4)-0(12) 86.81(14)  O(8)-P(4)-0(12) 108.4(2)
O(11)-Sn(4)-0(12) 93.42(14)  O(3)-P(4)-O(12) 106.1(2)
0(13)-P(1)-0O(1) 111.92)  P(1)-O(1)-Sn(1) 129.0(2)
0(13)-P(1)-O(4) 112.32)  P(2)-O(2)-Sn(1) 123.002)
O(1)-P(1)-O(4) 107.7Q2)  P(4)-O(3)-Sn(1) 119.1(2)
0(13)-P(1)-0(6) 109.42)  P(1)-O(4)-Sn(2)@ 127.4(2)
O(1)-P(1)-0O(6) 106.6(2)  P(2)-O(5)-Sn(2)! 126.5(2)
O(4)-P(1)-0O(6) 108.7(2)  P(1)-O(6)-Sn(2) 121.2(2)
0(14)-P(2)-0O(5) 111.4Q2)  P(3)-O(7)-Sn(3) 122.2(2)
0(14)-P(2)-0O(11) 109.5(2)  P(4)-O(8)-Sn(3) 131.4(2)
0(5)-P(2)-0O(11) 109.322)  P(3)4-0O(9)-Sn(3) 123.2(2)
0(14)-P(2)-0(2) 110.92)  PG)C-0(10)-Sn(4)  129.3(2)
0(3)-P(2)-0(2) 107.82)  P(2)-O(11)-Sn(4) 123.8(2)
0O(11)-P(2)-0(2) 107.92)  P(4)-O(12)-Sn(4) 121.6(2)

Symmetry transformations used to generate equivalent atoms:
[a] x+1,—y+1,—=z+1.[b] x,—y+1,—z+ 1. [c] —x, -y —=z+
2.[d]—~x+1, -y, —=z+2.
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tetrahedrally linked to oxygen atoms with P-O distances in
the range of 1.493(2) to 1.558(4) A and O-P-O bond angles
in the range of 106.1(2) to 112.8(2)°. The P(1)-O(7) and
P(2)-O(8) bonds with distances of 1.5022(18) and
1.4928(18) A for I, P(1)-O(13), P(2)-O(14), P(3)-O(15) and
P(4)-O(16) bonds with distances of 1.499(4), 1.510(4),
1.517(4) and 1.500(4) A for II and P(1)-O(7) and P(2)-O(8)
bonds with distances of 1.506(3) and 1.510(3) A for III are
all formally P=O double bonds. Terminal P=O groups in,
for example H;PO,:0.5H,0, are 1.485 and 1.495A in
length.['l The various bond lengths and angles observed
in compounds I-III are in good agreement with other tin
phosphate open-framework structures.3-!3 Selected bond
lengths and angles are listed in Tables 1, 2 and 3 for I, II
and III, respectively.

Table 3. Selected bond lengths [A] and bond angles [°] for
[N2CsH4][Sn,P>0g]-H,O (TI).

Sn(1)-0(1) 2.075(3)  P(1)-O@) 1.546(3)
Sn(1)-0(2) 2.086(3)  P(1)-O(6) 1.547(3)
Sn(1)-0(3) 2.1003)  P(1)-O(1) 1.548(3)
Sn(2)-0(4) 20813)  P(2)-O(8) 1.510(3)
Sn(2)-0(5) 2.1143)  P(2)-0O(5) 1.546(3)
Sn(2)-0(6) 2.1143)  P(2)-0Q)¢ 1.546(3)
P(1)-O(7) 1.506(3)  P(2)-0(3) 1.550(3)
O(1)-Sn(1)-0(2) 87.32(11)  O(8)-P(2)-O(5) 111.61(16)
O(1)-Sn(1)-0(3) 85.90(11)  O(8)-P(2)-O2)« 109.41(16)
0(2)-Sn(1)-0(3) 90.42(11)  O(5)-P(2)-0O(2) 108.12(16)
0(4)-Sn(2)-0(5) 84.35(11)  O(8)-P(2)-O(3) 112.58(16)
0(4)-Sn(2)-0(6) 88.91(12)  O(5)-P(2)-0(3) 106.81(15)
O(5)-Sn(2)-0(6) 86.08(11)  OQ)-P(2)-0O(3) 108.15(16)
O(7)-P(1)-O(4) 110.40(16)  P(1)-O(1)-Sn(1) 129.44(17)
O(7)-P(1)-O(6)! 112.59(16)  P(2)9-0(2)-Sn(1)  124.39(16)
0@ P(1)-O6)"  108.16(16)  P(2)-O(3)-Sn(1) 123.33(15)
0(7)-P(1)-0(1) 110.33(16)  P(1)9-0@4)-Sn(2)  125.01(17)
0O(4)P(1)-0(1) 108.82(17)  P(2)-O(5)-Sn(2) 123.74(15)
O(6)!PP(1)-O(1) 106.39(16)  P(1)F-O(6)-Sn(2)  123.96(16)

