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Two new open-framework cadmium zirconium oxalates containing ammonium or ethyl-
enediamine have been prepared from precipitation methods at room pressure. The crystal
data of these oxalates are as follows: I, 2[NH4]*[CdZr(C,0,)4]?~+3.9H,0, trigonal, space group
P6422 (no. 181), a = 9.061(5) A, ¢ = 23.394(5) A, V = 1663(1) A3, Z = 3, R; = 0.03; II,
[C2N2H10]2F[CdZr(C204)4]> +4.4H,0, trigonal, space group P3;12 (no. 151), a = 9.105(5) A, ¢
= 23.656(5) A, V = 1698(1) A3, Z = 3, R; = 0.04. The two structures are built from MOg (M
= Cd, Zr) distorted antiprisms connected by oxalate groups to give rise to chains based on
the sequence ...—Cd—oxalate—Zr—oxalate—... that display a helical wire arrangement. Each
helix is connected to six neighboring ones to form an anionic three-dimensional framework
[CdZr(C,04)4)?~ balanced by the cations NH4* or [NH3—(CH3),—NH3]?" located in tunnels
parallel to the c axis that also contain water molecules. The apertures have hexagonal and
square cross sections of ~5.7 A and ellipsoidal cross sections of 5.7 x 12 A. There is extensive
hydrogen bonding among the ammonium and amine groups, water molecules, and framework.
The thermal decomposition of the two compounds into cadmium and zirconium oxides is
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described.

1. Introduction

Open-framework metal-oxalate-based compounds have
received much attention in recent years, with the aim
of discovering new types of porous solids (see, for
example, ref 1). Additionally, the structure topology is
often favorable to dynamic properties as a result of the
presence of weakly bonded zeolitic water molecules
located inside the voids of the structures.? Representa-
tive recent examples have been reported in which
hydrothermal syntheses in the presence of structure-
directing organic entities, such as amines,3° are used,
but the traditional precipitation of solutions at ambient
pressure has also revealed some potentialities in the
formation of such phases.®” There is also an interest in
the formation of oxalates with two metals for their
ability to produce nanocrystalline mixed oxides from
thermal decomposition. Typical examples are BaTiO3;
and PbZrO; obtained from barium titanyl oxalate
hydrate® and lead zirconium oxalate hydrate,® respec-
tively. Among the recently reported mixed oxalates are
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various well-characterized phases with metals having
8-fold coordination, e.g., YK(C204)2:4H,02; PbZr(C204)4
nH,0?% and, more recently, Cd,Zr(C,04)4°nH>0.10 In
these structures, the concept of building units, discussed
extensively in recent times (see, for example, ref 11),
seems to be an approach to consider in this family of
phases to conceive new compounds. The basic units are
polyhedra formed by the metals with 8-fold coordination,
such as ZrOg and CdOg in CdyZr(C,04)4-nH,0, which
exhibits a nanoporous topology related to the YK(C,04),-
4H,0 structure type. The building units are linked
through the oxalate groups. It has been anticipated that
the formation of new structural arrangements from
solution routes could be further extended by the addition
in the synthesis stage of new elements or building units,
which could then act as agents modifying existing
structural arrangements. This is the driving idea that
has been applied here for conceiving novel structural
frameworks in the family of cadmium zirconium ox-
alates. The additional groups considered in the present
study are ammonium and amine entities. This study
deals with the nonhydrothermal synthesis, the crystal
structure determination, and the thermal behavior of
two new nanoporous cadmium zirconium oxalates.

