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The solution-phase reactions of metal iodides or iodine with
1,3-bis(4-pyridyl)propane (bpp) yields four new organic—
inorganic hybrid frameworks, namely [(Cul)y(bpp)sls
(1), [(AgDs(bpp)ls (2), [Pbly(bpp)], (3), and [ls(bppH)] (4),
each of which adopts a different structural motif. For exam-
ple, complex 1is a 2D "open"” coordination polymeric cluster
consisting of a Cul,Cu rhomboid cluster core coordinated by
anti-anti and anti-gauche bpp interactions to produce an in-
terpenetrating 2D (4,4) polycatenane net; 2 is a novel bpp
inclusion compound with a unique 2D polymeric hexagonal
prism-shaped [Aggle], cluster motif; compound 3 is also a 2D
"open" supramolecular cluster made from [Pbl,], “ribbons”

and bpp bridges; compound 4 is a trilodide made up of or-
ganic [bppH]J* cations and a I3~ anion chain. The clusters 1—
3 obtained from the reaction between polyiodide complexes
and an organic ligand suggest that this simple synthetic ap-
proach is likely to be applicable to the construction of poly-
meric clusters. The third-order NLO effects of 1 were studied
by Z-scan techniques. The polymeric cluster exhibits good
nonlinearities and the effective third-order NLO refractive
index (n,) value is 2.56x 1072 esu which is comparable to
those of most cluster monomers and polymers.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

The construction of supramolecular polymeric networks
has been of great interest in recent years, not only due to
their intriguing architectures and topologies!!! but also for
their potential properties as functional solid materials in
catalysis,[?! optics,®! and magnetism.™ In addition to the
main driving forces of metal-ligand coordination and hy-
drogen bonding, weak interactions and other subtle factors
such as molecular entanglement® and halogen-halogen in-
teractions!® can also have a dramatic effect on the assembly
of extended porous topologies. Polycatenation can be re-
garded as regularly repeated infinite versions of the closed
molecular loops via a topological Hopf link — the whole
catenated array has a higher dimensionality than the com-
ponent motifs for a possible combination of interlocking or
interweaving covalent, mechanical, and coordination
bonds.>>"1 Since no genuine example of an organic polycat-
enane has been characterized, a number of metal-based mo-
lecular rings have been used as building blocks for the con-
struction of polycatenanes. According to Fujita,[ transi-
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tion-metal-directed self-assembly is a designable and highly
efficient catenane synthesis pathway, and the configuration
of the bridging ligands plays an important role in the self-
assembly of metal-based catenanes.

Polyiodides are well-known for their ability to form a
vast diversity of extended networks with unique conducting
and optical properties.’! Studies have shown that their
structures and macroscopic physical properties can be
understood through the level of halogen—halogen interac-
tions between three fundamental building blocks: the Lewis
acid acceptor I, and the Lewis base donors I or I3, and
“guest” building blocks (e.g. metal iodides). These building
blocks can be catenated easily and a large variety of polyi-
odides can be synthesized. The synthesis methods can be
described simply as the addition of iodine to an iodide in
an appropriate reaction medium, such as I3 I,(s) + I'(aq)
— I37(aq). Recently, the reaction between monovalent metal
halides MI (M = Cu*, Ag*) and I" attracted our attention
because the solubility of MI increases in mixed solvents
(such as THF/H,O and CH;CN/H,0) upon addition of ex-
cess KI. This increase in solubility may be a consequence
of the formation of a metal diiodide anion: MI(s) + I —
MI, . More importantly, the active intermediate MI, ion
is a good iodine source for cluster construction, and its self-
assembly reaction with rigid and flexible bispyridyl ligands
is an effective route for the preparation of novel polymeric
complexes containing iodine clusters. The systematic incor-
poration of a metal iodide and organic spacer-based molec-
ular rings within polymeric cluster networks allows for the
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modulation of their structural and physical properties. With
this method we have previously obtained a 2D “open” poly-
mer [Agl(bpe)], [bpe = 1,2-bis(4-pyridyl)ethane]!'”) and a
unique 1D coordination polymeric cluster {[Agl(inh)]s-
(KI)}, with hexagonal cluster units centered by pg-1.['11

Herein we use bpp as a bridging ligand due to its net-
working ability!'? and its variable configurations (anti-anti,
anti-gauche, and gauche-gauche; Figure 1), and report the
formation of four bpp-based compounds by self-assembly
with polyiodide species (Scheme 1): 1-3 are cluster com-
pounds and 4 is a triiodide. The good nonlinear optical
effects of cluster 1 are also presented.

m@

anti-anti gauche-gauche

anti-gauche

Figure 1. Three main coordination configurations of bpp.

