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Metal Ions Play Different Roles in the
Third-Order Nonlinear Optical Properties of
d" Metal-Organic Clusters**

Hongwei Hou,* Yongli Wei, Yinglin Song, Liwei Mi,
Mingsheng Tang, Linke Li, and Yaoting Fan

Research into nonlinear optical (NLO) materials has become
increasingly intensive because of their potential applications
in optical fibers, data storage, optical computing, image
processing, optical switching, and optical limiting.!"! Thus, the
design and synthesis of new materials with large NLO
capability represents an active field in modern chemistry,
physics, and materials science.” Metal clusters are reported to
be excellent candidates for NLO materials® since they
involve dn—pm delocalized systems and dn—dm conjugated
systems.! These compounds have a large variety of structures
and diverse electronic properties that can be tuned by virtue
of the coordinated metal;®' thus the opportunity exists to tune
the NLO properties of metal complexes. Metal clusters can
also extend the m-conjugated length, which is one of the many
methods used to increase molecular NLO susceptibility
% values. Moreover, the NLO properties of metal clusters
can be enhanced by the introduction of metal—ligand and
ligand —metal charge-transfer states.®! Although many meth-
ods can be used to promote the NLO properties of metal
clusters, the origination of the NLO properties is the
delocalization of the m-electron cloud.” This delocalization
in metal clusters is mainly brought about by metal ions
constructing the skeleton and organic ligands fixing the
skeleton, thus both the metal ions and the organic ligands
should be important for the nonlinear optical properties of
the clusters. To the best of our knowledge, however, all studies
confirm that heavy-metal ions play very important roles on
the third-order NLO properties of metal clusters because
their incorporation introduces more sublevels into the energy
hierarchy, which permits more allowed electronic transitions
to take place and hence a larger NLO effect to be produced.™
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However, we believe that both metal ions and ligands affect
the NLO properties from their contribution to the delocal-
ization of the m-electron cloud. If metal ions make a greater
contribution than ligands, then the effect of the metal ions on
the NLO properties will be greater; however, ligands can also
make an important contribution to the NLO properties.

How do we investigate the contribution of metal ions and
ligands to the delocalization of the m-electron cloud? The
frontier molecular orbital corresponds to the delocalization of
the m-electron cloud, so we can understand the contribution
of metal ions and ligands to the delocalization of the m-
electron cloud by calculating their component of the frontier
molecular orbital. We can then deduce whether the metal ions
or ligands play more important roles in the NLO properties.
This approach has been utilized herein. We prepared 2,6-
dicarboxamido-2-pyridylpyridine (H,dcapp), the unique
crownlike cluster [Ag;,(dcapp),]-2(OH)-12H,0 (1), as well
as clusters [Zn,O(dcapp);]-6 H,O (2) and [Hg,(dcapp),] (3),
and studied their third-order NLO properties. We determined
by quantum chemical calculations the contribution the metal
ions and organic ligands make to the NLO properties and
found them to be consistent with the experimental results. In
addition, we found that the population of the triplet excited
state for nanosecond laser radiation is responsible for the
third-order nonlinear properties of these compounds.

The reaction of AgNO; with 0.5 equivalents of H,dcapp in
a mixture of THF, DMF (N,N-dimethylformamide), and H,O
leads to the formation of the light-yellow decanuclear cluster
[Agio(dcapp),]-2 (OH)-12H,0 (Figure 1).”! The main unit is a
decanuclear silver aggregate [Ago(dcapp),]*", which has a
crownlike architecture. The ten silver atoms are arranged in
two irregular tetrahedrons (Agl-AglA-Ag2-Ag2A and
AglB-AglC-Ag2B-Ag2C) and a distorted octahedron
(Ag2-Ag2A-Ag2B-Ag2C-Ag3-Ag3A). The two tetrahedrons
and the octahedron are connected by the two edges Ag2-
Ag2A and Ag2B-Ag2C. The edge lengths of the tetrahedra
are in the range 2.8329(16)-3.0259(9) A, and in the octahe-
dron the closest Ag--Ag contacts are found and range from
2.6521(9) to 29345(11) A. The Ag2-Ag3 distance
(2.6521(9) A) is much shorter than that in elemental silver
(2.88 A). The distances of 2.8329(16)-3.0259(9) A are com-
parable t02.88 A and twice the van der Waals radius for silver
atoms (3.44 A). We could calculate Wiberg bond orders!"" by
quantum chemical calculation and found that the Ag2—Ag3
bond order is 0.1354, thus indicating a strong metal-metal
bond between the Ag2 and Ag3 atoms, while other Ag—Ag
bond orders are in the range from 0.0847 to 0.0371, thus
suggesting the existence of further metal-metal bonds. In
addition, Wiberg bond orders of Ag—N range from 0.2329 to
0.3453 and the C—C bond orders are about 1.4.

