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ABSTRACT A novel bis(8-oxide quinoline)zironium phthalocyanine [(OQ),ZrPc] with two
8-oxide quinolone anions at the same axial positions has been successfully synthesized and its
chemical structure has been assigned by the *H NMR, MS and two-dimensional correlation
infrared (2D-IR) spectroscopy as well as by single-crystal X-ray structural analysis. It possessed a
moderately effective nonlinear absorption coefficient Ser of 6.69<10™* cm/GW at 532 nm in DMF
solution, implying it is a promising candidate for nonlinear optical materials.
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1 INTRODUCTION

Organic optical limiting materials are an emer-
ging class of active organic materials whose trans-
mission is high when they are illuminated by low-
intensity light but low when exposed to intense laser
radiation™™!. Because of their potential applications
in the protection of optical sensors from high-
intensity laser beams, the search for better organic
optical limiting materials has become increasingly
interesting. Some criteria necessary for large, posi-
tive nonlinear absorption have been summarized,
including a large excited state cross section, and a
large difference between the ground and excited
state absorption cross sections. A variety of organic
materials have been found to fulfill these conditions
in the visible region®®!, for example, fullerenes, por-
phyrins and asymmetrical conjugated systemst ..

Phthalocyanines (Pcs) is an attractive class of

porphyrin homologues with larger z-electron
conjugations, which have been demonstrated to be
promising organic optical limiting materials™*3.
However, comparison of nonlinear absorption coef-
ficients 8 for Pcs with and without axial substituents
indicates that those with axial substituents, e.g.
PcVO, PcTiO, PcAIF, PcGaCl, PcInCl, have large
nonlinear absorption coefficients™* 8. The main
reason for this is that the axial substitution in
phthalocyanine (Pc) complexes has provoked
relevant changes: (1) modification of the electronic
structures of the Pc molecules by altering the
w-electronic distribution; (2) introduction of a dipole
moment perpendicular to the Pc planes; (3)
incorporation of new steric effects that alter the
spatial relationships between neighboring molecules,
thus altering the magnitude of the intermolecular
interactions™. As a versatile class of the axial
substituted Pcs, zirconium (IV, Zr) Pcs meet the
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above-mentioned criteria well. More importantly,
due to the unique coordination patterns of zr**
cations, up to four coordination sites are free for
further coordination at the same axial position of the
ZrPcs, and thus much larger room is left to regulate
their optical limiting properties by the axial
substituents in comparison with the reported Pcs
with only one coordination site at the axial position.
To our surprise, no related report is available.

To compensate this leak, herein we report a novel
axially substituted ZrPc with two 8-oxide quinolone
anions at the same axial positions, (0Q),ZrPc, and
its chemical structure has been characterized by the
'H NMR, mass spectral (MS) and two-dimensional
correlation infrared (2D-IR) spectroscopy as well as
by single-crystal X-ray structural analysis. Owing to
the introduction of two 8-oxide quinolone anions at
the axial positions, the supramolecular interactions
between the neighboring Pc molecules are
remarkably weakened, particularly in solutions. The
nonlinear optical properties of this unique complex
have been studied by the open aperture Z-scan and
normalized transmittance, which showed a modera-
tely effective nonlinear absorption coefficient S of
6.69 x 10 cm/GW but a high transmittance of
78% at 532 nm in DMF solution, implying it is a
promising candidate for nonlinear optical materials.

2 EXPERIMENTAL

2.1 Materials and measurements

Phtalonitrile (97%), 2-methylnaphthalene, 1-
chloronaphthalene, 8-hydroxyquinoline (HOQ), and
zirconium chloride (ZrCl;) were obtained from
commercial suppliers. All chemicals and reagents
were used as received unless otherwise stated.
Nuclear magnetic resonance (NMR) spectra were
recorded on a Bruker Avance 400 spectrometer with
working frequencies of 400 MHz. Chemical shifts
are given in parts per million (ppm) and referred to
TMS as internal standard. *H coupling constants J
are given in Hertz (Hz). Mass spectrum was recor-
ded on a Deca xp MAX ion trap mass spectrometer.

