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ABSTRACT: A new polymeric Ag(I) complex
{[Ag2(pbbt)3](NO3)2�0.5H2O}n [where pbbt ¼ 1,10-(1,3-propyl-
ene)-bis-1H-benzotriazole] was synthesized as a good optical
limiter. Single-crystal X-ray diffraction determined that the
complex assumed a rare, two-dimensional lamellar struc-
tural motif with isolated cavities of [Ag6(pbbt)6]. The Z-scan
measurements of an 8-ns pulsed laser at 532 nm revealed
that the presented complex in dimethylformamide exhibited
very strong third-order optical nonlinear absorption. The op-
tical-limiting (OL) performance was investigated in the sam-
ple of the complex induced by 8-ns and 30-ps pulses at 532

nm. The results show that this complex exhibited large OL
effects with a very low limiting threshold value of 0.16 J/
cm2 under 8-ns pulse and 0.56 J/cm2 under 30-ps pulses,
among those of the best OL materials. Density functional
theory calculation results further confirmed the cooperative
contributions of Ag ions and bridge ligands to the optical
nonlinearities of Ag(I)-containing metal–organic complex.
VC 2011 Wiley Periodicals, Inc. J Appl Polym Sci 125: 682–689, 2012
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INTRODUCTION

Along with the rapid development of new lasers
with shorter pulses, higher peak intensities, and tun-
able wavelengths, optical-limiting (OL) materials
have generated much interest for their applications
in protecting human eyes and sensors from intense
optical beams.1–3 As promising OL materials, inor-
ganic semiconductors, organic materials, nanopar-
ticles, metallophthalocyanine complexes, and fuller-
ene and its derivatives have been studied
extensively. Still, each class has its own merit and li-
mitation. For example, although fullerene is a promi-
nent OL material, its poor solubility is a serious
shortcoming and, thus, hinders its promise for OL
use. Therefore, current research in this field depends
critically on the development of new OL materials.

Metal–organic complexes were originally found to
present low nonlinear optical (NLO) activity at the end

of the 1980s and, thus, were mainly academic curiosi-
ties. In recent decades, however, metal–organic com-
plexes were found to have various kinds of fantastic
structures, many of which possess potential applica-
tions, including as potential OL materials.4–6 The most
promising feature in metal–organic complexes is the
opportunity provided to modify and optimize their
building blocks at the molecular level for the design of
highly active OL-phores. In previous works, we investi-
gated some Ag-containing complexes with enhanced
OL properties, including the polymeric complexes
{[Ag(bpfp)](NO3)(H2O)}n (where bpfp is N,N0-bis(3-
pyridylformyl) piperazine) and {[Ag(btx)](NO3)H2O}n
[where btx is 1, 4-bis(triazol-1-ylmethyl) benzene],7 the
cluster Ag10(dcapp)4]�2(OH)�12H2O (where H2dcapp is
2,6-dicarboxamido-2-pyridylpyridine),8 and the one-
dimensional polymeric cluster {[AgI(inh)]6(KI)}n (where
inh is N-(isonicotinoyl)-N-nicotinoylhydrazine),9 all of
which showed interesting and strong OL effects. To de-
velop this promising field and also to search for better
OL materials, we herein present our studies on the
structural and NLO properties of a new metal–organic
polymeric complex {[Ag2(pbbt)3](NO3)2�0.5H2O}n
(where pbbt ¼ 1,10-(1,3-propylene)-bis-1H-benzotria-
zole) (1). The complex showed large OL capabilities,
both toward nanosecond and picosecond pulses on the
basis of cubic NLO properties. By density functional
theory (DFT) calculation and comparing this complex
to the pure ligand pbbt, we gleaned some information
about the relationship between the structure and NLO
properties (Scheme 1).

Additional Supporting Information may be found in the
online version of this article.

Correspondence to: H. Hou (houhongw@zzu.edu.cn).
Contract grant sponsor: Education Department of

He’nan Province; contract grant number: 2010A150025.
Contract grant sponsor: Science and Technology Projects

of Zhengzhou 27 District; contract grant number:
20103376.

Journal of Applied Polymer Science, Vol. 125, 682–689 (2012)
VC 2011 Wiley Periodicals, Inc.