There are three crystallographically distinct silver ions in
the decanuclear silver cluster [Ag;o(dcapp),]**. Agl ions are
located on both sides of the crown and are coordinated to
three nitrogen atoms and three Ag ions; Ag3 ions coordinate
with two N atoms and further bond to four Ag2ions; and
Ag2 ions are surrounded by two N atoms and six Ag ions.
Each ligand surrounds the silver ions in a helical conforma-
tion and functions as a pentadentate building block, in which
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Figure 1. a) Crystal structure of the decanuclear cluster [Ag,,(dcapp).]
-2 (OH)-12H,0 (1). Ag atoms are shown as green, yellow, and pink
spheres; O red, N blue, C gray, H white. b) Arrangement of the

10 silver atoms.

N1, N3, N4, and N5 are monocoordinated to a silver center,
while N2 acts as a u, donor.

The colorless tetranuclear cluster 2 was prepared from
H,dcapp and Zn(OAc),"6 H,0.”! The arrangement of the zinc
ions and the bridging modes of the dcapp®~ ligands are shown
in Figure 2. The cluster consists of three dcapp®~ and four zinc
ions and a central oxygen atom. Five N atoms of each ligand
coordinate to three Zn ions. The four Zn—O,,, bond lengths
are almost equivalent, and the Zn-O,,-Zn bond angle (av)
is 109.4°. The Zn,O%" core is an almost perfect tetrahedron,
with Zn--Zn separations ranging from 3.117 to 3.240 A, which
is consistent with tetrazinc carbamato complexes having a
Zn,0% core."'! Wiberg bond orders of Zn—Zn are about 0.01,
thus showing the presence of a weak Zn—Z7n metal bond. The
corresponding Wiberg bond orders of Zn—O and Zn—N are
about 0.38 and 0.26, respectively. The Zn,O% cluster ion plays
an important role in metal organic frameworks (MOFs),
which are novel microporous materials that show potential
applications in catalysis, gas storage, and molecular recog-
nition.?

The reaction of H,dcapp with Hg(OAc),2H,O leads to
colorless block crystals [Hg,(dcapp),] (3, Figure 3).’7 The
Hg(1)--Hg(2) distance is 3.157 A, which is comparable to
twice the van der Waals radius of Hg atoms (3.10 A). The
Wiberg bond order of Hg(1)—Hg(2) is 0.0106, thus indicating
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Figure 2. The structure of cluster [Zn,O(dcapp);]-6 H,O (2). Zn pale
blue spheres; O red, N blue, C gray, H white.

Figure 3. The molecular structure of [Hg,(dcapp),] (3). Hg purple
spheres; O red, N blue, C gray, H white.

a weak interaction between the two Hg ions. The correspond-
ing Wiberg bond orders of Hg—N are about 0.52. There are
few reports of polynuclear Hg complexes™ apart from
organomercury compounds.'¥ The two dcapp?~ ligands wrap
helically around the two Hg centers, with the length of the
double helix being 3.157 A.