Powder X-ray diffraction (PXRD) intensities were
recorded on a Rigaku Mini Flex-1l X-Ray
diffractometer. The UV/Vis spectrum was recorded
on a Perkins Elmer Lambda 900 spectrometer
equipped with a PTP-1 Peltier temperature con-
troller. The single-crystal diffraction data were
collected on a Rigaku Saturn 724 CCD area detector
diffractometer and the 2D-IR correlation spectra
were recorded on a Perkin-Elmer spectrum 2000
FT-IR spectrometer using KBr pellets, with the
increasing temperature from 50 to 120 C at an
interval of 10 C. The temperature variation was
controlled by a portable programmable temperature
controller  (Model 50-886, Love Control
Corporation). Two-dimensional IR
spectra were obtained by the treatment of a series of
dynamic spectra with 2D-IR correlation analysis
software provided by Tsinghua University.
2.2 Synthesis of (0Q),ZrPc

To a 1-chloronaphthalene (14 mL) solution of
phtalonitrile (6.41 g, 50.0mmol) and 2-methyl-
naphthalene (1.77 g, 12.5mmol), 2.92 g ZrCl, (12.5
mmol) was added and the mixture was reacted
under 220 ‘C for about 5 h. After the solution
cooled down to 50 °C, the solid separated out from
the solution was collected by filtration and then
washed with benzene (~500 mL) and methanol

correlation

(~500 mL) repeatedly until the color of the washing
solvent changed to light blue. After being dried
under 80 °C, dark blue powder (2.37 g, 65.4%) was
obtained as Cl,ZrPc. The sample was used without
further characterizations. Around 0.02 g blue solid
obtained (0.069 mmol) and 0.39 g HOQ (2.69 mmol)
were dissolved in tetrahydrofuran (THF, 20 mL)
and stirred for 6 hours under room temperature, and
then the solution was filtrated. After the THF
solvent was slowly evaporated under room
temperature, dark blue small single crystals
appeared in the solution. After filtration and drying
under 40 °C, 0.022 g crystalline (OQ),ZrPc (62.7%)
was obtained. *H NMR (400 MHz, CDCls) 6, ppm:
9.39~9.36 (q, 4H), 9.14~9.11 (q, 4H), 8.31~8.29
(g, 4H), 8.05~8.03 (q, 4H), 7.47 (d, 2H), 7.23 (t,
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4H), 7.04 (t, 4H), 5.72 (d, 2H). MS (ESI): 913.2
(100%, M + 23), 1804.6 (60%, 2M + 23), 1820.2
(65%, 2M" + 2H,0).
2.3 Structure determination

Crystal data for (OQ),ZrPc were collected using
a Rigaku-AFC7 equipped with a Rigaku Saturn
CCD area-detector system and multi-layer mirror
monochromated MoK radiation (2 = 0.71073 A) at
173 K under a cold nitrogen stream. The frame data
were integrated and absorption correction using a
Rigaku CrystalClear program package. All
calculations were performed with the SHELXTL-97
program package®®”, and the structure was solved
by direct methods and refined by full-matrix
least-squares against F2 All non-hydrogen atoms
were refined anisotropically, and hydrogen atoms of
organic ligands were generated theoretically onto
the specific atoms.

3 RESULTS AND DISCUSSION

3.1 Synthesis and characterizations

As deposited in Scheme 1, dichloro ZrPc
(Cl,ZrPc) was prepared according the reported
procedure with minor modification™™ %%, Due to the
high reactive of ZrCl,, to avoid the potential
hydrolysis, high-boiling solvent 1-chloronaphtha-
lene was used during the synthesis of Cl,ZrPc.
Moreover, in this step, the addition of 2-methylna-
phthalene is to avoid the possible chlorination of
benzene ring because the generation of free chlorine
radical during the tetramization of phthalonitrile
forms Pc macrocycle, which can be quenched by
this easy-chlorinated reagent. The chlorinated
2-methylnaphthalene is easily removed from
reaction mixture by filtration and washed with
benzene and methanol solvents. Subsequently, the
substitution of the two chlorine atoms in Cl,ZrPc by
8-hydroxyquinoline resulted in the target compound
(0Q),ZrPc in a vyield of 62.7%. This isolated
complex with additional axial substituents is soluble
in most organic solvents (THF, toluene, chloroform

and other).
\
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Scheme 1.

The chemical structure of (OQ),ZrPc has been
assigned by 'H NMR, MS and two-dimensional
correlation infrared (2D-IR, for details, see the
following section) spectroscopy as well as by

single-crystal and powder X-ray diffraction analysis.