EXPERIMENTAL

Materials and physical techniques

All chemicals, such as silver nitrate (>99%, Aldrich,
CAS 7761-88-8), were of reagent-grade quality, were
obtained from a commercial source, and were used
without further purification. 1,3-Dibromopropane
(>99%, Aldrich, CAS 109-64-8) and 1H-benzotriazole
(�98.0%, Fluka, no. 12799) were used to prepare the
ligand pbbt. The synthesis of the ligand pbbt was
performed according to literature methods.10 IR data
was recorded on a Nicolet NEXUS 470 Fourier
transform infrared spectrophotometer with KBr pellets
in the 400–4000-cm�1 region. An ultraviolet–visible
(UV–vis) spectrum was obtained on an HP 8453 spec-
trophotometer (Hewlett-Packard Company, California).
Elemental analysis (C, H, and N) was carried out on a
FLASH EA 1112 elemental analyzer.

Synthesis of {[Ag2(pbbt)3](NO3)2�0.5H2O}n

A solution of pbbt (14.6 mg, 0.05 mmol) in 5 mL of
MeOH was slowly added to a 2-mL H2O solution of
AgNO3 (8.5 mg, 0.05 mmol). The resultant solution
was allowed to stand at room temperature in the
dark at once. Colorless transparent crystals grew
within 2 months at room temperature:

Yield ¼ 55%. Calcd for C45H43Ag2N20O6.5: C,
45.58%; H, 3.69%; N, 23.84%. Found: C, 45.72%; H,
3.67%; N, 23.71%. IR (KBr, cm�1): 3031m, 1619w,
1491w, 1450m, 1327s, 751s.

Structural determination

The crystal data and experimental details for this com-
plex are contained in Table I. Suitable single crystals
with dimensions of 0.30 � 0.22 � 0.20 mm3 for this
complex were selected for single-crystal X-ray diffrac-
tion analysis. Data collection was performed on a
Rigaku RAXIS-IV (Osaka, Japan) image plate area de-
tector for study with graphite–monochromated Mo–Ka
(k ¼ 0.71073 Å) radiation at 291(2) K with the x–2y
scan technique. The data was corrected for Lorentz
and polarization factors and for absorption with empir-
ical scan data. This structure was solved with the
SHELXL program11 and was refined by full-matrix,
least-squares methods based on F2, with anisotropic
thermal parameters for the nonhydrogen atoms. The
hydrogen atoms were located theoretically and were
not refined. Crystal data and structural refinement of
the structure are summarized in Table I. Selected bond

lengths and bond angles of this complex are listed in
Table II. The Cambridge Crystallographic Data Centre
number of this complex is 212227. The data can be
obtained free of charge via www.ccdc.cam.ac.uk/
conts/retrieving. html (or from the Cambridge Crystal-
lographic Data Centre, 12, Union Road, Cambridge
CB21EZ, United Kingdome, fax: (44)1223-336-033,
deposit@ccdc.cam. ac.uk).

Linear absorption spectra measurements

UV–vis absorption spectra of dimethylformamide
(DMF) solutions of this complex and pbbt were
recorded, ranging from 250 to 800 nm, on a Jasco
V-550 UV–vis spectrophotometer (Connecticut).

Molecular weight measurements

The molecular weight and molecular weight distri-
bution of this complex were determined at 40�C
with gel permeation chromatography (GPC; Waters
Associates model HPLC/GPC 515 liquid chromato-
graph (Milford, MA), equipped with a refractive-
index detector and l-Styragel columns and cali-
brated with standard polystyrene), with DMF as the
eluent and a flow rate of 1.0 mL/min.

Third-order NLO property measurements

The third-order NLO property of this complex was
evaluated by the Z-scan technique in DMF solution

Scheme 1

TABLE I
Crystal and Structure Refinement Data for

{[Ag2(pbbt)3](NO3)2�0.5H2O}n

Formula C45H43Ag2N20O6.50

Formula weight 1183.73
Color Colorless
Crystal system Rhombohedral
Space group R3c
a (Å) 14.406(2)
b (Å) 14.406(2)
c (Å) 40.948(8)
a (�) 90
b (�) 90
c (�) 120
Volume (Å3) 7359.5(21)
Z 6
Dc (g/cm