2. Experimental Section

2.1. Preparation and Preliminary Characterization.
Crystals of cadmium zirconium ammonium oxalate CdZr-
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(C204)4(NH4)2-3.9H,0 (1) and cadmium zirconium ethylenedi-
amine oxalate CdZr(C;04)4(C2N2H10)-4.4H,0 (11) were obtained
by soft chemistry routes. The compounds were synthesized
from a mixture of 0.50 g of cadmium nitrate Cd(NOg3).-4H,0
(Merck) and 0.37 g of zirconium oxynitrate ZrO(NQOg3),-xH,0
from Alpha [whose correct formula is Zr(OH)2(NOs3)2+(1 + X)-
H,0]*? in 50 mL of water. This solution was titrated by a 0.1
mol L~ oxalic acid solution in excess until a white precipitate
was formed. The solution was heated to 90 °C, and 2 mL of
NH4OH (1) or ethylenediamine C>N;Hsg (I1) was added under
stirring. Finally, a few milliliters of concentrated HNO3; was
added slowly until complete dissolution. The evaporation of
the solution at room temperature led to the formation of
bipyramidal transparent crystals for compound I (average size
= 100 um) and hexagonal-shaped plates (average size = 500
um) for compound I1. The crystals were then filtered, washed
with deionized water and ethanol, and dried under air. Powder
X-ray diffraction patterns of the powdered crystals, obtained
with a Siemens D500 diffractometer (1 = 1.5406 A) indicated
that the products were pure new materials. It was subse-
quently verified that the powder data were indexed by the
structural results reported in the present study. Thermogravi-
metric (TG) analysis was carried out with a Rigaku Thermoflex
instrument. Temperature-dependent X-ray diffraction (TDXD)
was performed under dynamic air with a powder diffractome-
ter combining a curved position-sensitive detector (PSD) from
INEL (CPS 120) and a high-temperature attachment from
Rigaku. The detector was used in a semi-focusing arrangement
by reflection (Cu Koy radiation) as described elsewhere.'® The
chemical formulas were derived from energy dispersive spec-
trometry (Cd/Zr ratio = 1), performed with a JSM 6400
spectrometer equipped with an Oxford Link Isis analyzer, and
from the crystal structure determination reported below. They
correspond to the chemical compositions CdZr(C;04)s(NH4)2*
3.9H,0 and CdZr(C04)4(C2N2H10)-4.4H,0 for | and 11, respec-
tively. These results were confirmed by manganimetric titra-
tion of the oxalate content in crystals, from which the numbers
of oxalate groups per formulas units 3.98 (1) and 4.04 (11) were
derived. It should be noted, as shown from the thermogravi-
metric analysis reported below, that the amine compound is
slightly air-sensitive at room temperature. Assuming the above
formulas, the yields found for the two synthesis were 57% for
I and 55% for Il. The powder diffraction diagrams of the two
compounds were recorded and did not indicate the presence
of impurities. The images captured with a JEOL JSM-6301 F
scanning electron microscope (SEM) showed pseudomorphs of
the initial crystals, with cracks due to the sensitivity of the
material to the electron beam (Figure 1). In addition, from a
magnified image, an etching pattern on the surface of com-
pound I could be observed (Figure 1), as the probable conse-
guence of the use of concentrated nitric acid in the course of
the synthesis. The particular geometry of such etching pat-
terns is generally related to the crystalline structure and
surface defects of the product.'* No such feature was observed
on the surface of the crystals of compound 11, even though the
experimental approach used was similar.

2.2. Single-Crystal Structure Determination. A suitable
single crystal for each compound was carefully selected.
Intensity data were collected on a four-circle Nonius Kap-
paCCD diffractometer, using Mo Ka radiation (A = 0.71073
A), through the program COLLECT.! Lorentz-polarization
correction, peak integration, and background determination
were carried out with the program DENZO.'® Frame scaling
and unit-cell parameter refinement were performed with the
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Figure 1. SEM micrograph displaying bipyramidal-shaped
pseudomorphs of CdZr(C;04)(NH4)2:3.9H,0, with cracks due
to the sensitivity of the initial crystals to the electron beam.

The closeup on the bottom right shows the typical etching
pattern found on the surface of the crystals.

program SCALEPACK.® Numerical absorption correction was
performed by modeling the crystal faces using NUMABS."
Crystallographic data and details on data collection and
refinement are listed in Table 1. Structure drawings were
carried out with Diamond 2.1b.18

Both structures were solved using a hexagonal symmetry
with space group P6422 for compound | and space group P3;-
12 for compound I1. Heavy atoms were located using direct
methods by means of the program SIR97,%° and the remaining
non-H atoms were found from successive Fourier map analyses
with SHELXL97.?° Hydrogen atoms of the ammonium ion and
water molecule in | were also found from Fourier analyses.
For compound 11, the hydrogen atoms of the amine group were
placed by assuming a tetrahedral sp® hybridization for both
the carbon and nitrogen atoms and were then refined using a
“riding” mode, with the option included in SHELXL97.%
Positions of the hydrogen atoms of water molecules were
calculated, when possible, by means of the CALC-OH?! pro-
gram available in the WINGX software package?? and then
included in the refinement. As X-ray diffraction studies
underestimate bonds involving hydrogen atoms, constraints
were applied to keep them positioned in accordance with
neutron diffraction studies.?> N—H and O—H distances were
thus constrained to be equal to 1.03(3) and 0.96(2) A, respec-
tively. Constraints on the H—H distances, 1.50(2) A, were also
included so that the H—O—H and H—N—H angles were close
to the ideal tetrahedral angle. The last cycles of refinement
included atomic positions for all atoms, anisotropic displace-
ment parameters for all non-hydrogen atoms, and occupancy
of the oxygen atoms from water molecules. The final refine-
ment converged to site-occupancy factors for oxygen atoms of
water molecules of 0.986(9) (1) and 0.500(1), 0.515(1), 0.546-
(2), and 0.64(1) (I1), i.e., 3.94 £+ 0.11 and 4.40 £+ 0.24 water
molecules per chemical formula. The final atomic coordinates
and selected bond distances and angles are given in Tables 2
and 3 for I, and in Tables 4 and 5 for 1.
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Table 1. Crystal Data and Structure Refinement Parameters of I, CdZr(C204)4(NH4)2:3.9H,0, and I,

