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Novel Single-Crystal-to-Single-Crystal Anion Exchange and Self-Assembly of
Luminescent d'* Metal (Cd", Zn", and Cu') Complexes Containing

C;-Symmetrical Ligands

Biing-Chiau Tzeng,*'*! Tse-Hao Chiu,™ Bo-So Chen,"” and Gene-Hsiang Lee™

Abstract: Ligands L1 and L2’ (L1=
N,N',N"-tris(4-pyridyl)trimesic amide,
L2'=N,N',N"-tris(3-pyridinyl)-1,3,5-

benzenetricarboxamide) belonging to
an interesting family of tripyridyltri-
amides with Cj;-symmetry have been
utilized to construct 3D porous or hy-
drogen-bonded frameworks. Through a
novel single-crystal-to-single-crystal
anion-exchange  process, [Cd(L1),-
(C10,),], (1¢) can be obtained from
[Cd(L1),CL], (1b) in the presence of
ClO,™ anions. This anion-exchange pro-
cess is highly selective and only the
substitution of CI~ by ClO,” or PF¢~
could be realized; CI~ was found not to
be substituted by BPh,~. This demon-
strates that the exchange process de-

tion to the size of the cavities in the
host material (ca. 7.5 A). In addition,
the anion-exchange properties of 1b
have also been investigated by means
of powder X-ray diffraction (PXRD),
elemental analysis (EA), and infrared
absorption spectroscopy (IR). Structur-
ally, [Zn(L1)(NO,),], (2) consists of a
2D coordination network with five-co-
ordinate Zn" ions. Surprisingly, differ-
ent trigonal-bipyramidal Zn" ions
propagate to form distinct respective
sheet structures, A and B, which are
packed in an A-B-A-B manner in the
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crystal lattice, and these are hydrogen-
bonded to give a 3D extended frame-
work. The molecular structure of [Cul-
(L2)], (3) shows that the Cu' ion
adopts a distorted tetrahedral geome-
try, and 3 also forms a 2D coordination
network. Significantly, this 2D coordi-
nation network is further assembled
into a remarkable 3D homochiral
framework through triple hydrogen
bonding and m---; interactions. All of
these 3D coordination polymers and/or
hydrogen-bonded frameworks are lu-
minescent in the solid state, and their
solid-state luminescent properties have
been investigated at room temperature
and/or at 77 K.

pends on the size of the anions in rela-

Introduction

The coordinative bond approach has been widely used in
the construction of supramolecular coordination com-
pounds.l'! Recently, a wide range of 1D, 2D, or 3D infinite
solid-state coordination architectures as well as discrete mo-
lecular structures have been isolated and structurally charac-
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terized,” and many of these are anticipated to be potential
candidates for molecular materials. Moreover, in parallel, it
is possible to use highly directional hydrogen bonds as a
means of controlling self-assembly, and thus the simultane-
ous exploitation of coordinative bonding, hydrogen bonding,
and/or other weak interactions has recently been recognized
as a very powerful and versatile strategy in supramolecular
design and material synthesis.”) In fact, these structural
frameworks have been utilized in applications such as chem-
ical sieving, sensing, and catalysis, and much progress has
been made in all of these areas.!

Organic amides have proved to be very useful compo-
nents in self-assembly through hydrogen bonding; moreover,
the assembled products have relevance to biological systems.
Ghadiri et al.”! have used cyclic oligoamides as building
units to construct interesting nanotubes, resulting in zeolite-
like frameworks through inter-ring and/or inter-tube hydro-
gen bonding. These cyclic oligoamides containing channel
structures are anticipated to be a new and important family
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of molecular materials. On the other hand, related research
on metal-containing cyclic amides is still in its infancy. The
incorporation of transition metal ions into hydrogen-bonded
networks is important because the magnetic and optical
characteristics of these ions become part of a broader strat-
egy for crystal engineering of nonlinear optical, conducting,
ferromagnetic, and luminescent materials.”! Puddephatt
et al. reported pioneering work based on this novel idea, in
which a metal-containing (Pt" ions) molecular triangle was
constructed, taking advantage of dipyridylamides (N-pyri-
din-4-yl-isonicotinamide) as bridging ligands and Pt" ions as
connectors in the assembly process.! This complex cation
appears to be a novel example of a cyclic coordination com-
pound that forms a dimeric architecture similar to that
formed by cyclic peptides,” and it suggests that the biomim-
etic approach to the organization of coordination networks
holds considerable promise.

