% 49 K% 12 4 b Hg oL TR 2020 4 12 A
Vol.49 No.12 Infrared and Laser Engineering Dec. 2020

Nonlinear absorption and optical limiting of platinum(1I)

terpyridine complexes (/nvited)
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Abstract: The reported work in 2003-2019 on the reverse saturable absorption (RSA) or two-photon absorption
(TPA) and/or optical limiting (OPL) of platinum(Il) terpyridine complexes was summarized in this minireview.
Photophysical properties, including the ground-state absorption (GSA), excited-state absorption (ESA), excited-
state lifetimes, and the quantum yields of triplet excited-state formation, RSA/OPL at 532 nm for ns laser pulses,
TPA characteristics in the near-IR spectral regions, and the structure-property correlations were reviewed. This
paper is composed of four sections. First, the current status of OPL materials and devices, the general
requirements for reverse saturable absorbers and two-photon absorbing materials, and the different types and
characteristics of square-planar platinum(Il) complexes were briefly introduced. Then the photophysics and
RSA/OPL of six series of Pt(1I) terpyridine-analogous complexes and the structure-property correlations were
discussed. Following it the TPA of five series of Pt(Il) terpyridine complexes and the impacts of structural
variations on the TPA cross sections (0,) were reviewed. Finally, brief conclusions were drawn based on the
reported studies. A general trend discovered was that the charge transfer absorption band(s) and the ESA can be
readily tuned by substituents on the acetylide or the terpyridine ligand. Introducing electron-donating substituent
to the acetylide or terpyridine ligand or improving the coplanarity between the aromatic substituent and the
terpyridine ligand red-shifted the ground-state charge-transfer absorption band(s) at the price of decreasing/
quenching the triplet ESA, which consequently reduced the RSA/OPL at 532 nm. Extending the n-conjugation of
the terpyridine ligand dramatically improved the o, values of the Pt(Il) terpyridine complexes. Incorporation of
electron-withdrawing m-conjugated aromatic substituent restrained the GSA to < 500 nm while keeping a long-
lived triplet excited state with broadband ESA in the visible spectral regions and moderately strong TPA in the
NIR regions. This approach could provide a solution for developing broadband OPL materials.
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0 Introduction

In the past a few decades, lasers have been
playing an indispensable role in many aspects of our
lives, such as CD players, super market barcode
readers and pocket laser pointer in our daily life; laser
surgery in medicine; metal cutting and defect
detection in industry; and laser weapons and ranging-
finding, guidance and detection instruments in the
military. The widespread use of lasers has increased
the risk of accidental or intentional damage to human
eyes and optical systems. There have been many
reports in the news on the incidence of laser damage to
optical systems and military personnel’s eyes; and the
potential to use commercial laser system as weapons
becomes highly possible! ™ . Such increased threat has
triggered the development of optical limiting materials
and devices for eye and sensor protections® ',

Generally, an ideal optical limiter should transmit
100% light at low incident laser intensity, but absorb,
reflect, scatter or diffract most of the light when the laser
intensity reaches the point that may cause damage to
human eyes or optical sensors. The response time for the
limiter should be faster than 1 ns. A broad spectral
response that covers the visible to near-infrared (NIR)
spectral range (400-900 nm) for protection of human
eyes and night vision devices from the “frequency-

agile” laser systems, and a broad temporal bandwidth

effective for a variety of pulsed (< 1 ms) or CW (>1 ms)
lasers are required. In addition, the material and device
should have low toxicity and exhibit long-term stability. It
should be able to operate at a variety of environments.
0.1 Current status for optical limiting materials and

devices

Currently, the commercially available devices for
eye and sensor protection include fixed-line filters that
selectively eliminate 2-3 wavelengths (such as the laser
protection goggles), neutral density filters, and mechanical
or electro-optical shutters. However, the fixed-line filters
have very low linear transmission (usually 10%-20%) and
cause color distortion; neutral density filters are lack of
contrast due to the overall low linear transmission; while
the mechanical/electro-optical shutters have very slow
response time and the optical systems are typically
complicated. Most importantly, none of these devices can
meet the requirement for broadband spectral and
temporal responses. Therefore, new materials and
device concepts are necessary for the development of
new optical devices that can remove the threat of a
laser beam but has a minimum impact on the optical
system or on one ’s capability to commit mission.
Meanwhile, the device must have broad spectral and
temporal operating bandwidth.

To meet the aforementioned requirements for optical

limiters, a variety of nonlinear optical mechanisms have
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been investigated. Reverse saturable absorption (RSA),
two-photon absorption (TPA), free-carrier absorption
(FCA), nonlinear refraction (NLR), and nonlinear
scattering have been found to be useful for passive
reduction of optical transmission (the best approach to
counter the frequency agile, short pulse threat)” %
Because the performance of an optical limiter is
predominantlydetermined by the properties of the material
used in the device, seeking for optical limiting materials
that exhibit one or multiple of the aforementioned
nonlinear optical properties has been the major theme for
the development of optical limiters. To date, the most
widely investigated materials include semiconductors,
carbon black suspensions, carbon nanotubes and
graphene, organic compounds, organometallic complexes,
liquid crystals, and organic/inorganic hybrids. Semicon-
ductors typically exhibit low limiting threshold and good
optical limiting performance; however, their damage
thresholds are usually low. Carbon black suspensions
(CBS) show broadband optical limiting extending to the
NIR regions, but they must be used in liquid state and are
subject to laser degradation. CBSs are not effective for
ultrafast laser pulses (ps and fs lasers) either. Organic
compounds or organometallic complexes typically
possess fast time response and have high damage
threshold, and the nonlinear optical properties can be
readily tuned via structural modifications. Therefore, they
would be better candidates to be developed into
broadband optical limiting materials.

0.2 Reverse saturable absorption (RSA) and two-

photon absorption (TPA)

RSA and TPA are two of the nonlinear optical
phenomena in which the absorptivity of the absorber
increases with the increased incident fluence or intensity.
RSA occurs when a material has stronger excited-state
absorption than that of the ground state at the interested
wavelengths, which is a fluence-dependent process. TPA
takes place when a material absorbs two photons of the
same or different energies simultaneously to be populated

to a virtue or real excited state of the material, thus the

absorptivity depends on the square of the light intensity.
TPA is an ultrafast and intensity-dependent process.
Materials exhibiting strong RSA and/or TPA have
potential applications in optical switching!'”), optical
limiting™?, laser mode locking!"”", optical pulse shaping®®”,
spatial light modulation**", laser beam compression'*”,
and TPA-induced photodynamic therapy™’, etc. Optical
limiting devices based on RSA and/or TPA have the
advantages of simple device design, broadband spectral
and temporal responses.

