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Abstract

This account reviews Cu-containing polymeric coordination compounds synthesized under hydrothermal conditions. The rapid growth
of hydrothermal synthesis of new coordination polymers is largely accredited to the developments in crystal engineering via functional
network design. Both projected and unexpected framework structures have been obtained through oxidation, reduction, substitution, chemical
rearrangement and regular hydrothermal reactions. New methods and reaction pathways play crucial roles in the formation of novel structures
and topology under hydrothermal conditions. This review covers copper iodine-containing metal—-organic coordination polymers, copper
pyridylcarboxylate-containing metal—organic coordination polymers, and metastable coordination polymers with active copper open metal
(OM) sites.
© 2003 Elsevier B.V. All rights reserved.

Keywords: Crystal engineering; Inclusion compounds; Mixed valent copper iodine-containing coordination polymers; Hydrothermal synthesis; Oxidation and
reduction reactions; Chemical rearrangement reactions

1. Introduction produced many novel materials with various structural fea-
tures and propertied—8]. The synthetic strategies used to

In the last decade, rapid developments in the crystal prepare these coordination polymers were mostly conven-

engineering of metal-organic coordination polymers have tional solution methods in organic solvents. Synthesis under

hydrothermal reaction conditions was not investigated as

extensively, despite being very complicated. However, hy-

* Tel.: +1-281-283-3780; fax:+1-281-283-3709. drothermal conditions were responsible for the formation
E-mail address: lu@cl.uh.edu (J.Y. Lu). of crystalline minerals in nature and crystal growth for the
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preparation of many important solids such as zeolites, elec-2.1. lodine inclusion coordination polymers

tronically conducting solids, ceramics and magnetic mate-

rials [9]. Hydrothermal synthesis under pressure and at low  Among the reported iodine inclusion coordination poly-
temperatures (100-20Q) proved to be an effective method. mers, the inclusion of polyiodide in the large channel
A variety of synthetic pathways were tested and completed framework structure of [Ci(IN)3] (IN: isonicotinato) dis-
successfully including oxidation, reduction and substitution played a remarkable nano-size-channel framework with
reactions designed for preparing metal-organic coordina- fused-polyiodide ringsKigs. 1 and 2 {[Cux(IN)3]l5~ -
tion polymers[10]. These new methods and reaction path- §I2~H20} (1) [10b]. This was the first polyiodide inclusion
ways played crucial roles in the formation of new crystal metal-organic coordination polymer synthesized in this
structures and topology under hydrothermal conditions. field.

The diversity in the structures and topology of new [Cuz(IN)g]I5—~§I2-H20 (1) consisted of a three-dimen-
metal—organic coordination polymers was attributed to the sional (3D) large channel metal-organic framework with
selection of metal centers and organic building blocks as polyiodide rings formed from fused polyiodide clusters. The
well as reaction pathways. Metal centers play a key role polyiodide has ansl~ unit that is constructed by one |
in the molecular recognition process in extended materials and two b units. The metal-organic framework was com-
and biological systems. The considerable amount of interestprised of two independent Cu atoms and three isonicoti-
in copper atoms was mainly due to their attractive mag- nato ligands. Copper atom 1 had a square pyramidal ge-

netic propertied11], mixed-valance oxidation-state pairs,
photoluminescencd12], novel structural feature$l—8]
and biological relevance involving the binuclear Cu

ometry coordinated by two pyridyl groups of two IN units
and three oxygen atoms from the three bridging carboxy-
late groups of the IN units. Copper atom 2 was in a dis-

site in cytochrome oxidases and related model compoundstorted square planar site surrounded by a pyridyl group of
[13]. It had been shown that copper ions and pyridyl- one IN ligand and three oxygen atoms from three bridging
carboxylate ligands form versatile metal-organic frame- carboxylate groups of IN units. The two independent copper
works. Herein, copper atoms displayed mixed octahedral atoms were bridged by three tridenate isonicotinato ligands

and square pyramidal geometf§4a], square pyramidal
coordination two-dimensional (2D) net in an interpenetrat-
ing 2D/three-dimensional (3D) structuf@4b], a square
planar motif[14c], and trigonal bipyramidal centers in a
mixed-bonding 3D networkl4d]. Copper oxidation states
included +1 [10c], +2 [15a,15b] mixed-valence states
[10a,11,15¢,15d] and/or Cu—Cu bondg$10a,11,12,15d]
These Cu-containing polymeric coordination compounds
(primarily synthesized in our laboratory) included (1) cop-
per iodine-containing metal—organic coordination polymers,
(2) copper pyridylcarboxylate-containing metal—organic
coordination polymers, and (3) metastable coordination

bidentate using carboxylate groups. This mixed square pla-
nar and square pyramidal binuclear unit, §aM)3], prop-
agated to form an unusual nano-size channel metal-organic
framework polymerfig. 2). The [Cw(IN)3]e fragment dis-
played a spiral galaxy-shaped open-channel structure along
the (111) directionKig. 2). This channel had a diameter
of about 1.15 nm, comparable to that of carbon nano hollow
tubes (12 £ 0.1 nm) [18]. The association of [C{IN)3]s
fragments formed triangular and rhombohedral units. These
large channel units in the structure extended in three direc-
tions.

Another polyiodide inclusion complex obtained was an

polymers with active copper open metal (OM) sites. unexpected nicotinate zwitterion with two-dimensional (2D)
herringbone networks sandwiched with polyiodide species
[19].

