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Open-framework cadmium succinates, [CN3HgJ2[Cd2(C4H404)(Cl)2], I; [CNsHgJo[Cd(C4HsO4)2), Il; Cl2(CaHa04)2(CaNoHg)-
(H20)3, I [C4N2H12][Cd2(C4H404)3]'4H20, V: Cd(C4H404)(HZO)2, V: and Cda(C4H404)2(OH)2], VI, of different
dimensionalities have been synthesized by hydrothermal procedure by employing two different strategies, one
involving the reaction of Cd salts with organic-amine succinates and the other involving the hydrothermal reaction
of Cd salts with a mixture of succinic acid and the organic amine. While the latter procedure yields structures
without any amine in them, the former gives rise to amine templated cadmium succinates with open architectures.
By employing guanidinium succinate we have obtained | and I, and with piperazinium succinate we obtained Il
and IV. Of these | has a one-dimensional chain structure, IV has a layered structure, and Il and Ill have three-
dimensional architectures. The two cadmium succinates without incorporation of amine, V and VI, possess layered
and three-dimensional structures, respectively. The three-dimensional structures Il and Ill exhibit interpenetration
similar to that in diamondoid and o.-polonium type structures, respectively.

Introduction scribed in the literatur&® however, very few open-
. he | tamili ¢ ; K alumi framework metal succinates are known to date. To our
_Besides the large families of open-framework alumino- |, yiedge the only reports of open-framework metal suc-
silicates and phosphatésseveral other types of open inateq are those of cobftnickel: iron 2 and manganesé.
architectures have been synthesized and characterized in thg, open-framework metal succinate appears to have been
past few years. Of the latter families, the metal carboxylates synthesized in the presence of organic amines. We have
’ s .
forr_n an ;mporta]i’lt class ?(f matelrla?ls.lRecerr:tIy ablarged attempted to prepare cadmium succinates with open archi-
variety of open-framework metal oxalates have been de- oy reg by employing different synthetic routes, one of them
" - - - - employing organic-amine succinates as a starting material.
Corresponding author, E-mail: cnirao@jncasr.ac.in. This method was chosen in the light of the successful
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Open-Framework Cadmium Succinates

Table 1. Synthesis Conditions and Analyses for Compound/|

reactant mole ratios tempQq) time (h) CHN ratio% (%) product
CdCh:3.0[CNsHe][C 4H504]1.45GH10NH: 100 48 [CNHe]2[Cd2(CaH404)(Cl)2] (1) +
31."-C4HgOH:213.0H0 [CN3Heg]2[Cd(CaH404)7] (I1')
CdCh:3.0[CNsH6][C 4H504]:1.45GsH1gNH: 100 72 26.1:4.3:18.6 [CN3He]2[Cd(CsH404)7] (11')
31.-C4HgOH: 213.0HO (25.8:4.3:18.1)
Cdclz:1.7[QN2H12][C4H4O4]: 1.6CH1oNH: 150 80 25.9:3.5:3.4 Cdz(C4H404)2(C4N2H3)(H20)3 (||| )
1.34.2H0: 35.1-C4HyOH (26.2:3.7:4.7)
CdCIz:Z.O[C4N2H12][C4H4O4]:2.0Q,H10NH: 150 48 26.2:4.3:.0 [C4N2H12][Cd2(C4H404)3]'4H20 (|V)
1.67.9H0: 22.0-C4HyOH 80 (wby! 14 (26.2:4.4:0)
CdCh:2.0TMEN:3.0CHeO4: 2.0GH1oNH: 150 54 18.6:2.1:0 Cd(GH404)(H20)2 (V)
168.0H0:22.-C4HOH (18.2:3.0:0)
CdCh:2.1DABCC%:2.0CGHg04:2.0GH10NH: 150 78 16.2:1.7:0 Cds(C4H404)2(OH), (VI)
447.0H0:44.0h-C4HyOH (15.9:1.6:0)

a Diazabicyclo[2,2,2]octane® Tetramethylethylenediaminé Calculated CHN ratios within parenthesésvb = water bath.

cadmium salts to obtain cadmium succinates of the composi-
tions [CN;HG]2[Cd2(C4H404)(C|)2], |; [CN3H6]2[Cd(C4H404)2],

Il X Cdz(C4H404)2(C4N2H3)(H20)3, 11 X and [QNzH]_z]-
[Cdx(C4H404)3]-4H,0, IV. In addition, we have obtained
Cd(GH404)(H20), V, and Cd(CsH404)2(OH)], VI, by the
hydrothermal reaction of a cadmium salt and succinic acid )

in the presence of an amine. Whilds a one-dimensional By LULW@LMWLJLMMM
chain,lV andV have layered structureRs., lll , andVI are |

three-dimensional architectures, withhaving an interpen- MW | |

etrated diamondoid structure anll the interpenetrated

U
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Figure 1. Simulated and the experimental powder XRD patterns of