For an ideal reverse saturable absorber, the molecule
should have low but measurable ground-state absorption
in the interested wavelength to populate the excited state;
while the excited-state absorption cross section should be
much larger than that of the ground state. The lifetime of
the excited-state should be longer than the laser
pulsewidth. For RSA of ns or longer laser pulses, a high
triplet quantum yield is desired because the triplet excited-
state absorption is the major contributor for absorbing
longer pulsewidth laser beams. To meet these criteria, the
conjugation length of the molecules should be carefully
tuned because large m-conjugation would red-shift and
increase the ground-state absorption cross sections in the
visible spectral regions and thus reduce the ratios of the
excited-state absorption cross section with respect to that
of the ground state, which is a critical parameter for RSA.
On the contrary, in order to increase the TPA crossss-
ections of organic molecules, the molecules should
possess extensive n-framework and/or strong intramo-
lecularcharge transfer characters, which could decrease
the transparency of the materials in the visible spectral
regions. In addition, although the two-photon absorbing
dyes can be almost 100% transparent in the NIR regions
at low intensity, they usually only work for short-
pulsewidth laser sources (ps or fs), not for longer
pulsewidth lasers. Therefore, developing organic molee-
cules that have light color (weak or no ground-state
absorption in the spectral regions of 450-900 nm), but
exhibit broad and strong excited-state absorption in the

450-900 nm regions and reasonable TPA in the NIR

20201078-3



ISk A2

%124

www.irla.cn % 49 %

regions is desired. In these molecules, RSA could occur in
the green to red spectral regions; while two-photon
induced excited-state absorption could induce optical
limiting in the far-red to NIR regions. Combination of
these nonlinear absorption phenomena could generate
broadband optical limiting materials.

In organometallic complexes, the interactions
between the metal center and the organic ligand generate
multiple charge transfer excited states, which give rise to
broad excited-state absorption. Selection of appropriate
organic ligand could keep the major ground-state
absorption bands to <450 nm. Meanwhile, heavy transition-
metal complexes could exhibit high yield of triplet
excited-state formation due to the heavy-atom enhanced
intersystem crossing (ISC). Therefore, they are promising
candidates for broadband optical limiting.

Among the variety of organometallic complexes that
exhibits RSA, metallophthalocyanines possessing strong
RSA in the visible spectral regions, such as lead-
phthalocyanines (PbPc) or silicon naphthalocyanine
(SiNc), are among the most promising ones. However, the
strong linear absorption in the red to NIR regions prevents
their application as broadband optical limiting materials in
the NIR regions. To solve this problem, square-planar
platinum( I ) complexes®®* ) may be good candidates.

0.3 Square-planar platinum( IT ) complexes

Square-planar d® Pt(Il) complexes are interesting

X=R-fluorenyl
Y=none, /—\
L=R-fluorenyl

A=C,N; n=0, 1;

L=Cl, acetylide, Py

R,=Ar, H, CN, halogen,
OR, NR,

X=Cl, PFq, ClO,

heavy transition-metal complexes with potential app-
lications in DNA intercalation”®, protein probing®*’,
chemosensing®®!, photovoltaic cells”®’, light-emitting de-
vices"", catalysis”'!, and optical limiting"*?. Figure 1 shows
some representative structures for the most common types
of square-planar Pt(Il) complexes, including Pt(II)-
bisphosphine bisacetylide complexes, Pt(Il) bipyridine
bisacetylide complexes, and Pt(Il) terdentate acetylide
complexes. Among these complexes, Pt:ethynyl comple-
xes are among the most well studied Pt( Il ) complexes for
nonlinear optics and optical limiting”**. Unfortunately,
these complexes suffered from instability upon laser
irradiation, which limits their applications in practical
optical limiting.

In contrast, Pt(Il) terdentate or diimine complex-
exhibit excellent thermal and photochemical stabilities
due to chelation of Pt(Il) ion by the terdentate or
bidentate ligands. In addition, like the Pt:ethynyl
complexes, the Pt(Il) terdentate or diimine complexes
possess low ground-state absorption but strong excited-
state absorption (ESA) in most of the visible to the NIR
regions. The heavy-atom effect of the Pt(Il) ion
facilitates the intersystem crossing and gives rise to a
high triplet excited state population upon excitation,
which would enhance the triplet excited-state
absorption. Moreover, it is facile to conduct structural

modifications on these complexes. The type of

R=alkyl
X=H, Br, NO,, OCH,, NPh,
L=Cl, acetylide

Fig.l Representative structures for the most commonly studied square-planar Pt(II) complexes
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terdentate ligand, the 4'-substituent on the terdentate
ligand, and the monodentate co-ligand can be readily
altered. The terdentate ligand could be assembled with

397411 or inorganic chromophores'*” and be

other organic
used as building blocks for dendrimers™ Y. It is also
possible to assemble the mononuclear motif into di-, tri-
and multinuclear complexes through a variety of bridging
ligands'* ™. Therefore, since our first report on the RSA-
based optical limiting of Pt(Il) terdentate oligoph-
enylacetylide complexes®”, our group and other groups
have conducted an extensive study on the RSA/optical
limiting and/or TPA of Pt(Il) terdentate complexes”' ",
While the most common terdentate ligands include
2,2":6',2"-terpyridine (N*N”N), 6-phenyl-2,2'-bipyrid-
ine (C"N”N), or 2,6-biphenylpyridine (C*N~C), this
minireview will only focus on the RSA/optical limiting

and/or TPA of Pt(I') terpyridine complexes.

1 Reverse saturable absorption (RSA) and
optical limiting of Pt(Il) terpyridine
complexes at 532 nm

The first study on the RSA-based optical limiting of
Pt(I') terpyridine acetylide complexes (1-3 in Fig.2) was
reported by our group®. Those complexes contain
oligophenylacetylide ligands with different degrees of
conjugation and different substituents on the terpyridine
ligand. The linear absorption spectra of the complexes
(Fig.3(a)) exhibited strong absorption bands in the UV
region (260-380 nm) that were assigned to 'mm*
transitions within the ligands; and broad bands in the 380-
550 nm regions that were attributed to metal-to-ligand
charge transfer (‘MLCT) transitions. Above 550 nm, the
complexes were essentially transparent. Therefore, a
broad optical window was formed at >500 nm, whereas
the triplet excited state exhibited a broad absorption band
(Fig.3(b)). Optical limiting of these complexes was
demonstrated at 532 nm for 5 ns laser pulses. With a
linear transmission of 90% in a 2 mm cuvette at 532 nm,
the limiting thresholds (Fy) (defined as the incident

fluence at which the transmission started to deviate from

the linear transmission) for these complexes were found to
be 20-30 mJ/cm?; while the transmission decreased to 12-
32% at the incident fluence of 3.6 J/cm® (Tab.1).

Both the linear absorption spectra and the transient
difference absorption spectra are influenced by the degree
of m-conjugation in the acetylide ligand. The complexes
containing bis(phenylacetylide) ligand (1 and 2) exhibited
a broader (380-830 nm) but slightly weaker excited-state
absorption in the visible spectral region (500-780 nm) in
contrast to 3 that possessed a monophenylacetylide ligand.
Due to the weaker ground-state absorption at 532 nm for 3
but stronger excited-state absorption at this wavelength
than those for 1 and 2, complex 3 exhibited stronger
optical limiting at 532 nm.