3) 1.603
Absorbance coefficient (mm�1) 0.870
F(000) 3594
Collected/unique reflections 2195/1755
Goodness of fit on F2 1.159
Final R indices R1 ¼ 0.0741
[I > 2r(I)] wR2 ¼ 0.0493
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(1.4 � 10�4 mol/dm3). The dilute DMF solution was
placed in a 1-mm quartz cuvette for NLO measure-
ment. The nonlinear refraction and nonlinear absorp-
tion were measured with a linearly polarized laser
light (k ¼ 532 nm; pulse width ¼ 8 ns) generated
from a Q-switched and frequency-doubled Nd:YAG
laser with a repetition rate of 2 Hz. The spatial pro-
files of the optical pulses were nearly Gaussian. The
laser beam was focused with a 25-cm focal-length fo-
cusing mirror. The radius of the beam waist was
measured to be 35 6 5 lm (half-width at 1/e2 maxi-
mum). The interval between the laser pulses was
chosen to be about 5 s for operational convenience.
The incident and transmitted pulse energies were
measured simultaneously by two Laser Precision
detectors (RjP-735 energy probes) (Geomaster Group,
Tianji, china), which were linked to a computer by
an IEEE interface. The third-order NLO property of
the sample was manifested by movement of the
samples along the axis of the incident beam (Z direc-
tion) with respect to the focal point.12 An aperture of
0.5 mm in radius was placed in front of the detector
to assist in the measurement of the self-focusing
effect.

OL effect measurements

The OL measurements of this complex and pbbt in DMF
solution (the same concentrations as those in the third-
order NLO measurements) were performed with line-
arly polarized 8-ns and 30-ps durations at 532 nm gener-
ated from a Q-switched frequency-doubled Nd:YAG
laser and a mode-locked, frequency-doubled Nd:YAG
laser, respectively. The spatial profiles of the optical
pulses were of nearly Gaussian transverse mode. The
pulsed laser was focused onto the sample cell with a 30-
cm focal-length mirror. The spot radius of the laser
beam was measured to be 55 lm (half-width at 1/e2

maximum). The energy of the input and output pulses
were measured simultaneously by precision laser detec-
tors (Rjp-735 energy probes), which were linked to a
computer by an IEEE interface,13 whereas the incident
pulse energy was varied by a Newport Co. attenuator
(UK). The interval between the laser pulses was chosen
to be 1 s to avoid the influence of thermal and long-term
effects.

Computational methods

DFT has been proven to be extremely useful in treat-
ing metals when the requirements of both accuracy
and computing economy are considered.14–16 The
DFT B3LYP method is always the method of choice
to deal with complicated systems containing transi-
tion metals and has been used to reveal the struc-
ture–NLO property relationships for many metal–or-
ganic complexes.7,8,14–17 Hence, in this work, the
DFT/B3LYP method was adopted. On the basis of
the crystal structure, a B3LYP exchange-correlation
functional was carried out for the molecular orbital
of [Ag(pbbt)3]

þ segment of Ag1 and Ag2, respec-
tively. The calculations were carried out with a mix
basis set, that is, a 6-311G** basis set for C, N, and H
atoms, LanL2DZ, which had a relativistic effective
core potential with a valence basis set, for Ag atoms.
The calculation continued until the root mean square
gradient was less than 0.162 kcal/mol. All of the the-
oretical calculations were carried out with the Gaus-
sian 03 program package.18

RESULTS AND DISCUSSION

The reaction of AgNO3 and pbbt in a metal-to-ligand
ratio of 2 : 1 in a mixed MeOH–H2O solution gave
rise to this complex. As depicted in Figure 1, the
complex presented a rare lamellar structural motif19