In 2004, Stang et al. reported an interesting nanoscopic
coordination cage, [Pd;L1,]** (L1’ =N,N',N"-tris(3-pyridyl)-
trimesic amide), obtained by self-assembly from Pd" ions
and L1’ ligands, which was characterized by NMR (*'P, 'H)
and electrospray ionization mass spectrometry.”! Simulation
of the pseudo-trigonal-bipyramidal cages with an MM2
force field showed the cavity diameter to be about 1.9 nm.
Later, Lah and co-workers also reported two novel single-
crystal structures of the truncated octahedral cages
[PdgL15])"** and [Pd¢L2]"?* (L2=N,N',N"-tris(4-pyridinyl)-
1,3,5-benzenetricarboxamide),[8] and these face-driven
corner-linker nanocages were found to have 12 ports at the
edge of the truncated octahedron. Lah’s work highlights
that both the cavity size and the port size of the cage may
be controlled by the size of the facial ligands. Very recently,
Kitagawa et al. reported the construction of a 3D porous co-
ordination polymer, [Cd(L1),(NO;),], (1a; L1=N,N,N"-
tris(4-pyridyl)trimesic amide).”) The highly ordered amide
groups in the channels play an important role in the interac-
tion with guest molecules, which was confirmed by thermog-
ravimetric analysis (TGA), adsorption/desorption measure-
ments, and powder X-ray diffraction studies (PXRD). In ad-
dition, catalysis of a Knoevenagel condensation reaction by
1a demonstrates its reactivity as a selective heterogeneous
basic catalyst, interaction with which depends on the sizes of
the reactants. The solid catalyst maintains its crystalline
framework after the reaction and is easily recycled. Thus,
the L1 and L2 families show potential as tridentate bridging
ligands for the construction of molecular cages or 3D
porous coordination polymers, and this offers possibilities
for the development of suitable nanosized host systems that
can accommodate small molecular guests or catalysts.

We have previously reported the crystal structures and
solid-state luminescent properties of 3D [Cd(L1),CL], (1b)
and 2D [Ag(L1)PF,), coordination polymers,!'”l with three
pyridylamides as functional appendages propagating in the
extended structures. In continuation of our efforts in the
construction of functional coordination polymers and/or hy-
drogen-bonded frameworks,'*!) we report herein on studies
of novel single-crystal-to-single-crystal anion exchange and
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self-assembly of luminescent Cd", Zn", and Cu' complexes
containing the Cs-symmetrical ligands L1 and L2' (L2'=
N,N',N"-tris(3-pyridinyl)-1,3,5-benzenetricarboxamide).

Experimental Section

General information: All solvents for syntheses (analytical grade) were
used without further purification, and metal salts (Cul, Zn(NOs),, and
Cd(NO;),) were obtained commercially (Strem Chemicals). L1, L2, and
[Cd(L1),CL,], (1b) were prepared according to literature methods.'*!?!

CAUTION! Perchlorate salts are potentially explosive and should be han-
dled with care and in small amounts.

IR spectra were recorded from samples in KBr pellets on a Perkin-
Elmer PC 16 FTIR spectrometer, and steady-state emission spectra were
recorded on a Hitachi F-7000 spectrophotometer. Thermogravimetric
analysis was performed under a flow of air at a heating rate of
10°Cmin~" using a Shimadzu TGA-50 system. Powder X-ray diffraction
data were recorded on a Shimadzu XRD-6000 diffractometer.