CdZr(CZO4)4(C2N2H10)-4.4H20
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compound | compound |1
empirical formula CdZr0O199CgN2H158 CdZrO20.4C10N2H14.1
crystal system trigonal trigonal

space group
crystal size (mm)

P6422 (no. 181)
0.170 x 0.155 x 0.125

P3;12 (no. 151)
0.260 x 0.220 x 0.080

a(A) 9.061(5) 9.105(5)

¢ (A) 23.394(5) 23.656(5)

V (A3) 1663(1) 1698(1)

z 3 3

formula weight (g mol~—1) 662.41 692.28

peatc (9 cm~3) 1.984 2.031

2 (Mo Ka) (A) 0.71073 0.71073

u (mm~1) 1.522 1.497

6 range (°) 2.60—34.96 2.58—34.93

index ranges —12<h=<14 -13<h=<14
-12=<k=<14 -1l4=<k=<14
—37=<1=37 —29=<1=<38

unique data 2451 4985

observed data [l > 20(1)] 1753 4589

refinement method full-matrix least-squares full-matrix least-squares
on |F?| on |F?|

R1 [l > 20(1)] 0.031 0.041

R1 (all) 0.050 0.045

oR2 [I > 20(1)] 0.072 0.118

wR; (all) 0.079 0.120

goodness of fit 1.08 1.22

no. of variables 89 180

no. of constraints 10 10

largest difference map peak
and hole (e A-3)

Table 2. Atomic Coordinates and Atomic Displacement
Parameters (A2) in I, CdZr(C,04)4(NH,)2:3.9H,0

0.607 and —0.578

2.248 and —1.136

Table 3. Selected Interatomic Distances (A) and Bond
Angles (°) for I, CdZr(C204)4(NH4)2-3.9H,0

atom xla y/b zlc Ueq?/Uiso metal coordination? bases of the antiprism
cd 0.0000 0.5000 0.3333 0.01901(9) Cd—01, O1iti 2.297(2) 01-04 2.775(3)
zr 0.5000 0.0000 0.5000 0.01547(9) Cd—04, O4iiiiii 2.530(2) O1—04ii 2.930(3)
01 0.9199(3) 0.2629(3)  0.38899(9)  0.0305(5) 04—01—-04iii 96.89(9)
02 0.7344(3) 0.0832(2)  0.45216(8) 0.0267(4) o 01-04-01ii 83.07(9)
03 0.5461(3) 0.2209(3)  0.44576(9)  0.0311(5) Zr—Q2iitiv.vvi 2.174(2) 02v—03Y 2.572(3)
04 0.7388(3) 0.4354(3)  0.3913(1) 0.0350(5) Zr—Qgiiiivvvi 2.228(2) 02v—03Y 2.660(3)
c1 0.7916(4) 0.2109(4)  0.4186(1) 0.0206(4) 03V—02v—03Y 88.7(1)
c2 0.6854(3) 0.3011(4)  0.4176(1) 0.0232(4) 02v—03v—02W 90.94(9)
N1 0.0000 0.0000 0.5000 0.0317(9) ;
oxalate anion
N2 0.0000 0.0000 0.3333 0.039(1) cl-c2 1542(3) 01-C1-C2 120.7(2)
Oow 0.7539(4)  —0.2435(4)  0.4162(1) 0.0594(8) _ e
C1-01 1.227(3) 02-C1-C2 114.3(2)
H1 0.8998(9)  —0.074(1) 0.4756(4) 0.05 _ R
C1-02 1.275(3) 03-C2-C1 113.0(2)
H2 0.900(3) —0.021(5) 0.691(1) 0.05 _ ey
C2-03 1.279(3) 04—C2-C1 119.5(3)
Hwl  0.643(3) —0.256(5) 0.418(2) 0.05 Co—0a 1227(3) 01-C1-02 125.0(2)
Hw2  0.727(5) —0.358(3) 0.420(2) 0.05 : 03-0C2-04 127'5(2)
2 Ueq = (Ya)2iy Uijai*aj*ai-a;. organic moiety NH4*
N1-H1, H1viviikix  0.997(5)  H1-N1-H1vii 110.97(5)
3. Results H1-N1—H1v™ 103.56(2)
H1-N1-H1*  114.06(2)
3.1. Description of the Structures. The two com- mz:::mi:mﬁ" iég-gggg
pounds e_xhlblt S|m|_lar tr_lree-dlmensmnal_arrangements H1vi—N1—-H1*  110.97(6)
of cadmium and zirconium polyhedra linked through N2 — H2xXi.xii i 1.005(3) H2x—N2—-H2xi 108.31(2)
oxalate groups. Both coordination polyhedra of the H2x—N2—H2xi  110.06(5)
zirconium (Figure 2a) and cadmium (Figure 2b) atoms N ﬂg-gj}?
can be described as distorted square antiprisms similar H2Xi N2 — 2%l 110'0655;
to those found, for example, in PbyZr(C204)4-nH0.° The H2xi—N2—H2xil  108.31(2)

