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Amine-templated rare earth sulfates of the compositions: [Ln,(H,0),(SO4)s][C2N>H )]s, I, with Ln = La, Pr or
Nd, [Nd2(504)4(H20),][C4N2H 2], T, [Lna(SO4)4][CoNH ], I, with Ln = La or Nd, [Lax(SO4)4][C3sN2H 2],
IV and [Lns(SO4)4(H»0)4][CsN,H 14]5[CoN,Hg][SO4)[H-O]5, with V, Ln = La, Pr or Nd, have been synthesized
under hydrothermal conditions. Both I and II have three-dimensional architectures with I possessing eight-
membered apertures surrounding 16-membered apertures, and II having 12 membered apertures. Both III and
V have interesting layered structures with LnOj3 layers possessing (6, 3) net topology and the amine located in
between the layers. V has a layered structure wherein the SO, tetrahedra and the LnOy polyhedra join together
to form (4, 4) net sheets, with two different amines as well as the sulfate ions residing in the interlamellar space.

Introduction

Although metal silicates,! phosphates’> and carboxylates®

constitute major families of inorganic framework compounds,
a start has been made recently to synthesize and characterize
open architectures formed by oxyanions such as selenite and
sulfate. Thus, layered and three-dimensional selenites have
been reported recently.* A variety of layered sulfates, especially
those of Fe with the kagome structure have been prepared and
characterized.>” Sulfates of uranium with different dimension-
alities have been reported by O’Hare e al.® We have been able
to prepare several three-dimensional as well as layered,
organically templated rare-earth sulfates under hydrothermal
conditions. Thus, we have obtained three-dimensional rare-earth
sulfates of general formula, [Lny(H>0),(SO4)s][CoN>Hglo, L
with Ln = La, Pr or Nd, containing eight-membered apertures
surrounded by four 16-membered apertures, possessing the
a-Po structure. Another three-dimensional rare earth sulfate
of the formula [Nd»(SO4)4(H-O),][C4sN-H;5], 11, with four
12-membered apertures around each eight-membered aperture,
has also been obtained. Both I and II are uniquely different
from the three-dimensional lanthanum sulfate, consisting of
only eight-membered apertures, reported recently.’

We have prepared several layered rare earth sulfates
templated with amines. Thus, a family of rare-earth sulfates,
comprising LnOj5 layers with (6, 3) nets,'” prepared by us, has
the composition [Lny(SO4)4][CoN,H o], III, with Ln = La or
Nd, containing chains of corner-shared four-membered rings
which join together by three-coordinated oxygen atoms to form
a layer with infinite Ln—-O-Ln linkages in two-dimensions. A
layered compound of the formula [La,(SO4)4][C3N-H;], IV,
also based on LnOj layers, but with the layers formed by the
fusion of edge-sharing four-membered ring ladders, has been
prepared and characterized. The presence of such infinite
Ln—O-Ln linkages in two-dimensions is a noteworthy feature of
these layered rare-earth sulfates. Another interesting set of
layered compounds of the formula [Lny(SO4)4(H20)4]-
[C6N2H14]2[C2N2Hg][SO4][H20]3, V, Ln = La, Pr or Nd,

1 Electronic supplementary information (ESI) available: Tables S1-S6.
See http://www.rsc.org/suppdata/jm/b3/b314663d/
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containing two different amines and the free sulfate ion has also
been synthesized by us. The layer in V is formed by the
connectivity of the Ln centers by the sulfate units, giving (4, 4)
nets with a wave like pattern.'® The above layer structures are
different from those of the lanthanum sulfates reported in the
literature,”!! analogous Nd derivatives of which have also been
prepared by us. In this paper, we describe the synthesis and
structures of the three-dimensional and layered rare earth
sulfates, I-V.

Experimental section

Compounds I-V were prepared under hydrothermal condi-
tions. For the synthesis of I, IL, IV and V, a rare earth chloride
solution was prepared by adding the required quantity of
concentrated HCI1 (35% solution) to a suspension of the rare
earth oxide in water. In the case of III, LnCl; was used as the
staring material. To the solution of the rare-earth chloride,
concentrated H,SO4 (98% solution) was added dropwise, under
constant stirring. The amine was added to the reaction mixture
under stirring and the reaction mixture subjected to hydro-
thermal treatment. Instead of starting from LnCl;, we could
start with a solution of Ln,O5; in HCI and obtain III as the
product.

In a typical preparation of I, II, IV and V, 250 mg of Ln,O;
was dispersed in 4 ml of water, to which 0.4 ml of concentrated
HCI (35% solution) was added dropwise with constant stirring.
The solution was stirred for 10 more minutes, 0.25 ml of
concentrated H,SO, (98% solution) was added dropwise
followed by the addition of 0.3 ml of ethylenediamine in the
case of I, 255.9 mg of piperazine in the case of II, 0.192 ml of
1,3-diaminopropane in the case of IV and 166.7 mg of 1,4-
diazabicyclo[2.2.2]octane (DABCO) in the case of V. In
preparing III, 250 mg of LnCl; was added to 4 ml of water
to form a clear solution, to which 0.1 ml of concentrated H,SO,4
(98% solution) was added dropwise under constant stirring
followed by the addition of 0.045 ml of ethylenediamine. The
reaction mixtures of I-V were stirred for 30 minutes. The final
mixtures were transferred to 23 ml PTFE-lined acid digestion
bombs and heated at 150/180 °C for 2-4 days. In the case of V,
although we started with DABCO, the amine decomposed
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under the preparative conditions, partly to give ethylenedi-
amine, which is also accommodated in the structure. The
conditions employed for the syntheses of I to V are listed in
Table 1. The products were vacuum filtered and washed with
water. The yields generally exceeded 80%. The compounds
were characterized by powder X-ray diffraction (XRD) which
indicated the products to be new materials and monophasic,
the patterns being consistent with the patterns generated from
single crystal X-ray diffraction. Energy dispersive X-ray
analysis (EDX) gave the expected Ln : S ratios.