with isolated cavities of Ag6(pbbt)6. Each Ag ion
was trigonally coordinated by three nitrogen atoms
from different pbbt ligands, which were symmetry
equivalent and were related by a threefold axis pass-
ing through the Ag center. There were two crystallo-
graphically independent Ag ions [Ag1 and Ag2].
The Ag1AN bond lengths were 2.176(10) Å, and the
bond angles around Ag1 were 106.6(4)�. The dihe-
dral angle between two benzotriazole planes from
the same pbbt was 45.0�. Three nitrogen atoms from
three pbbt ligands coordinated Ag1 to form a stand-
ard pyrometric cone, in which nitrogen atoms were
located in a trigonal plane geometry, and the Ag1,
which was at 1.142 Å up the trigonal plane, occu-
pied the apical position. The coordination environ-
ment around Ag2 was similar to that of Ag1, but the
Ag2AN bond lengths of 2.432(7) Å were longer than
those of Ag1AN, and the bond angles around Ag2
[103.3(2)�] were different from those around Ag1 as
well. Ag2 was 0.7858 Å down the trigonal plane
formed by three nitrogen donors. Disorder occurred
in the pbbt ligands. Continual symmetry operations
about the threefold axes passing through the two
center Ag ions yielded a two-dimensional network
composed of the repeating unit [Ag6(pbbt)6] with a
hexagonal conformation. There was a crystallo-
graphic C3 symmetry axis passing through its center
in each Ag6(pbbt)6 unit, where the distance between

TABLE II
Selected Bond Lengths (Å) and Angles (�) for

{[Ag2(pbbt)3](NO3)2�0.5H2O}n

Ag1–N1 2.176(10) Ag2–N6 2.432(7)
Ag1–N1#1 2.176(10) Ag2–N6#3 2.432(7)
Ag1–N1#2 2.176(10) Ag2–N6#4 2.432(7)
N1–Ag1–N1#2 106.6(4) N6 #3–Ag2–N6#4 103.3(2)
N1#2–Ag1–N1#1 106.6(4) N6–Ag2–N6#4 103.3(2)

Symmetry transformations used to generate equivalent
atoms: #1 � x þ y þ 1, � x þ 1, z #2 � y þ 1, x � y, z #3
� x þ y, � x, z #4 � y, x � y, z.
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two adjacent Ag ions was 8.330 Å with an
Ag. . .Ag. . .Ag angle of 119.7�, and the six Ag ions
were nearly coplanar (the mean deviation from the
plane was 0.2344�).

The linear absorption spectra of the presented
complex and pbbt in DMF solution are reported in
Figure 2. From the figure, it can be seen that the
maximum of the absorption peak of this complex
was positioned at 288 nm, which was redshifted
compared to that of the free pbbt (279 nm). It could
be associated with the metal and ligand charge
transfer.20 Also, the spectra of this complex showed
additional, very weak absorption bands around 380
nm; these were tentatively assigned as ligand–local-
ized transitions.21,22 In the absorption spectra, the
weak ground-state absorption in the visible and
near-infrared regions suggested that the wavelength
of the laser light (532 nm) was within the nonreso-
nant absorption region.

The molecular weight of this complex was deter-
mined in DMF solution by GPC. GPC analysis
revealed that the number-average molecular weight
was 120,782 and that the weight-average molecular
weight was 145,291. The result indicates that the dis-
solved complex was polymeric, existed in pieces of
the same size, and afforded stable oligomers with a
molar mass of approximately 1200 g/mol. It was
similar to reported metal–organic polymers.23,24

The effective third-order NLO absorptive and re-
fractive properties of the investigated complex were

recorded by the Z-scan technique. The results are
shown in Figure 3. In the figure, a reasonable fit
between the experimental data and the theoretical
curve (solid curve) suggests that the experimentally
obtained NLO effects were effectively third order in
nature. The filled squares are the experimental data,
and the solid line is the theoretical curve from eqs.
(1)–(5).
The nonlinear absorptive property is depicted in

Figure 3(a) by the Z-scan technique under an open-
aperture configuration with a pulse width of 8 ns at
532 nm and 2-Hz repetition rate. The NLO absorp-
tion performance of the investigated polymer could
be presented by the following equations:

TðZÞ ¼ 1ffiffiffi
p

p
qðZÞ

Z þ1

�1
ln ½1þ qðZÞ�es2ds (1)

qðZÞ¼
Z 1

0

Z 1

0

a2
I0

1þ ðZ=Z0Þ2
e½�2ðc=x0Þ2�ðt=t0Þ2� 1�e�a0L

a0
rdrdt

(2)

where T(z) represents the transmittance, which is
defined here as the ratio of the transmitted pulse
energy to the incident pulse energy at 532 nm; Z is
the distance of the sample from the focal point; Z0 ¼
p(x0)