We have employed two methods for the synthesis of the open- Ct(CaH404)2(CaN2Hg)(H20)s, 111 .
framework cadmium succinates, one where the succinates of organic
amines were reacted with a Cd salt and another where the Cd saltpatterns indicated that the products were new materials and were
was reacted with a mixture of succinic acid and the amine. Both entirely consistent with the structures determined using single-
types of reactions were carried out under hydrothermal conditions. crystal X-ray diffraction. As a representative example, a comparison
The succinates of guanidine (GUS) and piperazine (PIPS) were of the simulated and the experimental powder XRD patterns of
prepared by slow evaporation from a solution of the corresponding compoundill is presented in Figure 1. The least-squares fit (Cu
organic amine and succinic acid (1:2 or 1:1 ratio) in a water Ka) using the powder XRD pattern generated from the single-
butanol mixture on a water bath. crystal structure solution yielded the following lattice parameters:

Compoundd —IV were prepared by the reaction of €dons a = 9.020(6) A; b =13.844(11) A;c = 15.62509) A;p =
with the organoamine-succinates under hydrothermal conditions. 106.02(7J.
Typically, for the preparation ofl, 0.552 g of guanidinium Thermogravimetric analysis was carried out undgatfhosphere
succinate (GUS) was dissolved iméutanol+ water (3 mL+ 4 (50 mL min?Y) in the range 25700 °C. Il showed a sharp mass
mL) mixture. Then, 0.21 g of cadmium chloride and 0.15 mL of loss, followed by a long tail, with total mass loss of 83.16% in the
piperidine were added to the above, and the contents stirred torange 308-750 °C, which is in agreement with the mass loss

Experimental Section

homogeneity. The final mixture of composition CdG[CNzHg]- calculated for the loss of the organic moieties in the structure (calc
[C4H504]:1.45GH11N:31n-C4HgOH:213H0 was sealed ina PTFE ~ 81.33%). Bothlll and IV showed two distinct mass losses. For
lined stainless steel autoclave and heated at XDCfor 72 h. Il a gradual mass loss of 7.9% in the range 1200 °C

Attempts to avoid interpenetration ih, by introducing suitable corresponds to the loss of bound water molecules (calc 9.1%), and
guest species, were so far unsuccessful. A similar procedure wasthe second of 47.4% in the range 3&B0 °C corresponds to the
employed for the synthesis 6fI1V. In the case oV andVI the loss of the amine and the succinate units (calc 47.8%).|¥or
organic amine and the succinic acid were taken in the desired gradual mass loss of 8.3% in the range Q60 °C corresponds
proportions in the starting reaction mixture. Piperidine was to the loss of water molecules (calc 9.8%). The second mass loss
employed as the secondary base to deprotonate the succinic aciaf 52.2% corresponds to the loss of the organic species (calc 55.2%).
completely. The synthetic conditions employed for the synthesis ForV, a mass loss of 50.0% in the range $5®%0 °C due to the
of I-VI are presented in Table 1. loss of the bound water and the succinate units (calc 51.0%) was
Initial characterization of the products was carried out using observed. A small mass loss was observed above G001l , 111,
powder X-ray diffraction (XRD), chemical analysis, thermogravi- [V, andV due to the slow evaporation of CdO. In all the cases the
metric analysis (TGA), and IR spectroscopy. The powder XRD powder XRD pattern of the product of decomposition showed good

crystalline peaks corresponding to the mineral Monteporite, CdO
(14) Vaidhyanathan, R.; Natarajan, S.; Rao, C. NJRChem. Soc., Dalton (JCPDS: 05-0640).

Trans.2001, 699. . .
(15) Batten, S. R.; Robson, Rngew. Chem., Int. EL998 37, 1461, and Infrared spectroscopic studies of KBr pellets showed character-

references therein. istic features of the dicarboxylaté.The various observed bands
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Table 2. Crystal Data and Structure Refinement Parameters for Compdutids

Vaidhyanathan et al.

crystal parameter | 11 1] \Y \% VI
empirical formula GH16N604C|2Cd C10H20N603Cd C12H22N2011Cd2 CsleN Ong QHgOeCd Cngooj_oCd;
formula mass 419.55 464.6 595.12 362.59 264.50 603.36
cryst syst monoclinic orthorhombic monoclinic _triclinic monoclinic orthorhombic
space group P2i/n Fddd P2,/c P1 P2:/n Pbca
a(A) 8.3714 (2) 7.4194 (6) 9.0509 (2) 8.6967 (10) 7.1277 (7) 10.7106 (4)
b (A) 15.0361 (3) 17.963 (2) 13.8641 (1) 8.9678 (10) 15.144 (2) 6.8922 (3)
c(A) 12.5310 (1) 24.574 (2) 15.7025 (3) 9.2970 (10) 7.1918 (7) 17.0335 (5)
o (deg) 90 90 90 64.820 (2) 90 90
B (deg) 106.33 (1) 90 106.015 (1) 84.253 (2) 111.335(2) 90
y (deg) 20 20 90 74.222 (2) 90 90
volume (&) 1514.17 (5) 3275.1 (5) 1894.05 (6) 631.35(12) 723.12 (12) 1257.41 (8)
4 4 8 4 2 4
w (mm1) 1.813 1.389 2.304 1.761 3.001 5.078
0 range (deg) 2.1723.15 2.8+23.31 1.99-23.27 2.42-23.28 2.69-23.29 2.39-23.37
total no. of data collected 6130 597 7844 2656 2925 4688
no. of obsd datao(>20(l)) 658 589 970 1101 686 1214
Ry, WR [I > 20(1)] 0.0408, 0.0984 0.0152, 0.369 0.0304, 0.0742 0.0334, 0.0813 0.0211, 0.0497 0.0207, 0.0501
wR (all data) 0.1034 0.0369 0.0781 0.0870 0.0509 0.0522
goodness of fit$) 1.023 1.134 1.022 1.177 1.003 1.026
no. of variables 180 79 280 188 133 118
largest diff map 1.140 &—1.145 0.228 &-0.360 0.930 &—1.026 0.618 &-0.622 0.853 &-0.460 0.628 &—0.464