The IR spectra of compounds I to V show the sharp peaks of
the amines in the finger print region. The spectra show bands
centred around 1050 cm ™! and a band in the 600 cm ™! region
due to the sulfate ion.'"'> Considering the splittings of these
bands, it appears the point group symmetry of the SO4>~ ion is
much lower than Ty, probably C,,.

Single crystal structure determination]

A suitable single crystal of each compound was carefully
selected under a polarizing microscope and glued at the tip of a
thin glass fiber with cyanoacrylate (super glue) adhesive. Single
crystal structure determination by X-ray diffraction was

Table 1 Synthetic conditions for compounds I to V

performed on a Siemens Smart-CCD diffractometer equipped
with a normal focus, 2.4 kW sealed tube X-ray source (Mo-K,,
radiation, A = 0.71073 A) operating at 40 kV and 40 mA. A
hemisphere of intensity data was collected at room temperature
with o space scans (width of 0.30° and exposure time of
20 seconds per frame). Pertinent experimental details for the
Nd derivatives of I, IL, III and V, and the La derivative of IV are
presented in Table 2. The unit cell parameters of the isomorphous
rare earth derivatives of I, III and V are listed in Table 3.

Each structure was solved by direct methods using SHELXS-
86,3 which readily established the heavy atom position (Ln, S)
and facilitated the identification of the light atoms (O, N, C, H)
from difference Fourier maps. An empirical absorption
correction based on symmetry equivalent reflections was
applied using SADABS programme.'* All the hydrogen
positions were initially located in the difference Fourier maps
and the hydrogen atoms were placed geometrically and held in
the riding mode for the final refinement. The last cycle of

1 CCDC reference numbers 224284-224288. See http://www.rsc.org/
suppdata/jm/b3/b314663d/ for crystallographic data in .cif or other
electronic format.

Starting molar composition °C Time/days Formula
1 L1’1203 + 3HCI + 3 H2S04 +3en’+4ml H20 150 2 [Ll’lz(HzO)z(SO4)5][C2N2H10]2 (Ln = La, Pr or Nd)
11 Nd,O5 + 3 HCI + 3 H,SO4 + 4 PIP® + 4 ml H,O 180 4 [Nd,(SO4)4(H,0),][C4sN,H 5 ]
il LnCl; + 3 H,SO,4 + en” + 4 ml H,O 150 2 [Lny(SO4)4][CoN,H 0] (Ln = La or Nd)
v La,03 + 3 HCI + 3 H,SO,4 + 3 1,3-dap® + 4 ml H,O 180 2 [Las(SO4)4][C3N,H 5]
\% Ln203 + 3 HCI + 3 HzSO4 + DABCOd + 4 ml Hy_o 180 2 [an(SO4)4(H20)4][CéNzH14]2[804][C2N2H81[H7_0]3

(Ln = La, Pr or Nd)
ethylenediamine. ® PIP = piperazine. ¢ 1,3-dap = 1,3-diaminopropane.  DABCO = 1 4-diazabicyclo[2.2.2]octane.
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Table 2 Crystal data and structure refinement parameters for compounds I to V

Parameters 1 11 11 v v

Empirical formula Nsz5022C4N4H24 Nsz4OlgC4N2H16 NdSZOgCNHS La2$4016C3N2H12 NdSZA5OI3‘5C7N3H24

Crystal system Monoclinic Triclinic Triclinic Monoclinic Orthorhombic

Space group P2(1)/e P-1 P-1 P2(1)/e Pbcn

Crystal size/mm 0.5 x 0.15 x 0.14 0.35 x 0.2 x 0.18 0.5 x 0.2 x 0.16 0.35 x 0.4 x 0.32 0.34 x 0.12 x 0.15

al 6.603(1) 6.621(1) 5.482(1) 11.101(1) 25.506(5)

blA 16.986(3) 11.794(1) 7.233(1) 7.309(1) 10.102(2)

c/A 20.412(4) 12.206(1) 9.794(1) 20.132(1) 13.415(3)

ol® 90.0 90.846(1) 87.165(2) 90.0 90.0

pl° 94.845(3) 100.577(1) 83.125(2) 91.829(1) 90.0

yI° 90.0 102.446(1) 80.269(2) 90.0 90.0

Volume/A® 2281.4(7) 913.5(1) 379.86(2) 1632.5(2) 3456.5(11)

