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The photophysical properties, such as the UV—vis absorption spectra, triplet transient difference absorption
spectra, triplet excited-state extinction coefficients, quantum yields of the triplet excited state, and lifetimes
of the triplet excited state, of 10 novel zinc phthalocyanine derivatives with mono- or tetraperipheral substituents
have been systematically investigated in DMSO solution. All these complexes exhibit a wide optical window
in the visible spectral range and display long triplet excited-state lifetimes (140—240 us). It has been found
that the complexes with tetrasubstituents at the a-positions exhibit a bathochromic shift in their UV—vis
absorption spectra, fluorescence spectra, and triplet transient difference absorption spectra and have larger
triplet excited-state absorption coefficients. The nonlinear absorption of these complexes has been investigated
using the Z-scan technique. It is revealed that all complexes exhibit a strong reverse saturable absorption at
532 nm for nanosecond and picosecond laser pulses. The excited-state absorption cross sections were determined
through a theoretical fitting of the experimental data using a five-band model. The complexes with
tetrasubstituents at the o-positions exhibit larger ratios of triplet excited-state absorption to ground-state
absorption cross sections (01/0,) than the other complexes. In addition, the wavelength-dependent nonlinear
absorption of these complexes was studied in the range of 470—550 nm with picosecond laser pulses. All
complexes exhibit reverse saturable absorption in a broad visible spectral range for picosecond laser pulses.
Finally, the nonlinear transmission behavior of these complexes for nanosecond laser pulses was demonstrated
at 532 nm. All complexes, and especially the four a-tetrasubstituted complexes, exhibit stronger reverse
saturable absorption than unsubstituted zinc phthalocyanines due to the larger ratio of their excited-state

absorption cross sections to their respective ground-state absorption cross sections.

Introduction

Phthalocyanines (Pcs) and metallophthalocyanine (MPcs)
have attracted great attention in the past few decades because
of their versatile applications in materials science and biomedi-
cine. For example, Pcs and MPcs have been utilized as industrial
dyes,! photosensitizers for photodynamic therapy,? organic field-
effect transistors,? photocatalysts,* and optical data storage
materials.’ In the past 20 years, there has been a growing interest
in the nonlinear optical properties of these complexes due to
the presence of an extensively delocalized sz-electron system
and the planar configuration in these complexes. In addition,
the structures of Pcs and MPcs can be easily modified without
changing their stability and processibility features. By introduc-
ing different substituents at the peripheral position of the
macrocyclic ring, varying the central metal, alternating the axial
ligand, or changing the symmetry of the macrocycle, the
photophysical and photochemical properties of these complexes
can be influenced drastically.®!' It has been found that
peripheral substituents can influence the electron delocalization,
reduce aggregation, and enhance intersystem crossing in the case
of heavy-atom substitution.'>!3 Axial substitution not only alters
the electronic structure and the intermolecular interactions of
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the complex but also introduces an additional dipole moment
perpendicular to the macrocyclic plane.'* These steric and
electronic feature changes could significantly impact the non-
linear optical properties of Pcs.”

It is well-known that various nonlinear optical processes can
give rise to nonlinear transmission, in which the transmission
remains constant when the incident light fluence is low but
decreases at increasing incident light levels. Nonlinear transmis-
sion shows potential applications in laser pulse shaping (such
as passive mode lock, laser pulse smoothing, stabilization, and
compression), rejection of constant background in spectroscopy,
and optical switching. Both nonlinear absorption (particularly
reverse saturable absorption and multiphoton absorption) and
nonlinear refraction can contribute to a change in transmission.
For an ideal reverse saturable absorber, the material needs to
have an appreciable ground-state absorption cross section
to populate the excited state, a large ratio of excited-state to
ground-state absorption cross sections, and a long excited-state
lifetime. In the case of triplet excited-state absorption dominating
reverse saturable absorption, the material needs to possess a
high quantum yield of formation of the triplet excited state, i.e.,
a rapid intersystem crossing (isc). For practical use, it is
desirable that the reverse saturable absorber exhibits a broad-
band spectral and temporal response and is transparent in
the visible and the near-IR region.!> The nonlinear absorption
of a variety of organic and inorganic materials has been
investigated since the 1960s. Among those investigated
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Figure 1. Structures of ZnPc derivatives.

materials, phthalocyanines and derivatives have been reported
to exhibit reverse saturable absorption for both nanosecond
and picosecond laser pulses!31416-18 and a fairly wide optical
window in the visible to the near-IR region between the Q-
and B-bands. The most attractive feature of Pcs is their large
ratio of the excited-state absorption cross section (0ex) to the
ground-state absorption cross section (0,). In addition, Pcs
with heavy central metal ions, such as Pb and In, have been
found to possess a larger yield of triplet excited-state
formation due to heavy-atom enhanced isc.'® All these
features make Pcs a class of promising nonlinear transmission
materials.