The third-order NLO properties of 1-3 and H,dcapp were
investigated with laser pulses of wavelength 532 nm and
duration 8 ns by a Z-scan experiment in DMF solution. The
results show that cluster 1 exhibits both very strong NLO
absorptive and refractive effects, while H,dcapp as well as
clusters 2 and 3 show weaker NLO absorption and strong
NLO refractive behavior. The linear absorption spectra of
H,dcapp and 1-3 in DMF are shown in Figure 4. The
absorption of the ground state is low in the visible and near-
infrared wavelength region (>380 nm); the maxima of the
absorption bands for the ground state are 286 nm for
H,dcapp, 282 nm for 1, 311 nm for 2, and 296 nm for 3. The
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Figure 4. The linear absorption spectra of H,dcapp, 1, 2, and 3, at
6.2x107% 2.0x107%, 3.7x 10, and 4.8x10° m, respectively, in DMF.

wavelength of the laser light (532 nm) is within the non-
resonant absorption region.

The NLO absorption components were evaluated by a Z-
scan experiment using an open-aperture configuration.
Figure 5 depicts the NLO absorptive properties of 1 and
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Figure 5. NLO absorptive properties of a 4.1x107*m solution of [Ag;,-
(dcapp)4]-2 (OH)-12H,0 (1) in DMF. The black squares are the experi-
mental data, and the solid curve is the theoretical fit."”

clearly illustrates that the absorption increases as the intensity
of the incident light rises, with light transmittance (7)) being a
function of the Z position of the samples. A reasonably good
fit between the experimental data and the theoretical curves
was obtained. This result suggests that the experimentally
detected NLO effects have an effective third-order character-
istic. It is clear that the theoretical curves qualitatively
reproduce the general pattern of the observed experimental
data." The nonlinear absorptive index g, is calculated to be
1.4x10" mW™! for a 4.1 x 10~*m solution in DMF.

The nonlinear refractive components were assessed by
dividing the normalized Z-scan data obtained under a closed-
aperture configuration by the normalized Z-scan data
obtained under the open-aperture configuration. Figure 6
depicts the nonlinear refractive effects of 1-3 and H,dcapp.
The valleys and peaks occur at equal distances from the focus.
These results are consistent with the notion that the observed
optical nonlinearity has an effective third-order dependence

www.angewandte.de

Chemie

6223


http://www.angewandte.de

Zuschriften

6224

a) 1.25-
1.20-

1.154 *.\f
1.10 [
1.05-
1.00-
0.95
0.90 i .
0.85 'y
0.80

Normalized transmission —»
"
.
{

Normalized transmission —

40 20 0 20 40 60 80

Z Position/mm ——

60

i

1.10 N
1.05
1.00

0.954

0.904

Normalized transmission —»

T T T T

T
-20 0 20 40 60
Z Position/mm ——

A=A

Normalized transmission —» o

1.124
] -
1.08 A"
1.04] -\ .
Bl " . ( - ‘\\ LT
] ey J‘ LIy - L] -
1.00 — / - e
i [l -. \\‘- . ., L] -.-l
0.96 L
4 ll‘\\ /’
0.92 Ly
088 T T T T T T T T
-30 -20 -10 0 10 20 30 40
Z Position/mm ——
1.12
1.08 1 (.I
1 fa _m ®
1.04] . . LN S
1 an " a  "m ) L R -
h e " " o mm ™ wg "
100_ F.. x‘:;l\: ‘* ..I ‘ .-. I.‘ -
L i [} LI m
0.961 -t - Eh .
] AL
0.924 M
0.884
—60 —40 —20 0 20 40 60 80

Z Position/mm ——

Figure 6. NLO refractive properties: a) [Agyo(dcapp)4]-2 (OH)-12H,0 (4.1x107*m) in DMF; b) [Zn,O(dcapp);]-6 H,O (7.5x107* M) in DMF;
c) [Hg,(dcapp),] (9.7x107*m) in DMF; d) H,dcapp (3.1x107m) in DMF. The black squares are the experimental data, and the solid curves are

the theoretical fit.

on the incident electromagnetic field."®! A reasonably good fit
between the experimental data (black squares) and the
theoretical curves (solid curves) was obtained.!"” The effec-
tive third-order refractive index n, of 1-3 and H,dcapp are
calculated to be 2.2x 1071, 1.2x 107!, 1.3x107", and 1.1 x
107" esu, respectively.