VA 4 2 2 4 8

Formula mass 929.05 796.91 367.42 738.21 590.68

Peatdlg cm > 2.705 2.897 3.212 3.004 2.270

/. (MoKa)/A 0.71073 0.71073 0.71073 0.71073 0.71073

wmm™! 5.070 6.176 7.402 5.765 3.384

O range/® 1.56 to 26.37 1.70 to 23.25 2.10 to 23.18 1.84 to 23.28 1.60 to 28.02

Total data collected 17943 5524 1568 6480 28171

Limiting indices -8 < h <8, -6<h<1, -6<h<5, -12 < h <12, —32 < h < 32
=21 < k <21, 13 < k < 13, -8 <k <6, -8 <k <5, —13 <k < 13,
=22 <1<25 -13 <7< 13 -10</<10 -22<1<22 -17<1<17

Unique data 4662 2611 1059 2345 4128

Observed data (I > 20([1)) 4163 2229 970 1922 3745

Refinement method

Full — matrix least
squares on |F|

Full — matrix least
squares on |F|

Full — matrix least
2
squares on |F-|

Full — matrix least
squares on |F|

Full — matrix least
squares on |F|

Rint 0.0397 0.0404 0.0209 0.0247 0.0408

R indexes [I > 2 o(])] R, = 0.0350, R, = 0.0283, R, = 0.0290, R, = 0.0239, R, = 0.0469,
wR, = 0.0696 wR, = 0.0660 wR, = 0.0750 wWR, = 0.0643 wR, = 0.0913

R (all data) R, = 0.0418, R, = 0.0345, R, = 0.0312, R, = 0.0301, R, = 0.0536,
wR, = 0.0720 wR, = 0.0679 wR, = 0.0765 wWR, = 0.0666 wR, = 0.0932

Goodness of fit 1.115 0.976 1.071 1.082 1.287

No. of variables 350 287 119 245 274

Largest difference map
peak and hole/e A3

“Ri = YIFol = IFUYIFol. "wRy =

0.959 and —1.070

1.012 and —1.357

0.733 and —1.333

0.918 and —1.063

0.859 and —1.348

OWF? — FONYWED L w = U[eX(F,)? + (aPy + bPl, P = (F,” + 2FA/3, a = 0.0227 and

b =9.6779 forI,a = 0.0221 and b = Ofor I, @ = 0.0515and b = O for III, ¢ = 0.0352 and » = O for IV, a = 0.0085 and b = 37.0884 for V.
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Table 3 Crystal structure data for the other rare-earth metal derivatives of compounds I, III and V
a b c o p y Volume/A? Space group
1 Ln = La 6.6180 17.0191 20.4552 90 94.795 90.045 2295.85 P2(1)/c
Ln = Pr 6.5977 16.9820 20.4067 90 94.929 90 2277.96 P2(1)/c
I Ln = La 5.4666 7.2065 9.7666 87.037 83.100 80.293 376.34 P-1
\'% Ln = La 10.0119 13.2343 25.5112 90 90 90 3470.34 Pbcen
Ln = Pr 10.1411 13.4893 25.5663 90 90 90 3497.38 Pbcen
Table 4 Selected bond distances in [Ndy(H0),(SO4)s][CoN>Hj o, I¢ Table 6 Selected bond distances in [Nd»(SO4)4][CoNoH ], TIT?
Moiety Distance/A Moiety Distance/A Moiety Distance/A Moiety Distance/A
Nd(1)-0(1) 2.424(4) Nd(1)-0(6) 2.512(4) Nd(1)-0(1) 2.389(4) Nd(1)-0(6) 2.528(4)
Nd(1)-0(2) 2.448(4) Nd(1)-0(7) 2.568(4) Nd(1)-0(2) 2.427(5) Nd(1)-0(6)*? 2.543(4)
Nd(1)-0(3) 2.478(5) Nd(1)-O(8)*! 2.580(4) Nd(1)-04)*! 2.490(4) Nd(1)-0(4) 2.589(5)
Nd(1)-O(4) 2.493(4) Nd(1)-0(9) 2.615(4) Nd(1)-0(3) 2.491(4) Nd(1)-0(5)"* 2.604(4)
Nd(1)-0(5)*! 2.503(4) Nd(2)-0(14)* 2.502(4) Nd(1)-0(5) 2.525(4) S(1)-0(5)* 1.499(5)
Nd(2)-O(10)*2 2.442(4) Nd(2)-O(15) 2.549(4) S(1)-0(7) 1.442(5) S(1)-0(6)** 1.505(4)
Nd(2)-O(11) 2.460(5) Nd(2)-0O(16) 2.549(4) S(1)-O(1) 1.483(5) S(2)-0(3) 1.490(5)
Nd(2)-0(12) 2.474(4) Nd(2)-0(17) 2.557(4) S(2)-0(8) 1.445(5) S(2)-0(4) 1.496(5)
Nd(2)-0(13) 2.479(4) Nd(2)-0(18)* 2.693(4) S(2)-0(2)** 1.475(5)
S(D)-0(19) 1.446(4) S(1)-0(15) 1.476(4) “ Symmetry transformations used to generate equivalent atoms:
S(1)-0(10) 1.464(4) S(1)-0(12) 1.489(4) U D TR N
S(2)-0(20) 1.447(4) S(2)-O(13) 1.483(4) #5._q y, z: #o_ —y— 1, —z+ 1
S(2)-0(21) 1.456(4) S(2)-0(2) 1.487(4) T ’ ’
S(3)-0O(16) 1.469(4) S(3)-0(4) 1.476(4) ) ) )
S(3)-0(7) 1.470(4) S(3)-0(17) 1.479(4) programs. Selected bond lengths in I-V are listed in Tables 4-8.
S(4)-0(22) 1.453(4) S(4)-O(8) 1.472(4) The atomic coordinates of I-V are provided as supplementary
gg‘s‘;*ggg }32?&3 25278%21) }j;;gi; material (Tables S1-S51). The hydrogen bond parameters in
$(5)-0(6) 1:469(4) S(5)-0(18) 1:478(4) I-V are as supplementary information, table S6.7
O(5)-Nd(1)*? 2.503(4) 0O(8)-Nd(1)* 2.580(4) . .
0(10)-Nd(2)*! 2.442(4) S(5)-Nd(2)*? 3.2033(14) Table 7 Selected bond distances in [Lay(SO4)4][C3N,H 5], IV®
0O(13)-S(2)* 1.482(4) O(18)-Nd(2)*? 2.693(4) - - - -
0(14)—Nd(2)#3 2.502(4) N3)-C(3) 1.456(8) Moiety Distance/A Moiety Distance/A
N(1)-C(1) 1.481(7) N(@4)-C(4) 1.468(9) ”
N(2)-C(2) 1.473(8) C(3)-C(3)*® 1.501(11) La(1)-0(1) 2.443(3) La(1)-O(5) 2.578(3)
C(1)-C(2) 1.502(8) C(4)-C(4)*" 1.489(13) La()-0(2) | 2.51003) La(1)-0(3) 2.603(3)
) . _ e La(1)-O(3) 2.524(3) La(1)-0(7) 2.646(3)
Symmetry transformations used to generate equivalent atoms: ' x La(1)-O(4) 2.529(3) La(1)-O(8) 2.651(3)
+ Ly Px— 1Ly, P-x+1, -y, —z+ L™x+1,y+05, La(l) ' g #3 ’

