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Three new chloride-rich zincophosphates including two zero-dimensional (0D) clusters [dI-Co(en)s][Zns(H2POx),-
(HPO4),Clg] (denoted ZnPO-CJ33) and [d-Co(en)sls[Zna(HoPO4)2(HPO4),Cls] (denoted ZnPO-CJ34), and one-
dimensional (1D) zincophosphate chain [d-Co(en)s][Zn,(H.PO4)(HPO4).Cly] (denoted ZnPO-CJ35) have been
solvothermally prepared. ZnPO-CJ33 and ZnPO-CJ34 possess the same cluster structure as the macroanionic
[Zn4HeP4016Clg]®~ unit formed by alternation of ZnOCl3/Zn0OsCl and HPO4H,PO, tetrahedra but differ in the
countercations. The racemic [dl-Co(en)s]** cations are located among the clusters of ZnPO-CJ33, whereas chiral
[0-Co(en)s]** cations are located among the clusters of ZnPO-CJ34. ZnPO-CJ34 templated by the optically pure
chiral [d-Co(en)s]** cations is the first chiral monomeric zincophosphate. ZnPO-CJ35 templated by the racemic
[dF-Co(en)]** cations possesses a 1D infinite chain structure formed by the alternation of ZnO5Cl and HPO4/H,PO,
tetrahedra. The 1D chain structure of ZnPO-CJ35 can also be viewed as generated from the condensation of 0D
clusters of ZnPO-CJ33, with the terminal Cl ions replaced by HPO, groups. Experimentally, the structural
transformation from ZnPO-CJ33 to ZnPO-CJ35 has been investigated.
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the introduction of the chiratmetal complex into the
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templated by racemic or chiral cobalt complexes. Transfor-

preparation of metal phosphates has proven to be an effectivenations from 0D cluster to 1D chain and from low-
route for generating open-framework metal phosphates with dimensional precursors to 2D layer structures have been
chiral featured3-17 H-bonding between the host and guest investigated.

is believed to play an important role in the chirality transfer
from the guest chiratmetal complex to the host inorganic

framework.

Experimental Section
Syntheses and CharacterizationsZnPO-CJ33 and ZnPO-CJ34

Notably, several zincophosphates have been prepared withwere prepared from a reaction mixture of Za.14 g, 1 mmol),
low-dimensional frameworks such as 0D clusters and 1D HzPQ; (0.14 mL, 2 mmol)dl-Co(en}Clz*12(0.086 g, 0.25 mmol)/
chains. So far, there are four examples of 0D cluster d-Co(en}l3***(0.15 g, 0.25 mmol), and-BuOH (8 mL) in 18 mL

structures, among whichg>H:sZn(HPQ)(H.POy),?® and
N(CHjz)sZn(H,POy)32* possess the simple Z%0, 4-rings

with additional terminal (di)hydrogen phosphate moietie
attached to the Zn atoms, and the other two are hybrid
zincophosphate®:26The 1D chain zincophosphates are either

Teflon-lined autoclaves at 11T for 6 d byusingdl-Co(en}Cl3
and d-Co(en}l; as the templates, respectively. ZnPO-CJ35 was

S prepared from a reaction mixture of Zn(D.14 g, 1 mmol), H

PO, (0.35 mL, 5 mmol),dl-Co(en}Cl; (0.08 g, 0.25 mmol), and
n-BuOH (8 mL) in 18 mL Teflon-lined autoclaves at 13Q for 6
d. For all three compounds, the obtained orange crystals were

corner-shared or edge-shared 4-ring chains formed by thefjereq washed withn-BuOH, and then air-dried. These three

alternation of P-centered and Zn-centered tetrah®dra’

compounds could also be prepared by using other alcohols such as

Zincophosphates comprised of 0D clusters and 1D chainSEtOH, n-PrOH, 2-BuOH, n-HexOH, andn-OctOH instead of
are of particular interests because they might be used am-BuOH as a solvent under similar synthetic conditions.
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of fundamental building unit 4-rings, can readily be trans- elemental analyses were conducted on a Perkin-Elmer 2400 element
formed to 2D layers and 3D templated network structures. analyzer. Inductive coupled plasma (ICP) analyses were performed

Herein, we present the syntheses, characterizations, an
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c?n a Perkin-Elmer Optima 3300DV spectrometer. Compositional
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cophosphates including two OD clusters and one 1D chain 10.01, 10.34, 12.42, 7.96, 14.47 wt %, and 18.02, 12.65, 7.92, 9.76,

(18) Bruce, D. A.; Wilkinson, A. P.; White, M. G.; Bertrand, J. A.Solid
State Chem1996 125, 228.