To quantitatively understand the excited-state cross
section of 3, Z-scan experiment was carried out for 3 at
532 nm using ns laser pulses, and the result was fitted by
a five-energy-level model®”, which yielded a value of
5.5x107"" ¢cm® for the first triplet excited state absorption
cross section (or;), and is ~ 40 times as large as that of the
ground state absorption (o,=1.4x10"® cm?®). At high
fluence (> 0.4 J/cm?), the theoretical curve began to
deviate from the experimental data, suggesting the
presence of other nonlinear process. However, contri-
bution from the nonlinear scattering was ruled out.

To evaluate the effects of arylacetylide ligand,
our group studied a series of 4'-tolylterpyridine Pt(II)
complexes bearing different arylacetylide ligands (4-10 in
Fig.2)®. The photophysical properties and optical
limiting performance of these complexes were system-
atically investigated. These complexes all exhibited inten-
se ligand-localized 'm,n" absorption bands below 370 nm,
and broad, moderately strong metal-to-ligand charge
transfer ("MLCT)/ligand-to-ligand charge transfer ('LLCT)
bands at 370-650 nm (Figs.4(a) and (b)). The separation
of '"MLCT band and 'LLCT band became more salient
when the electron-donating ability of the substituents at
the phenyl ring increased and the 'LLCT band red-shifted
(see Fig.4(a) for 7 and 8). However, only complexes 4-6

and 10 showed broad triplet excited-state absorption, with
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4 and 5 possessing a narrower band at 350-430 nm and a
broad band at 520-820 nm (Fig.4(c)). The transient
absorption (TA) of 6 is much weaker, with only a broader
band at 500-820 nm. In contrast, the TA of 10 is broader,
with positive absorption bands appearing at 380-820 nm.
The excited-state absorption of 7, 8, and 9 was too weak
to be measured. Due to the lack of ground-state absorption
of 6 at 532 nm and the non-detectable excited-state
absorption of 7, 8, and 9, optical limiting performance of
only complexes 4, 5 and 10 in CH;CN at 532 nm was

demonstrated. With a linear transmission of 70% in a

A

2 mm cuvette at 532 nm, the limiting threshold (defined
as the incident fluence at which the transmission dropped
to 90% of the initial linear transmission, i.e. at 7/T, =
90%) varied from 0.049 J/cm? for 4, 0.144 J/cm? for 5,
to 1.09 J/cm® for 10; whereas the transmission dropped
to 28% for 4, 34% for 5, and 44% for 10 (Fig.4(e) and
Tab.2). The trend of the optical limiting strength 4>5>10
at 532 nm paralleled the trends of the triplet quantum
yields (88+7% for 4, 77+8% for 5, and 60+£5% for 10),
and of the ratios of the effective excited-state absorption

cross section (o.y) Vvs. ground-state absorption cross

/7 N/
J R=H" 4 N 10
ros
t—=—=—R &% g*mﬁ7n
| N (CH,),§ ¥ CHOH 12

_ 9

) .
/—‘\ e Yy
T Ve

1.5 0.06 1.0
1 (d) R (©
-2 004 | £ 4 0.8 -
3 ’ W a?a g
2 0.02 | ¥ 4 v | Eosf
E 3 N AW, £ 04 \
172 -
z T £ \>-
—0.02 4 fF% 02 - m Experimental data
i Theoretical fitting
_004 L L L L L 0 PR B A TR T A A ET] M AR AT a T

400 500
Wavelength/nm

600 700

300 400 500 600 700 800 900
Wavelength/nm

0.1 1 10

Incident flence/J-cm™

0.01

Fig.3 (a) Linear absorption spectra of complexes 1-3 (8.8x107° mol/L) in CH,Cl,/CH;0H (8 : 2) in a 2 mm cell, (b) triplet transient difference

absorption (TA) spectra of 2 (2.39x10°° mol/L) and 3 (2.09x10° mol/L) in a I-cm cell. The TA spectrum of 1 was similar to that of 2, thus was

not shown in Fig.3(b), (c) Z-scan experimental data and fitting curve for 3 in CH,Cl,/CH;0H (8 : 2) with a concentration of 3x10™* mol/L and a

linear transmission of 95% at 532 nm in a 1 mm cell. Figures a and b are modified from Ref. [50] with permission, copyright © American Institute

of Physics
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Tab.1 Optical limiting parameters at 532 nm for ns section (oy) at 532 nm for these complexes (Tab.2).
laser pulses® It appeared that introducing electron-donating substituents
Complexes  Fa/T'em?  Fipoughpudd-om?  Typ(at 3.6 J-om?) (OCH; and N(CHj),) on the phenylacetylide ligands
1 0.03 1.07 0.30 diminished the triplet excited-state absorption and the
2 0.03 1.16 032 optical limiting of the Pt(Il) terpyridine arylacetylide
3 0.02 0.45 0.12
— - — - - complexes.
*Modified from Ref. [50] with permission. Copyright © American
Institute of Physics In the work reported by Pritchett and Sun et al, the
0.7 0.5 ©
0.6 4 (b) —9 0.06 7/ —4
05 —5 0.4 —10 —5
=] . —6 =) —11 4 | —6
£ 04 —7 2 03 —12 00 —10
£ 8 e 3
2 03 2 0.02
< 02 < 0
0.1 0.1 %\W
0 1 A 0 _0‘02 1 1 1 1 1
300 400 500 600 700 800 300 400 500 600 700 400 500 600 700 800
Wavelength/nm Wavelength/nm Wavelength/nm
0.04
0.03
0.02 £
o
0.01 =
S
0
000 B, o, o
450 500 550 600 650 700 750 800 0 05 1.0 15 2.0 25 3.0
A/nm F,/J-cm™

Fig.4 (a) and (b) Linear absorption spectra of complexes 4-12 (1x107° mol/L) in acetonitrile in a 1 cm cuvette, (c) ns TA spectra of 4, 5, 6 and 10 in
acetonitrile in a 1 cm cell (A = 0.4 at 355 nm). See Ref. [51] for the ns TA spectra of 11 and 12 in acetonitrile, (d) time-resolved fs TA spectra of
11 in acetonitrile, (e) optical limiting curves of 4, 5, 10, 11 and 12 in acetonitrile in a 2 mm cell at 532 nm for 4.1 ns laser pulses. The linear
transmission for all solutions was adjusted to 70% in the 2 mm cell. Figures are modified from Refs. [51] and [52] with permission, copyright ©

Chinese Optical Society and American Chemical Society, respectively

Tab.2 Photophysical parameters and optical limiting data for 4, 5, 10, 11, 12, and 19-22 in acetonitrile"™"™!
Complexes 71/ns 0 /10 em’ Fy, Y/mJ-cm’ Tim OOy