Zr—0 distances are 2.174(2) and 2.228(2) A and range
from 2.180(3) to 2.258(3) A for compounds I and I,
respectively. The mean Zr—0O distances (2.201 and 2.219
A) agree with the theoretical value, 2.184 A, found with
the bond valence method using the program VA-
LENCE.2* The standard mean deviations from planarity
of the zirconium antiprism bases equal 0.075 and 0.048
A in compounds | and 11, respectively. Moreover, the

(24) Brown, I. D. J. Appl. Crystallogr. 1996, 29, 479—480.

agymmetry codes: ()2 —x,1—x+vy,2%3—z (ii))x,x =Y, 323
=z (ii)2=-x1-y,z({iv)1+x—y,1-y,1—-2z(vV)2—-x+Yy,
1+y, 11—z (vi)l+x1+y,z (viii2—x+y,y, 1—z (viii)2 —
X, =Y,z (iX) X =y, =y, 1 =2z (X) "1 +x—y, =2+ X%, —3+ z; (xi)
3-x+y,2-x% =Y+ z xii) =1+ x —y, =y, 1 — z; (xiii) 3 — x
+v,y,1—2z

mean square planes of the zirconium polyhedra are
strictly parallel for I, whereas they make an angle of
0.57¢° for 11. The cadmium atom is also surrounded by
eight oxygen atoms, forming a square antiprism with
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Table 4. Atomic Coordinates and Atomic Displacement
Parameters (A2) in 11, CAZr(C,04)4(C2N2H10)-4.4H,0

atom xla y/b zlc Ueq?/Uiso
Cd 0.81331(2) 0.18669(2) 0.3333 0.02098(9)
Zr 0.29743(5) 0.14872(3)  0.5000 0.0157(1)
o1 0.5247(4) 0.3363(4) 0.4494(1)  0.0298(6)
02 0.7346(5) 0.3669(4) 0.3921(2)  0.0351(7)
03 0.5682(4) 0.0212(4) 0.3829(1)  0.0277(6)
04 0.3851(4) 0.0108(4) 0.4476(1)  0.0251(5)
05 0.0390(4) 0.3193(4) 0.3932(1)  0.0273(6)
06 0.2123(4) 0.3045(4) 0.4556(1)  0.0265(6)
o7 0.8720(4) —0.0294(4) 0.3876(2)  0.0346(7)
o8 0.0736(4) —0.0205(4) 0.4458(1)  0.0290(6)
C1 0.6013(5) 0.2827(5) 0.4186(2)  0.0231(7)
Cc2 0.5139(5) 0.0891(5) 0.4152(2)  0.0208(6)
C3 0.0882(5) 0.2382(5) 0.4219(2)  0.0215(6)
C4 —0.0004(5) 0.0453(5) 0.417(2) 0.0224(6)
C 0.3686(7) —0.4439(7) 0.3045(2)  0.041(1)
N 0.3301(6) 0.6731(6) 0.0664(2)  0.0407(9)
Owl 0.8314(7) —0.3258(6) 0.3364(2)  0.0159(8)
ow2 0.1873(3) —0.1873(3) 0.3333 0.046(1)
Oow3 0.2330(5) —0.534(1) 0.1667 0.067(2)
Oow4 0.881(1) 0.2182(9) 0.1568(2)  0.047(2)
HicC 0.4431 —0.4758 0.2857 0.049
H2C 0.2602 —0.5463 0.3102 0.049
H1N 0.3284(6) 0.783(2) 0.0712(2) 0.061
H2N 0.442(2) 0.6982(7) 0.0488(3)  0.061
H3N 0.3168(6) 0.618(1) 0.1049(6)  0.061
Hiwl 0.738(8) —0.318(2) 0.332(6) 0.05
H2w1l 0.929(8) —0.224(8) 0.328(6) 0.05
Hw2 0.307(2) —0.142(3) 0.331(6) 0.05
Hw3 0.281(2) —0.607(3) 0.169(6) 0.05

3 Ueq = (Y3)2i3 jUijai*aj*ai-a;.

Table 5. Selected Interatomic Distances (A) and Bond
Angles (0) for 11, Cer(C204)4(C2N2H10)'4.4H20

bases of the antiprism

metal coordination?