[Cd(L1),X,], [X=ClO, (1¢), PF,~ (1d)]: Crystalline samples of 1b were
immersed in a 0.01 M aqueous solution of LiClO, for 12 h. Although most
of the crystals turned opaque, some retained their crystalline properties
and were still suitable for X-ray diffraction analysis. 1¢ was isolated in
about 93% yield. FT-IR (KBr): vny=23240, vc_o=1688, vc_o=1143,
1120, and 1088 cm™'; elemental analysis caled (%) for
C;H,yCdCLN,0 40 C 45.71, H 3.49, N 13.33; found: C 45.74, H 3.88, N
13.65. 1d was obtained in around 90 % yield by a similar method to that
described for the synthesis of 1¢, except that NH,PF, was used instead of
LiClO,. FT-IR (KBr): vy =3251, vc_o=1682, v, =828 cm'; elemental
analysis caled (%) for CH,CdF,N,P,O4: C 43.83, H 3.07, N 12.78;
found: C 44.27, H 3.29, N 13.08.

[Zn(L1)(NOs),], (2): Reaction of L1 (44 mg, 0.1 mmol) dissolved in
MeOH (20 mL) with Zn(NO,),-6 H,O (30 mg, 0.1 mmol) at room temper-
ature for 0.5 h gave a white precipitate. Recrystallization of the crude
product by diffusion of diethyl ether into a solution in DMF afforded col-
orless crystals in about 45% yield. FT-IR (KBr): vyy=3251, veo=
1687 cm™'; elemental analysis caled (%) for CeHgN,305,Zn,: C 45.91, H
4.94, N 17.86; found: C 46.12, H 4.99, N 17.58.

[CuI(L2)], (3): Cul (19 mg, 0.1 mmol) dissolved in a saturated methanol-
ic solution of KI (2mL) was carefully layered onto a solution of L2’
(48 mg, 0.1 mmol) in DMF (2 mL). After two weeks, pale-yellow crystals
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were obtained in about 64% yield. FT-IR (KBr): vyy=3269, ve_o=
1643 cm™'; elemental analysis caled (%) for C,,H,,CulNsO;: C 48.29, H
3.58, N 12.52; found: C 47.78, H 3.77, N 12.47.

X-ray crystallography: Suitable single crystals of 1¢, 2, and 3 were each
mounted on a glass capillary, and data were collected on a Bruker
SMART CCD diffractometer with Moy, radiation (1=0.71073 A) at
150(2) K. A preliminary orientation matrix and unit-cell parameters were
determined from three runs of 15 frames each, each frame corresponding
to a scan of 0.3° in 20s, and this was followed by spot integration and
least-squares refinement. Data were collected using an w scan of 0.3° per
frame for 20 s until a complete hemisphere had been covered. Cell pa-
rameters were retrieved using SMART!* software and refined with
SAINT!™! on all observed reflections. Data reduction was performed
with the SAINT software and the resulting data were corrected for Lor-
entz and polarization effects. Absorption corrections were applied with
the program SADABS.["* The structures were solved by direct methods
with the SHELXS-97"% program and refined by full-matrix least-squares
methods on F? with SHELXL-97.*¢! All non-hydrogen atomic positions
were located in difference Fourier maps and refined anisotropically. Hy-
drogen atoms were constrained to the ideal geometry using an appropri-
ate riding model. Details of the data collection and the refinement of the
structures for 1¢-17H,0, 2-H,0-3.5DMF, and 3 are summarized in
Table 1, and their selected bond distances and angles are summarized in
Table 2. Hydrogen bonds in the structures are listed in Table 3.

Table 1. Crystallographic data for 1¢, 2, and 3.
1¢17H,0 2-H,0-3.5DMF 3

empirical for- C,H7;CdCLN ;03 Csy5sHuusNj150135Zn  CyH,CulNgO4
mula

M, 1494.46 901.69 670.96
crystal cubic triclinic hexagonal
system

space group 1a3 Pl P63
(No.)

a[A] 24.7634(3) 14.6735(7) 14.1457(13)
b [A] 24.7634(3) 16.9018(9) 14.1457(13)
c[A] 24.7634(3) 17.1077(9) 7.6098(6)
a[°] 90 91.883(1) 90

£ 1°] 90 107.244(1) 90

v [°] 90 91.690(1) 120
VIAY, Z 15185.6(3), 8 4046.5(4), 4 1318.7(2), 2
F(000) (e) 6176 1880 668

u (Mox,,) 0.441 0.687 2.040
[mm']