4 766 2.43 48 0.28",0.25¢ >3.57%,>3.89¢

5 659° 7.18 144 0.34" >3.02"

10 672" 1.2 1090 0.44 >2.30"

11 62° 2.5007 62 0.19" >4.66"

12 51° 2.40 900 0.45" >2.24f

19 255° 18.1 250 0.27¢ >3.67¢

20 408° 4.30 370 0.278 >3.67¢

21 384° 17.6 490 0.32¢ >3.19¢

22 2540 13.4 52 0.18¢ >4.81¢

“Triplet excited-state lifetime deduced from the decay of the TA at 700 nm, from Ref.[51]. *Triplet excited-state lifetime deduced from the decay of
the TA at 680 nm, from Ref.[53]. “Ground-state absorption cross section at 532 nm, from Refs. [51], [53] or [57]. RSA threshold when the
transmission dropped to 90% of the linear transmission. “Nonlinear transmittance at high incident fluence. "At incident fluence of 2.5 J/cm?. #At
incident fluence of 3.0 J/cm?”. This table is modified from Refs.[51] and [53] with permission. Copyrights © Chinese Optical Society and American
Chemical Society, respectively
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excited-state absorption of a 4-tolylterpyridyl Pt(Il)
pentynyl complex 11 was investigated using Z-scan
technique with ps and ns laser pulses at a variety of pulse
energies at 532 nm®”. This complex exhibited 'm,n’
absorption bands below 360 nm, and 'MLCT/'LLCT
bands atca. 430 nmin CH;CN, with a very low ground-state-
absorption cross section of 2.5x107" cm” at 532 nm. On
the other hand, both the singlet and triplet excited-state
absorption of 11 was broad and strong in the regions of
470-800 nm (see Refs. [51] and [57] and Fig.4(d)). The
singlet excited-state lifetime deduced from the decay of fs
TA was (268+87) ps, while the triplet excited-state
lifetime was 62 ns obtained from fitting the decay of ns
TA signals. The triplet excited-state formation quantum
yield was determined to be 0.16. By fitting the open-
aperture picosecond and nanosecond Z-scan data using a
five-level dynamic model, the singlet and triplet excited-
stateabsorption cross sections were obtained to be
3.5x107"7 cm® and 4.5x107"7 cm? respectively. These
values correponded to og/o, of 140 and or/g, of 180. The
large ratio of o7/0) made complex 11 a very strong optical
limiting material for ns laser pulses at 532 nm. For an
acetonitrile solution of 11 with a linear transmission of
70% in a 2 mm cuvette at 532 nm, 11 gave rise to the
strongest optical limiting among complexes 4, 5, 10, 11
and 12, with a limiting threshold of 62 mJ/cm® (Fy, at T/
Ty, = 90%) and the transmission dropping to 19% at the
incident fluence of 2.5 J/cm?® for 1177,

Zhu and Liu’s group extended the study of

different aryl substituents at the acetylide ligand on
the RSA and optical limiting of the Pt(Il) 4’-phenyl-
terpyridine complexes (13-18 in Fig.2)"*. Electron-with-
drawing or donating aromatic substituents caused a blue-
or red-shift of the low-energy '"MLCT/'LLCT absorption
bands in these complexes, respectively. However, the
electron-donating 4-carbozolylphenyl or 4-diphenylamino-
phenyl motifs quenched the triplet excited-state absorp-
tion in complexes 16-18; whereas the electron-with-
drawing nitrophenyl or naphthylimidyl substituent
reduced the triplet excited-state absorption coefficients
and decreased the triplet excited-state formation quantum
yields in 14 and 15. Complexes 13-15 exhibited weak to
moderate optical limiting at 532 nm, with a trend of
13>15>14. For complex 13 that gave the strongest optical
limiting, the limiting threshold at 7/T;, = 70% was found
to be 0.30 J/cm?, and the output fluence decreased to 0.97
J/em® when the incident fluence reached ~2.5 J/cm®.

To study the effects of substitution at the terpyridine
ligands, our group reported a series of Pt(Il) 4 '-aryl-
terpyridine phenylacetylide complexes with 4 '-naph-
thyl, 4'-phenanthryl, 4'-anthryl, and 4'-pyrenyl sub-
stituents (19-22 in Fig.2)™". Similar to the other Pt(Il)
terpyridine complexes 1-18, these complexes possessed
broad and moderately strong '"MLCT/'LLCT transitions at
390-525 nm. Different aryl substituents did not impact the
energies of this band significantly (Fig.5(a)). However,
both the TA spectral features and the triplet excited-state

1.2 0.05 — 2.0
0.04 £ (b) % » © T,=70% % 13
0.9 8'83 —22 :
. a 001 %& £ 12 ¢
< 0.6 @] 0 eV Wavelength/nth =
< < —0.01 L 400 500 600 700 80( \‘g 0.8
—002 | 006 Form T T R
0.3 —-0.03 + gjz-gj 'f 04
-0.04 | —
0 L L L L —0.05 L L Pkl CH 1 0

250 300 350 400 450 500 550 600

Wavelength/nm

300 400 500 600 700 800
Wavelength/nm

0 05 1.0 152025303540

F./J-cm™

Fig.5 (a) Linear absorption spectra of 19-22 (2.0x10° mol/L) in acetonitrile in a 1 cm cuvette, (b) ns TA spectra of 19-22 in acetonitrile in a 1 cm cell (4 =

0.4 at 355 nm), (c) optical limiting curves of 19-22 in acetonitrile in a 2 mm cell at 532 nm for 4.1 ns laser pulses. The linear transmission for all

solutions was adjusted to 70% at 532 nm in the 2 mm cell. Figures are modified from Ref. [53] with permission, copyright © American Chemical

Society
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lifeitmes of these complexes were influenced by the aryl
substituents drastically (Fig.5(b)). Complexes 21 and 22
possessed a broader TA at 380-830 nm than those for 19
and 20 (470-830 nm), with the maximum TA band
apearing at approximately 520 nm for 22. For 22, its
triplet excited state was found to have predominant 4'-
pyrenylterpyridine ligand based intrali-gand charge
transfer CILCT)/ m,n" characters, resulting in a much
longer triplet excited-state lifeitme of 2.54 ps. All
complexes exhibited optical limiting for 4.1 ns laser
pulses at 532 nm in CH;CN solutions with 7, = 70% in a
2-mm cuvette at 532 nm, with 22 giving rise to the
strongest optical limiting (Fig.5(c) and Tab.2). The
limiting threshold of 22 was 52 mJ/cm® at T/T, = 90%,
and the transmission decreased to 18% at the incident
fluence of 3.0 J/cm®. The strong optical limiting of 22 was
ascribed to its much longer triplet excited-state lifetime
and the stronger transient absorption at 532 nm.