Cd—02, 02 2.513(4) 02-03 2.735(5)
Cd—-03, 03i 2.293(3) 03-07 3.024(5)
Cd—05, 05 2.281(3) 07-05 2.753(5)
Cd—-07, 07 2.618(4) 05-02 3.012(5)
02—-03-07 98.6(1)
03—-07-05 81.1(1)
07-05-02 98.5(1)
05-02-03 81.7(1)
Zr—01, O1i 2.258(3) 01-04 2.576(4)
Zr—04, 04ii 2.180(3) 04—-08 2.706(5)
Zr—06, 06/ 2.195(3) 08-06 2.582(4)
Zr—08, 08ii 2.243(3) 06-01 2.716(5)
01-04-08 90.6(1)
04—08—06 89.5(1)
08-06—-01 90.2(1)
06—01-04 89.4(1)
oxalate anions
c1-c2 1.531(5) 01-C1-C2 113.7(3)
c1-01 1.263(5) 02—-Cl1-C2 118.6(3)
C1-02 1.234(5) 03-C2-C1 119.9(3)
C2-03 1.232(4) 04-C2—-C1 114.7(3)
C2-04 1.279(4)  01-C1-02 127.7(3)
03-C2-04 125.4(3)
C3—C4iii 1.527(5) O5—C3—C4iii 120.4(3)
C3-05 1.240(5) 061ii—C3—CA4iil 115.3(3)
C3-06ii 1.263(5) 07—C4ii—C3 119.1(4)
Cc4iii —Q7 1.231(5) 08—C4iii—C3 113.4(3)
C4iii —Qgiii 1.293(5) 05—C3—-06'ii 124.4(4)
07—C4ili—Qgiii 127.5(4)
organic moiety [NHz—(CH2),—NH3]2*
c—-Clv 1.53(1) Nv—C—Civ 114.0(4)
C—NV 1.493(6) Civ—C—H1C, H2C 108.7
H1C-C—-H2C 107.6

aSymmetry codes: ()1 —y,1—X, 23—z (ii))x,x—Yy,1—7z
ii)1+xy,z,({vV)1-y,1—-xYs+z, (V)1 —-x+y,y—11Y;—2z

Cd—0 distances of 2.297(2) and 2.530(2) A for compound
I and Cd—O0 distances ranging from 2.281(3) to 2.618(4)
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Figure 2. Coordination polyhedra of the (a) zirconium and
(b) cadmium atoms in CdZr(C;04)(NH4)2:3.9H,0. The right-
hand structures show the polyhedra with atomic-displacement
ellipsoids plotted at the 50% probability level.
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Figure 3. Helical representation of the anionic framework
[CdZr(C20.)4)?~ with (a) the drawing of one metal—oxalate
helical-shaped chain, (b) a sketch of helix interconnections
viewed along the a axis, and (c) a projection of the structure
along the c axis together with (d) a sketch displaying the cross
section of the tunnels parallel to c. The helix parameters are
() P =23.394(5) A, r = 4.5315(5) A and (11) P = 23.656(5) A,
r = 4.553(5) A.

A for 11. The mean Cd—O distances (2.414 and 2.426
A) agree with the mean theoretical value, 2.414 A, found
by the bond valence method. Four of the eight Cd—0O
distances are longer than expected, whereas the re-
maining four are shorter. The bases have mean stan-
dard deviations from planarity of 0.028 A in I and 0.022
Ain 11. The two square planes of the cadmium polyhe-
dra are strictly parallel in the case of compound I,
whereas they make an angle of 0.62° in compound 11.

Compound I contains only one oxalate group, whereas
compound 11 has two crystallographically distinct ox-
alate moieties. The distances and angles for the different
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Figure 4. Projection of the structures along [001] of (a) CdZr(C204)(NH4)2:3.9H>0 and (b) CdZr(C204)(C2N2H10)-4.4H,0. Large
light gray circles, Cd; large dark gray circles, Zr; small dark gray circles, N; small black circles, C; small white circles, O; smallest

white circles, H.

Figure 5. Projection of the structures along [010] of (a) CdZr(C,04)4(NH4)2-3.9H.0 and (b) CdZr(C204)4(C2N2H10):4.4H,0. Large
light gray circles, Cd; large dark gray circles, Zr; small dark gray circles, N; small black circles, C; small white circles, O; smallest

white circles, H.

oxalate groups are listed in Tables 3 (1) and 5 (I1). They
are in good agreement with the mean values reported
by Hahn?5 for oxalate compounds, i.e., 1.24 and 1.55 A,
117 and 126° for the C—0O and C—C bond lengths and
O—C—C and O—C-0 angles, respectively. These oxalate
groups are close to planarity, with mean atomic devia-
tions from the least-squares planes of 0.059 A (1) and
0.048 and 0.039 A (I1). The mean planes of the two
oxalate groups in compound Il make an angle of about
80° with respect to each other.