peak and hole (e 23)

were as follows:v,{C=0) at 1551(s) cm! andv{(C=0) at 1404(s)
cmt (I1); 1547(s) cm?® and 1404(s) cmt (Il ); 1568(s) and
1420(s) cm? (IV); 1546(s) and 1427(s) cm (V); 1553(s) and
1418(s) cm? (VI); v(O—C—0) at 1241(s) cmt (Il) ; 1222(s) cm*
(11'); 1223(s) cm! (IV); 1266(s) cm?® (V); 1219(s) cm?® (VI);
0(0O—C—0) at 818(m) cm? (11); 806(m) cnmt (11l ); 804(m) cnrt
(IV); 829(m) cnt? (V); and 812(m) cm? (VI). The presence of
bound water molecules il gives rise too,(H,0) at 556(m) and
pr(H20) at 858(m) cm? bands. Multiple bands due to thg(N—
H), pr(N—H), and py(N—H) are observed il , Il , andIV in the
1050-650 cn1? region. In all compounds multiple bands in the
region 3006-2400 cnt! appear due to thes(CH,) andv,(CH,)
vibrations; meanwhilep,,(CH,) and p/(CH,) bands occur in the
1200-950 cnt? region. Inll, 11l , andIV, v(N—H) andv(N—H)
bands appear in the 3468000(w) cnt? region. InVI, a broad
band appears at 3551 cidue to the presence of bridgingOH
group.

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 de-
termination by X-ray diffraction was performed on a Siemens
Smart-CCD diffractometer equipped with a normal focus, 2.4 kW
sealed tube X-ray source (MooKradiation, A = 0.71073 A)
operating at 50 kV and 40 mA. A hemisphere of intensity data
was collected at room temperature in 1321 frames withcans
(width of 0.3C and exposure time of 20 s per frame) in theange
1.99-23.37. Pertinent experimental details for the structure
determinations are presented in Table 2.

The structure was solved and refined by using the SHELXTL-
PLUS' suite of programs. An absorption correction based on
symmetry equivalent reflections was applied using the SADABS
program, wherever requiréd.The hydrogen positions for all the

(16) (a) Infrared and Raman Spectra of Inorganic and Coordination

compounds were initially located in the difference Fourier maps,
and for the final refinement the hydrogen atoms were placed
geometrically and held in the riding mode. The last cycles of
refinement included atomic positions for all the atoms, anisotropic
thermal parameters for all the non-hydrogen atoms, and isotropic
thermal parameters for all hydrogen atoms. Full-matrix least-squares
structure refinement again&?| was carried out using the SHELXTL-
PLUS package of programs. Details of the crystal data and final
refinements are given in Table 2. Selected structural parameters of
1-VI are presented as Supporting Information.

Results

[CN3Hg]2[Cd2(CsH404)(Cl) 4], I. The asymmetric unit of
| contains 19 non-hydrogen atoms, of which 11 belong to
the cadmium chlorosuccinate chains and the rest to the amine
molecule. The Cd atom is coordinated to four succinate
oxygens and two chlorine atoms, forming a distorted
octahedron with an average €®/CI distance of 2.458 A.
The average O/CICd—0O/Cl angle is 100.8 The succinate
units and the amine molecules have the usual bond distances
and angles. Selected bond distances and angldsaire
presented as Supporting Information. The Cd atoms are
connected to two succinate units, forming a one-dimensional
chain with two pendant chlorine atoms (Figure 2). The
protonated guanidinium cations occupy the interchain spaces
and interact with the succinate oxygens and the pendant Cl
atoms via hydrogen bonds. A noteworthy featuré is the
presence of M-Cl---H interactions, which have been shown
to play an important role in crystal engineeriig® being
prominent in organic/organometallic compouritisSuch
interactions are, however, not known in extended solids. It
appears that the MCI---H interactions il (Figure 2), with

Compounds5th ed.; Nakamoto, K., Ed.; John Wiley: New York,
1997. (b)Spectrometric Identification of Organic Compounéith ed.;
Silverstein, R. M., Webster, F. X., Eds.; John Wiley and Sons, Inc.:
New York, 1997.

(17) Sheldrick, G. M.SHELXTL-PLUS Program for Crystal Structure
Solution and Refinementniversity of Gdtingen: Gatingen, Ger-
many, 1993.