The compound [Cu(IN)l2 (2) [14c] also utilized ison-
icotinato ligands in an open-framework with a 2D struc-
ture. This compound consisted of nearly perfect square pla-

lodine-containing compounds have been an attractive nar copper centers coordinated by two pyridyl groups on
research area in metallophthalocyanines, diphthalocyaninegwo IN units and two bidenate carboxylate groups on the
and organic compounds due to their high conductivity and isonicotinato-ligand monodentate using one of the oxygen
oxidizing properties[16]. However, iodine has not been atoms. This square planar copper unit connected adjacent
used in the synthesis of metal-organic coordination poly- copper atoms to form square-grids. The square-grid propa-
mers until recently10,17] The interest in iodine-containing  gated to form an unusual eclipsed 2D coordination polymer
metal-organic coordination polymer research has beenwith an open-channel structure. lodine molecules were in-
three-fold: the impact of donor—acceptor charge transfer in- cluded in the open-channels of the 2D structiiig(3). The
teractions in extended coordination framewofk6c,17a] copper—copper separations in the square-grid channel were
the metallic appearance of the resulting solids which sug- 8.849 A x 8.771 A. The small separation between adjacent
gests a potential for conducting framework polymers (single 2D layers (3.629 A) indicated weak aryl-aryl interactions.
crystals or through intercalatiof)Oa,10b,17h]and the in- Each iodine molecule had weak electrostatic attractions to
clusion effects of solid-state iodine on new open-framework oxygen O(2) atoms in the neighboring layers (2.947 A). The
coordination polymer§l0b,10c] distance between adjacent iodine molecules was 5.795A

2. lodine copper-containing coor dination polymers
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Fig. 1. View of a polyiodide ring in complex.

along each open-channel. Compkeis clearly stabilized by  up to 300°C. Although many stable 3D open-framework
both aryl-aryl and iodine—oxygen weak interactions. and staggered 2D polymers have been characterized, the
The iodine molecules i2 were removed by evacuating eclipsed open-channel 2D layers with removable solid-state
the crystals, causing a color change from black-red to trans-iodine had never been previously observed. The formation
parent blue. The blue crystals were then subjected to X-ray of a stable eclipsed 2D layered open-channel structure with
powder diffraction analysis against the simulation of the removable iodine molecules revealed interesting interactions
iodine-removed single crystal structurefThe two X-ray between the solid-state iodine and open-framework poly-
patterns match very well except for the appearance of a largemers. Further research to uncover the relationships between
peak at lower angle, confirms that the composition of the solid-state iodine (iodine molecule or polyiodide species)
blue crystals were [Cu(IN] (3). This was also confirmed and open-framework polymers now appeared attractive.
by a comparison of the single crystal structure simulation [Cul(CsH3NI2) - %|2] (4) is another iodine inclusion
of 2 with the iodine-removed single crystal structure’s sim- complex[10c] in which active iodine atoms replaced car-
ulated powder pattern. The highest peak at the lower angleboxylate groups in the structure. The copper atom displayed
was clearly caused by the disappearance of iodine moleculesa distorted tetrahedral geometry. Each I(1) atom bridged to
from the structure. three copper atoms. The copper atom and I(1) atom bridge
Note that [Cu(IN}] (3), which resulted from the extended along the a axis to form a zigzag ladder network
as-synthesized after the removal of iodine, had an eclipsed (Fig. 5. The I(1) atom on the ladder was connected to an io-
open-channel 2D structur€ify. 4) that was only stabilized  dine molecule (1(4)-1(4), 2.717(1) A) by a strong long-range
by weak aryl-aryl interactions between the adjacent layers, interaction ((1)---1(4), 3.485A) that was shorter than
after the removal of iodine—oxygen interactions. Amazingly, long-range interactions found in (Hpy}l7 (3.545 A)[20]
this eclipsed layer open-channel 2D structure was stablebut longer than those recently reported by Pennington group
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Fig. 2. View of the open-channel network in compléx Isonicotinato
units are represented by lines for clarity.

(3.367(1)-3.436(1) Aj17a] This extended ladder network
with iodine molecular-handles on both sides formed 2D lay-
ers. The layers were in turn connected by mutually signif-
icant I-- -1 contacts ({1) - - - 1(3), 3.697 A), which were at

Fig. 3. A space-filling view down to [100] direction of a section of the
eclipsed 2D layers including Imolecules in comple®.

Fig. 4. View of a section of the eclipsed 2D open-channel with unit cell
outline in complex3.

the shorter end of the reported range (3.643(3)-3.824(3) A)
[21]. The result of these long-range-| | interactions was

a 3D network structure. The inclusion of iodine molecules
in this metal-organic network indicated long-range interac-
tions between inclusion molecules and network structures
necessary for constructing metal—organic polymers.

Fig. 5. The ladder network in complek
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2.2. Yynthesis of mixed-valent Cu(l)-Cu(ll) iodine large cavities do not have any inclusion guest species, how-
coordination polymers via oxidation reaction route ever, because they were occupied by iodine atoms of the ad-
jacent layer through face-to-face mutual insertion without di-
Due to the dominance of reduction mechanisms in hy- rect contact. This arrangement resulted in weak back-to-back
drothermal conditions, the synthesis of coordination poly- interactions between adjacent double layers.
mers through oxidation reaction mechanisms was largely The face-to-face mutual insertion structure was also ob-
absent. [(Cul)(IN)2] (IN: isonicotinato) 6), with a new served in [(IN)ZnI(INH)] (INH: protonated isonicotinato
mixed-valence (Czl)?t unit, was the first deliberately pre- ligand) @) [24], where the tetrahedral zinc mutual-face-
pared coordination polymer produced from the oxidation of insertion double-layer framework structure was built via

Cul under hydrothermal conditiorj$0a]. both covalent and double-hydrogen bonding interactions
The [(Cwl)(IN)2] (5) complex was initially obtained by  (Fig. 8).
reacting Cul with isonicotinic acid in the mole ratio of 2:1, lodine demonstrated to be a successful oxidizer in the

mixed with G-treated water under hydrothermal conditions preparation of complek, {[Cuz(IN)3]l5™- %IZ-HZO} [10b].