For broadband optical limiting applications, it is
important to broaden the ground-and excited-state
absorption to longer wavelengths. Because the lowest-
energy transition of an Pt(Il) terpyridine complex
typically is the '"MLCT state and the lowest unoccupied
molecular orbital (LUMO) is localized at the terpyridine
ligand, one of the approaches to red-shift the ground-state
absorption is to lower the energy of the LUMO. One
possible solution is to increase the coplanarity between
the 4-aryl substituent and the central aza-aromatic ring at
the terdentate ligand. Our group replaced the central
pyridine ring with a 1, 3, 5-triazine ring on the terpyridine
ligand for complexes 23-27 (Fig.6), which contained
different monodentate ligands and different counter-

anions””. Because of the electron-deficient nature of the

23 X=Cl, Y=PF,
24 X=Cl, Y=CIO,

N
7N Y

—N

N 25X= — , Y=PF
H;;@—% \N—IJt-X —\ ’
= | 26 X= _—\_ ,Y=CIO,

27 X= }@ Y=PF,

7 N\

triazine ring and the extension of m-conjugation between
the terdentate ligand and the 4-(p-tolyl) substituent on the
triazine ring associated with the increased coplanarity,
these complexes exhibited bathochromic shifts in their
UV-vis absorption spectra compared to their corre-
sponding Pt(Il) terpyridine complexes (Fig.7(a)). It was
found that the increased ligand field strength of the
pentynyl or phenylacetylide ligand red-shifted the low-
energy transitions in complexes 25-27 compared to those
in 23 and 24, which was the results of the red-shifted
'MLCT transition and the occurrence of 'LLCT transition.
However, only complexes 25 and 26 exhibited broad and
moderate triplet excited-state absorptions from 510 to
820 nm (Figs.7(b) and 7(c)). Nonlinear transmission
experiment at 532 nm revealed that only 25-27 exhibited
very weak optical limiting at 532 nm, with the optical
limiting strength follows the trend of 25>26>27. The
stronger optical limiting of 25 was related to its lower
ground-state absorption cross section (4.61x10™" cm?) but
a higher triplet excited-state absorption cross section
(1.20x107"7 cm?) compared to those of 26 (5.25x10 " cm?
and 6.48x107" cm’ for ¢, and oy, respectively), which
resulted in a higher ratio of o1/0, for 25 (2.60) vs. that for
26 (1.23). For 27, its much larger ground-state absorption
cross section (1.28x107" c¢m?) but non-detectable triplet
excited-state absorption led to a much weaker optical
limiting at 532 nm. Interestingly, although the coun-
teranion showed a negligible effect on the energies of the
'"MLCT/'LLCT states in 25 and 26, it exerted a pronoun-
ced effect on the "MLCT state, reflected by the differences
in emission efficiency (0.0007 for 25 vs. 0.001 8 for 26),
the triplet excited-state extinction coefficient (e (705 nm)

=3400 M "-cm™" for 25 vs. & (705 nm) = 690 M '-cm™

R=
28 H
29 OEt
30 Ph
31 Cl
32 CN

Fig.6 Structures of Pt(N*N”N) complexes 23-32
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for 26), and the triplet quantum yield (0.21 for 25 and
0.83 for 26), as well as on the optical limiting per-
formance of these two complexes at 532 nm.

Another approach for improving the coplanarity
within the NAN”N ligand is to replace the 4’-phenyl
substituent on terpyridine ligand by a 4 '-pyrimidyl
substituent. Our group reported the photophysics
and optical limiting of a series of 4'-(5""-R-pyrimidyl)-
2,2";6',2"-terpyridine platinum( II ) phenylacetylide com-
plexes (28-32 in Fig.6)"". These com-plexes possessed
moderately intense 'MLCT/'LLCT transitions at ca. 400-
500 nm in their UV-vis spectra, which were red-shifted
in comparison to those of their corresponding 4'-toly-
2,2":6',2"-terpyridyl platinum( Il ) phenylacetylide com-
plex, and influenced by the 5" substituents (Fig.8(a)).
They also exhibited a linear correlation with the Hammett

o, constant of the 5" substituent. These features demon-

2.0x10* (a)
—23
—24
1.5%10* 25
- —26
g 27
 1.0x10*
=
«W
O‘SX]OE ! ¥
0 = S
350 400 450 500 550
Wavelength/nm
0.009 ~ (©)
0.006 |
0.003
g /
M
< 0 A
— Ons
—0.003 - —— 108 ns
e
_ L — ns
0.006 430 ns
1 1 1 1
400 500 600 700
Wavelength/nm

800

strated electron delocalization to the pyrimidyl substituent
due to improved coplanarity between the pyrimidyl substitu-
ent and the terpyridine ligand. All complexes exhibited
broad (500-820 nm) and strong singlet and triplet excited-
state absorption with the absorption band being maxi-
mized at 720-785 nm (Fig.8(b)). Similar to the trend
observed from the UV-vis absorption spectra, electron-
donating substituent caused blue-shifted excited-state
absorption (685 and 720 nm for singlet and triplet excited-
state absorption, respectively) but a longer triplet lifetime
(660 ns) in 30; while electron-withdrawing substituent
induced red-shifts (766 and 785 nm for singlet and triplet
excited-state absorption, respectively, Tab.3) of the
excited-state absorption and shortened the triplet lifetime
(130 ns) in 32. The singlet excited-state lifetimes were
reported to be in the range of 37-139 ps for 28-32[%,
Except for 30 (@ = 0.19), the other four complexes

0.06 + (b)
—— Ons
0.05 r— 125ns
250 ns
004 376ns
0.03 L 501 ns
8
S o0m /\\
0.01
‘/J—\NM_MN’
0 //\\/\v\/\/\ (\/‘NJ
! A
001 w
_0'02 1 1 1 1
400 500 600 700 800
Wavelength / nm
070 @7t
ST R
N * s
g S
£00 T ”f?. *
e > %,
- s
5] > »
060 b, o5 "
* 26
=27 >
0.55 L

0.1 1
Incident Fluence/J-cm™

Fig.7 (a) Linear absorption spectra of 23-27 in CH,Cl,, (b) ns time-resolved TA spectra of 25 in CH,Cl, in a 1 cm cell (6.2x10°° mol/L (4555 = 0.888)),

(c) ns time-resolved TA spectra of 26 in CH,Cl, in a 1 cm cell (3.9x107° mol/L (4355 = 0.564)), (d) optical limiting curves of 25-27 in a 2 mm cell

at 532 nm for 4.1 ns laser pulses. The linear transmission for all solutions was adjusted to 70% at 532 nm in the 2 mm cell. 25 and 26 were

dissolved in CH,Cl,, and 27 was dissolved in DMF. Figures are modified from Ref. [5] with permission, copyright © American Chemical Society
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exhibit high quantum yields of the triplet excited-state
formation (0.53-0.66, see Tab.3). All complexes exhibited
a moderate optical limiting at 532 nm for 4.1 ns laser
pulses. The strength of the optical limiting followed the
trend of 29~28~=31>32%30.