Although there have been extensive reports on the nonlinear
optical properties of Pcs using nanosecond or picosecond
lasers,>!419 the Pcs that exhibit strong nonlinear absorption
usually possess heavier metals. The optical nonlinearities of
ZnPc derivatives have not been extensively explored. In
particular, the effect of peripheral substituents is not well
understood. Furthermore, the reported work on ZnPcs was
conducted either at 532 or 1064 nm. The wavelength dispersion
of the nonlinear absorption of ZnPcs has not been studied yet.
Therefore, in this work the nonlinear absorption of 10 ZnPc
derivatives (structures shown in Figure 1) with different numbers
of peripheral substituents and with substituents occupying the
different positions of the macrocyclic ring were investigated
using the open-aperture Z-scan technique at both nanosecond
and picosecond time regimes. The effects of the number and
position of the peripheral substituents on the triplet transient
difference absorption spectra, extinction coefficients, triplet
quantum yields, and lifetimes of the triplet excited state of these
ZnPc derivatives were also systematically studied. It is our
intention to build up the correlations between these photophysi-
cal parameters and the nonlinear absorption of these ZnPc

J. Phys. Chem. A, Vol. 112, No. 31, 2008 7201

R4

6 Ry,=R4=Rg=Rg= O COOH Ry{=R3=R;=R;=H

7 Ri=R3=Rs=R,= 0 COOH R,=R;=Rg=Rg=H

Q¢

COOH

8 Ri=R3=Rs=R;= 0O

Q

CsHy400C,

9 Ry=R3=R;=R;= O

of

HOOC

of

10 R1=R3=R5=R7=O R2=R4=R6=R8=H

derivatives for the future rational design of phthalocyanines with
broad and strong nonlinear absorption.

Experimental Section

Materials. All the ZnPc derivatives used in this study were
provided by Professor Jiandong Huang’s group at Fuzhou
University, China. All samples were characterized by UV —vis,
NMR, and mass spectrometry. The details of the synthesis and
characterization will be published elsewhere.?’ The reference
material ZnPc and ZnTPP were purchased from Aldrich Inc.
and Alfa Aesar Company, respectively, and used as is. The
solvent DMSO was obtained from Alfa Aesar Company and
used as received without further purification.

Photophysical Measurements. All of the photophysical
measurements were carried out in DMSO solutions. The
UV—vis spectra were recorded on an Agilent 8453 UV—vis
spectrophotometer in a 1 cm quartz cuvette. The fluorescence
spectra were measured on a SPEX Fluorolog-3 fluorometer. The
singlet excited-state lifetimes were measured using the time-
correlated single photon counting technique. Each sample was
excited at 375 nm with an approximate 70 ps pulsewidth, and
the emission was monitored at the wavelength of the emission
band maximum. The instrument response time (IRT) was
measured to be 130 ps [full width at half-maximum (fwhm)]
using a colloidal silica suspension (called Snowtex) diluted with
water and setting the emission monochromator at the excitation
wavelength, i.e., 375 nm. The concentrations of the solutions
were adjusted to obtain an absorbance of ~0.1 at 375 nm. The
fluorescence quantum yields of the samples were determined
by the comparative method;?' ZnPc (®; = 0.23 in DMS0)??
was used as the reference. The absorbances of the samples and
the reference were all adjusted to ~0.07 at the excitation
wavelength 610 nm.
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The triplet transient difference absorption spectra, the triplet
excited-state lifetimes, the triplet—triplet molar extinction coef-
ficients, and the triplet quantum yields were measured on an
Edinburgh LP920 laser flash photolysis spectrometer. The third-
harmonic output (355 nm) of a Q-switched Nd:YAG laser
(Quantel Brilliant, pulsewidth (fwhm) = 4.1 ns, repetition rate
= 1 Hz) was used as the excitation source. The sample solutions
were purged with argon for at least 30 min before each
measurement.

The triplet—triplet absorption coefficients (e1) of the samples
were obtained using the singlet depletion method,” and the
following equation was used to calculate the &r.

e AOD;

1™ "AOD; M

where AODg and AODr are the optical density change of the
triplet transient difference absorption spectrum at the minimum
of the bleaching band and the maximum of the positive band,
respectively, and &g is the ground-state molar extinction coef-
ficient at the UV —vis absorption band maximum. Both AODg
and AODt were obtained from the triplet transient difference
absorption spectra.