Cul+KI

'“:[} [(Cul)s(bpp)al. 1
|
Ag|+|([ [ ——

F—— [(Agl)s(bppl], 2
bpp + ES——————
e Pb|!+K| T
—— LGP L
I, +KI = ——————

1 [l (bppH)], 4

Scheme 1. Schematic view of the reactivity of polyiodides toward
bpp under distinct conditions.

Results and Discussion

Preparation of Compounds

As far as the use of insoluble inorganic metal salts in
coordination chemistry is concerned, their solubility is a
crucial question to the related preparation procedure. Se-
veral strategies have been employed to circumvent this prac-
tical problem. Firstly, the use of an appropriate solvent. For
example, THF is a superior solvent to dissolve Hgl, as the
solubility of Hgl, in THF is about 20 times better than that
in ethanol. More than ten Hgl, coordination polymers have
been obtained with the method.['3] The second procedure is
solid-state reaction at low temperature. When an insoluble
salt such as Cul or Agl is mixed and ground with BuyNBr
2260

www.eurjic.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

(or EtyNBr) and MoS,>", the mixture reacts easily at room
temperature or low temperature to give a soluble product
in organic solvents. About six polymeric clusters with novel
motifs have been synthesized with the method.l'* The third
method involves finding a soluble precursor complex. When
the concentration of X~ (X = CI, Br, and I') increases to
a certain level, the solubility of MX increases due to the
formation of polyhalide anion complexes MX, . This
method has been used unintentionally by the addition of
Nal, K1, HI, BuyNI, or Ph,PL"%] and moreover, we found
a small quantity of water is helpful for accelerating the dis-
solution. Many insoluble metal iodides such as Cul, Agl,
Pbl,, Hgl,, etc. can be dissolved efficiently by this method,
and several interesting metal-iodine clusters have been
found."®!"1 In this contribution, complex 1 was prepared
as light-yellow crystals by the addition of a DMF solution
of bpp to a THF/H,O solution of Cul in excess KI. The
product is insoluble in common organic solvents and stable
in air.

Compound 2 was obtained by a similar procedure to that
of 1, except that the mixed solvent THF/CH3;CN/H,O was
used; the use of a single solvent (such as THF or CH3CN)
never gave a perfect crystal. Complex 2 was only obtained
when the solvent evaporation was conducted in the dark
and the solution was nearly dry.

For 3, the dissolution of Pbl, may obey the following
well-known equation: Pbl, + 2KI — K,(Pbly,). Slow evapo-
ration of the solution gives 3 as a colorless crystal. Com-
pound 3 is also the first example of a Pbl, coordination
polymer obtained by the polyiodide reaction.

Compound 4 was obtained without a metal polyiodide.
The formation of I3~ shows its special stability in CH;OH/
H,0.°3 The N-protonation of bpp may be a result of pro-
tonation by the mixed solvents.

Crystal Structure of [(Cul)4(bpp)al,. (1)

In the structure of [(Cul)4(bpp)s), (1), Cu' adopts a dis-
torted Cul,N, tetrahedral coordination sphere and binds
two pyridines from bpp and two bridging iodide counteri-
ons (Figure 2). Both the bridging iodides are also bound to
another symmetry-related Cu' center to form a Cu(p,-1),Cu
rhombohedron. A similar unit is also present in dissociated
dimeric molecules!!'%&1%%] and its self-assembly products
with multitopic ligands.''®1%] Due to the flexibility of both
the Cu-I-Cu and I-Cu-I angles, this Cul,Cu rhomboid
unit can adapt to a given coordination geometry produced
by the ligands.['%®] In 1, these metallic Cul,Cu subunits con-
nect alternately two couples of didentate bpp ligands to
form a one-dimensional double-bridged polymeric chain
which propagates along the a or b crystallographic direc-
tion. The doubly bridging iodides lie above and below the
planes of the chain rings. An interesting feature of 1 is the
parallelity of the Cul,Cu metallacycles. All these cycles re-
tain a plane perpendicular to the double-bridge surfaces,
which shows that the bpp ligands have no evident impact on
the Cul,Cu configuration. On the other hand, the flexible
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trimethylene spacer decreases the rigidity of the chain to
cater for the parallelity of the Cul,Cu rings. From this point
of view, cluster 1 is a typical example of metal-directed self-
assembly.

Figure 2. The elliptic molecular ring with approximate dimensions
of 12.56x10.79 A% in 1.