(18) Sheldrick, G. M.SADABS Siemens Area Detector Absorption Cor-
rection Program University of Gdtingen: Gitingen, Germany, 1994.
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(19) Aullon, G.; Bellamy, D.; Brammer, L.; Bruton, E. A.; Orpen, A. G.
Chem. Commuril998 653, and references therein.

(20) Jeffrey, G. AAn Introduction to Hydrogen Bondin®xford University
Press: New York, 1997.

(21) (a) Braga, D.; Grepionni, F.; Sabatino, P.; Desiraju, GORjano-
metallics1994 13, 3532. (b) Braga, D.; Grepionni, F.; Tedesco, E.;
Biradha, K.; Desiraju, G. ROrganometallics1996 15, 2962, and
references therein.
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Cl

Figure 2. One-dimensional chain formed by the connectivity between the
Cd atoms and the succinate moieties present insfeN[Cd(CsH4O4)-
(Cl)2], I. Hydrogen bonds and the weak electrostatic interactions between !
the amine and the succinate O atoms and the CI atoms, respectively, arerigyre 3. Structure of [CNHgJJ[Cd(CaH404)s], Il , showing the basic

shown by dotted lines. Inset shows the effective tetrahedral coordination cagmium succinate tetrahedron, the supertetrahedron, and the adamantane
around the Cd center, provided by the succinate and the two Cl atoms. pjt, demonstrating scale-up chemistry.

Cd—Cl(1)-*H = 2.874 and CeCI(2)-*H = 2.734 A
distances (classified as intermediate distantes)ake a
significant contribution in stabilizing the lower dimensional
structure ofl.

[CN3Hg][CA(C4H404)2], II. The asymmetric unit of
[CN3Hg]2[Cd(C4H4Oy)2], 11, contains eight non-hydrogen
atoms. The cadmium atom sits in a special position and is
coordinated with eight nearest oxygen neighbors, forming a
square anti-prismatic arrangement, with-€d distances in
the range 2.350(H2.506(1) A (av 2.428 A) and an average
O—Cd—-0 angle of 90.7. The various distances and angles Fi . . . .

. ? . X igure 4. Structure ofll, showing the “normal interpenetration” present
associated with the succinate and amine molecules are as it
expected. Selected bond distances and angliésare listed
as Supporting Information. units, cross-linked by one out-of-plane succinate unit (Fig-

The structure ofl consists of tetrahedral units formed by ure 5a). This is somewhat similar to the connectivities
the connectivity between four succinate units and a Cd atomobserved in the three-dimensional zinc oxalate;BIH3] *-
with an average angle of 110.6Four such tetrahedra [Zny(C;04)3]?"-3H,0.2°> The succinate units are connected
surround a central one, forming a supertetrahedron. Theto create catenation and interpenetration, contributing nega-
supertetrahedra are connected to give rise to the adamantantvely to the total porosity of the solid. Such a behavior is
unit (Figure 3). The adamantane units are linked to form known in interpenetrating structur€s? 2426 Interpenetration
the diamondoid network. One diamondoid lattice is inter- in Il reduces the 12-membered channels to smaller eight-
penetrated by another (Figure 4), as in diamondoid net- membered channels-6.4 x 8.8 A, shortest GO contact
works15:22-24 not including the van der Waals radii) along theaxis

The structure ofll can also be viewed as honeycomb- (Figure 5b). The protonated guanidinium cations occupy the
like layers possessing large 12-membered apertures (six Cccenter of the channels.

and six succinate units, 16.30612.741 A), formed by the Cd2(C4H404)2(CaN2Hg)(H20)s, 1ll. The asymmetric unit
in-plane connectivity between the Cd and three succinate of Cd,(C,H404)2(C4N2Hs)(H20)s consists of 27 non-hydrogen

22) (&) Hoskins, B. . Rob 2. Am. Chem. Sod990 112 1546 atoms. Of which, two are the crystallographically inde-

a 0osKIns, b. F.; RODSON, H. AmM. em. S0 . . . .

(b} Carlucci, L- Ciani, G.. Proserpio, D. M.; Sironi, & Chem. Soc., pendent Cd atoms. Cd(1) is octahedrally coordinated, being
Chem. Commurl994 2755. (c) Cahill, C. L.; Ko, Y.; Parise, J. B. ~ connected to three succinate oxygens, two bound water
Chem. Mater1998 10, 19. ; ;

(23) (a) Batten, S. Roryst, Eng. Commur2001, 18, 1. (b) Batten, S. R.: molecules, and one nitrogen atom from the amine, at an
Harris, A. R.; Jensen, P.; Murray, K. S.; ZiebeM. J. Chem. Soc., average CeO/N distance of 2.362 A. Cd(2) is coordinated
galltzonJgan§2%0003ﬁe296(0’2ﬂ%hecnﬁ leh-Fg ;éionlgé&fﬁgﬁgf%g"im& to four succinate oxygens, one water molecule, and a nitrogen
2453 atom with an average CéD/N distance of 2.332 A. The