Open-aperture Z-scan experiments using ns and ps
lasers were carried out for 28-32 in CH;CN solution at
532 nm, and the wavelength dispersion characteristics of

28 were investigated using ps laser pulses over the range

of 500-600 nm!®”. Fitting the experimental Z-scan data
using a five-level dynamic model gave rise to the singlet
and triplet excited-state absorption cross sections (o, and
or, respectively) for 28-32 at 532 nm, which were in the
range of (18+1)x107""—(50£5)x10"® cm? for o, and
(11£1)x107""=(14£2)x10™"® cm? for oy, and corresponded
to oo, ratios of 6.5-29.8 and or/o, ratios of 2.8-11.2
(Tab.4). Complexes 28, 29 and 31 exhibited larger ratios
of o /0, and o7D1/0, than those of 30 and 32. These trends

6x10* 0.8
o L (@ Y 0.09  (b)
5x —29
C o | 30 006 | — g 07
E 7/ 34 30 W g
5 32 a ‘\, =
: 3x10* P o — 31 g 0.6
2 20 5008 32 \ g
= X - =
[_4
0.5
1x10* | 0 A\
0 : : : : : 0.4
300 500 600 400 500 600 700 800 0.01 0.1 1
Wavelength/nm Wavelength/nm Incident Fluence/J-cm™

Fig.8 (a) Linear absorption spectra of 28-32 in acetonitrile, (b) ns TA spectra of 28-32 in acetonitrile in a 1 cm cell (4., = 355 nm), (c) optical limiting

curves of 28-32 in acetonitrile in a 2 mm cell at 532 nm for 4.1 ns laser pulses. The linear transmission for all solutions was adjusted to 75% at

532 nm in the 2 mm cell. Figures are modified from Ref.[56] with permission, copyright © American Chemical Society

Tab.3 Photophysical parameters of 28-32 in CH;CN

28 29 30 31 32
Aaps/nM* 463 436 456 463 470
As).sy/nm” 717 685 712 719 766
T/ps’ 37423 5617 139+128 4248 46+16

Ari.y/nm’ 725 720 755 730 785
tp/ns’ 420 660 130 340 130
Dy 0.65 0.53 0.19 0.64 0.66
Tise/PS* 57 106 732 66 70

“IMLCT/'LLCT band maxima. *Femtosecond (fs) TA band maxima. ‘Singlet excited-state lifetimes. “Nanosecond (ns) TA band maxima. ‘Triplet
excited-state lifetimes. ‘Quantum yields of the triplet excited-state formation. fIntersystem crossing (ISC) time. Data in rows 2 and 5-7 are from Ref.

56; data in rows 3, 4 and 8 are from Ref.[63], copyright © American Chemical Society and Old City Publishing, Inc., respectively

Tab.4 Ground-state and excited-state absorption cross sections of 28-32 in CH;CN at 532 nm

06*/107" cm? o1/107" cm? arloy orDr/oy o107 ecm? ooy o107 ecm? orlay
28 1.30 60.1 46.2 30.0 32+2 29.2 12+£2 9.2
29 1.07 60.9 56.9 30.2 28+2 26.2 12+1 11.2
30 1.53 160 104.5 19.9 18+1 11.8 14£2 9.2
31 1.69 57.2 33.8 21.6 50+5 29.8 11+£1 6.5
32 4.60 45.4 9.9 6.5 3042 6.5 13£2 2.8

“Ground-state absorption cross-section. *Triplet excited-state absorption cross section deduced from the TA spectrum. “Singlet excited-state absorption
cross sections obtained from fitting the Z-scan data. ‘Triplet excited-state absorption cross sections obtained from fitting the Z-scan data. Data in
columns 2-5 are from Ref.[56]; while data in columns 6-9 are from Ref.[63], copyright © American Chemical Society and Old City Publishing, Inc.,
respectively
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corresponded to the optical limiting trend for these
complexes at 532 nm. In addition, the o /0, ratios of 28

increased drastically from 1.9 at 500 nm to 260 at 600 nm

(Tab.5), implying that this complex could exhibit much

stronger optical limiting at longer visible wavelengths.

Tab.5 Singlet excited-state absorption cross sections of 28 at different wavelengths®

A/nm ay/107"® cm? 0107 cm? ooy
500 9.18 17.54£0.5 1.9
532 1.30 38+2 29.2
550 0.709 27+1 38.1
570 0.302 15+2 49.7
600 0.096 2542 260.4

*Obtained from the best-fit of ps Z-scan data, reported in Ref.[63]. Copyright © Old City Publishing, Inc

2 Two-photon absorption of Pt(Il) terpyri-
dine complexes

Although many of the Pt(Il) terpyridine complexes
exhibited broad and strong excited-state absorption
extending from the visible to the NIR regions, the lack of
ground-state absorption in the longer visible and NIR
regions limited their applications as broadband optical
limiting materials. To solve this problem, two approaches
were employed. One of the approaches was to introduce
stronger electron-donating groups to the acetylide ligand
to increase the energy of the highest occupied molecular
orbital (HOMO) or introducing -electron-withdrawing
substituents to the terpyridine ligand to lower the energy
of the LUMO. Either of them would lower the '"MLCT/
'LLCT transition energies and shift the low-energy
absorption band to longer visible spectral regions.
However, the red-shifted ground-state absorption spectra
increased the ground-state absorption cross sections (oy),
which significantly decreased the o,/0, ratios and

reduced the optical limiting performances at 532 nm.

Another possible approach is to incorporate two-photon
absorbing unit to the complexes and utilize the two-
photon induced excited-state absorption to broaden the
nonlinear absorption windows to the NIR regions.

Our group reported three Pt( ) chloride complexes
33-35 (Fig.9) bearing dipolar D-n-A terpyridine ligands,
and investigated their photophysics and nonlinear absorp-
tion characteristics®”’. Electron-donating 7-diphenylamino-
fluoren-2-yl motif was introduced to the terpyridine
ligand via single, triple, or double bond in order to induce
intraligand charge transfer in these complexes to increase
their TPA cross sections (g,). The effect of the different
linkers was evaluated as well. As shown in Fig.10, all
three complexes exhibited red-shifted strong 'mm’/
'TLCT/'MLCT absorption bands at 400-600 nm, and they
gave broad excited-state absorption in the red to the NIR
regions measured with the fs TA. Picosecond Z-scan
measurements and the subsequent fitting with a five-level
model gave the o /0, ratios of 2.0-131 for 33, 2.6-78 for
34, and 1.7-21 for 35 in the wavelength range of 575-
670 nm (Tab.6). At wavelengths longer than 700 nm, the

Fig.9 Structures of Pt(II) R-fluorenylterpyridine chloride complexes 33-37
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observed nonlinear absorption was attributed to TPA
induced excited-state absorption. The o, value(s) was
850 GM for 33 at 740 nm, and were 600-2000 GM at 740-
825 nm for 34. The TPA of 35 was too weak to be
observed. Complex 34 with the ethynylene-linker showed
much stronger TPA than complexes 33 and 35 with the
single bond or vinylene-linker, likely due to the better

conjugation provided by the ethynylene bridge between

the terpyridine ligand and the diphenylaminofluorenyl
motif.