(19) Wang, Y.; Yu, J.; Li, Y.; Shi, Z.; Xu, RJ. Solid State Chen2003
170, 176.

(20) Yang, G.; Sevov, S. Gnorg. Chem.2001, 40, 2214.

(21) Wang, Y.; Yu, J.; Pan, Q.; Du, Y.; Zou, Y.; Xu, Riorg. Chem
2004 43, 559.

(22) Morgan, K.; Gainsford, G.; Milestone, Nl. Chem. So¢ Chem
Commun 1995 425.

(23) Neeraj, S.; Natarajan, S.; Rao, C. N.RSolid State Chen00Q

150 417.

(24) Harrison, W. T. A.; Hannooman, L. Solid State Cherml 997, 131,
363.

(25) Lin, Z.; Zhang, J.; Zheng, S.; Yang, Gorg. Chem Commun2003
6, 1035.

(26) Macdonald, I.; Harrison, W. T. Anorg. Chem 2002 41, 6148.

(27) Chavaz, A. V.; Nenoff, T. M.; Hannooman, L.; Harrison, W. T.JA.
Solid State Chen1999 147, 584.

(28) Rao, C. N. R.; Natarajan, S.; NeerajJSAm Chem Soc 200Q 122,
2810.

(29) Chidambaram, D.; Neeraj, S.; Natarajan, S.; Rao, C. Nl. Bolid
State Chem1999 147, 154.

(30) Harrison, W. T. A,; Bircsak, Z.; Hannoman, L.; Zhang, Z.Solid
State Chem1998 136, 93.

(31) Ayi, A. A;; Neeraj, S.; Choudhury, A.; Natarajan, S.; Rao, C. N.
J. Phys Chem Solids2001, 62, 1481.

(32) Harrison, W. T. A.; Philips, M. L. FChem Mater. 1997, 9, 1837.

(33) Pararin, J.; Marler, B.; Huve, Eur. J. Solid State Inorg. Cherh994
31, 909.

(34) Harrison, W. T. A,; Bircsak, Z.; Hannoman, L. Solid State Chem
1997, 134, 148.

(35) Reinert, P.; Logar, N. Z.; Pararin, J.; Kaucic, Bur. J. Solid State
Inorg. Chem 1998 35, 373.

(36) Harrison, W. T. A.; Nenoff, T. M.; Gier, T. E.; Stucky, G. Dorg.
Chem 1992 31, 5395.

(37) Fleith, S.; Josien, L.; Simon-Masseron, A.; Gramlich, V.; Patarin, J.

Solid State Sci2002 4, 135.

(38) Avyi, A. A.; Choudhury, A.; Natarajan, S.; Neeraj, S.; Rao, C. N. R.

J. Mater. Chem 2001, 1181.
(39) Choudhury, A.; Neeraj, S.; Natarajan, S.; Rao, C. NJRMater.
Chem 2001, 11, 1537.

(40) Ayyappan, S.; Bu, X.; Cheetham, A. K.; Natarajan, S.; Rao, C. N. R.

Chem Commun 1998 2181.