X e a(1)-0(6) 2.559(3) La(2)-O(12) 2.567(3)
,zl.Jr#70.75; 2*x + 1,y *10.5, —z+ 075 "—x+2, -y +1, —z La(2)-0(9) 2.461(3) La(2)-0(5)* 2.575(3)
LT ex 42—y, o4 L La(2)-0(10) 2.467(3) La(2)-0(8) 2.589(3)

La(2)-O(6) 2.532(3) La(2)-0(12) 2.599(3)
reﬁnemen.t included atomic positions for all the atoms, 58()23 6(()1(31)1) %Ziég; éa()zj(;(()s(;) %gggg
anisotropic thermal parameters for all the non-hydrogen S(1)-0(10)"* 1.470(3) S(1)-0(8) 1.501(3)
atoms and isotropic thermal parameters for all the hydrogen S(2)-0(14 1.431(3) S(2)-04) 1.485(3)
atoms. Full-matrix-least-squares structure refinement against 2%*83)5)1 }ﬁ?g; gg;g% }‘5‘(9)283

2 . . 15 — . | .
|F“| was carried out using the SHELXTL-PLUS"> package of S3)-0(1) 146303) S(3)-0(7)™ 1'51403)

S(4)-0(16) 1.446(3) S(4)-0(2)" 1.481(3)

Table 5 Selected bond distances in [Ndx(SO4)4(H,0),[CsNoH o], TI* S(4-O(11) 1.480(3) S(4)-0(12) 1.502(3)

Moiety Distance/A Moiety Distance/A
Nd(1)-0(1)*! 2.426(4) Nd(1)-0(6) 2.552(4)
Nd(1)-0(2)** 2.437(4) Nd(1)-0(7) 2.555(4)
Nd(1)-0O(4) 2.465(5) Nd(1)-0(2) 2.626(4)
Nd(1)-0(3) 2.466(4) Nd(1)-0(8) 2.658(5)
Nd(1)-0(5) 2.522(5) Nd(2)-O(13)™ 2.538(4)
Nd(2)-0(9)*! 2.389(5) Nd(2)-0(16)* 2.553(5)
Nd(2)-0(11)* 2.451(4) Nd(2)-0(14) 2.558(5)
Nd(2)-0(12) 2.482(4) Nd(2)-0(15) 2.560(6)
Nd(2)-0(11) 2.536(4) Nd(2)-0(10) 2.574(4)
S(1)-0(17) 1.440(5) S(1)-0(14) 1.473(5)
S(1)-0(9) 1.468(5) S(1)-0(11) 1.524(4)
S(2)-0(6) 1.474(5) S(2)-0(7) 1.482(5)
S(2)-0(10) 1.480(5) S(2)-0(12) 1.495(4)
S(3)-0(18) 1.461(4) S(3)-0(5) 1.478(5)
S(3)-0(1) 1.463(5) S(3)-0(2) 1.505(5)
S(4)-0(8) 1.468(5) S(4)-0(3) 1.490(5)
S(4)-0(16) 1.485(5) S(4)-0(13) 1.490(5)

“ Symmetry transformations used to generate equivalent atoms:
Fl_x + 1, -y + 1, -z #_x + 2, -y +2, —z+1; By + 1, -y
+ L, —z+ 5"+ 1,0y, — 1Ly, "—x+ 1, -y + 2, —z
#_x + 2, -y +1,—z+ 1