Single crystals of (0OQ),ZrPc suitable for X-ray
diffraction analyses were obtained by dissolving the
pure (OQ),ZrPc in a solvent mixture (THF/ethanol
= 90:10 by volume), followed by slow evaporation
of the solvents within several days. The obtained
crystal has been characterized by single-crystal
X-ray analysis at 153 K, which unequivocally con-
firm the asymmetrically structure of (0Q),ZrPc

Synthesis of (OQ),ZrPc

with two deprotonated 8-hydroxyquinoline moieties
at one axial side (Fig. 1a). The purity of crystalline
materials generated was also investigated by
powder X-ray diffraction (Fig. 1b). The later study
revealed a single phase for which a good fit
between the simulated and observed patterns was
observed for (OQ),ZrPc, further confirming its high
purity of this unique organic compound.

As shown in Fig. 1a, in each (OQ),ZrPc molecule,
the central Zr*" cation adopts a square antiprism
coordination geometry filled by four inner N atoms
from one Pc ligand through Zr—N bonds (dz-n =
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2.29~2.31 A), as well as two N and two O atoms
from two deprotonated 8-hydroxyquinoline ligands
through Zr-N (dzn = 2.40~2.43 A) and Zr-O
bonds (dzn = 2.11~2.13 A), respectively. Due to
the bond lengths between Zr*" and four inner N
atoms of Pc ligand (2.29~2.31 A) much larger than
the half distances between two opposite inner N
atoms ((3.89~3.91 A)/2 ~ 1.95 A), the Pc skeleton
adopts a dome-like distortion with the dihedral
angles between the opposite isoindole units of
14.87<and 20.29< respectively. Alternatively, the
size of Zr*" cation is larger than the inner hole of
the four isoindole N atoms of Pc ligand, and thus
situated outside the plane of four inner N atoms
with a distance of 1.22 A. Compared to the common
Zr—N bonds in the reported ZrPcs (dz-n = 2.20

(©)
Fig. 1. Molecular structure (a) and powder XRD (b) of (OQ),ZrPc, as well as the close pair of the
neighboring two of (OQ),ZrPc with two different views (c, d). For clarity, H atoms and THF solvent
molecules are omitted in (c) and (d), and the two axial 8-oxide quinolone anions are also omitted in (d)

3.2 Thermally perturbed 2D-IR
correlation spectral properties
The weak intermolecular interactions in the
solid-state (OQ),ZrPc are also reflected in thermally
perturbed two-dimensional correlation infrared
(2D-IR) spectroscopic studies’® 1. As shown in
Fig. 2, at the low wavenumber region (900~1600

A)? those in this work are slightly increased,
which might be attributed to the introduction of
8-oxide quinolone anions at the axial positions,
indirectly confirming the impact of the axial ligands
on the zelectronic distributions. Also owing to the
introduction of axial ligands, the neighboring two
Pc molecules are slightly slipped and coupled into
Pc pairs through z--- interactions with an overlap
of only one isoindole unit and a distance of 3.56 A
(Figs. 1c~1d), slightly larger than the thickness
value of common aromatic system (ca. 3.50 A)¥?.
However, in the crystal, the neighboring two Pc
pairs are perpendicularly interconnected by weak
C—H --« hydrogen bonds to form a three-dimen-
sional structure with voids filled by the disordered
THF solvent molecules.

Observed

{
v UUU\M”LA‘WJ\“\Muﬂnd\hf\/\wlﬂw\/“&wﬂu‘u
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(b)
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cm™) in the synchronous spectrum (Fig. 2a), three
correlations at 1334, 1488, and 1507 cm™ along the
diagonal line in the range of 900~1600 cm™ were
observed, which can be assigned to the stretching
and deformation of isoindole moieties of Pc rings,
as well as the vibrations of OQ and Pc rings,

[26-28]

respectively . Due to the increased measure
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temperature, all these characteristic peaks observed
are somewhat shifted to the high-wavenumber
region. Moreover, two negative plots at (1334, 1488
cm™) and (1488, 1507 cm™) were observed,
indicating that the reverse direction of the intensity
variations of peak 1488 cm™ both to peaks 1334 and
1507 cm™. However, in asynchronous spectrum
(Fig. 2a), the positive cross-peaks at (1334, 1488
cm™) and (1334, 1507 cm™) have been detected.
Considering the intense breathing vibrations for the
aromatic rings of OQ but medium for those of Pc at
around 1500 cm™, those at 1488 and 1507 cm™ are
supposed to be resulted from the vibrations of OQ.
Accordingly, these two positive cross-peaks are
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Fig. 2.
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(b)