6684 Inorganic Chemistry, Vol. 46, No. 16, 2007

10.12, 11.40 wt % for Zn, P, Co, C, H, and N (calcd, 4.71, 10.08,
10.28, 12.57, 7.51, 14.66 wt % for ZnPO-CJ33 and ZnPO-CJ34,
and 17.91, 12.73, 8.07, 9.87, 9.33, 11.52 wt % for ZnPO-CJ35),
respectively. The analysis results were in agreement with the
calculated values based on the empirical formula suggested by
single-crystal X-ray structural analyses. The thermogravimetric (TG)
analyses of ZnPO-CJ33, ZnPO-CJ34, and ZnPO-CJ35 were carried
out under an air atmosphere from 50 to 8@ Major weight losses
of 25.94 wt % at 264C for ZnPO-CJ33, 25.32 wt % at 26&
for ZnPO-CJ34 (calcd, 25.58 wt %), and 25.96 wt % at 288or
ZnPO-CJ35 (caled, 24.70 wt %) were observed, which corresponded
to the decomposition of the metal complex. Further weight losses
of 19.46 wt % for ZnPO-CJ33 and 21.55 wt % for ZnPO-CJ34
(calcd, 20.55 wt %) corresponded to the release of HCI and ClI
and 12.66 wt % for ZnPO-CJ35 (12.46 wt %) corresponded to the
release of HCI, KO.

Determination of Crystal Structures. Suitable single crystals
of ZnPO-CJ33 (0. 0.15x 0.15 mn¥), ZnPO-CJ34 (0.1% 0.12
x 0.1 mn?), and ZnPO-CJ35 (0.X 0.08 x 0.08 mn¥) were
selected for single-crystal X-ray diffraction analysis. Structural
analysis of ZnPO-CJ33 was performed on a Siemens SMART CCD
diffractometer using graphite-monochromated Mo. Kadiation
(A =0.71073 A). Data processing was accomplished wit/SIENT
processing prograiff. The data collection and structural analyses
of ZnPO-CJ34 and ZnPO-CJ35 were performed on a Rigaku
RAXIS-RAPID diffractometer equipped with a narrow-focus, 5.4
kW, sealed-tube X-ray source (graphite-monochromated Mo K
radiation,A = 0.71073 A). The data processing was accomplished
with the PROCESS-AUT@rocessing program. All of the data were
collected at a temperature of 202 °C. Structures were solved by

(41) (a) Work, J. B.Inorg. Synth.1946 2, 221. (b) Broomhead, J. A,;
Dwyer, F. P.; Hogarth, J. Wnorg. Synth 196Q 6, 186.

(42) SMART and SAINT software package; Siemens Analytical X-ray
Instruments: Madison, WI, 1996.



Low-Dimensional Chloride-Rich Zincophosphates

Table 1. Crystal Data and Structural Refinements for ZnPO-CJ33, ZnPO-CJ34 and ZnPO-CJ35

identification code

ZnPO-CJ33

ZnPO-CJ34

ZnPO-CJ35

empirical formula
fw

cryst syst,

space group

unit cell dimensions

V (A3)

Z, Dcalcd(mg/nﬁ)
F(000)

limiting indices

data/restraints/params
GOF

FinalRindices | > 26(1)]
Rindices (all data)

GoHs54ClgC0N12016P4Z N4
1409.49
monoclinic,C2/c

a=30.989(6) (A)
b= 8.9600(18) (A)
c=16.326(3) (A)
B =100.10(3)
4462.9(16)
4,2.098
2832
—41<h=<39,
—10=< k=< 11,
—21l<l=<21
5003/54/262
1.072
R1=0.0726, wR2=0.1450
R 0.1045, wR2= 0.1560

C24H108Cl16C0s N24 O32Pg Zng
2818.98
monoclinic,C2

a=31.103(6) (A)
b =9.0456(18) (A)
c=16.499(3) (A)

B =100.43(3)

4565.2(16)

2,2.051

2832

—40=< h < 40,

-11=<k=11,

—21<1=<21
10113/49/524

0.810

R1=0.0860, wR2=0.1732

R1=0.1685, wR2= 0.2434

C6H28C|2CON6012PSZn2
729.82
monoclinic,P2;/c

a=12.778(3) (A)
b=12.136(2) (A)
¢c=15.527(3) (A)
B=112.12(3)

2230.6(8)