¢ Symmetry transformations used to generate e(l‘uivalent atoms:
#1_ _ . H2_ S H3_ _

x+1,—-y+1 —z+1; x+1, -y, —z+1; x+2 —-y+
1, —z + 1;#4x,y + 1, z;#sx,y -1,z

Table 8 Selected bond distances in [Nd>(SO4)4(H0)4][CsNH 4]o-
[SO4][C,N,Hg][H,0]5, V¢

Moiety Distance/A Moiety Distance/A
Nd(1)-0(1) 2.429(5) Nd(1)-0(5) 2.530(4)
Nd(1)-0(2) 2.432(5) Nd(1)-0(7) 2.535(4)
Nd(1)-0(3)*! 2.485(4) Nd(1)-0O(8) 2.545(4)
Nd(1)-0(4) 2.514(4) Nd(1)-0(9)*? 2.593(4)
Nd(1)-0(6) 2.529(4) S(1)-0(4) 1.480(4)
S(1)-0(9) 1.465(4) S(1)-0O(8) 1.489(4)
S(1)-0(7)* 1.478(4) S(2)-0(6) 1.480(4)
S(2)-0(10) 1.473(5) S(2)-0(5) 1.480(5)
S(2)-0(3) 1.473(4) S(3)-0(12)** 1.471(6)
S(3)-0(11) 1.443(7) S(3)-0(12) 1.471(6)
S(3)-O(11)* 1.444(7)

“ Symmetry transformations used to generate equivalent atoms: #ly,

—y, 2+ 05 F—x + 05,y — 0.5,z F—x + 05,y + 0.5, z; #—x,
y, —z + 0.5; #Sx, —y,z — 0.5; #67)(, -y + 2, —z
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Results and discussion

Three-dimensional [Lny(H,0)(SO4)sl|C2N,H gz (Ln = La, Pr
or Nd), I

The asymmetric unit of I contains 37 non-hydrogen atoms of
which 29 belong to the framework and eight to the organic
cation. There are two crystallographically distinct rare-earth
metal atoms and five S atoms as can be seen in Fig. 1. The metal
atoms are nine-coordinated by the oxygens from four sulfate
ions and one water molecule, with each metal atom surrounded
by three bidentate sulfate anions and two monodentate
sulfate ions. Thus, two of the sulfur atoms in the asymmetric
unit, S3 and S5, form four S-O-Ln bonds to two crystal-
lographically distinct Ln atoms, thereby sharing edges with two
metal polyhedra. The S1 and S4 atoms form three S-O-Ln
bonds to two unique metal atoms, sharing the edge with one
metal-oxygen polyhedra and the corner with another, leaving
one terminal S-O group. The S2 atom makes two S-O-Ln
bonds with two metal atoms, sharing corners with two metal—
oxygen polyhedra, and has two terminal S-O groups. Two
LnQOy polyhedra are linked by the S(3)Oy4, S(5)O4 tetrahedra in
two-dimensions to form eight-membered rings, the rings
connected by S(2)O,4 to form layers parallel to the bc-plane
of the unit cell. Such a connectivity between the eight-
membered rings results in the formation of four 16-membered
rings around each eight-membered ring (Fig. 2a). The layers
are stacked over one another in AAA--- fashion, with two
adjacent layers separated by a unit cell length along the a-axis
of the unit cell, thus forming eight and 16-membered channels.
The S(1)O4 and S(4)O, tetrahedra share corners and edges with
the metal-oxygen polyhedra respectively from adjacent layers,
thereby connecting the layers and forming a three-dimensional
framework (Fig. 2b). This connectivity gives rise to a square
grid of intersecting eight-membered channels running perpen-
dicular to one another, and intersecting the channels along the
a-axis of the unit cell.

The protonated amine molecules are located in the cages
formed by the intersection of channels in between the layers,
with one amine molecule located in the cage formed by the
intersection of the three eight-membered channels and three
amine molecules in the cages formed by the intersection of
the 16-membered channel and two eight-membered channels.
The amines form hydrogen bonds with the oxygen atoms of the
framework (Table S67).

The layers formed by the connectivity between the metal-
oxygen polyhedra through the sulfate units can be described
by a 4.8 net obtained by rotating the squares of 4* nets with
one-fifth vacancies (Fig. 3a) and are comparable to the (001)
net of Hg in Pd,Hgs. The entire structure of I, along with the

Fig.l ORTEP plOt of [Ndz(HzO)z(SO4)5][C2N2H|O]2, 1. The asym-
metric unit is labeled. Thermal ellipsoids are given at 50% probability.
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Fig.2 (a) The layer, parallel to the bc-plane of the unit cell in I,
formed by connecting NdOg polyhedra with SO, tetrahedra, by sharing
edges and vertices, and thereby forming eight-membered and
16-membered rings. Note the arrangement of the 16-membered rings
around the eight-membered rings. The protonated amine units are
shown in one eight-membered ring and one 16-membered ring. (b) The
three-dimensional framework formed by the linking of the layers,
stacked one over another, along the a-axis of the unit cell by the sulfate
groups.