at 140°C for 3 days. The subsequent reactions successfully Here, b acted as an oxidizer as well as iodine source. The
employed iodine as the oxidizer. Compoumdonsisted of half-cell potential[25] of iodine in acidic aqueous solution
four crystallographically distinct Cu atoms. The four inde- is +0.615V, and copper ig-0.153 V:

pendent copper atoms were paired: Cu(1)—Cu(2), 2.4496(8)

A: Cu(3)-Cu(4), 2.4371(7) A. These distances were com- 12 (aQ) +2e= 21~

parable to Cu—Cu distances found in previous structuresCuz+ Le—cCut

[11,22] and shorter than those in metallic copper (2.56 A)

[23]. One of the copper pairs was 9@rom the other pair ~ Cu(l) may also undergo disproportionation (auto-oxidation
in orientation Fig. 6). An independent iodine atom bridged  reaction):

each pair of copper atoms. Each Cu atom was also coor-

dinated by a nitrogen atom from an IN and two oxygen CU'0.153VCu0.521VCu

atoms from each of the other two IN unit&ig. 6). In . o .
¢. 6 Once the reaction initiated, the formation of the

other words, each Cu pair bridged by iodine was coordi- . . S ) .
nated by four oxygen :toms frc?m twg trans-IN units and (.CUZ(IN)3)+ unit along with polyiodide shifted the equilib-

two nitrogen atoms from the other two IN ligands. This rium of the following reaction to the right side:
arrangement produced a unique $Q&" unit with mixed -

Cu()—Cu(ll) formulation Fig. 6). These linkages propa- IN +Cul +12 > [(Cle(N)alds ™

gated into a 2D open-frame networkig. 7). Note that all Another Cu(l)/Cu(ll) mixed-valent coordination polymer
bridging iodine atoms were on the same side of the layered [(Cuzl)(IN) 2] (7) [26] was produced via oxidation by raising
open-frameworkKig. 7). Adjacent iodine atoms have sepa- the reaction temperature to 170, based on the prepara-
rations of 10057 A x 10.074 A x 9.991A x 9.983A. The tion of complex5. While the formula [(Cgl)(IN) 2] of both

Fig. 6. View of the asymmetric unit showing the atom numbering scheme in compl&kermal ellipsoids are 60% equiprobability envelopes, with
hydrogen as spheres of arbitrary diameter.
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Fig. 9. The interdigitation packing structure in compléxThe large balls sticking out of the layers are iodine atoms.
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complexes were identical, the structure of compfeslif- 3. Pyridylcarboxylate copper-containing coordination

fered from that of compoun8. Complex7 had an interdig- polymers

itated packing structure with the same Q&+ unit, mixed

Cu(h)—Cu(ll) formulation and Cu—Cu bonds in the structure  The functions of metal-organic coordination polymers
(Fig. 9. depended on the metal centers and organic building blocks,

Recent examples of Cu(l)-Cu(ll) mixed-valent complexes as well as their framework structures. A slight variation
synthesized under hydrothermal conditions showed a reduc-in the structure may have changed functional features.
tion reaction route from Cu(ll) to Cu(l[b,15c] For example, the nicotinate ligand, a well-known build-

ing unit, yielded acentric coordination frameworks such

as [Zn(NA)] (NA = nicotinate)[27]. Crystallized in a
2.3. Yynthesis of Cu(l) iodine coordination polymers via chiral space group, it displayed interesting optical proper-
reduction reaction route ties. Zinc atoms occupied highly distorted octahedral sites

[27]. Another structure with the same formula ([Zn(NA)

It was accepted that Cu(ll) ions could be reduced to Cu(l) consisted of distorted tetrahedral zinc metal centers which
by 4,4-bipyridine (BPY) or 2,2-dipyridylamine (DPA) un-  crystallized in a rare chiral space group Fdag]. The two
der hydrothermal conditions, as demonstrated by two early [Zn(NA),] complexes were only distinguished by the co-
examples[5b]. Fascinating structures and reaction chem- ordination bonding modes of the nicotinate ligands, which
istry could be achieved through the reduction of copper va- defined different coordination geometries.
lence states. Hydrothermal processes were considered nec- It had been shown that pyridylcarboxylate ligands tended
essary for these reductions. CompkCul(CsHzNI2) - to bind metal centers with both pyridyl and carboxylate
215] was produced via a simultaneous reduction of cop- groups to form extended networks, wherein carboxylate
per(ll) to copper(l), and substitution of carboxylato groups groups balance the metal charges. The following sections
by iodo-nucleophiles in a self-assembly chemical processillustrate the structures and chemistry involved with copper
under hydrothermal conditions. atoms and pyridylcarboxylates under hydrothermal condi-

Note the interesting reaction chemistry. This complex was tions.
the first coordination polymer constructed through this pro-
cess. Cét ions were likely reduced to Guby pyridinedi- 3.1. Open-framework polymers built from copper metal
carboxylate (PDC), while the carboxylate groups on PDC centers and pyridylcarboxylate ligands
were replaced by iodine nucleophiles:

While the utilization of mononuclear copper metal cen-
2+ ters and mixed valent copper pairs for building coordination
20U + 2GsH3N(COOH)2 + 512 polymers has been documented, the binuclear copper(ll)

— 2 [CuI(C5H3N|2) . %|2] +4CO 4+ 217 +4HT pairs with square pyramidal geometry construction motifs

were still particularly attractive. One such example was
[Cu(NA),] (8). The structure of comple& consisted of dis-