Symmetry transformations used to generate equivalent atoms:
[a] x + Y2,y + Vo, —z+ Vo [bl x + Vo, -y + Vo, z + Vo, [¢] —x, —y
+1, -z [dx+ 2 y-Yoz+ o fe]x— Y,y + Yo,z

The proton-decoupled 3!'P pulsed MAS NMR spectra of
I and III, shown in Figures 7a and b, clearly indicate the
presence of two phosphorus sites with chemical shifts of d;,
= 2.58 and 0.116 ppm for I and ¢, = -3.475 and
—4.507 ppm for III. The differences in the chemical shifts
may be attributed to the involvement of the phosphate tet-
rahedra in hydrogen-bonding interactions. The observation
of two distinct chemical shift peaks in the MAS NMR spec-
tra indicates the presence of two crystallographically inde-
pendent P sites which is in agreement with the single-crystal
X-ray crystallographic data. Similar chemical shift values
have been observed in other phosphate compounds.[!®]

The lone pair of electrons on Sn'' appears to play an
important role in the present structures. The stereoactive
lone-pair of electrons manifests itself in the lattice by creat-
ing open spaces between the two layers in the tin phos-
phates. It is likely that the differences in the arrangement of
the 4- and 8-membered apertures within the layers, ob-
served in the present compounds, are also subtly influenced
by the presence of the lone-pair electrons. The lone-pair of

Eur. J. Inorg. Chem. 2006, 3463-3471
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Figure 7. 3'P-CPMAS NMR spectra for (a) [NH5(CH,);NH,(CH,),NH,(CH,);NH;]-2[Sn,P,04] (I) and (b) [(N>CsH,4)][SnsP,0g]-H,O

(II0).

electrons on Sn'! generally points in a direction perpendicu-
lar to the plane of the layers. This is also expected since the
amine molecules are cationic and located between the layers
which would facilitate favourable interactions with the lone-
pair of electrons. Similar lone-pair electron positions have
been observed in many other layered Sn'! phosphate materi-
als.[o-8]

Eur. J. Inorg. Chem. 2006, 3463-3471
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Multipoint hydrogen-bonding interactions help maintain
structural stability and possibly help in the formation of
many of the open-framework materials that have low-di-
mensional character.3 %1924 In the present structures I-
III, the hydrogen atoms of the amine molecule interact
strongly with the framework oxygen atoms, especially with
the double-bonded ones. Thus, a large number of N-H---O
3467
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and C-H--O hydrogen-bonding interactions has been ob-
served in I-1II. In addition, the lattice water molecules also
participate in hydrogen-bonding O-H---O interactions. Se-
lected hydrogen-bonding interactions, observed in I-1III, are
listed in Table 4. The present compounds I-III thus provide
good examples of multipoint hydrogen bonding and illus-
trate the importance of them in the structural stability of
two-dimensional solids.

Table 4. Selected hydrogen-bonding interactions in [NH3(CH,)s-
NH,(CH,),NHx(CH,);NH;]-2[Sn,P,Os] @, [(N2CsH 4)2]-
[Sn4P,046]-3H,0 (II) and [(N,CsH,4)][SnoP,0s]-H,O (IID).