amines, can be compared to the Hg nets in Mn,Hgs where
the Hg atom at the centre of the octagon is replaced by the
protonated amine molecules in L' The three-dimensional
structure itself has the a-polonium type of topology.'® This can
be visualized by comparing the square units formed by the four
metal centers linked by the sulfate units as a node. The cuboidal
framework formed by eight such interconnected nodes, with
each of them being a six-connecting one, can be seen from
Fig. 3b. The interpenetration characteristic of a-Po is absent in
I, probably since the cavities formed within the cubic structures
of the network are occupied by the guest moieties.'®

Three-dimensional [Ndz(SO4)4(H20)2][C4N2H]2], 11

The asymmetric unit of II contains 24 non-hydrogen atoms of
which 18 belong to the framework and six to the organic
moiety. There are two crystallographically distinct Nd atoms
and four S atoms. The Nd atoms have a similar coordination
environment, with each having nine-coordination, with eight
sulfate oxygens and one water molecule. Thus, each Nd atom is
surrounded by three sulfate ions in bidentate and two sulfate
ions in monodentate fashion. There are four different sulfate
ions in the asymmetric unit. S(2)O4 and S(3)O,4 ions have a
similar coordination environment, with each forming four
S—-O-Nd bonds to two crystallographically distinct Nd atoms,
thereby sharing edges with two metal-oxygen polyhedra. The
S(1)O4 and S(4)O4 ions have a similar coordination environ-
ment, with each forming four S-O-Nd bonds. The connectivity
between the NdOo polyhedra by the S(2)O, and S(3)O4
terahedra results in the formation of eight-membered rings,
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Fig.3 (a) Representation of the 4.8 net sheet parallel to the be-plane
of the unit cell in I. (b) Representation of the a-Po related net in the
structure of I. Note the six connecting squares acting as nodes.

similar to those of I. But unlike I, the eight-membered rings in
I get connected by the three-coordinated oxygens of the
S(1)O4 and S(4)O, ions, forming layers parallel to the bc-plane
of the unit cell. Such a connectivity results in the formation of
12-membered rings around each eight-membered ring (Fig. 4).
The presence of three-coordinated oxygens results in the
formation of Nd,O, dimers. The layers can also be described as
formed by the connectivity of the Nd,O, dimers by the S(2)O4
and S(3)Oy ions. The layers are stacked over one another in
AAA--- fashion and get connected by the S(1)O4 and S(4)O,4
ions to form the three-dimensional structure. This connectivity
between the layers gives rise to eight and 12-membered
channels along the a-axis of the unit cell, with one protonated
piperazine molecule sitting in each of the eight- and
12-membered channels, forming hydrogen bonds with the
framework oxygens (Fig. 4).

Layered [Lny(SO4)4l[C2N,Hyo] (Ln = La or Nd), III

The asymmetric unit of III contains 12 non-hydrogen atoms of
which 10 belong to the framework and two to the organic
moiety (Fig. 5a). The Ln atom is nine-coordinated by sulfate
oxygens, S(1)O4 forms five S-O-Ln bonds to four different
metal atoms leaving one terminal oxygen. Thus, the S(1)O,4
tetrahedron shares an edge with one metal-oxygen polyhedron
and vertices with three other metal-oxygen polyhedra, and has
two three-coordinated oxygens. The S(2)O, tetrahedron forms
4 S-O-Ln bonds to three different metal atoms and has one
three-coordinated oxygen and one terminal oxygen, thereby
sharing edges with one and vertices with two metal-oxygen
polyhedra. The connectivity between the S(2)O4 ions and the

Fig.4 The three-dimensional framework in II, by the connectivity of
the layers, stacked one over another, along the a-axis of the unit cell.
Note the eight- and 12-membered channels running down the a-axis of
the unit cell, with each channel occupied by one piperazinium molecule.

Ln centers results in four-membered rings. Similar four-
membered rings are also formed by the connectivity between
the S(1)O4 groups and the Ln centers. The four-membered
rings get connected by corner sharing, to form the basic
building unit in III as shown in Fig. 6a. These three-metal
center clusters, formed by the corner-sharing of two four-
membered rings, join to form a chain running along the a-axis

Fig.5 ORTEP plot

of (a)
(b) [Nd2(SO4)4(H20)4][CsN2H 14o[SO4][CaNHg[H,O]3, V. The asym-
metric unit is labeled. Thermal ellipsoids are given at 50% probability.

[ng(SO4)4][C2N2H|()], lll, and
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Fig. 6 (a) The three-metal center cluster in III, formed by the corner-
sharing of two four-membered rings with different sulfate groups,
acting as the basic building unit. (b) Chains formed by corner-sharing
of four-membered rings. (c) The chain, running parallel to the a-axis of
the unit cell, formed by joining the basic building units in III. Note that
each four-membered ring is capped by the three-coordinated sulfate
oxygens from the adjacent rings on either side.