Although the precise mechanisms behind redox reactionstorted square pyramidal copper centers coordinated by two
under hydrothermal conditions were unknown, reactions independent nicotinato ligandsFig. 10. One nicotinato
were conducted in the absence of copper ions in this caseligand was tridentate while the other was bidentate to cop-
under the same reaction conditions as comglé#/hile the per metal centers. Every two copper atoms were bridged by
reaction of PDC with iodine in molar ratio of 1:1 did not two carboxylato groups of the tridentate nicotinato ligands
yield crystals of the expected product from 3-day reactions, through O(2) and O(4) atoms to form a binuclear copper(ll)
a 7-day reaction under the same conditions resulted in uni-ynit: Cuy(NA)4. The O(4) atom was at the apical site while
form colorless crystals of a single iodine-substituted com- two pyridyl groups and the other two oxygen atoms were
plex: ICsHsNCOOH. The balanced reaction can be written: at the equatorial positionsFig. 10. The formation of the
binuclear units created eight-member ring&( 10, which
were linked by nicotinato ligands to form large 24-member
rings (Fig. 11). There were four eight-member rings on
each 24-member ring, such that two eight-member rings at
where iodine was reduced to iodide by pyridinecarboxylate. trans-position to each other were also perpendicular to the
This result implied that copper ions were necessary for the other two eight-member rings. There were four 24-member
simultaneous double-substitution, as well as the formation rings connected to each eight-member ring via covalent
of complex4 under the given conditions. The catalytic prop- bonding with the binuclear copper centers, such that two
erties of copper ions in redox and substitution reactions were 24-member rings were perpendicular to the other two
very attractive. This was also the first example of carboxy- 24-member ringsKig. 12). The propagation of 24-member
lates being responsible for the reduction of Cu(ll) under hy- rings and eight-member rings extended in three directions to
drothermal conditions. form a 3D framework structure. The isostructural cadmium

CsH3N(COOH); + 1 — 1CsH3NCOOH + CO, + HI
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Fig. 10. View of the binuclear copper(ll) square pyramidal coordination with atom numbering scheme in c8mplex

analog of this complex, a rare example of square pyramidal Up to now, only a few porous metal-organic polymers
cadmium (Cd(NA}), had also been prepar§zn]. were reported to have cell volume changes, ranging from
The first one-dimensional (1D) double-helical chain ~2.5%[31], ~3% [32], to 5%[33] upon inclusion, respec-
(Fig. 13 coordination polymer, [(HO)Cu(BPDC)] (BPDC: tively. Compound[Cu(IN)2]-2H20} (10) [15b] represented
2,2-biphenyldicarboxylate)9), based upon the binuclear a novel material built from copper centers and pyridylcar-
square pyramidal copper(ll)-pair motifs, was recently syn- boxylate ligands with over 8% volume expansion upon in-
thesized under hydrothermal conditions and characterizedclusion, and that is thermally stable up to 3@ The struc-
by single crystal X-ray diffraction techniqiaQ]. ture was so stable that the expanded crystal structures were

Fig. 11. View of the eight-member rings and 24-member rings in com@lex
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:

Fig. 12. View of the perpendicular 24-member rings in com@eOne parallel 24-member ring is omitted for clarity.

reversible upon removal and binding of guests. The ex- highly stable in its original dimensions and capable of
panded structures were characterized by single crystal X-rayselective adsorption, but also expandable. The symmetry
diffraction technique. Due to the presence of functional of the original spiral open-framework structure was main-
carboxylate groups in the framework, only the hydrophilic tained in the expanded structures. The volume of the unit
molecules entered into the channels when both alkane andcells of 10-14 ranged from 1326.7(2) to 1434.5(2)3A
alcohol molecules were present. The beta angles changed from 96.920(t 101.559(1).
Compound {[Cu(IN)2]-2H,0O} (10) had a single-net  The expandability along the spiral open-channel direc-
three-dimensional spiral open-framework with square pyra- tion was comparable to a tension spring. Note that in the
midal Cu(ll) metal centers and IN ligands. The structure of mixtures of alkane and alcohol, only hydrophilic alcohol
10 consisted of square pyramidal copper atoms coordinatedmolecules were found in the channels. Alkane molecules
by two pyridyl groups, and two carboxylate groups of four are hydrophobic and could not enter into the structure, even
IN units in a monodentate fashion at the equatorial positions. when crystals ofl1 were placed in a pentane solution for
Another IN moiety occupied the remaining apical site of 48h. Aromatic molecules were kept from entering into the
the square pyramidal geometry using carboxylate monoden-channels. In the case of mixed ethanol-1-propanol, ethanol
tate coordination. The square pyramidal copper atoms weremolecules took positions in the channels, indicating that the
linked by five two-connected tridentate IN units such that a adsorption property ofl is size-selective.
novel five-connected 3D network was formed, with spiral
open-framework channels running along the a axig.(14). 3.2. Chemical rearrangement reactions of
The channels in the spiral structure f had Cu—Cu sep-  pyridylcarboxylates
arations of 8918 x 0.8910x 0.7903 x 0.8918 nm and
were occupied by water molecules. The open-framework Chemical rearrangement reactions of pyridylcarboxylate
was highly stable after the removal of water molecules, under hydrothermal conditions showed unique aspects in the
such that the open-channel structure {§€u(IN)2] (11) synthesis of coordination polymers.
was characterized by single-crystal X-ray diffraction  {[Cux(IN)4-3H2O][Cuy(IN)4-2H20]}-3H,O  (15) had
[15b]. By soaking the crystals ofl in methanol, mixed  an interpenetrating structure with two covalently-bonded
ethanol-pentane, mixed ethanol-1-propanol and 1-propanolopen-frameworks with different dimensionality formed from
respectively, methanol- and 1-propanol-inclusion complexes a chemical rearrangement under hydrothermal conditions
were successfully formed. While in the mixed-solvents, the [14b].
adsorption processes appeared selective, with only ethanol The reaction of Cu(Ng@),-2.5H,O with nicotinic acid
molecules being included in the structure. These three and trans-1,2-bis(4-pyridyl)ethylene (BPEn) in the mole
new inclusion polymers were characterized by single crys- ratio of 1:1:1 at 140C for 3 days produced dark blue
tal X-ray diffraction techniqud15b]: {[Cu(IN)2]JCH30H} crystals of15. The structure of compleg5 consisted of a
(12), {[Cu(IN)2]CH3CH2OH} (13), and {[Cu(IN)7] - covalently-bonded three-dimensional open-channel-network
%CH3(CH2)2OH} (14). Surprisingly, these inclusion poly-  and a covalently-bonded two-dimensional open-framework,
mers revealed that the spiral open-framework was not only mutually interpenetrating. The 3D network was comprised
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Fig. 13. View of the double-helical chain in compléx