The triplet quantum yield ®t was obtained by comparing
the AOD of the optically matched sample solution at 355 nm
in a 1 cm cuvette to that of the reference material, ZnPc (&1 =
0.65 £ 0.02, e450 = 30 000 £ 1000 M~! em™1),22 at 480 nm
using the equation®*

AOD} e

X
ZnPC S
AOD% &t

S __ ZnPC
(I)T - q)T

(@)

where the superscript s represents the samples, AOD is optical
density of the triplet transient difference absorption spectrum
at 480 nm, and er is the triplet excited-state extinction
coefficient.

The singlet oxygen quantum yield (PA) was determined by
measuring the emission of 'O, in air-saturated DMSO solution
using an Edinburgh TL900 transient luminescence spectrometer
that is equipped with an ultrafast and ultrasensitive EI-P
germanium detector. The third-harmonic output (355 nm) of
the Quantel Nd:YAG laser was used as the excitation source.
A silicon cutoff filter (the transmission at A > 1180 nm is ~52%,
and the transmission at 1064 nm is approximately 35%) was
used to reduce the scattered light from the YAG laser. The
quantum yield of the singlet oxygen generation was calculated
by comparing the singlet oxygen emission intensity of the
sample solution to that of a reference material (ZnTPP, @, =
0.94 in toluene)? according to eq 32°

ng \? Gi Aggr
FEPTA T W
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where G is the integrated emission intensity, A is the
absorbance of the sample at 355 nm, and n is the refractive
index of the solvent. REF and S refer to the reference material
ZnTPP and to ZnPc derivatives, respectively.

Z-Scan Measurements and Fittings. The open-aperture
Z-scan experimental setup is shown in Figure 2. For nanosecond
Z-scan experiments, the second-harmonic output (532 nm) of a
Q-switched Quantel Brilliant Nd:YAG laser was used as the
light source. The laser pulsewidth was 4.1 ns (fwhm), and
the repetition rate was adjusted to 10 Hz. The spatial profile of
the laser beam was a nearly Gaussian distribution. The beam
was focused by a plano—convex lens with a focal length of 30
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Figure 2. Configuration of the open-aperture Z-scan experiment.
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Figure 3. Five-band model.

cm. The radius of the beam waist at HW/e? was measured to
be 32 um using a knife edge; this corresponds to a Rayleigh
length of 6.0 mm. Therefore, the sample in the 1 mm thick
cuvette can be treated as a thin sample. For the picosecond
Z-scan experiments, the laser source was an optical parametric
oscillator (OPO) (EKSPLA PG 401) pumped by the third
harmonic of a Nd:YAG laser (EKSPLA PL 2143A). The laser
pulsewidth was 27 ps (fwhm), and the repetition rate was 10
Hz. The focal length of the plano—convex lens was 15 cm,
resulting in a beam waist (HW/e?) of wo = 40 um at 532 nm
measured by a knife edge. In both nanosecond and picosecond
Z-scan measurements, the energy of the transmitted beam after
the sample was measured by detector D2, while the incident
laser beam energy was monitored by detector D1. The sample
was mounted on a translation stage (Newport M-UTM100) and
moved through the vicinity of the focal plane. A computer was
used to control the translation stage movement and the data
acquisition.

To fit the open-aperture Z-scan experimental data, a five-
band model depicted in Figure 3 was used. Each molecule is
assumed to lie in the vibration—rotation manifold of one of five
electronic states: the ground state, Sy, a singlet; one of two
excited singlet states, S; or Sy; or one of two excited triplet
states, T; or T,. The following rate equations describe the time
evolution of the number densities ng, ns, nr, and nsy of
molecules in Sy, Sy, T, and S, bands, respectively.

8}’10 Og
55 = el ksits T ke (4)
ong  0g Os
FTs = h_V”GI = (ks T kigo)ng — h_vnsl T ks, (4b)
ony O
E = kiscnS — anT — h_VnTI+ kT2nT2 (4C)
ansz OS
ot - ﬁl’ls] — ksons, (4d)

(nr1; is obtained from the constraint ng = ng + ns + nt + nsy
+ nr, where np is the total number of molecules per unit
volume.) Here, oG, 0s, and or denote absorption cross sections
and ks, ks, kt, kt2, kisc are rate constants for nonradiative decays,
v is the frequency of the laser radiation, # is the Planck constant,
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and [/ is the irradiance. The following extinction law describes
the diminution of the irradiance with distance z as the pulse
propagates through the sample:

al
8_z = —(0gng t ogng + o)l 5)