Both three-dimensional structures can be described
as networks of right-handed metal—oxalate helical wires
formed by connections through oxalate groups of the
antiprisms described above (Figure 3). Figure 3a dis-

(25) Hahn, T. Z. Kristallogr. 1957, 109, 438—466.

plays one helix, which consists of an alternation of metal
atoms and oxalate groups, resulting in a Cd—oxalate—
Zr—oxalate sequence. Such a helical wire can be de-
scribed by two parameters (see Figure 3a): its period
P, i.e., the axial distance between successive turns,
which here equals the c¢ unit-cell parameter, and its
radius r, i.e., the distance between the helicoidal axis
and a metal atom, corresponding here to a/2. A period
of a helix consists of three cadmium polyhedra, three
zirconium polyhedra, and six oxalate groups. The entire
crystal structure can be reconstituted by applying a 180°
rotation through the helix axis, which results in a double
DNA-like helix, and then translating this double helix
along the unit-cell axes (Figure 3b—d). Over one period,
each helix is connected to six neighboring ones through
its six constitutive metal polyhedra (Figure 3c and d).
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Table 6. Possible Hydrogen Bonds in |,
Cer(C204)4(NH4)2'3.9H20, and 11,
CdZI’(C204)4(C2N2H10)'4.4H20

d(D—H) d(H:+A) OD-H--A d(D--A)

D—H---A? A A ) A
I
N1—H1---02 0.995(3) 2.674(5) 105(1) 3.071(6)
N1—H1---02i 0.955(3) 2.834(4) 95(1) 3.071(7)
N1—H1---Ow 0.955(3) 2.026(3) 166(1) 2.963(1)
N2—H2ii--Ow 0.929(3) 2.042(5) 165(1) 2.95(1)
N2—H2ii.--O1iii 0.929(3) 2.664(4) 110(3) 3.104(7)
N2—H2ii---01v 0.929(3) 2.909(5) 93(3) 3.103(7)
Ow—Hw1---03" 0.952(5) 1.99(6) 161(5) 2.907(6)
Ow—Hw1---02 0.952(5) 2.85(8) 100(4) 3.168(6)
Ow—Hw2---04vi 0.946(5) 2.00(5) 158(3) 2.902(6)
Ow—Hw2:+-04iv 0.946(5) 2.86(7)  97(5) 3.116(6)

N—H1N---05" 0.984(1) 2.545(6)  162.65(5) 3.129(9)
N—H1N---06v 0.984(1) 1.932(8)  117.99(4) 3.129(6)
N—H2N---03vi 0.985(3) 2.56(1) 103.18(4) 2.947(4)
N—H2N---Ow2"i  0985(3) 1.856(4)  161.99(3) 2.81(1)
N—H2N---04vi 0.985(3) 2.880(9) 99.40(4) 3.200(5)
N—H3N---Owavii  0.983(1) 2.071(8)  138.49(2) 3.200(6)
N—H3N---04vi 0.983(1) 2.840(2)  102.50(3) 3.364(1)

Cix,chix...owlx
CiX—H1CiX++-Q1Vi
Cix_chix...oevi
Cix,Hzcix...o3vii
Cix_Hzcix...osvii
CiX—H2CiX...Q7Vii
Cix—H2Cx---OwlVii  0.970(4) 2.968(3)
Owl-Hilwl--07  0.929(4) 2.520(5)
Owl—H1wl---Ow2X 0.929(4) 2.207(2)
Owl—H1wl--Ow2* 0.929(4) 2.798(7)
Owl—H1iwl---04%  0.929(4) 3.140(7)
Owl—H2wl--07  0.898(1) 2.632(9)
Owl—H2w1---05%  0.898(1) 3.153(6)
Owl—-H2wl--06%  0.898(1) 3.099(5)
Oow2—Hw2---04 0.955(2) 3.003(7)
ow2—Hw2---03 0.955(2) 2.41(1)
Ow3—Hwa3:--Ow4xiit  0.965(1) 1.906(2)
Ow3—Hw3---03%ii  0.965(1) 3.165(7)  103.84(2) 3.523(8)
Ow3—Hw3---04%iii  0.965(1) 3.04(1) 100.98(3) 3.36(1)

aSymmetry codes: (i) x —y, =y, 1 —z; (ii) —1 + x —y, =2 + X,
s+ 1z (iii)2 =X, =Y,z (iV)X, 1+ X —Vy,%3— 2, (V)1 — X+,
2 =X, s+ z;(vi)—x+y,1—x, —Yz+z (vi)l—x+y 1—-x,
s+ z; (viii)x, L+y,z, (ixX)2—x+y,1+y,Y3—-2z (X)1 -y,
—X, 23—z, (Xi) L+ X, Y,z (Xii)L —y,1—X,323—z (xiii) 1 — x +
y, =1+vy, Y3 -z

0.970(2) 3.054(8)
0.970(2) 2.767(6)
0.970(2) 2.93(1)
0.970(4) 2.557(3)
0.970(4) 2.65(1)
0.970(4) 2.74(1)

102.85(4) 3.403(4)
170.20(3) 3.727(8)
114.55(2) 3.45(1)
122.40(5) 3.184(6)
135.89(3) 3.41(1)
150.35(4) 3.61(1)
108.57(4) 3.403(4)
98.31(3) 2.809(6)
123.76(5) 2.831(6)
98.31(3) 2.809(6)
91.18(2) 3.293(7)
91.89(3) 2.809(6)
131.41(4) 3.808(7)
113.87(2) 3.559(7)
96.27(2) 3.25(1)
143.36(4) 3.23(1)
170.01(5) 2.861(4)
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Figure 6. Strongest hydrogen bonds in (a) CdZr(C204)a(NH,),-
39H20 and (b) CdZr(C204)4(C2N2Hm)-4.4H20.