Moiety D H AH DA DH-A
I

N(1)-H(1)-+O(5) 0.89 240 3.21503) 152
N(1)-H(2)-+O(8) 0.89 190  2.765(3) 162
N(1)-H(3)-+0(8)! 0.89 1.87 271703 158
N(2)-H(10)-0(7)¢l 0.90 178 2.66503) 166
N(Q2)-H(11)-=0(3) 0.90 1.95  2.82803) 163
1

N(1)-H(1)-+0(100) 0.90 183 2.664(8) 154
N(1)-H(2)-+0(14) 0.90 199  2.774(7) 175
N(2)-H(9)-+0(200) 0.90 179 2.687(8) 175
N(2)-H(10)-+0(15) 0.90 178 2.672(7) 170
N(3)-H(15)-0(300)! 0.90 1.85  2.728(8) 165
N(3)-H(16)-O(9)"! 0.90 205 2.891(7) 155
N(4)-H(23)~0(3) 0.90 1.95  2.828(7) 166
N(4)-H(24)+0(6) 0.90 1.94  2.789(7) 158
O(100)-H(101)-+-O(14)!! 0.86 1.91 2.668(7) 148
0(100)-H(102)--0(15)! 0.86 1.81 2.634(7) 161
0(200)-H(201)-+-O(13)] 0.86 1.80  2.630(7) 165
0(200)-H(202)+-0(16)!"! 0.85 1.96  2.760(9) 157
C(5)-H(13)+0(7) 0.97 239 3.198(8) 141
C(7)-H(20)-+O(13)"! 0.97 252 3.442(9) 159
C(8)-H(22)--0(2)! 0.97 253 3.446(8) 158
C(10)-H(27)-0(100) 0.97 258 342415 145
C(10)-H(28)-+0(16) 0.97 247 3.438(16) 174
I

N(1)-H(1)-O(8)& 0.90 194 2.773(5) 153
N(1)-H(2)O(8)¢ 0.90 1.85  2.744(5) 175
C(2)-H(5)0(2) 0.97 245 3.364(5) 157
C(2)-H(6)O(7)! 0.97 239 3.348(5) 172
C(3)-H(4)0(5) 0.97 198 2.918(4) 161
C(3)-H(8)-O(7) 0.97 173 2.664(5) 160

Symmetry transformations used to generate equivalent atoms: I:
[a]—x, 1 -y 1—-z.[b]1-x, 1y -z [c]x,p 1 +z[d-x 1-
-z Il[a]l -x,1 -y 1—-z.[b] x,1 -y, 1 -z [c] ]l —x, -y,
l-z.[d1+x,p-1+z[e]x,y-1l+z H:[a] 2+ x, /2-y,
Ytz b2+ x, oy Vot [c]-x, 2ty a2z

Structurally, the present compounds possess many fea-
tures that are similar to other previously known open-
framework solids, especially in Sn!' phosphates with two-
dimensional structures.l>®] The layered arrangements in II
and III, however, appear to be unique. Additionally, the
Sn'" phosphates can be compared with the structures of the
recently discovered layered zinc phosphite networks.[?3-24]
While the Sn" phosphate structures are built up from SnO;
trigonal pyramids and PO, tetrahedra, the ZnO, tetrahedra
and PO; pseudo-tetrahedral units are vertex-linked in the
zinc phosphite structures. Thus, the net available vertices
for bonding in both the cases are similar. In the zinc phos-
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phites, the fourth vertex of the pseudo-tetrahedra is occu-
pied by a P-H bond and in the Sn! phosphates the fourth
vertex is occupied by the lone-pair of electrons of the Sn'!
ions. Illustrative examples of some of the previously re-
ported zinc phosphite structures in which the layers have 4-
and 8-membered apertures along with the layer arrange-
ment of I and II are shown in Figure 8. In the zinc phos-
phites, [CoN,H,o][Zny(HPO;)5]*1 and  [(C4N>H,5)-
(CsNH)4[Zng(HPO3)],>4 (Figures 8a and b), the 8-mem-
bered rings are connected edge-wise and are separated by
edge-sharing 4-membered rings. In the zinc phosphite
[C5NH;]5[Zn5(HPO3),],?4 the connectivity within the lay-
ers is identical to that found in I (Figures 8¢ and d) which
clearly establishes the net available vertices for bonding in
both the structures. The structural features observed in the
structures of II and III (Figures 8¢ and f) appear to be
unique and, to the best of our knowledge, there are no cor-
responding zinc phosphite structures known in the litera-
ture. It may be noted that the 8-membered rings in III are
distorted compared with those in I and II, indicating the
subtle control exhibited, on the structure of III, by the lone-
pair of electrons on Sn'’. In general, the layered phosphate/
phosphite structures are held together by strong hydrogen-
bonding interactions involving the P=0 groups and the or-
ganic amine template molecules. The presence of trigonal-
pyramidal SnO; and tetrahedral PO, units linking to form
the layers and the interactions with the organic amine mole-
cule renders the unique architectures seen in these materials.