It is very interesting that the NLO properties of 1 are
completely different from those of 2, 3, and H,dcapp. Cluster
1 shows strong NLO absorption and refractive effects, but 2, 3,
and H,dcapp only show NLO refractive behavior and give the
same refractive index n, value. It can be seen from the results
that the Agions play very important roles in the NLO
behavior of 1, while the influence of the Zn and Hg ions to the
optical nonlinearity of 2 and 3 is very small, with the
dcapp”” ligands dominating the optical nonlinearity. The
reason for this difference cannot be explained by the heavy-
atom effect: the strength of the NLO properties can be
altered by the m-back-donation capacity of the metal ions to
the ligands, and the increased m-back-donation capacity of the
metal ions to the ligands may enhance the extension of the
electronic  system and improve the NLO properties.®!

It was reported that the NLO properties of m-conjugated
complexes originate from the delocalization of the m-electron
cloud.[” Since the delocalization corresponds to the frontier
molecular orbital, we can determine the contribution of the
Agt, Zn**, Hg*, and dcapp” ions to the NLO properties of
clusters 1-3 by molecular orbital theory. We have calculated
the frontier molecular orbitals of cluster skeletons [Ag,-
(dcapp)y]**, [Zn,O(dcapp)s], and [Hg,(dcapp),] by density
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functional theory (DFT) and Hartree-Fock (HF) calculations
using the LanL2MB basis set.'” It can be seen from Figure 7
that the frontier molecular orbitals of [Ag,(dcapp).]*',
namely HOMO-1, HOMO, LUMO, and LUMO +1, are
Ag*- and dcapp® -based orbitals (DFT/B3LYP 11.08, 5.01,
37.06, 80.84 %, respectively, and HF 6.13, 6.94, 63.96, 83.28 %,
respectively, for Ag*,): HOMO—1 and HOMO are primarily
dcapp®~-based orbitals, while LUMO + 1 is primarily an Ag*-
based orbital. The frontier molecular orbitals in [Zn,O-
(dcapp)s] (Figure 8) are primarily dcapp’-based orbitals
(DFT/B3LYP 0.92, 0.94, 1.80, 2.03 %, respectively, and HF
1.48, 1.24, 2.01, 2.22 %, respectively, for Zn**,), and the four
orbitals have barely any Zn?** character. In addition, the
frontier molecular orbitals in [Hg,(dcapp),] (Figure 9) are
also primarily dcapp® -based orbitals (DFT/B3LYP 1.48, 1.58,
1.58, 1.61 %, respectively, and HF 1.88, 1.79, 1.32, 7.50 %,
respectively, for Hg*,). It is usually found that the electron in
the highest occupied molecular orbital (HOMO) or the next
highest occupied molecular orbital (HOMO-1) is excited to
the lowest unoccupied molecular orbital (LUMO) or the next
lowest unoccupied molecular orbital (LUMO + 1) to give the
first excited singlet state S, or the first excited triplet state T;.
In general, the photochemical and photophysical properties
of compounds are governed by the first excited singlet state S,
and the first excited triplet state T}, thus the most important
frontier orbital is LUMO or LUMO + 1. Both the Ag*t and
dcapp® ions contribute to the LUMO and LUMO 41 of
[Ag;o(dcapp),])*t, while the LUMO and LUMO +1 of [Zn,O-
(dcapp);] and [Hg,(dcapp),] primarily have dcapp”~ charac-
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should be able to respond quickly to
the incident light and become increas-
ingly opaque as the incident light
increases in intensity. Cluster 1 dis-
plays such an OL ability, but 2, 3, and
H,dcapp do not; they give weaker OL
effects. The optical limiting effect of 1
is depicted in Figure 10. The linear
transmittance is 70%. The light
energy transmitted starts to deviate
from Beer’s law as the intensity of the
input light reaches 0.03Jem™, and
the material becomes increasingly
less transparent as the intensity rises.
The optical limiting threshold, which
is defined as the incident intensity at
which the actual transmittance falls to
50% of the corresponding linear
transmittance, is 0.15Jcm™, with a
saturation intensity transmitted of
0.23 Jcm 2. Lower limiting thresholds
and saturation levels provide a
greater safety margin for device pro-
tection. It is interesting to compare
cluster 1 with other well-known opti-
cal limiting materials for nanosecond
pulsed radiation of 532 nm wave-