4,2.173

1472
—16< h < 16,
—15< k=< 15,
-20<1=<20

5080/0/290

1.085
R1=0.0557, wR2=0.1188
R1= 0.0945, wR2= 0.1367

flack parameter 0.01(4)
largest diff. peak, 0.770,—0.587 1.243;-1.237 0.979;-1.229
hole (e A3)
Table 2. Selected Bond Lengths (Angstroms) and Angles (Degrees) for Table 3. Selected Bond Lengths (Angstroms) and Angles (Degrees) for
ZnPO-CJ33 ZnPO-CJ34
Zn(1)-0(5) 1.976(6) Zn(1)Cl(4) 2.221(3) Zn(1)-0(2) 1.924(8) Zn(130(1) 1.943(10)
Zn(1)-CI(3) 2.266(3) Zn(1)-CI(1) 2.272(3) Zn(1)-0(7) 1.981(11)  Zn(1)}CI(8) 2.249(5)
Zn(2)-O(1)#1 1.906(18)  Zn(2YO(3) 1.912(7) Zn(2)-0(3) 1.890(16)  Zn(2}O(5) 1.910(12)
Zn(2)-0(7) 1.953(7) Zn(2rO(1)#1 1.97(2) Zn(2)-0(3) 1.94(3) Zn(2>-0(8) 1.998(11)
Zn(2)-Cl(2) 2.223(3) P(1)y0O(1) 1.606(18) Zn(2)—CI(5) 2.253(5) Zn(3)-0(12) 1.980(8)
P(1)-0(8) 1.486(17)  P(BHO(7) 1.499(7) Zn(3)—Cl(4) 2.280(5) Zn(3)-CI(6) 2.282(4)
P(1)-0O(6) 1.522(8) P(2)y0(3) 1.481(8) Zn(3)-Cl(2) 2.289(4) Zn(4>0(14) 1.977(9)
P(2-0(2) 1.593(10)  P(H0(4) 1.504(7) Zn(4)—CI(1) 2.284(4) Zn(4)-CI(7) 2.298(5)
P(2)-0(5) 1.516(7) P(1yO(7)-2n(2) 131.0(4) Zn(4)—CI(3) 2.302(5) P(1y0O(1) 1.520(9)
P(2-0(3)-zn(2)  146.1(5) P(2yO(5)-2Zn(1)  125.9(4) P(1)-0O(15) 1.532(10)  P(HO(8) 1.537(13)
. ) P(1)-0(11) 1.538(11) P(2)0O(14) 1.505(10)
a Symmetry transformations used to generate equivalent atoms; ¥1: P(2-0(4) 1.52(3) P(2}0(3) 1.523(17)
—y+2,-z+1 P(2)-0(10) 1.546(11) P(30(3) 1.580(18)
P(3-0(2) 1.498(10)  P(3)0(12) 1.524(10)
direct methods and refined & by full-matrix least-squares using P(3)-0(9) 1.525(13)  P(3)0(6) 1.594(9)
P(4)-0(7) 1.496(13)  P(4)O(16) 1.529(14)

3 .
the SHEL?(TL Progrant® The heaviest atoms Zn, Co, Cl, and P P(4)-0(13) 1554(12)
were easily located, and then non-hydrogen atoms (O, N, and C) p(1)-0(1)-zn(1)  135.0(6)
were placed from subsequent Fourier-difference maps. All of the P(3)-0(2)-zn(1)  146.4(9)
non-hydrogen atoms were refined anisotropically. The flack P(2-O(3)-Zn(2)  134(2) P(4y0O(7)-2Zn(1) 130.5(7)
parameter 0.01(4) further confirmed the determined absolute P(L)-O()-Zn(2)  128.4(7)  P(3)O(12)-Zn(3)  123.7(6)
structure Of ZnPO-CJ34: which crystallized in a chiral s_pa(?e 9rouP 1apie 4. Selected Bond Lengths (Angstroms) and Angles (Degrees) for
C2. Experimental details for the structural determination are znpo-cJ3s

presented in Table 1. Selected bond distances and angles are givern

P(2)O(14y-Zn(4)  127.2(6)
P(2)O(3)-Zn(2)  143.6(13)

in Tables 2, 3, and 4 for ZnPO-CJ33, ZnPO-CJ34, and ZnPO-CJ35, %28;:8% 1:82%3 éﬂﬁ;gg %_'gg;gg)ﬂ)
respectively. Zn(2)-0(12) 1.929(4)  Zn(2y0(11) 1.932(4)