2/k with x0 being the spot radius of the laser
beam at focus and k being the wavelength of the
laser. q(Z) is represented by equation (2). I(z) is the

Figure 1 Two-dimensional structure of {[Ag2(pbbt)3](NO3)2�0.5H2O}n with hexagonal-shaped units (NO�
3 was deleted for

clarity).
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incident light irradiance (I0 is the peak irradiation in-
tensity at focus, here I0 ¼ 8.2 � 108 w/cm2); a0 and
a2 denote the linear and nonlinear absorption coeffi-
cients, respectively; r is the radial coordinate; T and
t are the time; t0 is the pulse width; L is the optical
path (L ¼ 0.5 cm in these experiments). As shown in
Figure 3(a), the absorption increased as I(z)
increased. The normalized transmittance (T)
dropped to about 82% at the focus; this showed a
strong NLO absorptive effect. The best fits of eqs. (1)
and (2) to the open-aperture configuration of Figure
3(a) gave an effective a2 value of 3.20 � 10�8 m/W.

The effective third-order NLO susceptibility
[|v(3)|] value of the investigated complex was 1.05
� 10�8 esu, which was determined by the subtrac-
tion of the relatively weak background noise and the
contribution of the solvent by comparison of the sig-
nal intensity with that of CS2 (the |v(3)| value of
CS2 was taken to be 6.8 �10�13 esu under the same
experimental conditions). Also, we could use the
hyperpolarizability (c) to represent the NLO proper-
ties of the neat materials

c ¼ vð3Þ=NF4

where N is the number density of a present complex in
the sample (cm�3) and F is the local field correction
factor {F ¼ [(n2þ2)/3]}. Because the investigated sam-
ple was very dilute, n was regarded as the index of
refraction of the solvent, and F4 was calculated to be 3
in this work. Thus, c for the complex was calculated to
be 4.15 � 10�26 esu. The two data revealed that the
polymeric Ag(I) complex possessed very strong nonlin-
ear absorption, giving rise to larger v(3) and c values
than many well-known NLO materials, such as C60,

25

inorganic semiconductors,26 and metal clusters.27

To verify whether silver ions were in the active role
of the NLO properties, we measured the third-order
NLO absorptive and refractive characteristics of the
pure ligand pbbt at a wavelength of 532 nm in dilute
DMF solution (1.4 � 10�4 mol/dm3). The result shows

that the ligand did not perform nonlinear absorptive
properties, and no detectable valley or peak in the
open-aperture curve was observed at 532 nm for pbbt.
Obviously, the incorporation of metal Ag ions led to a
dramatic increase in the NLO response, in marked
contrast to the behavior of the related pure organic
ligand. Also, the investigated complex possessed much
stronger NLO capabilities than Zn(II), Ni(II), and Co(II)
polymeric complexes based on pbbt (their |c| values
were � �10�29 esu).28,29 This could have been due to
the excellent electroconductivity and photoluminescent
properties, Ag ions act as connectors to extend frame-
works and furnish effective pathways for electronic
conductivity in polymeric complex chromophores.30,31

Therefore, Ag-containing complexes are usually found
to exhibit very large third-order NLO effects.8,9,27,32

Also, the large value of v(3) of this complex mostly
depended on its large Imv(3), namely, a2. Thus, the pres-
ence of a strong NLO absorption effect significantly
enhanced the overall OL performance of the complex.
With regard to the sufficiently strong nonlinear

absorption of the investigated complex, its OL mea-
surement was performed in the open-aperture configu-
ration. Such a configuration allowed for the determina-
tion of the NLO effects associated solely with changes
of a2. It should be pointed out that our measurement
of the transmitted pulse energy was conducted with a
full collection of the transmitted pulse, and no aperture
was used. Experiments with DMF solvent alone
afforded no detectable OL effect; this indicated that the
solvent contribution was negligible.
Figure 4 represents the OL response for the inves-

tigated complex to nanosecond pulses with intensity
transmittances of 62%. At very low fluence, the com-
plex sample responds linearly to the incident light
fluence obeying Beer’s law. The light energy

Figure 2 UV–vis spectra of {[Ag2(pbbt)3](NO3)2�0.5H2O}n
and pbbt in a 1.4 � 10�4 mol/dm3 DMF solution. Abs ¼
absorbance.