Conclusions

The synthesis of three new layered tin(*) phosphate mate-
rials, [NH;(CH,);NH,(CH,),NH,(CH,);NHj3]-2[Sn,P,0%]
(D, [(N>CsHy4)5][SnyP4016]:3H,O0 (ID) and [(N>CsH )l
[Sn,P,04]-H>O (III), consisting of alternating inorganic and
organic layers has been accomplished. These materials, to-
gether with the previously reported Sn'' phosphate and
phosphonate solids, illustrate the profound structural influ-
ences of relatively minor modifications in the reaction con-
ditions and/or changes in the starting source of tin. The
present solids represent another example illustrating the im-
portance of multipoint hydrogen bonding in the synthesis
and stability of lower dimensional open-framework materi-
als. The structures appear to a have close similarity to the
phosphite-based ones. The stereoactive lone-pair of elec-
trons on Sn'' appears to subtly control the formation of
the structure by manifesting itself in the open spaces. Our
continuing research on the Sn'' phosphates indicates that
other related structures are formed under hydrothermal
conditions in the presence of other structure-directing
agents. While the isolation of a two-dimensional solid with
strictly alternating SnOz and PO4 moieties provides infor-
mation about the stereochemical consequences of the Sn'!
lone-pair of electrons, further evaluation is required to ex-
ploit the structure-directing influences of this unit in the
presence of other organic amines in the synthesis of open-
framework materials.
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Figure 8. (a) View of the T-atom (T = Zn, P) connectivity within the layer in the zinc phosphite [C,N,H ,][Zn,(HPO3);].>%! (b) View of
the T-atom (T = Zn, P) connectivity within the layer in the zinc phosphite [(C4N,H 5)(CsNH,)]4[Zng(HPO3)g].?4 (c) View of the T-atom
(T = Zn, P) connectivity within the layer in the zinc phosphite [C3NH,],[Zn;(HPO;),].?4 (d) T- atom (T = Sn, P) connectivity in I
within the layer. Note the close similarity with the zinc phosphite structure (c). (e) T-atom (T = Sn, P) connectivity in II within the layer.

(f) T-atom (T = Sn, P) connectivity in III within the layer.

Experimental Section

NMR Spectroscopy: Solid-state NMR experiments were carried out
with a Bruker DSX 300 spectrometer operating at 7 T with a reso-
nance frequency of 121 MHz for *!'P. A Bruker 5 mm double reso-
nance probe was used for the experiments. The 3'P MAS spectra

were recorded using standard cross-polarisation (CP) procedures
and high proton decoupling employing a magic angle spinning
(MAS) frequency of 7kHz. In a typical experiment, radio-fre-
quency fields of 120 kHz were used. The chemical shifts are re-
ported relative to 85% H;PO, as an external standard.
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Synthesis: Compounds I-III were synthesised by hydrothermal
methods starting from a tin phosphate gel and employing N,N'-
bis(3-aminopropyl)ethylenediamine (BAPEN; for I) and homopi-
perazine (H-PIP; for II and III) as the structure-directing agents,
respectively. For the synthesis of compound I, Sn'! oxalate was used
as the source of tin, whereas SnCl,"2H,O was employed for II and
III. In a typical synthesis for I, tin(II) oxalate (0.211 g) was dis-
persed in distilled water (1 mL). To this were added 85% aq. H;PO,
(0.07mL) and BAPEN (0.19 mL) and the mixture was stirred at
room temperature until homogeneous (ca. 30 min.). The final reac-
tion mixture with the composition 1.0SnC,04/1.0H;PO,/
1.0BAPEN/55H,0 was heated in a 23 mL PTFE-lined stainless
steel autoclave at 180 °C for 72 h. The initial pH of the mixture
was 9.0 and there was no appreciable change in pH after the reac-
tion. The resultant product contained large quantities of block-
shaped colourless crystals along with a small quantity of white
powder. The yield of the product was ca. 70% based on the metal
source. For II, a reaction mixture with the composition
1.0SnCl,:2H,0/1.0H3PO4/3.0(H-PIP)/55H,O was heated in a
23 mL PTFE-lined stainless steel autoclave at 150 °C for 48 h. The
initial pH of the mixture was 7.0 and there was no change in pH
during the reaction. The product contained predominantly un-
identified powder with a few isolated plate-like single crystals. The
white powder product was found to be poorly crystalline and did
not correspond to the structure of II. In spite of our repeated
attempts, we were not able to prepare II in pure form and hence
other than the single-crystal structure, we have not been able to
characterise the compound completely. For III, a reaction mixture
with the composition 1.0SnCl,-2H,0/1.0H;PO4/3.0(H-PIP)/110
H,0 was heated at 150 °C for 24 h resulting in large quantities of
block-like single crystals (yield 60%). In all the preparations, the
products were washed with deionised water and dried under ambi-
ent conditions.