T [K] 150(2) 150(2) 150(2)
reflections 26419 44013 8624
collected

independent 2922 14256 14256
reflections (R;,=0.060) (R;,=0.061) (R;,=0.055)
(F,>20(F,)

refined pa- 146 1084 1941
rameters

GoF on F* 1.059 1.307 1.124
R R 0.075, 0.210 0.100, 0.199 0.700, 0.176
(I=20(1))

RE. R M (all 0.123, 0.251 0.120, 0.207 0.087, 0.188
data)

[a] R=3|[F,| = | Fe||/S| Fo|. [b] wR, ={[Sw(F = F2y IS [w(F,)’]} "™

Results and Discussion
Recently, wel'” and Kitagawa et al.”’ reported two remark-

able examples of 3D coordination polymers of the type
[Cd(L1),X,], (X=CI", NO;"), which were shown to display
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Table 2. Selected bond lengths [A] and angles [°] in 1¢, 2, and 3.1%

1c
Cd(1)-N(1) 2.380(3) O(1)—C(6) 1.222(5)
N(1)-C(1) 1.329(6) N(1)-C(5) 1.343(6)
N(2)-C(6) 1.350(6) N(2)—(3) 1.394(6)
N(1)M-Cd(1)-N(1)® 91.82(12) N(1)M-Cd(1)-N(1) 180
C(1)-N(1)-C(5) 116.1(4) C(1)-N(1)-Cd(1) 124.4(3)
C(5)-N(1)-Cd(1) 119.3(3) C(6)-N(2)-C(3) 128.1(4)

2
Zn(1)-N(1) 2.056(5) Zn(2)-N(9) 2.041(5)
Zn(1)-0(7) 2.108(5) Zn(1)-0(4) 2.158(5)
Zn(2)-0(16) 2.138(5) Zn(2)-0(13) 2.198(5)
N(1)-Zn(1)-O(7) 91.0(2) N(1)-Zn(1)-O(4) 86.3(2)
O(7)-Zn(1)-0(4) 163.6(2) N(9)-Zn(2)-O(16) 90.5(2)
N(9)-Zn(2)-O(13) 87.2(2) 0(16)-Zn(2)-0(13) 161.2(2)

3
Cu—N(1) 2.066(8) Cu-I(1) 2.627(3)
N(1)®-Cu-N(1) 112.6(3) N(1)-Cu-I(1) 112.6(3)
C(5)-N(1)-Cu 121.9(8) C(1)-N(1)-Cu 121.4(7)
C(5)-N(1)-C(1) 116.6(9) C(7)-N(2)-C(6) 124.9(9)

[a] Symmetry positions of atoms : 1) 1—x, 1-y, —z. 2) ‘442z, x, h—y. 3)
1-x+y, 1-x, z.

solid-state luminescence, thermal stability, adsorption/de-
sorption properties, and selective heterogeneous size-depen-
dent catalytic activities. To further investigate this intriguing
class of porous materials and to study their potential appli-
cations, we have now performed anion-exchange studies
through a novel crystal-to-crystal process to examine their
behavior in relation to the size of the anion. In addition, the
assembly process by way of the coordinative bond approach
and/or hydrogen bonding has also been studied by treating
the Cs;-symmetrical ligands (L1 and L2') with Zn" or Cu'
ions, respectively. These 3D coordination polymers and/or
hydrogen-bonded frameworks are all air-stable and lumines-
cent in the solid state.

Description of the crystal structures: 1c crystallized in the
Ia3 space group; its 3D porous framework molecular struc-
ture is shown in Figure 1a, which is isostructural with those
of 1a and 1b. Briefly, the coordination framework is con-
structed from six-coordinate Cd" ions, each with almost per-
fect octahedral geometry, and L1 with pseudo-C; symmetry.
Furthermore, the two frameworks mutually interpenetrate
to give a 3D porous structure with zigzag channels of diame-
ter around 7.5 A, as shown in Figure 1b. The 3D pores con-
taining tripyridylamide moieties as functional units in the
channels are particularly attractive for guest uptake and/or
ion-exchange studies, thus making such 3D coordination
polymers potentially attractive as molecular materials. In
this context, the exchange process was carried out in aque-
ous solution, and hence the voids were successfully filled
with ClO,™ anions (two, of which one is regularly arranged
and the other is disordered) and a large number of water
molecules (17 water molecules in an asymmetric unit),
which are involved in hydrogen-bonding with the ClO,"
anions, the amide groups, and even the water molecules
themselves in the 3D channels (the hydrogen-bond data are
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Table 3. Hydrogen bonds in the structures of 1¢, 2, and 3.