Zn(2)-0(3) 1.945(4)  Zn(2}Cl(1) 2.2873(17)
Results and Discussion P(1)-0(9) 1.493(5) P(B0(12) 1.517(4)
o P(1)-0(2) 1.536(5) P(10O(6) 1.572(4)
Description of the Structures. ZnPO-CJ33 possesses a  P(2)-0(1) 1.515(5) P(2X0O(7) 1.517(4)
0D anionic cluster of macroanionic [4(i,POy)2(HPOy),- P(2)-O(3)#1 1.518(5)  P(2)0(8) 1.584(5)
P(3)-0(11) 1.517(4) P(3}O(5)#2 1.518(4)

Clg]®~, and racemicdl-Co(en}]3" caFions are located among P(3)-0(4) 1.536(4) P(3)0(10) 1.573(4)

the clusters to balance the negative charge of the clusters.p2)#2-0(3)-zn(2) 130.5(3) P@R)#10(5)-zZn(1) 128.7(3)

All of the Zn and P atoms are tetrahedrally coordinated E(g)—gq)l—zg(l)z gg-g(g) E(i‘)g(g)z—zg(lé igi-g(g)

(Figure 1). The Zn(1) atom is connected to three terminal &~ O(1Y-2n@) 5@ PHOA2)-2n2) 6(2)

chlorine ions and one bridging oxygen atom, and the Zn(2) aSymmetry transformations used to generate equivalent atomsx,#1:
. . =Y+ Yp 2= Yy #2: X, =y + Yo, 2+ Y2

atom is connected to three bridging oxygen atoms and one

terminal chlorine ion (average ZCl, 2.246 A; average Zn -

) (2)04 tetrahedra (average®, 1.527 A and average-€P
ICD),a%(.)?:]l?)séérzngsgecr)agreid(;fg%v?t;?r(fe:l)e;d};(?é?t.ZEna(:t]oms O, 198'6)' .The O.(l) and O(8) atoms are disordered over
leaving two=0/—OH groups to form HP(1)@and HP- ‘two sites with equivalent occupancy (0.5/0.5). The structure

of ZnPO-CJ33 consists of 4-rings formed by Z@Dand
POs;(OH) tetrahedra. The pendantH,P(2)Q—2Zn(1)Chk
moieties hang from the Zn(2) center, as shown in Figure 2,

(43) Sheldrick, G. MSHELXTL Programversion 5.1; Siemens Industrial
Automation: Madison, WI, 1997.
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Figure 1. ORTEP diagram of ZnPO-CJ33. Thermal ellipsoids are given
at 50% probability. Symmetry transformations used to generate equivalent
atoms, O1A:—x, 1 -y, Y, — z

Figure 4. ORTEP diagram of ZnPO-CJ35. Thermal ellipsoids are given
at 50% probability. Symmetry transformations used to generate equivalent
atoms, O3A: +x, —y, =%, + z O5A: +X, -y, +z

CJ33, and the observed bond lengths and angles are typical

values for zincophosphatés!316|t is worthy noting that

ZnPO-CJ34 is the first chiral OD zincophosphate cluster.

Optical rotation measurement reveals thetCo(en}]®*

cations are predominantly involved in the as-synthesized

product of ZnPO-CJ34. Furthermore, the usé-Gio(en}ls

as the template under similar conditions leads to the

formation of [-Co(en}]o[Zn4(H2POy)2(HPOy),Clg).

ZnPO-CJ35 possesses a 1D anionic chain structure of

[ZNny(HoPOy)(HPOy),Cl,]3, and racemicdl-Co(en)]®t cat-
Figure 2. Packing of the clusters of ZnPO-CJ33, viewed along the [010] ions are located among the adjacent chains (Figur_e 4). Zn-
direction. (1) and Zn(2) atoms each are tetrahedrally coordinated to
one terminal chlorine ion and three oxygen bridges that are
shared by P atoms (average-Z@l, 2.273 A; average zZn
0, 1.937 A; and average €Zn—0O(Cl), 109.39). Each P
atom shares two oxygen atoms with the adjacent Zn atoms,
leaving two terminal—OH groups for the P(1) atom and
one terminak=0 and one terminat-OH groups for the P(2)
and P(3) atoms (average-B®, 1.533 A; average ©P—0,
109.43). The alternating linkage of ##O/HPO, and ZnQ-
Cl tetrahedra constitutes a 1D infinite chain structure (Figure
5). It contains 4-rings formed by the HR@nd ZnOC}
tetrahedra, which are connected by the,(@M), tetrahedra
through a Zr-O—P linkage. To the best of our knowledge,
only corner-shared or edge-shared 4-ring chain structures
have been known in zincophosphatés:®’