Thus, each polyhedron belongs to two different metal—
oxalate chains, rotated by 180° and translated by a with
respect with each other. It should be noticed that, in
compound 11, the cadmium and zirconium polyhedra do
not strictly superimpose as in I. This feature results in
a slightly distorted framework (Figures 4b and 5b),
probably due to the presence of the amine molecule,
leading to a lowering in space group symmetry from P6;4-
22 to P3;12.

Jeanneau et al.
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Figure 7. TG curves for CdZr(C;04)s(NH4)2:3.9H,0 (solid line)
and CdZr(C;04)4(C2N2H10)+4.4H,0 (dotted line) under flowing
air (5 °C h™1).

The resulting charged open-framework {[CdZr(C,-
04)4)>}. constituted by this arrangement of helices
displays tunnels along the three crystallographic axes
and [110]. The tunnels along the ¢ axis have a hexagonal
cross section with a ~5.7 A diameter (Figures 3c and
4a and b). The projections along [110], a, or b display
two kinds of tunnels: one with a square cross section
of ~5.7 A and one with an ellipsoidal cross section of
~5.7 x 12 A (Figure 5a and b). Solvent-accessible voids
were calculated by means of the program SOLV in-
cluded in the software PLATON.26 The total volumes
available for guest water molecules and cations found
by considering only the three-dimensional framework
described above are 780 and 800 A3 for compounds I
and I, respectively. These values correspond, for both
structures, to approximately 47% of the total unit-cell
volume.

Charge balance is achieved by the presence of guests
in the tunnels. In the case of I, the [CdZr(C,04)4]>~
framework is balanced by two NH,4* entities, whereas
for 11, ethylenediamine [NH3—(CH;),—NH3]?" plays the
role of counterion. The amine exhibits a staggered
conformation with a N—C—C—N dihedral angle of
68.95°. These moieties lie along the helicoidal axis. The
distance between two successive ammonium ions is c/6,
and the distance is c/3 between two amines. In both
compounds, the water molecules lie in the tunnels of
the anionic framework. The distance between two water
molecules lying in the tunnel along c is ¢/3, and the
distance between water and amine molecules is c/6.
There are numerous possible weak hydrogen bonds
between the guest molecules and the host structure
considering the criteria reported elsewhere (see, for
example, ref 27). These hydrogen bonds are listed in
Table 6, and the strongest ones are represented in
Figure 6a (1) and b (I1).

An alternative structural description could also be
made using MCgOg entities (M = Cd or Zr), instead of
CdOg and ZrOg building units, in which the initial MOg
polyhedra would incorporate the carbon atoms of the
oxalate anions. The structure could thus be described

(26) Spek, A. L. Acta Crystallogr. 1990, A46, C34.
(27) Desiraju, G. R.; Steiner, T. The Weak Hydrogen Bond; IUCr/
QUP: Oxford, U.K., 2001.
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Figure 8. TDXD plot for CdZr(C,04)4(NH4)2:3.9H,0 under flowing air (heating rate = 5 °C h~ in the range 20—400 °C, 15 °C
h~1 in the range 400—600 °C; counting time = 3500 s/pattern). * indicates spurious diffraction lines due to the sample holder.
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as a framework formed by edge-sharing MCgOg building
units.

3.2. Thermal Behaviors. The thermal decomposi-
tions of the two compounds were studied by thermo-
gravimetric (TG) analyses (Figure 7) and temperature-
dependent X-ray diffraction (TDXD) (Figures 8 and 9)
from room temperature to 600 °C. From Figure 8, it can
be seen that the decomposition of CdZr(C,04)4(NHy),-
3.9H,0 can be described as a three-step process. The
precursor is stable up to ~120 °C, where a new crystal-
line phase is formed, which is stable until ~250 °C.
From ~280 °C, no diffraction lines are observed, and
finally, very broad lines of nanocrystalline cubic CdO
(33.0° 20, 38.3° 260) and tetragonal ZrO, (30.3° 26, 35.3°
26) appear at about ~400 °C. However, the TG curve

iy
.

26 (%)
Figure 9. TDXD plot for CdZr(C,04)4(C2N2H10)-4.4H,0 under flowing air (heating rate = 5 °C h~! in the range 20—400 °C, 15
°C h™t in the range 400—600 °C; counting time = 3500 s/pattern). * indicates spurious diffraction lines due to the sample holder.