in the crystal lattice is interest-

D-H-A [A] D-H [A] H-A[A] DA [A] D-H-A [°] ing. We reason that the trigo-

1c nal-bipyramidal geometries in 2
N(2)-H(2A)--O(7)! 0.88 2.164 2.937(7) 146.5 seem to be correlated with the
O(6)~H(6A)--O(7) 0.89 1.893 2.756(9) 162.6 steric hindrance from the NO;~
O(7)-H(7A)0O(2) 0.88 2.555 3.303(7) 143.4 anions
O(8)—H(8A)-~O(9) 0.90 1.877 2.680(18) 147.1 )

2 The molecular structure of 3,
N(2)-H(2A)-O(13) 0.88 2.302 3.152(7) 162.9 which crystallized in the P6;
N(2)-H(2A)--0O(14) 0.88 2.434 3.088(8) 131.6 space group, is shown in Fig-
N(4)-H(4A)-~0(22) 0.88 2.100 2.968(8) 168.8 ure 3a. The Cu' ion adopts a
N(6)—H(6B)--O(23)"! 0.88 2.053 2.908(8) 164.1 distorted tetrahedral ¢
N(10)-H(10A)--O(5) 0.88 2.186 3.005(8) 154.9 1storted tetrahedral geometry,
N(12)-H(12A)--O(24) 0.88 1.960 2.824(7) 166.5 which is composed of three ni-
N(14)-H(14A)--0O(20) 0.88 1.989 2.838(7) 161.6 trogen atoms from three differ-
O(16)—H(16A)-~O(10)" 0.90 1.881 2.741(7) 159.8 ent tridentate bridging L2’ li-
0O(16)—H(16B)--0(27) 0.90 1.768 2.641(8) 162.8 A,
0(27)-H(27)--0(17) 0.90 1.910 2.802(10) 170.1 gands and,one terminal iodide.
0(27)-H(27)--0(26) 0.90 1.851 2.743(11) 170.9 The C; axis passes through the

3 Cu' center and iodine atom (the
N(2)-H(2)--0(1) 0.88 2.379 3.129(17) 1435 distance between neighboring

Symmetry positions of atoms: [a] x, 1/2—y, —1/24z; ab=2. [b] =14x, y, —14z. [c] 2—x, 2—y, 1—2z. [d] 1—x,

2—y, 1-z. [e] x—y, x, =112+ z.

shown in Table 3). It is noted that the formation of 1¢ repre-
sents a rare and remarkable example of a successful single-
crystal-to-single-crystal anion-exchange process,'® suggest-
ing that 1b has a robust structural framework.