In order to account for the spatial variation of the molecular
band populations and the pulse irradiance within the sample,
the sample region was divided into a series of longitudinal slices
of thickness Agz. Consistent with the assumed cylindrical
symmetry of the laser beam, each slice was further divided into
a series of concentric annular regions, with a disk-shaped region
at the center. The band populations (n;) were taken to be the
same within any given region; in effect, the sample was replaced
with a two-dimensional (z, r) grid. Beginning at the input face
of the sample, the following procedures were taken on each
longitudinal slice in turn. At each radial grid point on the slice,
eqs 4a—4d were first solved numerically, and I(z, r; f), the
irradiance at that point, was treated parametrically (thus neglect-
ing the effects of irradiance depletion as the pulse propagates
through the slice in question). The newly obtained (ni(z, r; 1))
were then inserted in eq 5, and the pulse depletion by the slice
was computed. The resulting irradiance I(z + Az, r; ) serves
as the input at the corresponding radial grid point on the next
slice. This procedure is justified on physical grounds: by taking
a sufficiently large number of longitudinal slices, one can make
each slice so thin that the irradiance depletion from that slice is
negligible, as is the error incurred by effectively decoupling
eqs 4a—4d and 5 and first solving eqs 4a—4d while disregarding
the effects of irradiance depletion from the slice.

In fitting the Z-scan data reported in the Results and
Discussion section, the decays from the higher excited bands,
both singlet and triplet, to the corresponding first excited bands
were assumed to be ultrafast, as were decays to the lowest-
lying vib—ro level in any band. Experimentally measured values
for the S; lifetime ks™!, the T, lifetime kr~!, and the triplet
quantum yield @ were employed in the model in order to obtain
a single pair of excited-state absorption cross section values
(0s, or) that simultaneously fit both the nanosecond and
picosecond Z-scans.

Nonlinear Transmission Measurement. The nanosecond
nonlinear transmission experimental setup was previously
described in detail.?” The Quantel Brilliant Nd:YAG laser was
used as the light source and operated at its second-harmonic
output (532 nm) with a 10 Hz repetition rate. The incident
energy was tuned by the combination of a polarizing cube beam
splitter, a half-wave plate, and a sheet polarizer. The thickness
of the sample cell was 2 mm, and the radius of the beam (HW/
€?) was measured to be ~72 um by a knife edge. Two Molectron
J4-09 pyroelectric joulemeters were used as the probes for
monitoring the incident and output energies.

Results and Discussion

UV Absorption Spectra. The UV—vis absorption spectra
of ZnPc derivatives in DMSO are presented in Figure 4.
The molar extinction coefficients at the band maxima and the
oscillator strengths for the B- and Q-bands calculated from the
Gaussian fit are listed in Table 1. All complexes exhibit
B-band(s) and Q-bands in the visible and near-IR region,
respectively, with the Q(0,0) bands red-shifted relative to those
of the unsubstituted ZnPc.?® The tetrasubstituted complexes with
substituents occupying the o-position (7—10) exhibit an ap-
proximately 15 nm red-shift of their Q(0,0) bands and 20 nm
red-shift of their B-bands compared to the five monosubstituted
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Figure 4. UV—vis absorption spectra of ZnPc derivatives in DMSO.

(a) ZnPc and complexes 1—6; (b) complexes 7—10. The y-axis is the
molar extinction coefficient (&).

complexes 1—5 and the tetrasubstituted one with substituents
occupying the S-position (6); meanwhile the B-bands of 7—10
show the vibronic structure. A close examination of the five
monosubstituted complexes 1—5 reveals that complexes 4 and
5, which have the substituent at 3-position, show a 3 nm red-
shift in their B-bands, but a 3 nm hypsochromic shift in their
Q(0,0) bands compared to complexes 1—3 with a-substitution.
Interestingly, the UV —vis spectrum of tetrasubstituted complex
6 with substituents located at the S-positions is quite distinct
from complexes 7—10 that have the four substituents at the
a-positions. Its spectrum resembles those of the monosubstituted
complexes 1—5, with a 7—11 nm red-shift of its B-band.
Therefore, both the number and the position of the substituents
on the peripheral ring of phthalocyanines affect the absorption
spectra of ZnPc derivatives. The red-shift of the absorption
bands in 7—10 could probably arise from the nonplanarity
caused by the steric hindrance of the substituents at the
a-positions. However, no X-ray diffraction data is available to
confirm this speculation at this time. In contrast, different
substituent type (o-, m-, p-carboxylphenoxy or pentyl carboxy-
Iphenoxy) exhibits a negligible effect on the UV—vis spectra.
In addition, the Q(0,0) bands of all complexes are quite narrow
and intense, and the Beer—Lambert law is followed for both
the Q-band and the B-band in the concentration range used in
our studies (107 to 10~* mol/L), indicating that no aggregation
occurs in this concentration range.?