ascribed to the thermal perturbation of OQ rings.
Similarly, at the high wavenumber region (2600~
3400 cm™) in the synchronous spectrum (Fig. 2b),
the broad and strong peaks at the ranges of 2800~
3000 and 3000~3200 cm™ indicate the vibration of
C-H --7 hydrogen bonds between THF and the
aromatic rings. Considering the weak supramo-
lecular interactions revealed in the single-crystal
structure and 2D-IR spectroscopic studies, in order
to avoid aggregation, the optical limiting properties
of (0Q),ZrPc have been studied in solutions, which
is substantiated by the following UV-Vis absorption
spectroscopic investigations.
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Thermally perturbed 2D synchronous (left) and asynchronous (right) IR correlation

spectra of (OQ),ZrPc at 900~1600 cm™ (a) and 2600~3400 cm™ (b) under 50~120 °C

3.3 UV-Vis absorption properties

The UV-Vis absorption properties of (0Q),ZrPc
have been studied both in dimethylformamide
(DMF) and crystalline state. As shown in Fig. 3, in
DMF at 10 mol L, two pronounced absorption
bands, namely the intense Q-band with an absorp-

tion maximum at 682 nm and a shoulder at 615 nm
in visible region, as well as B band with an
absorption maximum at 345 nm in UV region, were
observed, which are assigned to the 7 transition
of Pcs. Due to the incorporation of two 8-oxide
quinoline (OQ’) at the axial positions, the absorp-
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tion maximum of (0Q),ZrPc is shifted hypsochro-
mically by 2~6 nm in comparison to those of the
ZrPc with two chlorine (absorption maximum at ca.
688 nm!™) or two p-diketonates at axial positions
(absorption maximum at ca. 684 nm'?*!). However,
in crystalline state, the absorption maximum of
(0Q),ZrPc is 606 nm, which is much blue-shifted in
comparison to that in DMF, accompanied by two

shoulder bands at 655 and 735 nm, which are
supposed to be attributed to the elimination of
solvent effect, as well as the exciton effect evoked
from slipped 7stacking of Pc molecules. Compared
with these two spectroscopic properties, almost no
aggregation species of (0Q),ZrPc were observed in
DMF solution of 10 mol L.

Wavenumber/ 10°cm”’ —

282624 22 20 18 16 14

350 400 450 500 550 600 650 700 750 800
Wavelength| nm ——

Fig. 3. UV-Vis absorption of (OQ),ZrPc in DMF (solid line, 10 mol L)
and in crystalline state (dashed-dotted line) at room temperature

3.4 Optical limiting properties

Based on the above studies, (OQ),ZrPc is
anticipated to be a potential candidate for the optical
limiting materials. Thus, a DMF solution of
(OQ),ZrPc with a concentration of 10 mol L™ has
been recorded on the standard open-aperture Z-scan
technique using 8 ns Gaussian pulses from a
Q-switched Nd:YAG laser at 532 nm, with a pulse
repetition rate of 1 Hz. The beam was spatially
filtered to remove the higher order modes and
focused with a 30 cm focal length lens and the
energy of single pulse was 40, 110, 210, 319 and
455 . As shown in Fig. 4a, the Z-scan profiles of
the title compound in the open-aperture configure-
tion exhibit that at each of the excitation energy, the
concentrated solution of (0Q).ZrPc shows a
decreasing transmission as the focal position is

approached and incident frequence increases,
implying that (OQ),ZrPc has a positive nonlinear
absorption coefficient, and behaves as a “reverse
saturable absorber” for nanosecond pulses at 532
nm. The effective nonlinear absorption coefficient
was estimated to be 6.69 < 10™* cm/GW, which is
close to the common axial substituted metallo-
phthalocyanines®™ 4. The normalized transmittance
of (0Q).ZrPc in DMF versus the input frequency at
532 nm with the linear transmittance of 78% is
presented in Fig. 4b, which exhibits the trans-
mittance remains constant at low input frequencies
but begins to decrease when the frequency
exceeds ~0.1 J.cm 2% This frequency-dependent
transmittance feature is a typical optical limiting
response.
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Fig. 4. Typical open aperture Z-scan traces of the DMF solution of (OQ),ZrPc (10 mol L) with a
pulse intensity of 1, =37, 110, and 319 uJ at 532 nm (a) and its normalized transmittance
as a function of the input frequency at 532 nm (b)

4 CONCLUSION studied by the open aperture Z-scan and normalized

transmittance showed that it possessed a moderately

In summary, we have reported a novel ZrPc effective nonlinear absorption coefficient S of

bearing two 8-oxide quinoline anions at the same 6.69<10* cm/GW at 532 nm in DMF solution,

axial side. Due to the introduction of two 8-oxide implying it is a promising candidate for optical
guinolone anions at the axial positions, the limiting materials.

nonlinear optical properties of this unique complex
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