Complex 2 crystallized in the P1 space group. The molec-
ular structures in Figure 2a and b show that the Zn" ions
adopt a distorted trigonal-bipyramidal geometry, where the
structure in Figure 2a is composed of three nitrogen atoms
from three different tridentate bridging L1 ligands and two
trans terminal NO;~ anions, and that in Figure 2b contains
three nitrogen atoms from three L1 ligands, one coordinated
NO;™ anion, and one water molecule. Such a connection
mode in combination with tridentate-bridging L1 makes 2 a
regular 2D coordination network. Surprisingly, different
trigonal-bipyramidal Zn" ions propagate in their respective
sheet structures, with A (Figure 2a) and B (Figure 2b)
packed in an A-B-A-B manner in the crystal lattice. The A
and B sheets are hydrogen-bonded through coordinated
NO, --amide interactions [N(10)--O(5) 3.005(8) A, and
(doubly) N(2)--O(13) 3.152(7) A and N(2)--O(14)
3.088(8) A]. The dimeric sheet structures shown in Figure 2c
are further hydrogen-bonded through coordinated water:-
amide interactions [O(16)--O(10) 2.741(7) A] to give a 3D
extended framework, as shown in Figure 2d. Thus, the
porous framework of 2 is filled with free NO;™ ions and
water and DMF molecules. Significantly, the huge 48-mem-
bered macrocycles constructed from three five-coordinate
Zn" ions as connectors and three pyridylamide moieties as
bridges propagate to form the 2D extended structures, and
indeed the structural motif is reminiscent of the framework
of [Ag(L1)(PFy)],,"" in which three trigonal Ag' ions and
three tripyridylamide moieties constitute the 48-membered
macrocycles. Although five-coordinate Zn" ions are not un-
common, the fact that two different geometric configura-
tions of Zn" ions lead to distinct respective sheet structures
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Cu"-I axes in the crystal lattice
is 4.980 A), and such a connec-
tion mode in combination with
tridentate bridging L2’ ligands
also makes 3 a regular 2D coordination network, as shown
in Figure 3b. In addition, the huge 48-membered macrocy-
cles constructed from three four-coordinate Cu' ions as con-
nectors and three pyridylamide moieties as bridges propa-
gate to form the 2D extended structure, which is similar to
those of 2 and [Ag(L1)(PF,)],.'"”? Significantly, this 2D coor-
dination network is further assembled into a remarkable 3D
extended framework through triple hydrogen bonding
[N(2)--O(1) 3.129(17) A] and m--7 interactions (centroid--
centroid distance of phenyl rings: 3.805 A), as shown in Fig-
ure 3c, and this triple-hydrogen-bonding motif represents a
novel example of a triple helix. Indeed, the refined absolute
Flack factor is 0.15(7). Moreover, we also refined the data
using racemic twin refinement for 3, and this did not lead to
significant improvements in the results. After examining the
asymmetric unit of the crystal structure, we could rule out
the possibility of a racemic mixture growing in one crystal.
This indicates that the absolute configuration in the present
case is most likely to be homochiral.

In this study, it was interesting to find that upon reaction
with 4-pyridyltriamides (L1) or 3-pyridyltriamides (L2’), the
different d'° metal ions (Cd", Zn", and Cu') generate struc-
tural motifs that dramatically change from 2D coordination
polymers (2 and 3) to 3D coordination polymers (1¢). More-
over, 2 and 3 are further hydrogen-bonded to form 3D
frameworks, in which two different geometric compositions
of five-coordinate Zn" ions are found in the respective sheet
structures for 2, and a novel hydrogen-bonded motif,
namely a triple helical hydrogen bond, is observed for 3. In
addition, a systematic change in the coordination geometries
of the metal ions from tetrahedral (four-coordinate) Cu'
ions to trigonal-bipyramidal (five-coordinate) Zn" ions to
octahedral (six-coordinate) Cd" ions has been observed,
leading to the different structural frameworks.

Chem. Eur. J. 2008, 14, 5237 -5245
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a)

b)

Figure 1. a) Molecular structure of 1¢ as an ORTEP representation showing 50 % probability ellipsoids, and
b) space-filling model of two frameworks mutually interpenetrated to give 3D porous and zigzag channels.

Thermogravimetric analysis and powder X-ray diffraction
studies: To examine the thermal stabilities of the com-
pounds, 1¢ and 3 were subjected the TGA and PXRD anal-
ysis. The weight loss from 1¢ was found to be 18.4% upon
heating a solid sample to 320°C, which is roughly consistent
with the calculated weight loss of 20.5% for seventeen
water molecules. Above this temperature, 1c¢ starts to de-
compose. Indeed, the decomposition temperature of 320°C
is higher than those of 1a (260°C) and 1b (250°C), suggest-
ing that 1c¢ has greater thermal stability. The reason for this
could lie in the bulkiness of ClIO,” compared with NO;~ and
CI™, which results in there being less void space in the crys-
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tal lattice of 1¢. For 3, there are
no solvating molecules in the
crystal lattice, and it is thermal-
ly stable up to 330°C. In con-
trast to the 3D coordination po-
lymer structure of 1e¢, 3 has a
3D chiral hydrogen-bonded
framework, and hence we
reason that its thermal stability
may be ascribed to the triple-
helical hydrogen bonding in the
solid-state structure. The
PXRD patterns recorded for
solid samples of 1¢ and 3 at
room temperature closely re-
semble the simulated patterns
(based on the single-crystal
data), suggesting good thermal
stability of the crystal lattice.
Moreover, the structural frame-
work of 1¢ remains unchanged
following the loss of water, fur-
ther corroborating its robust
nature. The TGA and PXRD
results clearly indicate that the
triple-hydrogen-bonding motif
in 3 enhances the thermal sta-
bility of this compound com-
pared to the 3D coordination
polymers (1a—c).