Figure 7. The frontier molecular orbital of [Ag;-
(dcapp)J*": a) HOMO—1, b) HOMO, c) LUMO,
d) LUMO+1. Ag light blue, N dark blue, O red,
C gray, H white.

ter. Therefore, we can deduce that the NLO
properties of cluster 1 are controlled by the
Ag*' and dcapp® ions while in clusters 2
and 3 the Zn’" and Hg**ions have no
influence on the NLO properties, which are
dominated by the dcapp’ ligands. This
finding is consistent with the experimental
results: 2, 3, and H,dcapp show the same
NLO refractive behavior (self-focusing
effect) and also have the same refractive
index n, value, while 1 not only shows a
strong NLO refractive effect (self-focusing)
but also displays strong NLO absorptive
properties. It should be pointed out that
both the excited-state population (and
absorption) and the two-photon absorption
can be responsible for the measured NLO
effect.l') In addition, it can be seen from
Figure 7 that there are large dm—dm con-
jugated systems in the LUMO and
LUMO +1 of [Agy,(dcapp),]*" which can
enhance the molecular NLO properties.
The strong nonlinear absorption makes

cluster 1 an interesting case for an optical Figure 8. The frontier molecular orbital of [Zn,O(dcapp);]: a) HOMO—-1, b) HOMO, ¢) LUMO,
limiting (OL) study. An ideal OL material d) LUMO+1. Atoms colors as in Figure 2.
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Figure 9. The frontier molecular orbital of [Hg,(dcapp),]: a) HOMO—-1, b) HOMO, c) LUMO,

d) LUMO+1. Hg silver, N blue, O red, C gray, H white.
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Figure 10. Optical limiting effect of [Ag,o(dcapp),]-2 (OH)-12H,0
(4.1x107* M) in DMF.

length. The optical limiting threshold of 1 (0.15Jcm™?) is
lower than that observed in Cy, and the octanuclear Ag cluster
[Agg(2,4,6-iPr;CsH,Se)s] "1 The lower limiting threshold
makes cluster 1 a very promising candidate for broadband
OL applications.

It should be pointed out that our measurement of the
transmitted pulse energy was conducted with a full collection

www.angewandte.de
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of the transmitted pulse, and no aperture
was used. Therefore, the observed OL
originates from an NLO absorptive pro-
cess."! Most nanosecond OL perform-
ances, such as that of Cg, can be inter-
preted by the five-level (three singlet
states and two triplet states) model, and a
triplet—triplet transition has been identi-
fied as the main mechanism responsible
for nanosecond OL effects."! Ji etal.
developed a five-level model for metal
clusters: one ground state, one excited
singlet state, one ionized state, one first
excited triplet state, and one higher
excited triplet state. The initial absorp-
tion promotes molecules from the
ground to the excited singlet state, the
ionized state, and to the first excited
triplet state, and then further absorption
excites the molecules in the first excited
triplet state to the higher excited triplet
state. If the absorption cross-section of
the triplet state is greater than that of the
ground state, then the absorption
becomes stronger as the incident inten-
sity increases, which results in an OL
effect.'”]

To further study the third-order opti-
cal nonlinearity performance of 1-3, and
H,dcapp we investigated their NLO
properties with laser pulses of wave-
length 532 nm and duration 30 ps by the
closed-aperture Z-scan experiment in
DMF solution (Figure 11). We find from the data that the
closed-aperture Z-scan experimental curves of 1-3 and
H,dcapp in DMF solution are the same as that of the DMF
solvent for laser radiation of picosecond duration. Moreover,
the experimental curve (4 ) of H,dcapp at a higher concen-

1.6 O: DMF
+1 H,dcapp (higher C)
1 1.4 ,? I1—|2dcapp (lower C)
c 1 0:2
:é 1.2 A3
£
2 1.0
g
=
X 08
®
£ A
2 e %
0.4 °
T T
0