It is valuable to point out that all complexes possess a fairly
broad “transparency window” between 425 and 575 nm, where
the typical ground-state absorption cross section (0y) is of the
order of 10712 to 1078 cm?. According to the studies on other
phthalocyanines, reverse saturable absorption (RSA) is expected
to occur in this spectral range, as will be demonstrated by the
open-aperture Z-scans and the nonlinear transmission measure-
ments presented later in this paper.
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TABLE 1: Photophysical Data of ZnPc Derivatives in DMSO

Li et al.

complex  Au/nm (e/10* Lemol™'~cm™!, f4)  A¢gnm (zdns, @) Ari—r/nm (e71-1,/10* L-mol~'-cm™") Tr/us Tise/nS? O D¢
ZnPc 343 (5.88, 1.59), 672 (24.0, 0.44)? 684 (3.66, 0.23°) 480 (3.00 £ 0.10)¢ 123 +£9 5.63 0.65+0.02¢ 0.67
1 346 (7.21, 1.99), 677 (26.3,0.51) 684 (3.01, 0.14) 500 (5.02 4+ 0.05) 200 +9 7.92 0384+0.01 0.18
2 345 (5.31, 1.58), 677 (19.0, 0.37) 684 (3.11,0.12) 480 (3.70 £ 0.28) 168 =27 6.35 0.49+0.04 0.17
3 346 (5.80, 1.99), 678 (21.3,0.41) 684 (3.10,0.11) 480 (4.31 £ 0.31) 170+ 18 7.75 0.40+£0.03 0.19
4 349 (8.45, 2.40), 675 (28.2,0.61) 680 (3.17, 0.15) 480 (4.82 £+ 0.49) 181 +£27 793 040+£0.04 0.14
5 349 (6.37, 1.59), 674 (21.1,0.46) 680 (3.27, 0.16) 480 (3.82 £ 0.15) 161 £40 798 0.41+£0.02 0.15
6 356 (7.13, 1.57), 678 (18.5,0.44) 686 (3.00, 0.10) 500 (2.96 £ 0.11) 238 +40 6.12 0.49+0.02 0.17
7 340 (3.75, 1.20), 371 (3.63, 0.29), 700 (2.70, 0.06) 560 (11.1 +0.48) 2154+21  7.11 0.38+£0.02 0.31
692 (20.9, 0.44)
8 341 (4.29, 1.91), 371 (4.20, 0.17), 700 (2.70, 0.06) 560 (12.1 4+ 0.35) 174 £ 21 6.59 041+£0.01 0.30
693 (20.2, 0.47)
9 337 (3.79, 1.17), 372 (3.83, 0.33), 702 (2.59, 0.06) 560 (20.4 £+ 0.82) 142 £ 8 104 0.254+0.01 0.36
696 (20.4, 0.44)
10 340 (4.33, 1.62), 374 (4.29, 0.35), 704 (2.83, 0.06) 560 (18.4 + 1.17) 140 £ 5 11.8  0.244+0.02 0.39

697 (21.7, 0.50)

“ Oscillator strength, f= (4.3 x 107°) [ v dv. ? Tic = 7/®P7. ¢ The uncertainty is +0.01. ¢ From ref 28. ¢ From ref 22. / From ref 31.
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Figure 5. Normalized fluorescence spectra of ZnPc and its derivatives
in DMSO. The excitation wavelength is the Q(0,0) band maximum for
each sample.

Singlet Excited-State Characteristics. Figure 5 displays the
fluorescence spectra of the ZnPc derivatives in DMSO solutions
when excited at the corresponding Q(0,0) band maximum for
each sample. Exactly the same emission spectra were obtained
for a 375 nm excitation, which is within the B-band region.
Similar to the trend observed from the UV—vis absorption
spectra that are discussed in the previous section, the emission
spectra of complexes 1—10 are divided into two groups: the
emission band maxima of 1—6 appear at ~680 nm, whereas
the band maxima red-shift to ~700 nm for 7—10. Considering
the mirror image of the emission bands to the Q(0,0) bands
in the UV—vis absorption spectra and the small Stokes shift
(5—8 nm), the emission should originate from the lowest
vibronic state of the first singlet excited state. In line with this
assignment, the singlet excited-state lifetimes measured using
the time-correlated single photon counting (TCSPC) technique
are approximately 3 ns, with 1—6 exhibiting a slightly longer
lifetime than 7—10. With the use of the unsubstituted ZnPc as
the reference, the fluorescence quantum yield was determined
to be 0.10—0.14 for 1—6, and 0.06 for 7—10.