Solid-state emission spectra:
L1, L2, and their respective
complexes are all luminescent
in the solid state, and their
emission  spectra  measured
from solid samples are shown
in Figure 4. Upon photoexcita-
tion at 300-350 nm, L1 shows
an emission with a maximum at
around 467 nm at room temper-
ature, whereas 1b-d each dis-
play a broad and low-energy
emission at about 513, 511, and
505 nm, respectively, with in
each case a high-energy shoulder in the region 435-465 nm.
Given that there is a significant red shift on going from L1
to 1b—d, the low-energy emissions in the region 505-513 nm
are unlikely to originate purely from L1 itself (intraligand
transition, IL). With reference to our previous study,'*!'
this low-energy emission could be tentatively assigned to a
metal-to-ligand charge-transfer (MLCT) transition, possibly
mixed with an IL transition. In fact, these low-energy emis-
sions in the region 505-513 nm for 1b-d also suggest that
the anions do not have any significant effect on the emission
properties. The high-energy emissions are quite similar to
that of L1, and they are most likely due to an IL transition.
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Figure 2. a) Molecular structure of 2 (A) containing a trigonal-bipyramidal Zn" ion with two trans terminal NO,~ anions as an ORTEP representation
showing 50 % probability ellipsoids, b) molecular structure of 2 (B) containing a trigonal-bipyramidal Zn" ion coordinated by a trans NO, ™ anion and a
water molecule as an ORTEP representation showing 50 % probability ellipsoids, c¢) the hydrogen-bonded dimer of sheet structures 2 (A) and 2 (B), and

d) a 3D hydrogen-bonded framework of 2.

The emission for 2 is centered at about 460 nm, and an IL
origin is thus suggested due to an almost exact overlap with
that of L1 (Figure 4a).

Solid samples of L2’ show a high-energy emission with a
maximum at about 428 nm upon photoexcitation at 300-
350 nm at room temperature, and 3 displays a low-energy
emission at around 512 nm (Figure 4b). Given that there is a
significant red shift on going from L2’ to 3, this low-energy
emission of 3 is most likely to have originated from an I-to-
Cu' charge-transfer (ligand-to-ligand charge-transfer) transi-
tion, based on the strong o-donating strength of iodide, our
previous assignments for [ZnI,(L)], (L= N,N'-bis-4-methyl-
pyridyl oxalamide),"" and other reports.!""! Upon cooling to
77 K, the emission is red-shifted to about 536 nm, and this
unusual red shift is consistent with recent observations on
[CuX(2,3-dimethylpyrazine)] (X=CI, Br, I) reported by
Nither etal., for which a similar LLCT assignment was
made.!™!
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Anion-exchange studies: The anion-exchange properties of
1b were investigated by means of powder and single-crystal
X-ray diffraction analysis, elemental analysis, and infrared
absorption spectroscopy. The results showed that immersion
of crystals of 1b in a 0.01M aqueous solution of LiClO, or
NH,PF, for 12h led to complete replacement of Cl™ by
ClO, or PF47, respectively. The IR spectrum of 1¢ shows a
new and intense ClO,” band in the region 1143-1088 cm™,
and that of 1d shows a new and intense PF,  band at
828 cm!. Other peaks in the spectra remain virtually un-
changed, suggesting that the skeletal structure of the com-
plexes remains intact after the exchange process, as shown
in Figure 5. The peaks in the PXRD patterns of the ex-
changed complexes 1¢ and 1d are almost the same as in
that of 1b, indicating that the crystalline framework remains
unchanged. Elemental analyses of the exchanged samples
confirmed the compositions of 1¢ and 1d (see the Experi-
mental Section), thus further corroborating that complete
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Figure 3. a) Molecular structure of 3 as an ORTEP representation showing 50 % probability ellipsoids, b) the
2D coordination network, and c) triple hydrogen-bonding and 7t--7t interactions within a 3D hydrogen-bonded

framework.