Although the introduction of strong electron-
donating diphenylamino substituent to the terpyridine
ligand induced moderate TPA in the NIR regions in
complexes 33-35, the strong intramolecular charge
transfer character shortened the triplet excited-state

lifetimes so that the transient absorption in the ns time

5x104 2.0 0.08 g 1.04
(a) — 33 (b) —O0ps 48.51ps g
- 4x10* —34 1.5 g.gps —2821 psd 0.06 2 1.02
b - - =1
2 30 R 0.04 £ 098
g o100 | y 2 05t 0.02 B 096
=2 < = 094
©Ix10* 0 0 £
S 0.92
0 1 1 1 a —0.5 L 1 1 —-0.02 Z L L L L L L L L L
300 400 500 600 700 300 400 500 600 700 800 -12-9-6-3 0 3 6 9 12
Wavelength/nm ZIZ,

Fig.10 (a) UV-vis absorption spectra in CH;CN for 33-35, (b) time-resolved fs transient difference absorption spectra of 33 in CH;CN, (c) open-aperture

Z-scan experimental data and fitting curve for 34 in CH;3CN at 740 nm. The energy used for the experiment was 6.6 pJ, and the beam waist at the

focal point was 31 pm. Figures are modified from Ref.[67] with permission, copyright © Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Tab.6 Excited-state absorption and two-photon absorption cross sections for 33-35 at different wavelengths in

CH;CN
Complex J/mm oo fem™ 0 /107" cm™ aglay 7, IGM
33 575 10.1 20+1 2.0
600 3.83 2042 52
630 0.956 17«1 18
670 0.191 25+1 131
740 24.4° 850+50
34 550 14.7 38+2 2.6
575 6.31 24+2 3.8
600 2.49 2442 9.6
630 0.765 2642 34
680 0.153 12+1 78
740 7.7° 1200+100
760 11.1° 1 000200
800 7.7° 2 000£200
825 11.6° 600+100
35 575 25.8 43+5¢ 1.7
600 10.9 36+2 33
630 3.63 20+2 5.5
670 0.765 16£1 21

“Ground-state absorption cross sections. "Effective singlet excited-state absorption cross sections with the assumption of ag, = o. “Estimated from the
fs TA data at zero time delay. ‘og, = (12+£7)x107"® cm?. This table is modified from Ref.[67] with permission, copyright © Wiley-VCH Verlag GmbH

& Co. KGaA, Weinheim
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scale was unable to be observed. In addition, the strong
ground-state absorption of these three complexes at 400-
600 nm made them unsuitable for optical limiting in this
spectral region. To retain the TPA in these Pt(Il) com-
plexes while shifting the major absorption bands to below
450 nm, two Pt(Il) chloride complexes bearing 7-
(benzothiazol-2-yl1)-9,9-diethylfluoren-2-yl substituted
terpyridine ligands (36 and 37 in Fig.9) were synthesized
and studied by our group'’?. The 7-(benzothiazol-2'-yl)-
9,9-diethylfluoren-2-yl substituent was attached to the
4'-position of the central pyridine ring of the terpyridine

peaor | @ —36
— 37
= 3 4
Z 3x10
S
g 2x10
2
)
1x10*
0 1 1 1 1
300 350 400 450 500 550 600
Wavelength/nm
10 F © % 36
° Q-o ® 37
09 - *

0.8 |

Transmittance
(=}
~
T

0.6

05 |

0.4 e S e
1E-5 1E-4
Incident Energy/J

AOD

0.,/0,

ligand via a single or triple bond linker. The band maxima
of the low-energy absorption bands appeared at 428 nm
and 433 nm for 36 and 37, respectively (Fig.11(a)); while
the triplet excited-state absorption was broad and strong
in the spectral regions of 450-820 nm and maximized at
530 and 545 nm for 36 and 37, respectively (Fig.11(b)).
Meanwhile, the triplet excited states in these two
complexes were long-lived (1.72-3.37 ps) and the triplet
quantum yields were high (0.58-0.72, Tab.7). Therefore,
both complexes exhibited pronounced optical limiting at

532 nm for ns laser pulses. With a linear transmission of

0.06 |+ (b) — 36
0.04 7
0.02 +
0
-0.02 +
-0.04 F
70.06 1 1 1 1
400 500 600 700 800
Wavelength/nm
4000 L —= 360/0, (d
-o-370/0,
-v- 36 6/0, /"
3000 - * 37 g/, /.Y )
—— 360, '/' // %
2000 <

1 000

500 550 600 650 700 750 800 850
Wavelength/nm

Fig.11

(a) UV-vis absorption spectra of 36 and 37 in DMSO, (b) nanosecond TA spectra of 36 and 37 in CH;CN immediately after laser excitation. 4., =
355 nm. 4355 = 0.4 in a 1 cm cuvette. (¢) optical limiting curves of 36 and 37 in DMSO solution for 4.1 ns laser pulses at 532 nm. The linear
transmission of the solution was adjusted to 95% in a 2 mm cuvette. The beam waist at the focal plane was 72 pm, (d) wavelength dispersion of
the ratios of excited-state absorption cross section to that of the ground-state absorption (o, /0y) and TPA cross section (o,) for 36 and 37 in

DMSO solution. Figures are modified from Ref.[72] with permission, copyright © American Chemical Society

Tab.7 Photophysical parameters of 36 and 37*

Aabs/nm (¢/L-mol ™" -cm™) ° Js1.s/nm (zg/ps) ° Ari/mm (e/L-mol "-cm™"; 71/us; @p) ©

36
37

340 (32 550), 378 (20200), 428 (26 900)
345 (39 140), 385 (sh. 20 140), 433 (27040)

542 (49.4+18.3)
555 (58.7+25.4)

530 (48560; 3.37; 0.72)
545 (461505 1.72; 0.58)

“This table is modified from Ref.[72] with permission, copyright © American Chemical Society. *In DMSO. ‘In CH;CN

20201078-14
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95% in a 2 mm cuvette at 532 nm, the transmission
decreased to <50% at an incident fluence of ~1.8 J/cm®
(Fig.11(c)). Fitting of the Z-scan experimental data using
the five-level model revealed that both complexes
exhibited large ratios of the excited-state absorption cross
sections vs. the ground-state absorption cross sections,
with /g, of 5.35-2 237 and o/0y of 5.35-3026 for 36 at
480-630 nm, and oy/o, of 31.8-3333 and /oy of 10.6-
1786 for 37 at 500-740 nm; and TPA cross sections of 50-
200 GM for 36 at 600-900 nm and 400-3700 GM for 37 at
630-910 nm. It was noted that the o/, and o1/0, ratios of
36 are much larger than the corresponding ratios for 37 at
most of the studied wavelengths due to the weaker
ground-state absorption cross sections of 36 than those of
37 at each of the corresponding wavelength (Fig.11(d)
and Tab.8). In contrast, the TPA cross sections of 37 are
much larger than those of 36 at each of the corresponding
wavelength due to the extended m-conjugation in 37

associated with the triple bond linker. The presence of

RSA in the visible spectral regions and TPA initiated
excited-state absorption in the NIR regions made these
two complexes promising broadband optical limiting
materials.