of three crystallographically distinct copper atoms. Copper
atom 1 was in the square pyramidal position coordinated by
two pyridyl groups from two IN units and two carboxylate
groups from the other two IN units in a monodentate fash-
ion. A water molecule occupied the remaining site. Copper
atoms 2 and 3 were in octahedral sites surrounded by two
water molecules occupied the axial positions, two pyridyls
and two carboxylates from four IN units occupied the equa-
torial positions. The mixed square pyramidal and octahedral
copper centers were linked by four two-connected triden-
tate IN units into a single-net 3D open-channel network.
The large rectangle in the open-channel network consisted
of six copper and six IN unitsHg. 15. Four copper

atoms at each corner of the rectangle were separated by

17.776 A x 8.928 A. Large rectangular channels in the 3D

J.Y. Lu/ Coordination Chemistry Reviews 246 (2003) 327-347

Fig. 14. Side view of the spiral framework in complex 10, with axial
Cu-O bonds shown as dashed lines.

to each otherKig. 15. The topology of this 3D network re-
sembled a single net of tetragonal Cd3¢pe, as suggested
by O’Keeffe and Hydd34]. The 2D open-framework con-
sisted of two independent copper atoms. Both copper atoms

Fig. 15. View of the rectangular open framework in the 3D structure with

network extended in two directions, and were perpendicular copper atoms labeled and shown complete coordination in coniplex
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§ Fig. 17. Interlocked units in the interpenetrating structure of comffex
Only two of the 2D square grids are shown for clarity.

Fig. 16. View of a representative section of the 2D lattice in comfilex
Note that all Cu atoms have square pyramidal coordination. . ) )
While both unpredictable structures and rational de-

signs were achieved, as those demonstrated above, open-

4 and 5 were in square pyramidal positions, and each coppeirframework coordination polymers constructed via chemical
atom was coordinated by two carboxylate groups from two rearrangement of pyridinecarboxylate to oxalate had never
IN units and two pyridyl groups from the other two IN units  been previously observefi(H20),(oxa)Zrnp(IN)2]-2(H20)}
in a monodentate fashion. A water molecule occupied the (oxa = C»0427) (17) was an isonicotinato and oxalato
remaining apical site. The square pyramidal copper atomsmixed-ligand guest-inclusion open-framework coordination
were linked into a two-dimensional square grid network polymer synthesized from a chemical rearrangement of
by four two-connected tridentate IN unit&i§. 16. The pyridinecarboxylate to oxalate in a self-assembly chemical
Cu—Cu lengths in a square grid wer8BLA x 8.862A. process under hydrothermal conditidB§].
The 3D and 2D open-frameworks interpenetrated to form  The reaction of Zn(N@),-6H>O with isonicotinic acid
an unprecedented mixed 2D-3D structure, such that eachand iodine in the mole ratio of 2:2:1 under hydrothermal
3D closed-circuit displaying a “table-frame” shape inter- conditions at 120C for four days produced the pale yel-
locked with four square grids of a 2D she€&id. 17), with low crystals of complexl7. The structure of compleg?
each rectangular open-channel in the 3D network interpen-consisted of one crystallographically distinct zinc atom sur-
etrating with two 2D sheets. In spite of the interpenetrating rounded by a bidentate oxalato group, a terminal water
networks in complexl5, a dozen of water molecules were molecule, a pyridyl group of the IN unit, and a bidentate
included in each unit cell. carboxylato-group of the IN unit. The zinc metal centers

The reaction was conducted via a self-assembly processwere linked by both a tetradentate oxalato-ligand and a tri-
under mild hydrothermal conditions. The interpenetrating dentate isonicotinato-ligand to form a large open-framework
structure in complexXl5 was stabilized due to unexpected unit wherein water molecules residefid. 19. The prop-
chemical rearrangement of the ligand. While the reaction is agation of the open-framework unit afforded an extended

repeatable, all attempts made to produce compditnds- non-interpenetrating 2D open-framework with included wa-
ing isonicotinate instead of nicotinate as a starting material ter moleculesKig. 19.
failed. The hydrolysis oftrans-1,2-bis(4-pyridyl)ethylene Note that the chemical rearrangements in these reactions

might have produced IN groups. However, the chemical were unique. A third of the building ligands in the structure
rearrangement from nicotinate to isonicotinate was also ob- of compoundl7 were the oxalates formed from the chemi-
served in the case of [(NABr)Cu(IN)16) (Fig. 18, in which cal rearrangements of the starting isonicotinate ligands. Al-
isolated cavities were found within the 3D open-framework though the carboxylate groups of pyridinecarboxylates could
[35]. trans-1,2-bis(4-Pyridyl)ethylene was present as a have been released or replaced under hydrothermal condi-
necessary component in reactions of both compledes  tions[10c], the formation of oxalate from carboxylate groups
and 16. under hydrothermal conditions was intriguing. Pressure un-
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Fig. 18. View of the coordination sphere about copper in comfkx

der hydrothermal conditions was a necessary factor in the 3.3. Reactions using extended structure of oxide as a
rearrangement. This unique chemical rearrangement reac-copper-ion source

tion was repeatable with similar yield under the given con-

ditions, and subsequent reactions to synthesize compound The important function of catalysis may be attributed to
17 by using mixed oxalate and isonicotinate ligands had a the metal centers in a framework structure. Metal centers
much higher yield36]. were obtained from a variety of sources to provide metal