Single-Crystal Structure Determinations: A suitable colourless sin-
gle crystal of each compound was carefully selected under a polar-

ising microscope and glued to a thin glass fibre. The single-crystal
diffraction data were collected with a Bruker AXS Smart Apex
CCD diffractometer at room temperature (293 K). The X-ray gen-
erator was operated at 50kV and 35mA using Mo-K, (4 =
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°), keeping the sample-to-detector distance fixed
at 6 cm and the detector position fixed at —25°. Pertinent experi-
mental details of the structure determinations are listed in Table 5.
The data were reduced using SAINTPLUSI>’! and an empirical ab-
sorption correction was applied using the SADABS program.2¢
The crystal structures were solved and refined by direct methods
using SHELXL-97 present in the WinGX suite of programs.?”! The
hydrogen atoms were placed in geometrically idealised positions
and refined using the riding model. The last cycles in the refine-
ments included all the atomic positions, anisotropic thermal pa-
rameters for all the non-hydrogen atoms and isotropic thermal pa-
rameters for all the hydrogen atoms. Full-matrix least-squares
structure refinement against |F]> was carried out using the WinGX
suite of programs.’”? CCDC-299664, -299665 and -602825 contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Initial Characterisations: The initial characterisations of I and III
were carried out using elemental analysis, powder X-ray diffraction
(XRD), thermogravimetric analysis (TGA) and infrared spec-
troscopy (IR). Elemental analyses of the crystals were carried out
using atomic absorption spectroscopy (ThermoFinnigan FLASH
EA 1112 CHNS analyser). TGA measurements were performed in
an atmosphere of flowing oxygen (flow rate 50 mLmin ') in the
temperature range 30-800 °C (heating rate 5°Cmin!). Infrared
spectra were recorded in the range 4004000 cm ' using KBr pellets
(Perkin-Elmer SPECTRUM 1000 instrument). The powder X-ray
diffraction patterns were recorded on crushed single crystals in the
20 range 5-50° using Cu-K, radiation (Philips X’pert Pro). The C,

Table 5. Crystal data and structure refinement parameters for [NH3(CH,);NH,(CH,),NH»(CH»);NH3]-2[Sn,P>Og] (I), [(N>,CsH 4)-]-

[Sn4P40,4]-3H,0 (II) and [(N2CsH4)][Sn,P>O0g]-H,O (IID).

| 1 I
Empirical formula C3H25N4016P4Sn4 C10H32N40|9P4Sn4 C5H14N209P25n2
Formula mass 1033.04 1111.04 545.50
Crystal system triclinic triclinic monoclinic
Space group P1 (no.2) P1 (no. 2) P2,/n (no. 14)
a[A] 8.010(1) 10.065(3) 8.956(2)
b [A] 9.449(1) 11.677(3) 12.997(2)
¢ [A] 9.742(1) 14.404(4) 12.911(2)
al] 68.54(1) 76.438(4) 90
BI°] 85.65(1) 73.189(4) 107.187(3)
7 [°] 71.88(1) 71.766(4) 90
Volume [A3] 651.51(2) 1519.7(7) 1435.8(4)
Z 2 2 4
Pealed. [gCm ] 2.633 2.428 2.524
/. (Mo-K,) [A] 0.71073 0.71073 0.71073
i [mm] 4.111 3.542 3.744
0 range [°] 2.25-28.00 1.50-24.71 2.28-28.03
Total data collected 7527 13678 12260
Unique data 3021 5116 3362
Observed data [I > 26(1)] 2889 3985 3046