(Figure 7) displays an inflection point at ~120 °C
(observed weight loss of ~6%). Because the TDXD plot
(Figure 8) does not show any significant change until
120 °C, the framework of the structure remains un-
changed, and thus, the weight loss can be attributed to
the release of weakly bonded water molecules located
in the tunnels. Consequently, the inflection point would
correspond to the calculated formula CdZr(C,04)4(NHy)2-
1.7H,0. After this inflection point, the weight loss is
continuous until ~290 °C. The chemical composition of
the intermediate crystalline phase, observed between
120 and 280 °C in the TDXD plot, could not be
determined because of the absence of any well-defined
plateau in the TG curve. To characterize this phase,
diffraction patterns were recorded at selected temper-
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atures between 110 and 145 °C. The low resolution of
the diffraction data ((FWHM[= ~0.2° 26) prevented the
indexing of the patterns. However, it can be expected
that the removal of the remaining water molecules and
ammonium groups occurs in this temperature range,
with the subsequent decomposition of the oxalate groups.
For the last stage observed in the TG plot, the total
weight loss (65%) is in agreement with the formation
of cadmium and zirconium oxide mixture (calcd 62%),
as verified from X-ray powder diffraction data.

The decomposition of CdZr(C,04)4(C2N2H10)-4.4H,0
is more complicated. Indeed, the product starts with a
progressive weight loss between ambient temperature
and 35 °C (Figure 7). This feature can be explained by
the departure of the less-bonded water molecules located
in the tunnels (Figure 5). This phenomenon is ac-
companied by a slight shift of some lines toward higher
angles (see, for example, the diffraction line at ~19.2°
26 in Figure 9), corresponding to a light contraction of
the structure framework. From 35 °C, the mass loss is
due to the departure of the most-bonded water mol-
ecules, and the dehydration is completed at 110 °C,
leading to the anhydrous compound CdZr(C,04)4-
(C2N2H10) (weight loss of 11.2%, calcd 11.4%). However,
apart from the slight line shift, no additional significant
change is seen on the successive diffraction patterns
until 110 °C, which means that the dehydration is not
accompanied by a significant structural change. From
the TDXD experiment (Figure 9), it can be seen that
two successive intermediate phases are subsequently
formed. The first one appears between 110 and 120 °C
and transforms at ~180 °C, for which a weight loss of
18.3% is observed in the TG curve. This result could
correspond to the departure of amine groups from the
structure (calcd 20%), even though amine molecules are
usually removed at higher temperatures.?® Thus, it can
be concluded that, as expected from the structure
analysis, the interaction between the amines and the
framework must be very weak. Indeed, the amine
groups located inside the tunnels are initially stabilized
by a hydrogen-bonding scheme involving the water
molecules. It is clear that, after the departure of these
water molecules, the hydrogen-bonding scheme is weak-
ened, which favors the amine molecules to leave the
structure at lower temperatures. The last intermediate
crystalline phase seen in the TDXD plot decomposes
between 250 and 280 °C. Over the temperature range
where this phase is present, a continuous weight loss
is observed (Figure 7). Because of the low quality of the
data, no structural information on the two intermediate
phases could be extracted from the study of powder
patterns recorded at selected temperatures between 110

(28) Ayyappan, S.; Cheetham, A. K.; Natarajan, S.; Rao, C. N. R.
Chem. Mater. 1998, 10, 3746—3755.
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and 250 °C. As for the ammonium compound, an
amorphous phase preceded the formation of nanocrys-
talline cubic CdO and tetragonal ZrO, oxides at ~400
°C. For the last stage observed in the TG plot, the total
weight loss (66%) is in satisfactory agreement with the
formation of a mixture of cubic cadmium oxide and
tetragonal zirconium oxide (calcd 64%), as verified by
the X-ray powder diffraction data. The presence of
tetragonal ZrO; is in accordance with many studies in
which the oxide is crystallized from an amorphous
state.2°-31 However, it is worth noting that the final
zirconium oxide polymorph obtained here differs, in both
cases, from that observed in the thermal decomposition
of the chemically related compound Cd»Zr(C,04)-nH,0,
in which the formation of cubic cadmium-stabilized ZrO»,
was clearly pointed out.10

4. Concluding Remarks

The present study shows that new ternary (am-
monium and amine) cadmium zirconium oxalates with
open frameworks can be obtained through a simple
synthesis route. These two compounds extend the family
of cadmium zirconium oxalates, whose first member was
the binary phase Cd,Zr(C;04)4-nH,0° with the YK-
(C204)2:4H,0 open-structure-type. The structure of all
of these phases can be considered as formed from basic
building units MOg (here M = Cd, Zr) linked through
oxalate groups. The two new compounds exhibit a three-
dimensional channel structure, with a charged frame-
work [CdZr(C,04)4]%~ built from interconnected helical
chains that are balanced by cations located inside the
tunnels. The entities inserted here in the tunnel are
NH," in I and ethylenediamine [NH3-(CH2),—NH3]?" in
11, in addition to water molecules. An interesting feature
of the new open frameworks is the presence of cations
with different valences located in the channels. This
opens up the possibility of synthesizing ternary cad-
mium zirconium oxalates of various amines or metals,
e.g., monovalent or divalent metals possibly exhibiting
interesting dynamical, substitution, and physical prop-
erties.
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