of the unit cell (Fig. 6b). Each four-membered ring is capped by
the three-coordinating sulfate oxygens from the adjacent four-
membered rings on either side (Fig. 6¢). Two such chains,
separated by Y2 a unit cell length along the b-axis of the unit
cell, are connected by the second three-coordinated oxygen of
the S(1)O4 ion to form layers parallel to the ab-plane of the unit
cell (Fig. 7a). The connectivity between the chains also results
in the formation of four-membered rings in between the chains
by the joining of Ln-S(1)-Ln-S(1) through the oxygens, but
unlike the four-membered rings in the chains, these rings are
uncapped. Thus, the entire layer can be visualized as being
formed of two types of four-membered rings — capped four-
membered rings forming the chains, which in turn join together
to form uncapped four-membered rings in between the chains.
The linkages involving the three-coordinated oxygens results in
the formation of three-membered rings, and infinite Ln—-O-Ln
linkages in two-dimensions. Such bridging of the Ln atoms by
three-coordinated sulfate oxygens has been observed earlier in
lanthanum sulfates,”!! but III is the first example of an infinite
two-dimensional Ln—O-Ln linkage formed by three-coordinated
sulfate oxygens. The network formed by the linking of the Ln
centers by the three-coordinated oxygens has the composition
LnOj3 and can be visualized as (6, 3) nets, with each Ln center
acting as a node (Fig. 7b).'°

The anionic inorganic layers in III are stacked over one
another along the c-axis of the unit cell in AAA--- fashion and
are separated by a unit cell length along the c-axis of the unit
cell. The diprotonated ethylenediamine molecules reside in the
interlamellar space and form multipoint hydrogen bonds with
the framework oxygen atoms from adjacent layers (Fig. 8, also
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Fig. 7 (a) Top view of the layer parallel to the ab-plane of the unit cell
in III, formed by linking of the chains running parallel to the a-axis of
the unit cell through the three-coordinated oxygen atom of the S(1)Oy4
group. (b) The infinite two-dimensional Nd-O-Nd linkage in III,
formed by the bridging of Nd centers by three-coordinated sulfate
oxygens. Note the (6, 3) network topology of the NdO; layer with Nd
centers acting as the nodes.

Fig. 8 The stacking of layers in III, along the c-axis of the unit
cell. Note that the entire structure is formed by alternating inor-
ganic and organic layers. Dotted lines represent hydrogen-bond
interactions.
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Fig.9 (a) Top view of the layer formed parallel to the ab-plane of the
unit cell in IV, formed by joining of the four-membered ring ladders
running parallel to the b-axis of the unit cell. Note that alternate four-
membered rings of the ladders are capped by the sulfate ions on either
side. (b) The infinite two-dimensional La—O-La linkage in IV, formed
by the bridging of La centers by three-coordinated sulfate oxygens.
Note the (6, 3) network topology of the LaO; layer with La centers
acting as nodes, which is different from the (6, 3) NdO; sheets in III.

see table S61). Thus, the entire three-dimensional structure is
made up of alternating anionic inorganic layers and cationic
organic layers.

Layered [Lay(SO4)4]IC3N2Hy2], IV

We have been able to synthesize a layered sulfate of the
composition [La(SO4)4][C3N,H 5], IV, with a structure similar
to that of III, but differing from III in the mode of binding of
the sulfate ions, thereby changing the topology of the (6, 3)
LaOj; layers. The asymmetric unit of IV contains 27 non-
hydrogen atoms of which 22 belong to the framework and five
to the organic moiety. The La atom is nine-coordinated by the
sulfate oxygens. Both S(1)O4 and S(3)O4 form five S-O-La
bonds to four different metal atoms, have two three-
coordinated oxygens and one terminal oxygen. Thus, the
S(1)O4 and S(3)O, tetrahedra share an edge with one metal-
oxygen polyhedron and vertices with three metal-oxygen
polyhedra. The S(2)O4 and S(4)O4 tetrahedra have similar
coordination environments forming four S-O-La bonds to
three different metal atoms, and have one three-coordinated
oxygen and one terminal oxygen. The connectivity between the
S(1)O4 ions and the La(2) centers results in four-membered
rings. The four-membered rings, with La(2) and S(1) as
vertices, are connected by sharing of edges to form a ladder
structure parallel to the b-axis of the unit cell. Alternate four-
membered rings of the ladders are capped by S(4)O, ions on
either side which also bridge the La(2) centers through the
three-coordinated oxygens. Similar ladders of four-membered
rings are formed by the connectivity between La(1) centers and
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Fig. 10 (a) Top view of the layer parallel to the bc-plane in V, formed
by joining the NdOy polyhedra and SO, tetrahedra. The inset shows
the (4, 4) net sheet formed by the joining of the metal centers. (b) The
stacking of the alternate inorganic layers and the layer formed by the
ethylenediamine molecules, sulfate ions and the interstitial water
molecules, along the g-axis of the unit cell. The protonated DABCO
molecules reside in the crest and trough regions of the inorganic layer.
Dotted lines represent hydrogen-bond interactions. Note the wavelike
pattern of the inorganic layers.

the S(3)O4 ions, with the alternate four-membered rings being
capped by S(2)O,4 ions. The two ladders are stacked alter-
natively along the @-axis of the unit cell and are connected by
both the four-membered ring sulfates and capping sulfates to
form layers parallel to the ab-plane of the unit cell (Fig. 9a).
The ring sulfates bind to the metal centers of adjacent ladders
through the three-coordinated oxygen atoms, forming infinite
La-O-La linkage in two dimensions, giving rise to LaO; layers
of the (6, 3) net topology, with each La center acting as a node
(Fig. 9b).1°