(24) (a) Kitazawa, T.; Nishikiori, S.; Kuroda R.; lwamoto, J. Chem. O/N—Cd—OIN angles are in the range 53.1{1)68.0(1}

Soc., Dalton Trans1994 1029. (b) Kitazawa, T.; Nishikiori, S.;
Kuroda R.; Iwamoto, TJ. Chem. SocChem. Commurl992 413.
(c) Evans, O. R.; Xiong, R.-G.; Wang, Z.; Wong, G. K.; Lin, W.  (25) Vaidhyanathan, R.; Natarajan, S.; Cheetham, A. K.; Rao, C. N. R.
Angew. Chem., Int. EA.999 38, 536. Chem. Mater1999 11, 3636.
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in-plane

out-of-plane

Figure 6. (a) Structure of CgCsH404)2(CsN2Hg)(H20)s, Il , showing
the hybrid metal-organic layer formed by the connectivity between the Cd
centers via the in-plane succinates and piperazine units, ibdipane.
Note the presence of 12-membered apertures within the layers. (b)
Perspective view of the cadmium succinate layer topology presdiit.in

and is connected by four succinate and two piperazine arms
to adjacent dimers, forming a rectangular box. The rectan-
gular box shares its faces with the neighboring ones, forming
the three-dimensional structure. Another independent network
with identical connectivity interpenetrates this structure as

shown in Figure 8, the interpenetration being similar to that

Figure 5. (a) Honeycomb-like apertures ih formed by the cadmium in thea-po]omum rellat(?d structure. SUCh a structure ha; been
and the inplane succinate units and their cross-linking by the out-of-plane Observed in metal nitrilé$2®and halide¥*°and seldom in

§uccinate moieties. (b) Eight-membered channelg present aloraaga*ie_ other metal-organic frameworka31.32
::nhgr{nglost_e the presence of the protonated guanidinium molecules in the [C4N2H12][Cd 2(C4H4O4)3]-4H20, IV. The asymmetric unit

of IV contains 18 non-hydrogen atoms, of which 13 atoms
(av O/N-Cd(1-O/N = 99.9; av O/N—Cd(2-O/N = belong to the framework and five to the amine and the water
103.5). molecules. The CdO distances are in the range 2.23%4)

The three-dimensional framework structurdlofconsists ~ 2-401(4) A (av 2.331 A), and the ©Cd—O bond angles
of a hybrid layer formed by the connectivity between the @re in the range 55.0(2]146.9(2J (av 101.6). Selected bond
Cd, two in-plane succinates, and one piperazine m0|ecu|e,(j|stances and angles M are listed as Supporting Informa-

giving rise to a 12-membered rectangular aperture (11.472“0”- ) ) _
x 8.220 A (Figure 6a). The hybrid layers are cross-linked ~ The two-dimensional structure ¥ consists of macro-
by an out-of-plane succinate unit in a monodendate fashion@nionic cadmium succinate sheets separated by piperazinium
to form the three-dimensional structure. The structurglof  cations and water molecules. The individual layers are built-
can also be viewed alternatively as consisting of a cadmium UP from the connectivity between Cd and the succinate units.
succinate layer with small 10-membered apertures (11.6800f the three succinate units connected to the Cd atoms, two
x 7.027 A) pillared by a piperazine molecule as shown in have a regular bidendate connection and the remaining one
Figure 6b. This is indeed an unusual structure wherein hasa_lmonodendate conn_ection (Figure 9). The monodendate
piperazine bonds to the Cd atom, giving rise to channels succinate oxygen gets tnp_ly coordinated and _connects two
along all the crystallographic axes. The channel dimensionsCd atoms to form C#D, dimers. Such C#D, dimers are
are 11.5x 8.2 A along thea-axis (Figure 7a) and 8.72 (26) Rosi, N. L.; Kim, J.; Eddaoudi, M.; O’Keeffe, M.; Yaghi, O. Mngew
8:38 along theb-axi_s (Figure 7b) (shortestﬁ?_ contact Chem., Int. Ed2002 41, 284. M reghn & Fngew.
distance not including the van der Waals radii). Since the (27) RAbLahams.CBH E.; E?attega Slé R@ﬁ;gggrgié I;Ié;ggioskins, B. F.; Robson,

. H H . Angew. em., Int. . EN , .
amine molecule is dlrec_tly bound to the Cd center, (_)nly the (28) Soma, T.. Yuge, H.; lwamoto, Angew. Chem., Int. Ed. Engl994
water molecules coordinated to the Cd protrude into the 33, 16665.
channels. On linking the cadmium centers, we realize a (29) chafgrvl_“-? %h”eringvMHigGé? r\éiegges, K.-J.; Nieder-Vahren-holz,
rectangular box (see the inset of Figure 7a), with the corners(zgy zhang, J,?Scsg,rb"e’llf*ﬁ?”m;g, g‘he'm,lggl 30, 431.

of the box occupied by the G@, dimers, (Cd(1)Cd(2)- (31) Desmartin, P. G.; Williams, A. F.; Bernardinelli, Glew J. Chem.
; ; 1995 19, 1109.
O(5)0(1)), O(1) and O(5) being the succinate oxygens (32) Dun5can, P. C. M.; Goodgame, D. M. L.; Menzer, S.; Williams,JD.

bonded to C(4). The dimer acts as a four-connecting center ~ Chem. Commuril996 2127.
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Figure 9. Structure of [GN2H12)[Cd2(CsH404)3]-4H,0, IV, showing the
layers formed by the connectivity between the,Og dimers and the
succinate units. Note the presence of extraframework protonated piperazine
and the guest water molecules in the eight-membered apertures present
within the layer and also the monodendate binding mode exhibited by the
succinates.