Another noteworthy aspect of this structure is the exis-
tence of the interweaving linkages. In the doubly bridged
chains, two such subunits and two bpp ligands with distinct

Figure 3. Solid-state structure of 1. Top: The catenation of two
individual [(Cul),(bpp),], chains showing the Hopf links. Bottom:
View along the c-direction the infinite interlocking 2D (4,4) lattice
in 1 showing [2]-catenane nodes. The two individual polymeric
chains are perpendicular to each other and are shown in capped-
stick and space-filling representations, respectively.
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conformations (anti-anti and anti-gauche) form an elliptic
molecular ring with approximate dimensions of
12.56 x10.79 A2. As mentioned above, there are two groups
of equivalent chains extended along the a and b axes,
respectively. Each closed elliptic circuit is penetrated by the
same loop from another chain at the loosest point with a
Hopf link (Figure 3, top), leaving no residual space for sol-
vent inclusion. These two groups of interweaving chains dis-
play 2D “open” vertical interpenetration (Figure 3, bottom)
to give a uniform (4,4) net containing square intermolecular
boxes with approximate dimensions of 12.56%12.56 A2
The catenated coordination rings indicate an ideal separa-
tion between the ligands in each molecular ring, whereas
catenation does not take place if the elliptical rings possess
no voids in their cavities due to the possible excessive flexi-
bility or the entanglement of the ligands. Compound 1 also
emphasizes that optimized ligand conformations are essen-
tial for the self-assembly of catenanes.®] Thus, this net is
clearly different from other reported network topologies
containing Cul,Cu rhomboids!!®®1%] and represents the
first uniform net of [2]-catenane nodes.

Crystal Structure of [(AgD)s(bpp)l.. (2)

The X-ray single-crystal structural analysis showed that
compound 2 crystallizes in the monoclinic system with
space group C2/c. A portion of the cluster is shown in Fig-
ure 4. The structure of 2 is made up of isolated bpp units
and the infinite polymeric cluster [(Agl)e],,.

Figure 4. View of the two-dimensional [Agl]s, double layer in
[(AgDs(bpp)l, (2).

In the polymeric structure, each silver atom is covalently
bonded to three iodines at 2.77-2.87 A in the same layer
(Figure 4). The bond angles are in the range 102-114°. The
iodine and silver atoms can therefore form six-membered
rings but don’t link up to form flat sheets. A fourth strong
Ag-1I covalent force with distances of 2.88-2.97 A holds the
layers together. This interaction prevents the layers from
slipping over each other, which is different from the graph-
ite lattice structure. The cluster can also be seen as a double
layer (6,3) net motif composed of an edge-sharing Aggl,
hexagonal prism-shaped cell. A section of the double layer
of 2 is shown in Figure 5. There have been a series of poly-
meric metal(1) halide clusters reported;!'”! comparing the
crystallographic data available for different classes of silver
2261
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iodide clusters in the Cambridge Structural Database
(CSD) and search results from the Chemical Abstracts dat-
abase with SciFinder Scholar®, we see that compound 2 is
the first example of a 2D bilayer Agl cluster motif.

Figure 5. View showing the alternating [Agl]s;, bilayer and bpp
layer in 2.

There is a closely related example for 2, namely the tri-
azine-based coordination polymer [Cu,l,(tri)], (tri = tri-
azine).['7% In [Cu,l(tri)],, the [Cul], layer is also an undul-
ating hexagonal net, with each six-membered ring adopting
a boat conformation, but the fourth position of the tetrahe-
dral copper center is occupied by a triazine nitrogen and
triazine ligands link [Cul], layers to give alternating cop-
per(1) iodide and triazine layers. Because of the existence of
bridging triazine layers, the longer distances between
neighboring [Cul],, monolayers (minimum Cu-I distance is
6.2-7.1 A) eliminate the possible Cu--I interlayer interac-
tions. In 2, the uncoordinated bpp is more like a cluster
cutter and isolates the [Agl], double layer unit from the
metal polyiodide phase. The [Agl], double layers are much
more regular than [Cul], in [Cu,l,(tri)],, so this structure
can be considered to be a novel topological type for mono-
valent M! halide polymeric clusters.

Crystal Structure of [PbI,(bpp)], (3)

An ORTEP drawing with the atom-numbering scheme of
3 is shown in Figure 6. The geometry around the lead atom
is a distorted octahedron involving the nitrogen atom from
pyridyl donors and the iodine atoms. Around the lead the
four Pb-I distances range from 3.15 to 3.31 A and the Ag—
N distance is 2.64 A. Each Pb also has a supramolecular
interaction with a nitrogen atom from another bpp at a dis-
tance of 2.80 A. The polymeric structure is comprised of
[Pbl,], “staircase clusters” and bpp bridges. The bpp li-
gands link cluster ribbons to form a 2D “open” motif
spreading out in the ab plane. The bpp molecules stack
along the a-axis with a stacking distance of 4.54 A (to the
neighboring equivalent pyridyl ring), forming a two-column
structure between the [Pbl,], ribbons. Each bpp ligand
adopts an anti-anti configuration and the two pyridyl rings
have a dihedral angle of 58.6°. The nearest Pb—Pb distance
along the a-axis is equal to the repetition distance of bpp.
The 2D sheets stack along the c-direction in an ABAB
pattern, with the equivalent interlayer Pb-Pb separation
2262
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distance being 11.92 A. These 2D sheets are similar to those
observed in [PbX2(4,4’-bipy)]n,[18al [Pblz(C]2H10N4)]2n‘

0.57(C,,H,oN,),1'88 and [PbI,(L)], [L = N,N’-bis(3-pyridyl-
[18c]

methyl)-1,4-biphenylenedimethyleneimine].