Very recently, Yam’s group reported the TPA
cross sections of two 1,3,5-triethynylbenzene-based
alkynylplatinum( Il ) terpyridine complexes (38 and 39 in
Fig.12) that were determined by two-photon induced fluo-
rescence measurement’”. The ¢, values were reported to
be 2 and 8 GM at 720 nm for 38 and 39, respectively. The
very small g, values of this type of complexes could be
attributed to the limited n-framework of the ligands in
these complexes.

To improve the TPA of the alkynylplatinum( 1)
terpyridine complexes, Yam’s group reported a series
of truxene-containing mononuclear or multinuclear
alkynylplatinum( II') 40-44
(Fig.12)V". The o, values of 40 and 44 at 720 nm were

terpyridine  complexes

measured by two-photon induced fluorescence and

Tab.8 Absorption cross sections of 36 and 37 at selected wavelengths determined by fitting of Z-scan data

oo(A)/107"® cm® og(2)/107"® cm? ar(A)/107"® cm? oglay orloy 0,(A)/GM
Mo 36 37 36 37 36 37 36 37 36 37 36 37
480 5.23 - 28 - 28 - 5.35 - 5.35 - - -
500 1.41 1.32 22 42 40 14 15.6 31.8 28.4 10.6 - -
532 0.0955 0.390 42 19 68 21 440 48.7 712 53.8 - -
550 0.0435 0.187 35 35 66 28 805 187 1517 150 - -
600 0.0222 0.0726 21° 40 29 15 946 551 1306 207 50 -
630 0.0076 0.0336 17° 29 23 13 2237 863 3026 387 110 1500
680 ~0 0.0153 19b 270 23 13 -1765 - 850 160 600
740 ~0 0.0084 22° 28" 31 15 -3333 -1786 65 550
760 ~0 ~0 22° 29° 36 16 - - - - 90 400
800 ~0 ~0 22° 23° 53 20 - - - - 60 450
825 ~0 ~0 - 43° - 21 - - - - 200¢ 500
850 ~0 ~0 - - - - - - - - 280°  3700°
875 ~0 ~0 - - - - - - - - 180¢ 3000°
900 ~0 - - - - - - - - - 200¢ -
910 ~0 ~0 - - - - - - - - - 1700°

“ Deduced from UV-Vis absorption spectrum. ® Estimated from 6¢(532 nm) and the femtosecond transient difference absorption spectrum at zero time
delay. These values are effective cross sections for the singlet excited states because the fs TA includes contributions from both S; and S, states.
¢ o1(532 nm) was determined from the combined fitting of nanosecond and picosecond Z-scan data. For other wavelengths, o(1) was estimated from
o1(532 nm) and the femtosecond transient difference absorption spectrum at 5.9 ns time delay. ¢ Effective TPA cross sections for excited-state-
assisted TPA. © Effective TPA cross section for the Z-scan of lowest energy (11.5 pJ at 825 nm, 7.9 pJ at 850 nm, 8.3 uJ at 875 nm, and 10.0 uJ at
900 nm). This table is modified from Ref.[72] with permission, copyright © American Chemical Society
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reported to be 37 and 108 GM, respectively. An obviously
increased o, value was achieved in 40 compared to that of
38, and the increased o, value of 44 with respect to that of
40 should be ascribed to the increased number of Pt(1l)
terpyridine moieties.

Shi/Coe and co-workers reported the TPA of a
trinuclear RuPt, and a heptanuclear RuPts complexes by
attaching Pt" 2,2':6',2 "-terpyridine (tpy) moieties to
Ru'l 4,4":2'2":4" 4" quaterpyridine (qpy) complexes
(45 and 46 in Fig.13)"\. Z-scan measurement revealed

higher TPA cross sections from these multinuclear

R=H R'=Bu 40
CF, Bu 41
OMe ‘Bu 42
H H 43

complexes, with a maximal o, value of 301 GM at 834 nm
for RuPt, (45) and 523 GM at 850 nm for RuPt, (46).
Attaching Pt"(tpy) moieties tripled or quadrupled the
TPA cross sections of these multinuclear complexes when
compared to the Ru"-based core. However, the electron-
normalized maximal o, values (0,/N.g, where Ny is the
total number of m-bonding electrons in the complex
(excluding the metal d-electrons)) were 0.043 and
0.016 GM for 45 and 46, respectively, indicating no
electronic interactions between the metal centers and thus

no synergistic enhancement effects.

Fig.13 Structures of a trinuclear RuPt, and heptanuclear RuPt, complexes 45 and 46

3 Conclusions

The reported work on the nonlinear absorption of

Pt(I') terpyridine complexes revealed that generally these

complexes possessed weak 'MLCT/'LLCT ground-state
absorption in the 400-600 nm spectral region, while the
excited-state absorption of these complexes were broad

and moderately strong at 500-800 nm. The 'MLCT/
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'LLCT absorption band(s) and the excited-state absor-
ption can be readily tuned by electron-donating or
withdrawing substituents at the acetylide or the terpyridine
ligand. Specially, introducing electron-donating substituent
to the acetylide or terpyridine ligand, or improving the
coplanarity between the aromatic substituent and the
terdentate core ligand could red-shift the '"MLCT/'LLCT
absorption band(s). Unfortunately, strong electron-
donating substituents significantly reduced the triplet
excited-state lifetime and consequently decreased/
quenched the triplet excited-state absorption. Meanwhile,
the red-shifted 'MLCT/'LLCT band(s) increased the
ground-state absorption cross section at 532 nm and
consequently reduced the RSA and optical limiting at
532 nm due to the reduced ratio of o.,/0y. The TPA cross
sections (a,) of the Pt(I') terpyridine complexes bearing
small z-conjugated ligands were typically small.
However, the o, values could be dramatically improved
by extending the z-conjugation on the terpyridine ligand.
Particularly, incorporation of =m-conjugated aromatic
substituent without strong electron-donating ability could
restrain the lowest-energy ground-state absorption band to
<500 nm while keeping a long-lived triplet excited state
with broadband excited-state absorption, and moderately
strong TPA in the NIR regions. This approach could
provide a solution for developing broadband optical

limiting materials.
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