Fig. 19. View showing several rings forming a single layer with water molecules as guests in conigound
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Fig. 20. View of a section of one two-dimensional sheet showing the triple-hydrogen-bonding between dimers in cot8pound

ions for the self-assembly of coordination compounds. polymers were synthesized using tenorite, a mineral with
Metal sources included metal halides, metal nitrates, metalextended structure, as a starting material. The first was
carbonates and other inorganic salts. In recent studies,1,4-naphthalenedicarboxylate (NDC) bridged coordination
we noticed that the final structures differed greatly de- dimer linked by a triple-hydrogen-bonding water molecule
pending on the source of the metal ions. For example, into a 2D network Fig. 20, [(DPA)Cu(NDC)}H20
{[Cu2(IN)3]I5™ - %Iz - H20} (1) [10b] was obtained by  (DPA: 2,2-dipyridylamine) (8) [37]. The second was
reacting Cul with isonicotinic acid and iodine in the mole a hydrogen-bonded complex metal cation and complex
ratio of 1:2:1 under hydrothermal conditions at t4Dfor metal anion networkKig. 21), {[Cu(DPA)][Cu(PDC)]}

3 days, while [Cu(INJ]l2> (2) [14c] was obtained by re-  (PDC: 2,5-pyridinedicarboxylate}l9) [37]. The third was
acting Cu(NQ)2-2.5H,O with isonicotinic acid and iodine  {[Cu(DPA)]>(NDC)} (20) [38], which consisted of two

in the same mole ratio and reaction temperature as that ofmetal cations and an organic anion linked by hydrogen
complex1. The only difference between the two reactions bonds to create an extended network in which Cu(ll)
was the inorganic salt. Compléxhad a three-dimensional was reduced to Cu(l) under hydrothermal conditions. The
nano-size channel structure with polyiodide rings inclu- tenorite had a distorted PdO or PtS structure in which the
sion, whereas compleX displayed a two-dimensional O-Cu-O angles were 84.5 and 95.§iving copper(ll) four
open-channel structure with removable iodine molecules. coplanar bonds with Cu-O distance of 1.9§%0]. The

To investigate the effects of varied metal ion sources on next closest neighbors were two oxygen atoms at 2.78 A.
the coordination structures, we used starting materials with The planar copper open metal sites in tenorite might have
extended solid-state structures. Three new coordinationattracted nucleophiles during the reactions, facilitating the

Fig. 21. View of the hydrogen bonding network in compoutgl
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3.5. Reduction reactions from Cu(ll) to Cu(l)

The copper atoms in tenorite could have been released
to provide more metal centers for new self-assembled com-
plexes[37]. In the case of [Cu(DPA)]2(NDC)} (20) [38],
the Cu(ll) atoms released from tenorite were reduced to
Cu(l), possibly by DPA under hydrothermal conditions. The
structure of compound®0 consisted of two independent
tetrahedral copper(l) metal centers coordinated by DPA lig-
ands. The two copper(l) centers were linked by NDC anions,
via hydrogen bonding, to form a chaiRig. 24), which was
then linked by hydrogen bonds between NDC units.

The known examples of reduction from Cu(ll) to Cu(l)
by DPA and BPY under hydrothermal conditions had been
reported prior to this studfbb].

Fig. 22. View of the complete trigonal bipyramidal coordination about

Cu atom in complex21. 3.6. Mixed-ligand route for the construction of new

structures
release of copper—metal centers for the formation of new
self-assembled complexes. The multiple-layer 2D open-framework structures have
many potential applications, such as molecular adsorption
3.4. Oxidation reactions from Cu(l) to Cu(ll) and separation, because of their attractive features attributed

by both 3D and 2D open-frameworks. While various

We observed the oxidation from Cu(l) to Cu(ll) without  gpen-framework coordination polymers and interpenetrat-
iodine involvement in the final product, again under hydro- ing architectures had been synthesized, multiple-layer 2D
thermal conditions. For example, [{8).Cu(PDC)] @1), open-frameworks were rarely reported. The multiple-layer
was a 3D network constructed via both projected covalent here was defined as two-dimensional layer networks with
and O-H--O hydrogen bonding interactions, in which more than two covalently bonded layers. Zaworotko re-
Cu(ll) atom was in a trigonal bipyramidal sitéig. 22 viewed several bilayer architectures in which the bilayers
[14d]. were formed by partial interdigitatiofila]. One of our