Triplet Excited-State Characteristics. As discussed in the
previous section, the UV —vis absorption spectra of the ZnPc
derivatives display a broad “transparency window” between their
B-bands and Q-bands. Therefore, RSA is expected to be
observed in this spectral range. To demonstrate this, the triplet
transient difference (TA) absorption spectra that measure the
absorption difference between the triplet excited state and
the ground state of these complexes were investigated. Positive
bands in the TA spectrum usually suggest a triplet excited-state

absorption that is stronger than that of the ground state, and
thus RSA can take place in those spectral regions. A bleaching
band indicates the opposite case. Additionally, the decay of the
transient absorption at a given wavelength contains information
on the decay of the triplet excited state, from which the triplet
excited-state lifetime can be deduced.

Figure 6 shows the triplet transient difference absorption
spectra of the 10 ZnPc derivatives right after excitation. Similar
to what is observed in the UV—vis and fluorescence spectra,
the TA spectra of these complexes are divided into two groups.
Complexes 1—6 display positive bands from 390 to 600 nm
and bleaching bands from 610 to 800 nm, whereas the positive
bands for complexes 7—10 appear at 410—610 nm and the
bleaching bands at 620—800 nm. The location of the positive
bands corresponds to the “transparency window” observed in
the UV —vis spectra, whereas the bleaching band coincides with
the spectral region of the Q-band. In line with the trend
discovered in the UV —vis and fluorescence spectra, the maxima
of the positive bands red-shift from 480 nm for 1—6 to 560 nm
for 7—10. Moreover, this trend is observed not only for the
energy of the T; — T, absorption but also extends to the molar
extinction coefficients (er1-1,) of the Ty — T, absorption. As
shown in Table 1, the er;-1, values obtained from the singlet
depletion method?! for 7—10 are 2—6 times as large as those
for 1—6. This suggests that o-tetrasubstitution not only decreases
the transition energies of So — S; and T; — T,, but also increases
the transition probability of T; — T,.

Figure 7 shows the representative time-resolved transient
difference absorption spectra of two complexes. By analyzing
the decay of the transient absorption, one determines the lifetime
of the triplet excited state (z1). As listed in Table 1, the lifetimes
of all complexes are quite long, on the order of hundreds of
microseconds, which is significantly longer than that of the
unsubstituted ZnPc. On the basis of eq 2, the quantum yields
for formation of the triplet excited state are determined to be
0.38—0.49 for 1—8, and ~0.24 for 9 and 10. Although these
values are not as large as that for ZnPc, the larger triplet excited-
state absorption coefficients/cross sections (see &rj—t, in Table
1 and the o7 values at 532 nm in Table 2) would be able to
compensate for these reduced @ values and result in better
nonlinear transmission performance (see Figure 9 and the
discussion in Nonlinear Transmission section). In addition, these
values, along with the singlet excited-state lifetimes measured
by the TCSPC technique (listed in Table 1) are used to calculate
the isc times (7ic = 7s/P1), which results in ~6—8 ns for 1—8
and ~10—12 ns for 9 and 10 (see Table 1). Since these isc
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Figure 6. Triplet transient difference absorption spectra of the ZnPc derivatives immediately after the excitation. Acx = 355 nm; the excitation is
provided by the 4.1 ns (fwhm) Nd:YAG laser. (a) Complexes 1—6; (b) complexes 7—10.
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Figure 7. Time-resolved triplet transient difference absorption spectra of 5 and 9 in DMSO. Aex = 355 nm. The legend indicates the delay time

after excitation.

TABLE 2: Excited-State Absorption Cross Sections of ZnPc
Derivatives in DMSO Measured by Open-Aperture Z-Scans
at 532 nm

0 /10718 g/10717 or/10717

complex cm? cm? cm? oJo,  o1lo,
1 3.1 4.0+£0.5 18.0 £2.0 13 58
2 2.4 4.0+£0.5 10.5 £2.0 17 44
3 2.5 45+0.5 70+£15 18 28
4 3.7 45+0.8 11.0£2.0 12 30
5 3.1 45+0.5 60+15 15 19
6 4.0 4.0+£0.6 45+1.0 10 11
7 1.6 3.0+£0.5 17.0 £2.0 19 106
8 2.3 1.8+04 18.0 £2.5 8 78
9 1.3 1.8+0.2 40.0 = 4.0 14 308
10 1.8 3.0+£0.5 28.0 £ 3.0 17 156

times are of the same order as the pulsewidth of the nanosecond
laser used for the nonlinear optical measurements, the nano-
second Z-scan and nonlinear transmission studies that will be
discussed in the following two sections include contributions
from both the singlet and the triplet excited states.