anion exchange had taken place. Notably, anion exchange of
1b was found to be highly selective; only the substitution of
Cl” by ClO, or PF;~ was achieved, whereas attempted
anion exchange of CI~ with BPh,” proved unsuccessful. This
demonstrates that the exchange process depends on the size
of the anion. The diameters of ClO,~, PF,~, and BPh,™ are
calculated to be approximately 3.8, 3.4, and 8.7 A, respec-
tively, and thus it would seem that the anion exchange is
closely related to the size of the cavities in 1b (ca. 7.5 A)
compared to the sizes of the various anions. Surprisingly, 1¢
can be isolated from 1b in the presence of CIO,  anions
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through a novel single-crystal-
to-single-crystal exchange pro-
cess. Its molecular structure was
also determined by single-crys-
tal X-ray diffraction analysis,
and the results suggest that the
structural framework of 1b is
quite robust.

Conclusion

Ligands L1 and L2’ belonging
to an interesting family of tri-
pyridyltriamides with C;-sym-
metry have been utilized to co-
ordinate Cd", Zn", and Cu' ions
in a tridentate bridging manner,
leading to the formation of 3D
porous or hydrogen-bonded
frameworks, respectively.
Through a novel single-crystal-
to-single-crystal anion-exchange
process, 1¢ can be isolated from
1b in the presence of ClO,”
anions. Its 3D porous network
containing tripyridylamide moi-
eties as functional units in the
pores and zigzag channels of di-
ameter around 7.5 A is isostruc-
tural with those of 1a and 1b.
This anion-exchange process is
highly selective and only the
substitution of CI- by ClO,”
and PF;~ could be realized; at-
tempted substitution by BPh,~
did not occur. This demon-
strates that the exchange pro-
cess depends on the size of the
anion in relation to the size of
the cavities in the host material.
Additionally, the anion-ex-
change properties of 1b have
also been investigated by
means of powder X-ray diffrac-
tion analysis, elemental analysis,
and infrared absorption spectroscopy. Structurally, 2 forms a
2D coordination network with five-coordinate Zn" ions. Sur-
prisingly, different trigonal-bipyramidal Zn" ions propagate
in the respective sheet structures, which are packed in an A-
B-A-B manner in the crystal lattice, and these layers are hy-
drogen-bonded to give a 3D extended framework. The mo-
lecular structure of 3 shows that the Cu' ion adopts a distort-
ed tetrahedral geometry, and such a connection mode in
combination with tridentate bridging L2’ ligands makes 3 a
regular 2D coordination network. Significantly, this 2D coor-
dination network is further assembled into a remarkable 3D
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Figure 4. a) Solid-state emission spectra of L1, 1b-d, and 2 at room tem-
perature, and b) the solid-state emission spectra of L2’ and 3 at room
temperature and at 77 K. Excitation wavelengths were 300-350 nm.
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Figure 5. IR (KBr pellet) spectra of 1b a) as prepared, b) after exchange
with LiClO,, c) after exchange with NH,PF, and d) after exchange with
NaBPh,.

homochiral framework through triple hydrogen bonding and
m---7t interactions. To examine their thermal stabilities, 1¢
and 3 were subjected to TGA and PXRD analysis. Both the
3D coordination polymer and hydrogen-bonded framework
showed thermal stability at up to 320-330°C. This thermal
stability may be ascribed to the contribution of the triple-
helical hydrogen bonds.

These 3D coordination polymer and hydrogen-bonded
frameworks are all luminescent in the solid state. 1b—d dis-
play low-energy and broad emissions at around 505-513 nm,
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and with reference to our previous study, this low-energy
emission could be tentatively assigned to an MLCT transi-
tion, possibly mixed with an IL transition. The emission of 2
is centered at about 460 nm, an IL origin for which is sug-
gested by an almost exact overlap with that of L1. Given
that there is a significant red shift on going from L2’ to 3,
the low-energy emission of 3 at around 512 nm is most
likely to originate from an I-to-Cu' charge-transfer transi-
tion, based on the strong o-donating strength of iodide and
previous reports.[!1&1415]
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