Figure 10. Perspective view oflV along the a-axis showing one-
dimensional tunnels formed by the small four-membered apertures present
Figure 7. (a) Perspective view oflll , along the a-axis, showing within the layer and also the stacking of the layers along the [011] direction.
12-membered rectangular channels. Inset shows the rectangular box, whicHNote the presence of guest water molecules in the interlamellar region.
may be considered to be the basic building unit formed by the connectivity Hydrogen bonding with the framework is shown as dotted lines (amine
between the Cd centers via succinate units and piperazine pillars. (b) molecules are not shown for clarity).

Perspective view ofll , along theb-axis, showing the eight-membered

rhombic channels. and form strong N-H-+-O interactions with the succinate O
atoms (Figure 9), in contrast to the layered metal oxaFites,
where the charge-balancing organic-amine cations reside in
the interlamellar region. The water moleculesiVh reside
in the interlamellar region (Figure 10), which is relatively
less hydrophobic than the apertures within the layers.
Cd(C4H404)(H20)2, V. The asymmetric unit of Cd-
(C4H404)(H20),, V, consists of 11 non-hydrogen atoms (Cd,
succinate, and two bonded water molecules). The cadmium
atom is seven-coordinated with respect to the oxygen atoms,
of which five are from the succinates and the other two are
from the water molecules. Thus, the coordination geometry
Figure 8. Interpenetration presentif , akin to that in the ire-polonium- of the Cd atoms is a pentagonal bipyramid (see the inset in
related network. . . . .
Figure 11). Five succinate oxygens occupy the equatorial

connected by succinate units, giving rise to perforated layersPOSitions with an average €d distance and ©Cd—0
with an eight-membered aperture (6.2818.429 A) in the angle of 2.393 A and 107°grespectively, while the bonded

acplane (Figure 9). The doubly protonated amine molecules water molecules occupy the apical positions with an average

occupy the center of the apertures. Additionally, there are Cd—O(W) distance of 2.296 A and making an average

small four-membered apertures (4.0£25.220 A) formed ~ O~ Cd—0 angle of 89.8 with the equatorial oxygens (see
by the connectivity between the Cd and the bischelating Supporting Information). The connectivity between the Cd

succinates, which are aligned along thexis, forming one- 33 @ vaidh A o Reo . NSBId Stare S

H H e H _ a al yanat an, R.; atarajan, ., Rao, C. 1 tate Sci.
fjlmensmnal Funnels within gach Igyer (Figure 10). Interest 2002 4, 633. (b) Vaidhyanathan, R.. Natarajan, S.; Rao, C. NU.R.
ingly, the amine molecules itV lie in the plane of the layer Solid State Chen2001, 38, 411.

P —
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Figure 12. Polyhedral view of the cadmium-oxide layers present in
Cds(C4H404)2(OH),, VI, formed by the corner-sharing SBU-4 type units,
lying in the ab-plane. Inset shows the SBU-4 basic building unit.

Figure 11. Perspective view of the layer in thacplane present in
Cd(C4H404)(H20),, V, formed by the connectivity between the Cd atoms
and the succinate units. Inset shows the pentagonal bipyramidal coordination
around the Cd atom.

centers and the succinate units,Mn results in perforated
two-dimensional layers with eight-membered apertures in the
acplane (Figure 11). Such layers are stacked alondp#nes
and are stabilized by weak interactions. The two coordinated
water molecules participate in the cohesion of the struc-
ture with hydrogen bonds between the layers as observed
earlier in CQ(OH)z(H20)2(C4H4O4)3'2H2010 and Mn(FbO)r
(C4H404) .13

Cd3(C4H404)2(OH)7], VI. The asymmetric unit oiVI
Contal_ns 11 _non-hydrOgen atoms. There are two qryStallo- Figure 13. Structure of VI showing the connectivity between the
graphically independent Cd atoms, both of which are cadmium-oxide layers through the succinate linkers, forming small eight-
octahedrally coordinated with respect to the oxygens. The membered empty channels along thexis.
Cd—O0 distances are in the range 2.25%2)393(3) A (av o ) ) o )
2.316 A), and the average €Cd—O angle is 109.4 succinic acid apd the amine. Thus, .|t is only in the Qd
Selected bond distances and angles are presented in th&uccinates optamed from amine succinates that the amines
Supporting Information. The three-dimensional structure of &€ Present in the open-framework structure. The use of
VI is made up of two-dimensional G layers cross-linked ~ rganic-amine succinates also appears to facilitate the
by the succinate units. The €O layers are formed by  T€action to occur at lower temperatures. _
simpler building units. Thus, two CGeO octahedra are joined | has a chain structure with the Cd atoms linked to two
through their edges and by two more-6@ octahedra above succinate units; it possesses two terminal Cl atoms (Figure

and below through their corers, forming a,Og tetrameric 2). The coordination environment around Cd is tetrahedral
clusters. The tetrameric clusters have the appearance off We consider the two succinates as two nodes and the two