T T T T T

76l0 ‘ 74|0 ‘ —20 20 40 60
Z Position/mm ——>
Figure 11. The NLO properties of clusters 1, 2, 3, and H,dcapp
(3.4x107*,2.3x107%, 3.4x107* and 2.0x107m (or 9.3x 107> m),
respectively) in DMF solution, as well as DMF itself, with laser pulses
of wavelength 532 nm and duration 30 ps by the closed-aperture
Z-scan experiment.
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tration (9.3 x 10~°M) in DMF solution is the same as that (2)
of H,dcapp at lower concentration (2.0 x 107>m). Hence, we
believe that there exists no third-order optical nonlinearity
for 1-3 and H,dcapp with laser radiation of picosecond
duration. This result also shows that the population of the
singlet excited state cannot contribute to the third-order
optical nonlinearity performance of 1-3 and H,dcapp with
laser radiation of nanosecond duration. The third-order
nonlinearity performance results from the population of the
triplet excited state in nanosecond laser radiation. For
comparison, the closed-aperture Z-scan experiment of a
solution of C4 in toluene was also investigated with laser
pulses of wavelength 532 nm and 30 ps duration (Cy, gives
strong NLO properties; see Supporting Information). This
result illustrates that the NLO performance of Cy, is brought
about by the population of the singlet excited state and triplet
excited state in laser radiation of nanosecond duration, and it
is different from those of 1-3 and H,dcapp.

Experimental Section

H,dcapp: 2,6-Pyridyldicarboxylic acid (1.67 g, 10 mmol) was dis-
solved in SOCI, (20 mL). The resulting 2,6-pyridinedicarboxylic acid
chloride was dissolved in anhydrous pyridine (10 mL), and a solution
of 2-aminopyridine (1.90 g, 20 mmol) in pyridine was added dropwise
with stirring in an ice bath. Yield: 4.21 g (70%). IR (KBr): 7=1698,
1579, 1545, 1442, 1322, 999, 780 cm™'. Elemental analysis (%) calcd
for C;H;3N50,: C 63.95, H 4.08, N 21.94; found: C 63.14, H 451, N
21.81; "TH NMR (400 MHz, DMSO, 25°C, TMS): 6 =7.25 (quin, 2H;
C¢H,), 7.93 (hept, 2H; CH,), 8.31 (hept, 3H; C¢H,), 8.41 (d, 2H;
CeH,), 8.50 ppm (d, 2H; C;H,); ESI-MS: m/z: 319.9 [H,dcapp + H] ™.

1: The cluster was prepared by reaction of AgNO; (0.0169 g,
0.1 mmol) with H,dcapp (0.0161 g, 0.05 mmol) in a mixture of THF
(1 mL), water (1 mL), and DMF (4 mL). The reaction mixture
crystallized at room temperature on slow evaporation of the solvent
to give the desired decanuclear silver cluster as a light-yellow
crystalline solid. Yield: 63 %. IR (KBr): 7=1702, 1572, 1532, 1439,
1419, 1384, 1319, 1148, 774 cm™'. Elemental analysis (%) calcd for
CyH;5AgsN Oy C32.15, H 2.75, N 11.03; found: C 33.01, H 2.12, N
11.03.

2: A solution of H,dcapp (0.0161 g, 0.05 mmol) in DMF (5 mL)
was added to a solution of Zn(OAc),2H,0 (0.1 mmol, 0.0219 g) in
methanol (5 mL). The mixture solution was left to stand in the air at
room temperature for a week, which resulted in colorless crystals
suitable for X-ray diffraction analysis. Yield: 46%. IR (KBr): 7=
1616, 1578, 1556, 1477, 1434, 1381, 1312, 1160, 779 cm™'. Elemental
analysis (%) caled for C5H,sN;5O,3Zn,: C 45.76, H 3.36, N 15.70;
found: C 44.98, H 3.21, N 15.38.

3: Complex 3 was prepared in an analogous manner to that used
to prepare 2, except that Hg(OAc),x2H,0 was used instead of
Zn(OAc), x 2H,0. Yield: 40 %. IR (KBr): #=1630, 1581, 1460, 1433,
1385, 1355, 779cm™. Elemental analysis (%) calcd for
CyH,,Hg,N (O, C 39.47, H 2.13, N 13.54; found: C 38.95, H 2.00,
N 13.27.
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