Compound?l was synthesized through a reaction of Cul research interests has been focusing on open-framework
with 3,5-pyridinedicarboxylic acid in the mole ratio of 1:1 metal—organic polymers constructed by using mixed build-
for 3 days at 140C under hydrothermal conditions. The ing blocks. Bidentate organic ligands such as-bjgyridine
structure of complex21 consisted of trigonal bipyramidal  andtrans-1,2-bis(4-pyridyl)ethylene were used extensively
copper centers coordinated by one pyridyl group and two as single spacers to link network structures. The ison-
carboxylate groups of PDC ligands at the equatorial posi- jcotinato (IN) ligand also showed interesting properties
tions, with two water molecules coordinated to the metal [8h,14b] Copper(ll) ions demonstrated a strong tendency
center at the axial positions. The network extended along to form square pyramida| geometry in Open-framework
the a- andb-axes. This extended 2D network consisted of stryctures when coordinated by isonicotinate ligands in
20-membered large ring&ig. 23 that were subsequently {[Cuz(IN)4-3Ho0][Cu2(IN) 4-2H,0]}-3H,0 (15) (Fig. 16),
linked into a three-dimensional structure by inter-layer hy- \yhile at the same time forming octahedral geometry as well
drogen bonds, between the coordination water molecules|14p)]. By replacing the water molecules in the apical posi-
and the carboxylate oxygen atoms in adjacent layers. Thetions with isonicotinate ligands iRig. 16 the square pyra-
Cu-0O bonds at the axial positions were shorter than thosemjidal layered network could have been used to terminate
at the equatorial positions, as expected, such that the coppegxtended networks at the third dimension. Bidentate ligands
atoms were int-2 oxidation state. In this reaction, the Cu(l) such as BPEn could have been used to bridge the Cu(ll) oc-
probably underwent disproportionation (auto-oxidation re- tahedral centers between square pyramidal terminal layers;
action) reactions. The formation of comples stabilized  thus was a multiple-layer two-dimensional open-framework
copper(ll) under the reaction conditions. structure self-assembled. Although this 2D multi-layer net-

By using the same crystal engineering design, the isostruc-work was only one of many possible choices, our initial
tural cobalt complex of compourtl was also synthesized,  attempt at self-assembly of a multi-layered two-dimensional
[(H20)2Co(PDC)] @2) [40].1 structure resulted in dark blue polyhedral crystals that were

1 The compound22 synthesized from our laboratory crystallizes in
monoclinic crystal system, space gro@2/c with unit cell dimensions 8492 A3, Which is similar to the result obtained at different reaction
of 9.921(14 A x 1200614 A x 7.39410 A, 8 = 10536(19);V = conditions.
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Fig. 23. View of the 2D network in comple21.

later revealed, by single crystal X-ray diffraction analy- by two-connected tridentate IN units to form a triple-layer
sis, to have unprecedented two-dimensional triple-layer open-framework structure. The structure was assembled
open-framework structure stack-interlocked into a 3D poly- such that the Cu octahedral centers were close to the cen-
meric coordination network: [GUBPEN)(IN)(H20),] (23) ters of adjacent Cu—BPENn—Cu linkages. The triple-layer 2D
[14a]. open-frameworks propagated along theand a-axes, ter-
The structure of comple®3 consisted of two indepen- minating along the-axis Fig. 25. This novel triple-layer
dent copper atoms. The first copper atom had square pyra-2D open-framework was then stack-interlocked into a 3D
midal geometry, while the second copper atom was in an structure. The BPEn linear unit diagonally bridged octa-
octahedral site. The octahedral copper metal centers werehedral copper centers in the middle of the square column
coordinated by two carboxylate groups of two IN units in a (Fig. 26).
monodentate fashion at the axial positions, with two water = The mixed-ligand structures were also constructed with
molecules and two BPEnN spacers at the equatorial sites.other metal centers and ligands, includifigH20)2(o0xa)
Axial IN units utilizing pyridyl groups occupied the apical  Zny(IN)2]-2(H20)} [36], [Cu(DPA)CG]-3HO [41],
positions of the square pyramidal copper atoms, while four [(oxa)M(DPA)] (M = Ni, Fe, Co)[42], [(oxa)Co(BPE)]
equatorial positions of the square pyramidal copper atoms(BPE: 1,2-bis(4-pyridyl)ethane]42a), [(H20)M(BPY)-
were coordinated by two pyridyl groups and two carboxylate (BPE)]-1.75(BPE)0.25(BPY)2N03-4.45H,0 (M = Zn,
groups of four IN ligands. Thus, the octahedral copper cen- Cd; BPY: 4,4-bipyridine)[43] and [(H,O),M(BPY)(BPE)]-
ters bridged two square pyramidal copper-centered networks(BPE) g-(BPY)o.4-2NO3-4.65H0 (M = Co, Ni) [44].

%%%% B4

Fig. 24. View of the two copper(l) centers linked by NDC anions via hydrogen bonding to form a chain in ca2fplex
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Fig. 25. View of a portion of the triple-layer structure in compX

4. Metastable coordination polymers with active (H20)3](NO3)4 (25) [46]. Both crystal structures were
copper open metal (OM) sites characterized by single crystal X-ray diffraction technique.
The previous report of OM sites from framework struc-
Functional features of the metal-organic coordination tures used metal-carboxylate as secondary building unit
polymers were derived from active transition metal centers (SBU), in which the carboxylates were stronger nucle-
such as open metal sites (unsaturated metal cerjt&s}) ophiles than pyridyl-based functional group45]. The
as well as organic building blocks with hydrophobic or hy- electron-withdrawing ability of carboxylates assisted the
drophilic properties, and the metal—-organic open-framework OM sites of the metal centers to be readily coordinated
structures with potential in molecular transformation and (coordinatively saturated, including the coordination from
storage[15b]. While the OM sites played very important labile coordinating water molecules) so that the OM sites on
roles in molecular recognition in catalysis and biological the as-synthesized structures became difficult to maintain.
systems, characterizations of as-synthesized frameworkWe chose 4,4bipyridine (BPY) as building blocks, to iso-
polymers with active OM sites by single crystal X-ray struc- late as-synthesized coordination polymers with active OM
tures were rare. Although, a recent paper demonstrated asites. BPY was probably one of the most extensively studied
successful generation of OM sites by thermal removal of the bidentate linear building units in metal-organic polymers re-
labile coordinating water molecules from the as-synthesized search, due to its selective functionality to guest species and
structure of a 3D coordination polymé45]. The single larger pore size contributioridb,43,47] Its electronic coor-
crystal structures were mostly derived from stable phasesdination nature was relatively mild, so that the BPY will fa-
that relied on good crystallization of the compound, to cilitate the stabilization of the OM sites on the as-synthesized
yield single crystals of suitable quality for X-ray diffrac- structures. The ideal structural model of this objective had
tion. As-synthesized compounds with OM sites, however, the metal centers adopt a square planar geometry. These
were metastable. The isolation of single crystals of such metal centers would then have been coordinated by either
metastable species was difficult to achieve due to their re- labile species such as nitrates and linked by BPY to form a
active nature and inherent difficulty to stabilization at that 1D structure, or coordinated by BPY and linked perpendicu-
stage of crystallization. larly by BPY ligands, to result in a 2D network with nitrates
[(BPY)Cu(NGs)2] (24) was an as-synthesized metastable as counter anions. One of the key factors in this ideal scheme
coordination polymer with active OM sitegl6]. Using was to stop the reaction and crystallization at the right stage.
the active OM sites in comple®4 resulted in a new  The crystals, after isolation, should have been stable enough
open-framework 3D coordination polymer [&BPY), to allow single crystal X-ray diffraction characterization.
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Fig. 26. View of two interlocked square columns in comp