SBU-4 units (see the inset in Figure 12) proposed for Ga chlorines as the other two nodes (see .the inset in Figure 2).
and Fe phosphates. (Typically, SBU-4 is formed by two edge/ COmpoundil also has a four-connecting tetrahedron, but
corner-sharing octahedra capped by two tetrahedra on topcqnnected only by succmate.unlts (Flgure 3). It appears that
and bottom through corner-sharif§Jhe CdOss tetramers | 1S the precursor ofi, vyherem the chlorine atoms inare

are joined together forming infinite GeD sheets (Figure ~replaced by the succinates, thereby forming the three-
12), which are cross-linked by succinates to give rise to the dimensional structure. This observat_lon also gains support
three-dimensional structure (Figure 13). Similar structures Tom the fact thatl can be prepared in pure form, while

have been found earlier in Co-succinates. always occurs as a coproduct with _
The structure ofl is built up from the four-connecting

Discussion Cd nodes, through the succinate linkers. This type of four-
connecting nodes results in the adamantane units and thereby
in diamondoid framework&»22-243538 The building-up
process is an example of scale-up chemi&tmgminiscent

Six cadmium succinates,—VI, have been synthesized
hydrothermally, of whicH—IV were obtained starting with
the organic-amine succinate precursors. While the amines
are mcorporated ih—1V, theY are absent an_dVI ) WhICh (34) (a) Ferey, GJ. Fluorine Chem1995 72, 187, and references therein.
were prepared by the reaction of Cd salts with a mixture of (b) Ferey, GC. R. Acad. Sci. Pari$¢99§ 1—13.
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of self-similar structures, as shown in Figure 3. The dia-
mondoid lattice inll can be considered as being derived
from Cd(CN) (Cd—Cd = ~4.46 A) by the replacement of
the nitrile unit by the succinate unit, thereby causing a larger
aperture (CetCd = 9.43 A). The interpenetration il
(Figure 4) is similar to that in Cd(CM)which is classified

as normal interpenetratidf.

Compoundlll also has an interpenetrated structure, but
unlike inll, the three-dimensional connectivity lith arises
not entirely from the linking of the Cd centers by the
succinate units. Instead, the connectivitiellininvolve the
piperazine moieties, giving rise to a-polonium type

dimensional architecture iV is distinctly different from

the honeycomb architectures of many of the metal ox-

alatest*?>33Although bothlV andV contain layers involving

three-coordinated succinate oxygens, the difference in the

succinate connectivity (monodendatelwh and bidendate

in V) results in apertures of much smaller size (6.%29.737

A) in Vv (Figure 11). Two-dimensional architectures contain-

ing three-coordinated oxygens are often observed in metal

dicarboxylated%43-45> Monodendate binding by the succinate

units in framework metal-succinate compoulidgappears

to be more frequent than in oxalate-based compotfds.
The three-dimensional architecture\ih is distinctly dif-

interpenetrated structure (Figure 8) rather than a diamondoidferent from that inll or Il . In VI, the structure consists of

network. The structure dfl is comparable to that of the
other hybrid metal-organics with the-polonium related
structure, such as cadmium(hexakis(imidazol-1-ylmethyl)-
benzene)r14H,0#° If interpenetration can be avoided in
Il andlll by the introduction of suitable guest species into
the appropriate site’8;15222426they can be rendered porous.
Ligation by polyfunctional amines such as ‘4bipyridine
forming rigid networks is known to occur in oxalates and
related system$:42 Ancillary ligation by water molecules
has been observed in two-dimensional metal succinate
architecture$%3The ligation inlll by piperazine is unusual,

two-dimensional sheets with €dD—Cd linkages connected
by succinate pillars with no guest species. This is reflected
in the reduced dimensions of the channels. The structure of
VI is comparable to that of the cobalt succinates(Od1)-
(C4H404)4, described by Ferey and co-worké?svlI com-
prises a SBU-4 like unit (see inset in Figure 12), observed
in the fluorinated metal phosphate framewotk3he con-
nectivity of the cadmium-oxide layer by the succinate linkers
is similar to that observed in other metal dicarboxylafes.

It has been suggested recently that the complex three-
dimensional architectures in open-framework metal phos-

as the amine connects Cd atoms in two different Cd succinatephates may result from the transformation of lower dimen-

layers, acting as a pillar, thereby giving rise to the three-
dimensional character of the structure (Figure 7a).