Figure 6. The 2D sheet structure of 3 formed by association of
[Pbl,], “staircase clusters” through supramolecular Pb---N interac-
tions.

Crystal Structure of [I5(bppH)] (4)

The structure of 4 is made up of organic [bppH]* cations
and I3~ anion chains (Figure 7). The crystal packing is
dominated by noncovalent donor—acceptor interactions in-
volving both N—H-N (2.66 A) hydrogen bonding between
bppH* cations and I--I interactions between I;~ anions.
The triiodide ion is nearly linear (I2-11-13 = 178.12°) and
asymmetric, and has d(I-I) distances of 2.901 and 2.921 A.
The triiodide ions are stacked in zigzag patterns with weak
I; 15 interactions (3.69 A). It is believed that the large
linear deformation of the I5~ ion is a result of the different
environments in the solid state. Packing effects and electro-
static interactions may be considered to explain the induced
asymmetry of I~ here.’®l In 4, all these interactions are
considerably shorter than the sums of the van der Waals
contact distances for the atoms involved (N: 1.55-1.61 A; I:
1.98-2.00 A).'" The anti-anti configuration of bpp is also
retained.

Figure 7. Crystal structure of polyiodide 4.
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Figure 8. UV/Vis spectra of compound 1.

Third-Order NLO Properties of 1

UVIVis Spectra of 1

In the ground state UV/Vis spectra (Figure 8) of 1, two
strong absorption peaks at 300 and 361 nm in the near ul-
traviolet (UV) wavelength range are attributed to the
charge-transfer excitation between Cu™ and I" ions of the
cluster segment, perhaps the HOMO (mostly iodide in
character) to LUMO (mostly metal) cluster-centered transi-
tion suggested by ab initio calculations.?”! In the visible re-
gion, there is a weak linear absorption at 655 nm assigned
to d-d ligand field (LF) transition.l?!]

Nonlinear Effects of 1

A preliminary study of the third-order NLO properties
of 1 was carried out by the Z-scan method ina 1.28x 104 m
DMF solution. The compound exhibits strong nonlinear
optical behavior at 532 nm and the nonlinear optical prop-
erties are dominated by nonlinear refraction. The Z-scan
data of the compound are given in Figure 9. The filled
boxes are the experimental data measured under an open
aperture. The nonlinear refractive components of the com-
pound were assessed by dividing the normalized Z-scan
data obtained in an open-aperture configuration. An effec-
tive third-order nonlinear refractive index, n,, can be de-
rived from the difference between normalized transmittance
values at valley and peak positions (ATy_p) by using Equa-
tion (1), where ATy p is the difference between normalized
transmittance values at valley and peak positions, ay is the
linear coefficient, L is the sample thickness, 7 is the peak
irradiation intensity at focus, and 4 is the wavelength of the
laser. The effective third-order NLO refractive index was
calculated to be 2.56 x107!2 esu. The data show that the
cluster has a positive sign for refractive nonlinearity, and
the valley—peak pattern of the normalized transmitted curve
obtained in the closed-aperture configuration shows the
characteristic self-focusing behavior of propagating light in
the sample.
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Figure 9. Z-scan measurement of the cluster 1in 1.28x104 M DMF
solution.
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Although this value of n, was obtained with a
dilute solution of 1, it is better than many best known
third-order materials in neat solid form, such as SiO,
2x102°m*>W1) and CdS (2.5x10 18 m>W1),[>2
SrLaGa;0; (11.1x102°m?>W!) and Ca,Ga,SiO;
(6.5x102°m?>W1).2%I In particular, the n, value is also
comparable to that of some clusters, including monomers,
oligomers, and polymers in solution, such as the nest-
shaped cluster [MoOS;Cusl(py)s] (3.0x 10717 m>W1),24]
the hexagonal prism cluster [W,SgAgs(AsPhs),]
(5.9%x10°7 m>W1),25 and the 2D microporous cluster
[MoS4Cuglu(py)al, (2.5%10°177 m>W-1).21 We speculate
that the NLO properties of 1 are enhanced, in part, by the
planar skeleton and the Cu'-bpp molecular rings in the
cluster. The heavy-atom effects of the planar “open” struc-
tures in 1 may allow better spin—orbital couplings, and thus
intersystem crossing at the excited states.””! In addition, the
use of heavy atoms such as Cu and I may introduce more
sublevels into the energy hierarchy and provide more al-
lowed electronic transitions for the initial excited state in
2263
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1. The increased numbers of allowed electronic transitions
probably enhance the nonlinear optics. On the other hand,
these planar clusters have higher symmetry than other clus-
ters. This higher symmetry, as in the phthalocyanine sys-
tems,”8] may decrease the probability of ground-state elec-
tronic transitions and gives a smaller absorption cross-sec-
tion, gy, and a larger o /o, (K,) ratio. Our recent results
have also shown that sometimes the metal core and periph-
eral ligands may have a complimentary effect on the
strength of the NLO properties.*”) This presentation is the
first report on the coordination chemistry of metallic poly-
iodides where the systematic incorporation of metal iodide
and organic ligand-based molecular rings into polymeric
cluster networks allows for the fine modulation of their
structural and optical properties. In addition, although the
concentration of coordination polymeric clusters in solu-
tion is apparently limited by their poor solubility, larger
nonlinear index values may be expected if higher concentra-
tions are attained.