The projected target was achieved by the following syn-
thesis: reacting Cu(N§).-2.5H,0 with BPY in a mole ratio

of 1:1 or 1.2, in the presence of iodine, under hydrothermal

conditions at 120C for 3 days. The resulting purple crystals

343
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Scheme 1. View of the square-grid open networks.

BPY ligand in the asymmetric unit. The copper atom had an
ideal square planar environment (with six angles of 89.77(7),
89.78(7), 90.22(7), 90.22(7), 179.6 (1), and 180r@spec-
tively), was coordinated by twivans-nitrates, and linked by
BPY linear ligands to form a 1D metal-organic coordina-
tion polymer Fig. 27). Each Cu(ll) metal center had two
OM sitestrans to the square planar motif, in addition to the
two replaceable labile nitrate sites. The 1D chains in crys-
tal 24 were packed similarly in orientation to those found
in BaU,O7, except that the chains in compou®d did not
share any atoms or edges with other chdB®. In other
words, the 1D chains in comple3d were perpendicular to
each other in adjacent layers.

By replacing the labile nitrates with water molecules and
using additional BPY ligands at the OM sites in complex
24, square-grid structures were constructed Sgleeme 1a
a known square-grid network). Since the large M—BPY-M
square grid was flexible in terms of bending and twisting
features, the central M atom Bcheme la@ould have been
replaced by two independent M atoms. One would have been
linking the layer above and the other connecting the layer be-
low, to form a very large square-grid networgkagheme 1jp
The square-grid ilscheme 1aad “broken” intoScheme 1b
to become a complementary square-grid building unit for the
larger grid dimensions. The 2D network transformed into
a three-dimensional open-framework structure. Although
this scheme was only one of many possible structures, the
utilization of the active OM sites in compourlt pro-
duced a new guest-inclusion metal—-organic open-framework
polymer: {[Cu(BPY)(H20)2][Cu(BPY)2(H20)1}(NO3)a-
12H,0 (25).

Complex25 was obtained by leaving purple crystals of
complex24 in the solution with BPY molecules overnight,

were isolated and dried in air. Subsequent reactions absenso that additional BPY ligands and water molecules re-

of iodine failed to produce compourid. The structure of

placed labile nitrates and active OM sites in compound

complex24 consisted of one independent copper atom and a24 to form the polyhedral blue crystals @&. Complex

Fig. 27. A Section of one linear polymeric chain in compowd
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@ (b)

Fig. 28. (a) View of a square-grid with 1105 A x 11.137 A copper atoms separations in comph8x (b) View of a square-grid with 2208 A x 22273 A
copper atoms separations in compx

AR

Fig. 30. A space-filling view of the 3D open-framework down to [01 0] direction in comgix
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Fig. 31. View of the 3D open-framework linkages in compB& The “bending” part of the square-grid is in red color. The copper atoms are in blue color.

25 was also obtained by reacting Cu(j)@2.5HO with

BPY under hydrothermal conditions, resulting in a higher
yield. The structure oR5 consisted of two independent
copper-centered structural units. Copper atom 1 had an oc-

tahedral configuration surrounded by four BPY, at the equa-
torial positions, and two water molecules at the axial po- |

sitions. Copper atom 1 had a weak interaction with oxy-
gen atom 2 £2.5A), differentiating it from copper atom 2.

Copper atom 2 was in a square pyramidal position coordi- /

nated by four BPY, and a water molecule. Both copper atoms
1 and 2 clearly showed Jahn-Teller distortions. Each inde-
pendent network had two types of square-grids with cop-
per atom separations of IDSA x 11137 A (Fig. 283,

and 22208 A x 22273 A (Fig. 28h. These two types of

KL,

square-grid linkages were the same as those described in

Scheme 1l§Fig. 29. The linkages between the two types of
square-grid in each independent network extended into 3D
open-frameworks with channels in three directidrig (30.

The larger square-grid networks in the two independent net-
works were parallel to each other, and each 3D network was
linked by the complementary square-grigid. 31), lead-

ing to a one-fold mutual interpenetration between the large
square-grid networksHg. 32. The minimal interpenetra-
tion of the two 3D networks in comple®5 enabled this
open-channel structure to accommodate a large number of
water molecules and nitrate anions. Inclusion phenomena in
interpenetrating open-frameworks were very attractive, es-

pecially in open-channel structures with minimal interpene- Fig. 32. view of the one-fold interpenetrating networkas. The copper
trating frameworkg14b,48] atoms are in blue color.
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