The quantum yields for singlet oxygen generation were
measured to be 0.14—0.19 for 1—6 and 0.30—0.39 for 7—10.
It is quite obvious that the energy transfer efficiencies (Sa =
O /D) from the triplet excited-state to the ground-state oxygen
are much higher for 7—10 than for 1—6. It is noted that the
singlet oxygen quantum yields of 9 and 10 are higher than their
triplet excited-state quantum yields. This is possibly due to the
error in the triplet absorption coefficient measurement, in which
the singlet depletion method usually gives an upper bound to
the value of e1;23% the higher et value subsequently induces a
lower ®r. The higher-than-expected value of et could possibly

be due to the ground-state extinction coefficients that are not
negligible at the transient absorption spectrum band maximum
(A = 560 nm). On the other hand, the fact that ®, is larger
than @ could also possibly be due to energy transfer from a
higher triplet excited-state to the ground-state oxygen, since the
excitation wavelength used for the singlet oxygen measurement
was 355 nm. Unfortunately, the limitations of our instrument
made it impossible to excite the samples at the Q(0,0) band in
order to exclude the possibility of energy transfer from a higher
triplet excited state. Nevertheless, the fact that the value of Sa
for these two complexes is very nearly unity suggests that energy
transfer efficiency from the triplet excited-state to the ground-
state oxygen is quite high.

Z-Scan Measurement. The Z-scan technique can measure
the nonlinear absorption and nonlinear refraction simultaneously,
and the contribution from nonlinear absorption and nonlinear
refraction can be separated through data analysis. In Z-scan
experiments, the transmittance of the sample in the far field is
monitored as a function of the sample position relative to the
linear focal plane. In the absence of an aperture (referred as
open-aperture Z-scans), the measurement determines the con-
tribution purely from nonlinear absorption. Measurements using
nanosecond and picosecond laser pulses would provide informa-
tion on the triplet and singlet excited states, respectively. In
general, when the laser pulsewidth is comparable to the isc time,
as is true of nanosecond laser pulses in the case of most
materials, Z-scans measure contributions from both the triplet
and the singlet excited states, and when the laser pulsewidth is
much shorter than the isc time, as is typically the case for
picosecond pulses, the contributions from the singlet excited
state dominate.
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Figure 8. Normalized open-aperture data (open circles) and fitting curves (solid lines) for complex 2 at 532 nm. The energy used was 5.3 uJ for
the nanosecond Z-scan and 3.9 uJ for the picosecond Z-scan, and the beam radius at the focal point was 32 um for nanosecond Z-scan and 41 um

for the picosecond Z-scan.
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Figure 9. Nonlinear transmission curves for ZnPc derivatives and ZnPc
at 532 nm for 4.1 ns (fwhm) laser pulses. The sequence of the legend
labels goes from the worst nonlinear absorber (ZnPc) to the best one
(complex 10). The linear transmission for all samples was adjusted to
90% =+ 0.2% in a 2 mm cuvette.

Figure 8 shows typical open-aperture curves for complex 2
using nanosecond and picosecond laser pulses at 532 nm,
respectively. These curves clearly display a strong transmission
decrease, indicating an RSA. In optically pumped chromophores
in solution at room temperature, coherence effects are unim-
portant at time scales of a picosecond and longer; the population
dynamics of such systems are well described by simple rate
equation models described in the Experimental Section.’? A
single pair of excited-state absorption cross section values (0,
or) that simultaneously fit both the nanosecond and picosecond
Z-scans was obtained from the five-band model and the
procedure described in the Experimental Section. The solid
curves in Figure 8, which represent the best fit of the
experimental data for complex 2, were computed using the
values 4.0 x 10717 cm? for o, and 10.5 x 1077 cm? for or,
corresponding to ratios of 16.7 for oy/0, and 43.8 for o1/0; at
532 nm. This confirms that the excited-state absorption cross
section is much larger than that of the ground state. Therefore,
the decrease of the transmission at the vicinity of the focal plane
is indeed induced by RSA.