Conclusions

The metal halides Cul, Agl, and Pbl, form three dif-
ferent polymeric networks with bpp depending upon the
coordination geometry of the metals and the reaction con-
dition. In 2 bpp isn’t coordinated to the Ag atoms, presum-
ably due to the additional structural rigidity and stability
of the 2D (Agl),, polymer sheet. The use of mixed organic
solvents (THF/CH;CN/H,0O) shows that the formation of
2 is also sensitive to the experimental conditions.['>3-12¢l The
choice of bpp as ligand is of great importance in determin-
ing the cluster skeleton (0D [Cu,l,] for 1, 1D [Pbl,], for
3, and 2D [(Agl)s), for 2) and the final topology of the
supramolecular arrays.

In summary, we have prepared and characterized the first
uniform polycatenane (4,4) net with good NLO properties.
The current work shows that this metallic polyiodides ap-
proach, which incorporates a metal-organic molecular ring
or altering cluster skeletons into polymeric species, is per-
haps a promising research direction in the search for better
NLO materials. Further systematic investigation will focus
on the influence of assembly conditions on the diversity of
cluster networks and the design and construction of better
NLO materials like the planar “open” coordination poly-

Table 1. Selected bond lengths [A] and angles [°] for 1.1

meric cluster 1. Studies are under way to extend this facile
method to other metal polyiodide anions, and to further
probe their structure/properties relationship.

Experimental Section

Genaral: 1,3-Bis(4-pyridyl)propane (bpp) was obtained from Ald-
rich. Other chemicals were obtained from commercial sources and
used as received. All solvents were pre-dried with activated molecu-
lar sieves and refluxed over the appropriate drying agents under
argon. The IR spectrum was recorded with a Shimazu IR435 spec-
trometer as KBr disk (4000-400 cm™'). UV/Vis spectra of 1 were
measured with a HP 8453 ultraviolet-visible spectrophotometer.
The C, H, and N microanalyses were performed with a Perkin—
Elmer 240C instrument.

Preparation of [(Cul)4(bpp)sl, (1): A DMF solution of bpp
(19.8 mg, 0.1 mmol) was added to a stirring colorless solution of
Cul (19 mg, 0.1 mmol) dissolved in 10 mL of THF/H,O (volume
ratio of 1:5) in the presence of excess KI (99.6 mg, 0.6 mmol). The
solution was then filtered and slowly evaporated in a vial at room
temperature. Light-yellow crystals of 1 suitable for X-ray analysis
were obtained after several days in about 22% yield.
Cs,Hs6CuyIyNg (1554.8): caled. C 40.17, H 3.63, N 7.21; found C
40.36, H 3.70, N 7.20. IR (KBr): v = 1608(vs), 1423 (s), 1218 (m),
809 (m) cm™!. UV/Vis (DMF): /. (loge) = 300.0 nm (3.327),
361.0 (3.115), 655.0 (2.004).

Preparation of [(AgI)s(bpp)], (2): Compound 2 was obtained by a
similar reaction procedure from bpp, Agl, and KI (molar ratio =
1:1:6) in THF/CH3;CN/H,O at room temperature. Upon slow evap-
oration in the dark, colorless needles of 2 were harvested in 47 %
yield when the solution was nearly dry. C;3sH4AgslsN, (1606.9):
caled. C 9.74, H 0.88, N 1.75; found C 9.56, H 0.76, N 1.24. IR
(KBr): ¥ = 3428 (sh), 3139 (sh), 2983 (w), 1710 (w), 1620 (s), 1400
(s), 1177 (w), 814 (w), 619 (w), 545 (w) cm .