Figure 3 NLO absorptive properties of {[Ag2(pbbt)3](-
NO3)2�0.5H2O}n in a 1.4 � 10�4 mol/dm3 DMF solution at
532 nm (Io ¼ 8.2 �1012 W/m2). The black squares are ex-
perimental data, and the solid curve is the theoretical fit.
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transmittance started to deviate from normal linear
behavior as soon as the input light fluence reached
about 0.04 J/cm2. The complex sample became
increasingly less transparent as the light fluence
rose. The limiting threshold, defined as the incident
fluence at which the actual transmittance falls to
50% of the corresponding linear transmittance, was
about 0.16 J/cm2 of the investigated complex. This
value was comparable to those of the well-known
OL materials C60–fullerene (0.16–0.19 J/cm2),33

phthalocyanine derivatives (� 0.1 J/cm�2),34 and
Mo(W)/S/Cu(Ag) clusters (0.07–0.50 J/cm2).27

The picosecond OL ability of the investigated com-
plex was performed under the irradiation of 30-ps
laser pulses. The result is depicted in Figure 5. The
OL effect appeared around 0.06 J/cm2 input energy,
and above this threshold, there was a strong linear
decrease of the transmission versus the fluence. The
limiting threshold was measured to be about 0.56 J/
cm2 for the complex with a saturation fluence around
0.2 J/cm2. It is well known that the higher the elec-
tronic polarizability of the metal center is, the shorter
the lifetime of the first excited state will be and the
higher the yield of formation of the absorbing triplet
excited state will be.35 In the nanosecond case, the
metal complexes are well-suited to exhibit rapid and
efficient RSA where RSA is reverse saturable absorp-
tion,36,37 and triplet–triplet transitions have been
identified as the main mechanism responsible.38,39

Because the excitation with picosecond laser pulses
may result in a relatively small population of the tri-
plet state, the populations of a singlet excited state
mainly contributed to the picosecond OL performan-
ces.20,35 Therefore, the investigated complex pre-
sented different nanosecond and picosecond OL
effects due to different mechanisms. It was similar to
the reported Ag cluster [MS4Cu4X2(py)6] (M ¼ W,

Mo; X ¼ I, Br, or Cl)40 and Ag-bridged polymeric
complexes {[Ag(bpfp)](NO3)(H2O)}n and {[Ag(btx)]
(NO3)H2O}n.

7 Thus far, the silver-containing com-
plexes under investigation as OL materials have
included silver clusters,27 gold–silver alloy nanoclus-
ters,41 nanocrystalline silver,42 silver sulfide, and sil-
ver bromide nanoparticles,43 many of which have
exhibited large and interesting OL performances. Our
studies on a series of Ag(I)-bridged polymeric com-
plexes7–9 revealed that these complexes increased
effective conjugations and large p delocalization
lengths because of their polymeric structures and,
thus, presented more strong OL effects than other
Ag-containing complexes.
The OL effect of the pure ligand pbbt under the

same testing conditions as the complex sample was
also determined. As we foresaw, the OL of the pure
ligand was the same as that of the DMF solvent both
toward 8-ns and 30-ps laser pulses because of its
hardly third-order nonlinear absorption. This result
shows that the pure ligand pbbt hardly contributed
to OL effects. Concerning to the strong OL effect of
the investigated complex, we concluded that the
incorporation of metal ions, especially silver ions,
largely enhanced the optical nonlinearities of the
attached organic molecules. Furthermore, the genera-
tion of acoustic waves by the absorption of light in a
liquid medium is known as the photoacoustic effect,
and the thermal effect appeared in the medium con-
nected with the spreading of the acoustic wave.44–46

The OL effects of a nanoparticle colloidal solution
can also be connected with an acoustic blast wave in
a liquid as a result of laser pulse absorption on metal
particles in the spot. Thus, the OL effect of the pre-
sented complex also included such an acoustic effect.
Theoretical calculation was a powerful tool for

explaining the micromechanism of the molecules’

Figure 4 OL effect of {[Ag2(pbbt)3](NO3)2�0.5H2O}n in a
1.4 � 10�4 mol/dm3 DMF solution with an 8-ns laser
pulse at 532 nm. The straight lines are guides to the eye
for the situation where Beer’s law is obeyed and with 62%.