The cadmium succinate layerslin 1l , IV, andV present
an interesting comparison. lh, the two in-plane succinate

sional structures into the higher dimensional ones, involving
progressive building ufy. A hierarchy of zinc oxalates of
different dimensionalities has also been repotfeih this
context, it is worth noting that the structure \éfcould be

units are connected to the Cd centers in a bidendate fashionrelated to that ofVi. Thus, the 2D layer oV can be

forming honeycomb-like layers (Figure 4a). On the other
hand, the cadmium succinate layerslinhave two different

condensed to yield t¥l. The water molecules bound to the
Cd centers irv can condense on heating, resulting in@H

types of in-plane succinate units, one showing a monodendated"oup, bridging the Cd centers of the adjacent layers (-
bonding and the other a bidendate bonding (Figure 6b). Onetype bridge), forming the eight-membered channel¥in

can also view the structure offi in terms of the hybrid
metal-organic layers, formed by the linking of the Cd atoms
by the in-plane succinate and piperazine units (Figure 6a).
Similar hybrid metal-organic networks have been found in
systems involving rigid bipyridyl ligand$:*> The macro-
anionic layer inlV with the formula [Cd(C4H4O4)]?> has
Cd,O, dimers connected by the succinate units (Figure 9).
In addition, IV possesses unique four-membered apertures,
so aligned as to form one-dimensional tunnels along the
a-axis (Figure 10), wherein the amine is located. The two-

(35) (a) MacGillivray, L. R.; Subramaniam, S.; Zaworotko, MJJChem.
Soc., Chem. Commurl994 1325. (b) Carlucci, L.; Ciani, G.;
Proserpio, D. M.; Sironi, A. JJ. Chem. Soc., Chem. Comm894
2755.

(36) (a) Yaghi, O. M.; Li, HAngew. Chem., Int. Ed. Endl995 34, 207.
(b) Yaghi, O. M.; Li, H.; Groy, T. L.Inorg. Chem.1997, 36, 4292.

(37) O’Keeffe, M.; Eddaoudi, M.; Li, H.; Reineke, T.; Yaghi, O. M.
Solid State Chen200Q 152 3.

(38) Moulton, B.; Zaworotko, M. JAdvances in Supramolecular Chemistry
JAIl Press Inc.: Stamford, CT, 2000; Vol. 7, p 235, and references
therein.

(39) Ferey, GJ. Solid State Chen200Q 152, 37.

(40) Hoskins, B. F.; Robson, R.; Slizys, D. Angew. Chem., Int. Ed. Engl.
1997 36, 2752.

(41) Li, H.; Kim, J.; Groy, T. L.; O'Keeffe, M.; Yaghi, O. MJ. Am. Chem.
Soc.2001 123 4867, and referenced therein.

(42) Lu, J. Y.; Lawandy, M. A;; Li, JInorg. Chem.1999 38, 2695, and
references therein.

A schematic representation of the possible mechanism of
transformation is as follows.

o (g
cd H.0-Cd
2 A
\CuéOHz \C{‘J/ XH,0* H,0
—_—
O O (|)H2 \OH2 &
H,O ™ —C Base (amine
AV HO S on, P
cd cd
/ |” N
H,O Condensation between
adjacent layers
Cd cd
HO *, C,e\o
wCd p
‘ e /)/
Cd Cd
4 \
Eight-membered
channels in the
3-D framework

The structures of the amine succinates themselves merit
some discussion. In GUS, the anion is the monohydrogen
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succinate, ¢HsO,~, while in PIPS it is the fully deprotonated = change in the amine:acid ratio and its effect on the structure
C4H404, despite guanidine i ~ 12.7) being a stronger  of the open-framework material obtained. Succinic acid, with

base than piperazinekp~ 4.2). It is possible that the extent a small difference between th&p and K,2 values (fKaz

of deprotonation of succinic acid depends on the different ~ 4.61 and K2~ 5.61), seems to respond more sensitively

mole ratios of the amine and the acid employed in the to such compositional variations than oxalic acid, with a large
synthesis (GUS, C¥Hs:2C4HgO4; PIPS, GN2H10:C4H6O). difference (Ka1 ~ 1.23 and Ka2 ~ 4.19).

It would be interesting to perform a systematic study of the

variation in the structure of the amine-succinate with the Supporting Information Available: Tables listing various bond

distances and angles for all the compounds. This material is
available free of charge via the Internet at http://pubs.acs.org.

(43) Vaidhyanathan, R.; Neeraj, S.; Prasad, P. A.; Natarajan, S.; Rao, C.

N. R. Angew. Chem., Int. EQ00Q 39, 3470.
(44) Vaidhyanathan, R.; Natarajan, S.; Rao, C. NCRem. Mater2001, 1C020333S
13,3524,
(45) Kim, Y. J.; Lee, E. W.; Jung, D.-YChem. Mater2001, 13, 2684, (47) Rao, C. N. R.; Natarajan, S.; Choudhury, A.; Neeraj, S.; AyiAéc.
and references therein. Chem. Res2001, 34, 80, and references therein. (b) Rao, C. N. R,;
(46) Castillo, O.; Luque, A.; Sertucha, J.; Roman, P.; Llorelnétg. Chem. Natarajan, S.; Choudhury, A.; Neeraj, S.; VaidhyanathanA&®a
200Q 39, 6142, and references therein. Crystallogr. 2001, B57, 1.
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