Preparation of [Pbl,(bpp)l, (3): Compound 3 was obtained by a
similar reaction procedure from bpp, Pbl,, and KI (molar ratio =
1:1:2) in DMF/H,O at room temperature. A colorless polymer 3
was harvested in 25% yield after 1 month. C;3H4I,N,Pb (659.25):
caled. C 23.64, H 2.14, N 4.24; found C 23.56, H 2.20, N 4.24. IR
(KBr): ¥ = 2940 (w), 1606 (s), 1425 (w), 1221 (w), 1010 (m), 815
(m), 514 (w) cm .

Preparation of [I3(bppH)] (4): Compound 4 was obtained by a sim-
ilar reaction procedure from bpp, I,, and KI (molar ratio = 1:1:2)
in CH3;0H/H>O at room temperature. Needle-shaped, dark-red
crystals of 4 were obtained in 32% yield after 1d. C3H;sI3N,
(579.97): caled. C 26.92, H 2.61, N 4.83; found C 26.86, H 2.56, N

Cul-N2 2.048(6) Cul-N1#1
Cu2-11 2.6031(11) Cu2-N3#1
Cu2-12 2.6756(11) Cu2-N4
N2-Cul-N1#1 113.3(2) N2-Cul-I1
N2-Cul-Cu2 112.85(19) N1#1-Cul-Cu2
[1-Cul-Cu2 57.50(3) 12-Cul-Cu2
N4-Cu2-11 111.4(2) N3#1-Cu2-12
N4-Cu2-12 106.2(2) N3#1-Cu2-N4
Cu2-11-Cul 63.28(3) [1-Cu2-12
N4-Cu2—Cul 120.64(19) Cul-12-Cu2
[2-Cu2-Cul 58.83(3) C5-N1-Cul#2

2.067(6) Cul-11 2.6521(12)
2.058(6) Cul-12 2.6690(11)
2.061(7) N1-Cul#2 2.067(6)
104.22(17) NI1-Cul-I1 109.55(17)
133.88(16) NI#l-Cul-12  107.16(17)
59.06(3) N2-Cul-I2 106.8(2)
104.21(18) 11-Cul-12 115.96(4)
108.4(3) N3#1-Cu2-I1  108.73(19)
117.44(4) N3#1-Cu2-Cul 130.71(17)
62.11(3) I11-Cu2 Cul 59.23(3)
122.4(5) CI-NI1-Cul#2  120.8(5)

[a] Symmetry transformations used to generate equivalent atoms: #1: x + 1, y, z; #2: x — 1, y, z.
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Table 2. Selected bond lengths [A] and angles [°] for 2.1

Ag(D)-1(1) 2.853(3) Ag(1)-1(2) 2.860(3) Ag(D)-I(1)#5 2.891(3) Ag(1)-I(1)#3 2.841(3)
I(1)-Ag(1)#1 2.841(3) I(1)-Ag(1)#2 2.891(3) Ag(2)-1(2) 2.971(4) Ag(2)-13) 2.770(3)
Ag2)-13)#1 2.782(3) Ag2)-I(1)#5 2.870(4) I(1)-Ag(2)#2 2.870(4) 102)-Ag(3) 2.839(3)
13)-Ag(2)#3 2.782(3) Ag3)-103)#4 2.821(3) Ag(3)-12)#3 2.867(3) 13)-Ag(3) 2.888(3)
12)-Ag(3)#1 2.867(3) 13)-Ag(3)#4 2.821(3)