Figure 5 OL effect of {[Ag2(pbbt)3](NO3)2�0.5H2O}n in a
1.4 � 10�4 mol/dm3 DMF solution with a 30-ps laser pulse
at 532 nm. The straight lines are guides to the eye for the
situation where Beer’s law is obeyed and with 62%.
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NLO properties. Because the delocalization was in
agreement with the frontier molecular orbital, we
could calculate the contributions of metal ions and
ligands and deduce the action of metal ions or
ligands to the NLO properties by molecular orbital
theory. By means of the DFT/B3LYP method, our
recent NLO studies revealed that there were main
contributions of the center Ag(I) ions on the frontier
molecular orbitals in some Ag-containing complexes
(strong NLO properties),7,8 and less metal character-
istics were found in the frontier molecular orbitals of
Zn(II), Cd(II), and Hg(II) congeners (weak NLO
properties).8,17 These calculation results were very
consistent with the experimental facts. Therefore, the
DFT/B3LYP method was again employed to in this
complex to provide the theoretical basis for under-
standing the roles of silver ions and the pbbt ligand
on the optical nonlinearity properties. The calcula-
tion results for the frontier orbital contributions are
shown in Figures 6 and S1; these had very similar
appearances because Ag1 and Ag2 are two crystallo-
graphically independent Ag(I) ions. The contribu-
tions of Ag and ppbt to the molecular orbitals were
expressed as percentages to the sum of the squares
of the atomic orbital coefficient in the [Ag(pbbt)3]

þ.
In the case of Ag1, it can be seen from Figure 6 that
the contribution of Ag atoms in the lowest unoccu-
pied molecular orbital (LUMO) of [Ag(pbbt)3]

þ was
65.67%, and thus, the contributions of pbbt ligand
were relatively small (34.33%), whereas the contribu-
tions of Ag atoms in LUMOþ1, HOMO�1 (where
HOMO is the highest occupied molecular orbital),
and HOMO of [Ag(pbbt)3]

þ dropped sharply to 0.85,
about 0, and about 0%, respectively; this indicated
that these frontier molecular orbitals were hardly

Ag-based orbitals and were primarily pbbt-based
orbitals. Obviously, the LUMO was mainly con-
trolled by both Ag ions and pbbt, whereas
HOMO�1, HOMO, and LUMOþ1 were controlled
by pbbt. Similarly, in the frontier molecular orbitals
of [Ag(pbbt)3]

þ with the Ag2 center (Fig. S1),
HOMO�1, HOMO, LUMO, and LUMOþ1 were
about 0, about 0, 65.39%, and 0.80%, respectively, for
Agþ and about 100%, about 100%, 34.61%, and
99.20%, respectively, for the pbbt ligand. Upon com-
paring the orbital component of HOMO and LUMO,
it was easy to conclude that when electrons were
excited from HOMO to LUMO, they mainly trans-
mitted from pbbt ligand to silver center. Because the
electron on the HOMO was excited to the LUMO to
give rise to the first excited singlet state (S1) or the
first excited triplet state (T1), the LUMO was
regarded to be more responsible for the optical non-
linearity.47 Therefore, we concluded that the NLO
properties of this complex were controlled by Ag(I)
ions and the ligand. This was consistent with the ex-
perimental facts, namely, that the complex sample
displayed enhanced NLO properties with the incor-
poration of Ag(I) ions.

CONCLUSIONS

In aiming to search for highly efficient limiters and
to gain an understanding of Ag-based N-heterocyclic
complexes in providing exceptional OL responses,
we synthesized a novel polymeric Ag(I) complex.
Our research revealed that this complex presented
fast responses both toward nanosecond and picosec-
ond laser pulses and possessed very strong third-
order NLO absorptive properties. The favorable non-
linearity could be attributed to the incorporation of
photoactive Ag(I) ions, which permitted the possibil-
ity of optimizing the OL properties and enhanced
the optical nonlinearities of organic molecules
attached. DFT calculation further illustrated that the
strong OL capability was mainly due to the contri-
bution of coordinating Ag(I) ions. It can be expected
that more studies could improve the OL capabilities
of this class through further structural modifications
for broadband OL applications.
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