Table 2 lists the ground-state and excited-state absorption
cross sections of the 10 ZnPc derivatives in DMSO measured
by nanosecond and picosecond Z-scans at 532 nm. The
magnitude of the ground-state absorption is of the order of 10718
cm?, whereas the excited-state absorption cross sections are of
the order of 107!7 to 107! cm? at 532 nm. This gives a ratio of
8 to 19 for o0, and 11 to 308 for or/0, at 532 nm. It is quite

TABLE 3: Wavelength Dispersion of the Singlet
Excited-State Absorption Cross Section for Complex 5 in
DMSO Measured by Picosecond Open-Aperture Z-Scans

Anm 0/1071° cm? 0410717 cm? 040,
470 4.6 4.0+0.8 87
500 5.5 32406 58
532 31.0 45+05 15
550 76.0 40+1.0 5

obvious that the o-tetrasubstituted complexes 7—10 possess
much larger ratios of 01/, than the monosubstituted ones (1-5)
and the S-tetrasubstituted one (6) because of the larger excited-
state absorption cross sections and the reduced ground-state
absorption cross sections for 7—10 at 532 nm. In particular,
the S-tetrasubstituted complex 6 has the smallest o1/0; ratio of
11 at 532 nm. In contrast, the 0y/0, ratio at 532 nm does not
vary significantly among these 10 complexes.

It is well-known that the nonlinear absorption is wavelength-
dependent. To evaluate the wavelength dispersion of the
nonlinear absorption, picosecond Z-scan experiments were
conducted for two of these ZnPc derivatives in DMSO at
multiple visible wavelengths. From 470 to 570 nm, both
complexes exhibit an RSA. As exemplified in Table 3 for
complex 5, the excited-state absorption cross sections (0g)
decrease at longer wavelengths. Meanwhile, the ground-state
absorption cross sections increase at longer wavelengths. As a
result, the ratio of oo, varies from 87 at 470 nm to 5 at 550
nm, corresponding to a factor of 17. A similar trend has been
observed for complex 9.

Nonlinear Transmission. As we discussed in the previous
sections, these ZnPc derivatives show low ground-state absorp-
tion but strong triplet excited-state absorption from 400 to 580
nm. Especially, the open-aperture Z-scan experiments manifest
the existence of RSA for both nanosecond and picosecond laser
pulses at 532 nm. Therefore, it is expected that these complexes
exhibit nonlinear transmission in this spectral region. To verify
this, nonlinear transmission experiments were carried out at 532
nm using a Nd:YAG laser with a pulsewidth (fwhm) of 4.1 ns.
As shown in Figure 9, all ZnPc derivatives exhibit a remarkable
transmission decrease with increased incident fluence. The
decrease in transmission of all 10 ZnPc derivatives with
increasing fluence exceeds that of the unsubstituted ZnPc. The
strength of the nonlinear transmission decreases in the following
sequence: 10 > 9>7>3>8>2>4>5>1>6 > ZnPc.
The a-tetrasubstituted complexes 7—10 generally exhibit stron-
ger nonlinear transmission than do complexes 1—6. In contrast,
the [-tetrasubstituted complex 6 appears to be the weakest
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nonlinear transmission suppressor among the 10 ZnPc deriva-
tives, though its performance in this regard is still better than
that of ZnPc. This trend is consistent with the prediction made
on the basis of the nanosecond open-aperture Z-scan results.
The incident fluence (“threshold”) at which the transmittance
falls to 50% of the linear transmittance is 1.34, 0.70, and 0.57
J/cm? for complexes 6, 9, and 10, respectively. The enhanced
degree of nonlinear transmission exhibited by these ZnPc
derivatives should be attributed to their long triplet excited-
state lifetimes and to their large values of the ratio of the excited-
state absorption cross section to the ground-state absorption cross
section.

Conclusion

The photophysical studies reveal that the peripheral-substi-
tuted ZnPc derivatives exhibit low ground-state absorption but
strong triplet excited-state absorption from 400 to 580 nm with
a longer triplet excited-state lifetime in comparison to the
unsubstituted ZnPc. These complexes all exhibit RSA for
nanosecond and picosecond laser pulses at 532 nm and show
broad-band nonlinear absorption from 470 to 550 nm for
picosecond laser pulses. Additionally, they all suppress the
transmission of 532 nm nanosecond laser pulses better than
ZnPc. Most importantly, our studies demonstrate that both the
number and the position of the peripheral substituents dramati-
cally affect the photophysics and nonlinear absorption of this
type of materials. o-Tetrasubstitution causes bathochromic shifts
in the ground-state absorption spectra, the fluorescence spectra,
and the triplet transient difference absorption spectra, and it also
enhances the triplet excited-state absorption coefficients and
increases the ratios of the triplet excited-state absorption to the
ground-state absorption cross sections. All these features suggest
that the peripheral-substituted ZnPc derivatives are very promis-
ing nonlinear optical materials for applications that require
strong and broad-band nonlinear absorption.
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