Refinement method
R indices [1 > 26(])]
R indices (all data)

Largest difference peak/hole [eA~3]  0.508/-0.706

full-matrix least squares on |F]?
R, = 0.0177, wR, = 0.0456!
R, = 0.0177,1 wR, = 0.0456!

full-matrix least squares on |F]?
R, = 0.0278,[1 wR, = 0.0618!
Ry = 0.0324,[81 wR, = 0.06391!
0.928/-0.749

full-matrix least squares on |F|?
R, = 0.0352.81 wR, = 0.0916"!
Ry = 0.0491,181 wR, = 0.0990!
1.191/-1.217

[a] R, = Z||F,| — |FJVZE|F,). [b] wRs = {Z[W(F,? — F2)2/Z[W(F,2) 2 w = 1/[cX(F,)* + (aP)*> + bP), P = [max.(F,2,0) + 2(F.)*]/3, where a
=0.0225 and b = 0.2629 for I; @ = 0.0517 and b = 2.3068 for Il and a = 0.0181 and b = 3.1629 for III.
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H and N analyses of I and III are as follows: I: calcd. C 9.29, H
2.52, N 5.42; found C 9.92, H 2.64, N 5.49; III: calcd. C 10.97, H
2.92, N 5.12; found C 11.36, H 3.14, N 5.18. The powder X-ray
diffraction patterns (XRD) for I and III indicated that the patterns
were new and being entirely consistent with those simulated from
the single-crystal structures.’! The XRD pattern of the powder
sample, obtained along with I, also indicated that it belongs to the
structure of I. The IR spectra of I and III show similar features
and the following bands were observed: I: ¥ = 3000 [vy(N-H)], 2824
[v(C-H)], 1602 [6(N-H)], 1465 [6(C-H)], 1406 [v{(C-N)], 1334
[vs(C-C)], 1153 [vos(POy)], 755 [vs(POy)], 625 [Sas(POy)], 583
[8s(PO4)] ecmL; IIL: ¥ = 3554 [vy(O-H)], 3099 [v{(N-H)], 2804 [v(C—~
H)J, 1619 [8(O-H)], 1505 [3(N-H)], 1431 [8(C-H)], 1377 [v{(C-N)],
1238 [vy(C-QO)], 1109 [v,(PO,)], 843 [v(PO,)], 638 [das(PO,)], 587
[6s(PO,)] cm . The TGA studies on I were carried out in flowing
air (50 mLmin!) in the temperature range 25-800 °C (heating rate
10 °Cmin!). The results indicate one sharp weight loss in the at
around 325 °C with a tail up to 475 °C followed by a small increase
in the weight. The observed weight loss of ca. 15% in the range
325-500 °C corresponds to the loss of the amine molecule (caled.
17.2%). The weight gain of 3% after 500 °C is probably the result
of the oxidation of Sn" to Sn'V in the oxygen atmosphere (calcd.
3.74%). The TGA studies of III showed an initial weight loss fol-
lowed by a prominent one. The initial continuous weight loss of
4.14% in the temperature range 30-200 °C corresponds to the loss
of the lattice water and some adsorbed water (calcd. 3.30%). The
second and more prominent weight loss of 15.5% in the range 300—
700 °C corresponds to the loss of the amine molecule (calcd.
18.6%). Similar to I, beyond 700 °C there was a small weight gain
of 2.75% which may be due to the oxidation of Sn'! to Sn'V in the
oxygen atmosphere. In both cases, the powder X-ray diffraction
pattern of the decomposed samples indicated a poorly crystalline
Sn'VP,0; phase (JCPDS: 29-1352). It seems likely that an amorph-
ous phase with a ratio Sn/P > 1:1 is also present.

Supporting Information (for details see the footnote on the first
page of this article): Asymmetric units for all the compounds (I-
III), experimental and simulated powder XRD patterns, IR spectra
and TGA curves for compounds I and III.
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