Ag(D#1-I(1)-Ag(l)  10649(11)  Ag(D#1-I(1)-Ag)#2  106.68(10)  Ag(1)-I(1)-Ag#2  11343(10)  Ag(D#1-I(1)-Ag()#2 72.88(8)
Ag(D)-I(1)-Ag(D#2  72.70(8) Ag#2-1(1)-Ag(D#2  64.70(11) Ag(3)-1(2)-Ag(1) 98.43(9) Ag3)-12)-AgB)#1  106.17(10)
Ag(D-1Q2)-AgB)#]  104.5909)  Ag(1)-1(2)-Ag(2) 63.80(10) Ag(3)-12)-Ag(2) 65.35(9) Ag2)-13)-Ag)#3  110.49(13)
AgQ#3-13)-Ag(3)  67.22(10)  AgB)#1-12)-Ag2)  65.049) Ag(2)-13)-Ag(3) 67.34(10) Ag2)-13)-AgB)#4  115.38(11)
AgQ#3-13)-Ag3)#4 102.44(10)  Ag()#4-13)-Ag(3)  77.48(10) I(1)#3-Ag(1)-I(1) 106.49(11)  I(1)#3-Ag(1)-12) 112.37(10)
I(#3-Ag(1)-Ag2)  130.65(11)  1(2)-Ag(1)-I(1)#5 117.171)  L(1)-Ag(1)-1(2) 105.77(9) I(#3-Ag()-I(H#S  107.37(9)
12)-Ag(1)-Ag(2) 59.86(10)  I()#5-Ag(1)-Ag(2)  57.31(10) I(1)-Ag(1)-I(1)#5 107.05(9) IG)#1-Ag(2) I(H#5  105.09(12)
13)-Ag(2)-1(3)#1 110.49(13)  1(3)-Ag(2)-I(1)#5 98.41(11) I(1)-Ag(1)-Ag(2) 122.73(10)  I3)#1-Ag(2)-1(2) 113.85(11)
13)-Ag(2)-1(2) 113.38(11)  I3)#1-Ag2)Ag(l)  127.79(13)  L(H#5-Ag(2)-Ag(l)  57.99(9) 1(3)-Ag(2)-Ag(l) 120.28(11)
I()#5-Ag(2)-Ag(3)  122.49(12)  1(2)-Ag(2)-Ag(l) 56.34(10) 1(3)-Ag(2)-Ag(3) 58.13(8) 12)#3-Ag(3)-1(3) 113.84(10)
I(#5-Ag2)-Ag)#] 129.68(13)  I3)#1-Ag2)-AgB3)  131.71(15)  L(H#5-Ag(2)-12) 114.33(12)  1(2)-Ag(3)-Ag2) 59.37(9)
12)-Ag2)-Ag3)#1  55.87(9) 12)-Ag(2)-Ag(3) 55.29(9) 13)-Ag(2)-Ag(3)#1 131.66(15)  I(3)#4-Ag(3)-1(3) 102.52(10)
I0)#4-Ag(3)-1Q)#3  103.72(10)  1(2)-Ag(3)-1(2)#3 106.17(10)  IG)#1-Ag2)-Ag3)#]1  58.00(8) IQ#3-Ag(3)-Ag2)  130.65(13)
I0)#4-Ag(3)-Ag2)  125.29(13)  1(2)-Ag(3)-1(3) 113.87(10)  I3)#4-Ag(3)-1(2) 116.53(11)  I3)#4-Ag(3)-Ag(Q#3 112.97(12)
13)-Ag(3)-AgQ)#3  54.78(9) 13)-Ag(3)-Ag(2) 54.53(9) 12)-Ag(3)-Ag)#3  130.47(14)  1Q)#3-Ag3)-Ag)#3 59.0909)

[a] Symmetry transformations used to generate equivalent atoms: #1: x, y + 1, z; #2: —x + 1/2, y + 172, z + 1/2; #3: x, y — 1, z; #4: —x
+ 12,y =112, =z + 1; #5: —x + 1/2, y — 112, —z + 1/2; #6: —x, y, —z + 1/2.

Table 3. Selected bond lengths [A] and angles [°] for 3 and 4.

Compound 3

Pb(1)-N(2)#1 2.64(3) Pb(1)-1I(1) 3.154(2) Pb(1)-1(2)#2 3.165(2) Pb(1)-1(2) 3.280(2)
Pb(1)-I(1)#3 3.315(2) I(1)-Pb(1)#2 3.315(2) 1(2)-Pb(1)#3 3.165(2) N(2)-Pb(1)#4 2.64(3)
N(Q2)#1-Pb(1)-1(1) 98.0(7) NQ)#1-Pb(1)-1(2)#2  91.7(6) I(1)-Pb(1)-1(2)#2 93.06(5) NQ)#1-Pb(1)-1(2) 81.5(7)
1(1)-Pb(1)-1(2) 177.27(5) 1(2)#2-Pb(1)-1(2) 89.63(5) NQ)#1-Pb(1)-I(1)#3 87.6(6) I(1)-Pb(1)-I(1)#3 89.18(5)
12)#2-Pb(1)-I()#3  177.71(6) 1(2)-Pb(1)-I(1)#3 88.12(5) Pb(1)-I(1)-Pb(1)#2  89.18(5) Pb(1)#3-1(2)-Pb(l)  89.63(5)
Compound 4

I(1)-1(3) 2.9012(10) I(1)-1(2) 2.9204(10) N(1)-C(1) 1.333(10) N(1)-C(5) 1.343(9)
N(2)-C(13) 1.338(9) N(2)-C(9) 1.342(9)

1(3)-1(1)-1(2) 178.11(3) C(1)-N(1)-C(5) 118.2(7) C(13)-N(2)-C(©9) 119.9(7) N(I)-C(1)-C(2) 122.2(8)
C(4)-C(3)-C(2) 116.9(7) N(1)-C(5)-C(4) 122.5(7) C(3)-C(6)-C(7) 108.6(6) C(6)-C(7)-C(8) 113.7(6)
C(11)-C(8)-C(7) 109.3(6) C(12)-C(11)-C(10) 117.0(6)

[a] Symmetry transformations used to generate equivalent atoms in 3: #1: x, y— 1, z; #2: x + Ly, z; #3: x - Ly, z; #4: x, y + 1, z.