Layered [Lny(SO4)4(H>0)4][CsN;H 14]:[SO4][C>N,Hg|[H,Ol3
(Ln = La, Pr or Nd), V

The asymmetric unit of [an(SO4)4(H20)4][C6N2H]4]2[804]-
[CoN,Hg][H,0]13, V, contains 28 non-hydrogen atoms of which
13 belong to the framework, 10 to two organic moieties, three
to the interstitial sulfate ion with S in %2 occupancy and two
non-coordinated water molecules (Fig. 5b). The Ln atom is
nine-coordinated to three sulfate ions in the bidentate fashion,
one sulfate ion in the monodentate fashion and two water
molecules. Of the two framework sulfate ions, one binds to two
Ln atoms in a bidentate fashion, whereas another binds to one
metal atom in a bidentate manner and another in a
monodentate fashion leaving a terminal S-O bond (Fig. 5b).
The linkage of the LnOg polyhedra and the SO, tetrahedra by
sharing vertices and edges, gives rise to anionic inorganic layers
parallel to the bc-plane of the unit cell, containing eight-
membered rings (Fig. 10a). The three sulfate tetrahedra sharing
edges with the LnOy polyhedra bind to the Ln atom in a cis-
fashion rendering the layers corrugated, with the water

| J. Mater. Chem., 2004, 14, 1257-1265
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molecules protruding out of the zig-zag layers. Protonated
DABCO molecules reside in the crest and trough regions. The
interlayer spacing is 12.78 A. The sulfate ions and the water
molecules along with the ethylenediamine molecules (formed
in situ by the decomposition of DABCO under the reaction
conditions) lie between the inorganic layers (Fig. 10b). Such
isolated oxyanions in the interlamellar space have been
observed in layered sulfate minerals,'” in organically templated
layered phosphates'® and in an organically templated layered
cadmium sulfate.® The amine molecules, the sulfate ions and
the interstitial water molecules, form hydrogen bonds among
themselves and also with the framework oxygens (Table S67).
The layer formed by the connectivity of the Ln centers by the
sulfate units can be visualized as (4, 4) net sheets parallel to the
be-plane of the unit cell, with the Ln centers acting as nodes (see
inset of Fig. 10a). The entire structure is formed by the stacking
of the (4, 4) net sheets along the g-axis of the unit cell.'®

It is somewhat curious that diprotonation of DABCO occurs
in V and not of ethylenediamine, with more favorable pK,
values. It must be noted, however, that ethylenediamine along
with ethylene glycol, would be the product of decomposition of
diprotonated DABCO as shown in Scheme 1.

While there may be protonated ethylenediamine molecules
in solution, we can have only one diprotonated amine in the
interlayer space, because of stoichiometric considerations. It is
possible that diprotonated DABCO gives a greater stability to
the layer structure, due to a favorable spatial arrangement.

It is interesting to compare the structure of V with the
structures of B-(NH4)La(SO4), " (N,Hs)Nd(H,0)(S04),%° and
Lay(H,0)5(CoH oN5)5(SO4)6-4H,0.° These compounds are
built from corrugated anionic layers of rare earth sulfates,
with the NH, ", organic amine and water molecules residing in
the interlamellar space and interacting with the layers through
hydrogen bonds. In V, we have in addition, the sulfate ion in
the interlayer space, forming hydrogen bonds with the layers.
In all these compounds, the interlamellar spacing depends on
the size and orientation of the guest species, the distance
increasing from 4.50 A for ammonium ion to 7.88 A for
hydrazinium ion and to 12.8-13.4 A for ethylenediammonium
ion. The shortest O-O distance between two adjacent layers in
V is 4.724 A, which is larger than that in the other three
compounds (3.02-3.10 A), possibly because of the presence of
the larger DABCO molecules. It is noteworthy that the layer
formed by the ethylenediamine molecules and sulfate ions in V
is somewhat similar to that in ethylenediammonium sulfate.?!

Structural parameters

The various bond distances in I-V are listed in Tables 4-8. The
bond lengths for both the LnOg polyhedra and the SO,
tetrahedra in the above compounds are in agreement with those
commonly observed in metal sulfates.”!"**?? The short S-O
bond distances corresponded to the terminal S-O groups and
the longer S-O bond distances to the S-O bonds involving
three-coordinated oxygens.
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Conclusions

In conclusion, a variety of open-framework rare earth sulfates
templated by amines and possessing either layer or three-
dimensional channel structures have been synthesized and
characterized. The three-dimensional structure of I is compar-
able to that of o-Po and possesses a grid of intersecting eight-
membered channels mutually perpendicular to each other, and
also 16-membered channels along one direction. The three-
dimensional structure, II, with a structure, comparable to that
of I, contains eight-membered channels joined by Nd,O,
dimers, which results in the formation of four 12-membered
channels around each eight-membered channels. We have
made three different types of layered structures with (6, 3) or (4,
4) nets. Two of these, III and IV, containing LnOj; layers with
infinite Ln—O-Ln linkages, are formed by the connectivity of
the four-membered Ln-S-Ln-S rings either by sharing of
corners or edges. A third type of layered structure, V, formed
by the connectivity of LnOgy polyhedra and SO, tetrahedra
gives rise to (4, 4) nets. In V the sulfate ions reside in between
the layers in addition to the amine. The present results suggest
that it should be possible to design a variety of complex open-
framework structures using the sulfate ion as a building block.
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