‘ w2 Discussions
Figure 3. ORTEP diagram of ZnPO-CJ34. Thermal ellipsoids are given )
at 50% probability. ZnPO-CJ33 and ZnPO-CJ35 are both prepared in the

reaction mixture of ZnG| HzPQ,, dI-Co(en}Cls, and n-

and are stabilized by extensive H-bonds with the cobalt BuOH. ZnPO-CJ33 is crystallized at 110, whereas ZnPO-
complex cations. CJ35 is crystallized at 13%C. Strikingly, a close structural

ZnP0O-CJ34 is analogous to ZnPO-CJ33 (Figure 3), but it relationship has been found between the structures of ZnPO-
crystallizes in chiral space group2 instead ofC2/c of CJ33 and ZnPO-CJ35. ZnPO-CJ35 can be viewed as
ZnPO-CJ33 as a result of the existence of optically pure generated from condensation of ZnPO-CJ33 with its terminal
[d-Co(en)]®* cations. The O(4) and O(5) atoms are disor- Cl ions replaced by HPQOgroups (Figure 6). To investigate
dered over two sites: O(4) and 0Y40.5/0.5), and O(5) the structural relationship of ZnPO-CJ33 and ZnPO-CJ35
and O(5%) (0.5/0.5), respectively. The coordination environ- further, 0.14 g of finely grounded ZnPO-CJ33 powder was
ments of the P and Zn atoms are similar to those of ZnPO- added into 0.084 mL HPO, and 8 mLn-BuOH, followed

6686 Inorganic Chemistry, Vol. 46, No. 16, 2007
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tively.114445As compared to the reported low-dimensional
zincophosphates, these compounds not only possess unique
framework structures but also have more terminal groups
such as=0, —OH, and—ClI groups, which have the potential
to undergo further condensation giving rise to more-complex
structures under suitable conditions. Moreover, zincophos-
phates with novel structures could be prepared by using them
as a precursor. For instance, 2D layered zincophosphate [Co-
(en)]2[ZneHgPs03,] is obtained when ZnPO-CJ33 (0.14 g)/
ZnPO-CJ35 (0.07 g) is added to 0.06 mkR®, and 4 mL
deionized water followed by being heated to 130 °C,
and 2D layered zincophosphatdCo(en}][Zns(Ho.sPOy)2-
(HPOy),]'¢ is obtained if ZnPO-CJ34 (0.14 g) is added to
0.03 mL HPO, and 4 mL deionized water followed by being
heated to 116130°C. The phase purity of the products is
confirmed by the XRD patterns.

Figure 5. Packing of the chains in ZnPO-CJ35, viewed along the [100] Conclusion

direction. . . . . .
Three new low-dimensional chloride-rich zincophosphates

have been solvothermally synthesized in the system ZnCl
H3PQOy-dI-Co(en}Clsy/d-Co(en}ls-n-BuOH. The structure of
ZnPO-CJ33 possesses a monomeric cluster containing a
4-ring with terminal Cl ions. The ZnPO-CJ34 analogue of
ZnPO-CJ33is a chiral OD zincophosphate templated by chiral
[d-Co(en}]®" cations. ZNPO-CJ35 possesses a new type of
chain structure constructed from an alternating connection
of Zn,P, 4-rings and HPO, groups. Under the condition at
high temperature or with high4R0, concentration, ZnPO-
CJ33 could transform to ZnPO-CJ35, revealing a structural
build-up process from 0D cluster to 1D chain structures.
Further experimental results indicate that more-complex
. . . N structures of zincophosphates could be prepared by using

Figure 6. A schematic illustration of the structural relationship between . . . . .

ZnP0O-CJ33 and ZnPO-CJ35. (a) The cluster structure of ZnPO-CJ33, (b) these low-dimensional chloride-rich zincophosphates as the

the chain structure of ZnPO-CJ35. precursors.
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