Table 4. Crystal data, data collection, and structure-refinement parameters for 1-4.

Compound [(Cul)4(bpp)a], (1) [(AgDs(bpp)], (2) [PbIx(bpp)], (3) [I;3(bppH)] (4)
Formula C52H56cu4I4N8 C13H14Ag616N2 C]3H1412N2Pb C13H1513N2
Formula weight 1554.81 1606.88 659.25 579.97
Crystal system tetragonal monoclinic monoclinic orthorhombic
Space group P42,2 C2le P2, Phca
a[A] 12.5555(2) 29.891(6) 4.5429(9) 17.245(3)
b [A] 12.5555(2) 4.5617(9) 15.305(3) 9.4476(19)
c[A] 36.437(7) 23.470(5) 11.925(2) 21.811(4)

© 90 123.37(3) 95.00(3) 90
Volume [A?] 5743.9(16) 2672.7(9) 825.9(3) 3553.5(12)
Z 4 4 2 8
Peated. Mgm3] 1.798 3.993 2.651 2.168
u [mm] 3.651 11.245 13.937 5.265
F(000) 3008 2824 588 2128
Temperature [K] 291(2) 291(2) 291(2) 291(2)
J (Mo-K,) [A] 0.71073 0.71073 0.71073 0.71073
Reflections collected 10600 3371 2130 8775
Independent reflections 10284 2046 1994 2977
Goodness-of-fit on F? 1.027 1.137 1.075 1.137
Final R,/ wR,®! 0.0448, 0.0741 0.0870,0.2626 0.0951, 0.2475 0.0514, 0.1060
R indices (all data) 0.1074, 0.0862 0.1030, 0.2813 0.0951, 0.2475 0.0845, 0.1172
Largest peak, hole [e A3 0.002, 0.000 2.318, -3.230 6.436, -2.119 0.990, —0.973

[a] R, = X|F,| — |FIIZIE,). [b] wRy = [Ew(F,2 — |F2AYEw|F2R] 2 w = U[o*(F,)? + 0.0297P2 + 27.5680P], where P = (F,2 + 2F.2)/3.
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475. IR (KBr): v = 3029 (w), 2922 (w), 1616 (s), 1501 (w), 1406
(w), 1351 (w), 1223 (w), 1029 (m), 816 (m), 618 (w), 552 (w), 442
(W) cm .

Nonlinear Optical Measurements: The optical measurements were
performed with linearly polarized 8-ns pulses at 532 nm generated
from a frequency-doubled Q-switched Nd:YAG laser. This wave-
length is of paramount practical importance in the field of optical
limiting as well as the design and fabrication of resonance cavities
of lasers. The spatial profiles of the pulses were nearly Gaussian
after a spatial filter was employed. A DMF solution of compound
1 was placed in a 1-mm-thick quartz cell for optical limiting mea-
surements. Crystalline samples of 1 are stable toward oxygen,
moisture, and laser light. The laser pulse was focused into the cells
containing the non-linear medium with a 250-mm focal length lens.
The laser beam was divided into two beams. One was used to moni-
tor the incident laser energy meter and the other was focused onto
the sample cell. The input and the output energies of the beams
were measured with an energy meter (Laser Precision Rjp-735),
which were linked to a computer by an IEEE interface.’%3!] The
experimental data were collected utilizing a single shot at a rate of
1 pulse per minute to avoid the influence of thermal effects.

X-ray Crystallography: Crystallographic data for the title com-
pounds were collected using Mo-K,, radiation (1 = 0.71073 A) on
a Rigaku RAXIS-IV image plate area detector. The data were cor-
rected for Lorentz and polarization factors and for absorption by
using empirical scan data. The structure was solved with the
SHELX program,*?l and refined by full-matrix least-squares meth-
ods based on F?, with anisotropic thermal parameters for the non-
hydrogen atoms. The hydrogen atoms were located theoretically
and not refined. Selected bond lengths and bond angles for 1
(Table 1), 2 (Table 2), and 3 and 4 (Table 3) are given below. Crystal
data are summarized in detail in Table 4.

CCDC-252911 (for 1), -287706 (for 2), -287707 (for 3), and -287708
(for 4) contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crys-
tallographic Data Center via www.ccdc.cam.ac.uk/data_request/cif.
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