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Experimental investigations of the nonlinear optical transmittance characteristics of a series of solution-
processable platinum polyyne polymers at 532 nm show that they are excellent optical limiters with
performance comparable or superior to those of the state-of-the-art reverse saturable absorption dyes
such as fullerene & and metal phthalocyanine complexes. On the basis of results from photophysical
studies, both the inclusion of a platinum chromophore for increasing the intersystem crossing rate and
the formation of an intramolecular charge-transfer state between the electron-withdrawing and electron-
donating moieties along the polymer chain are very effective approaches for the enhancement of the
optical-limiting properties of these metal polyynes. The structural influence of the aryl linker units on
the optical-limiting action has been evaluated in detail. The optical-limiting thresholds for these
polymetallaynes range from 0.06 to 0.15 J#¥@nh82% linear transmittance, and these polymeric materials
are very promising candidates for use in practical optical-limiting devices.

Introduction

higher transmittance at low intensities. Such devices are
useful for the protection of the human eye and optical sensors

Within the realm of the photonic era in the new century, from intense laser beams. At present, materials practically
conjugated polymers have attracted the research interests Oémployed for optical limiting are largely small molecules,
many scientists for their potential application in field-effect ¢,cn as fullerenes (9,112 phthalocyanine&-15 porphy-

transistorg, electroluminescent devicédasers’ and pho-
toelectronic device$.Recent research work showed that

rins 617 diacetylened4? nanotubed? and organometallic
compoundg® 23 Among these, the optical-limiting effects

various conjugated polymers can also be exploited in sf organic phthalocyanines and porphyrins can be enhanced

nonlinear optics (NLO) for optical communication, data
processing, optical switching, and so fort. However, with

greatly upon the incorporation of heavy metal ions (such as
Cu, Pb, In, Zn, etc.342° which can increase the efficiency

the rapid development of laser technology, the damage of of intersystem crossing to the triplet manifold via sparbit
human eyes, optical sensors, and sensitive optical compo-coypling. However, their poor solubility and the technical
nents caused by exposure to sudden intense laser pulses haficulties in fabricating devices have hindered their practical

driven much effort for the search for good optical limiters

application so far. To hurdle these obstacles, it is important

that possess fast response speeds and relatively high linea gevelop other new materials for commercial exploitation.

transmission&?1° Optical limiters are devices that strongly

Recent investigations indicated that some conjugated

attenuate optical beams at high intensities while exhibiting organic polyynes with good processability can act as good
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optical-limiting materials with performance comparable to and trans[PtCl(PBu),]%* were prepared by literature methods.
that of G.5 In comparison, much less work has been done NMR spectra were measured in CRQIn a JEOL EX270 or a
on the optical-limiting properties of metal-containing poly- Varian Inova 400 MHz FT-NMR spectrometer, with the and
mers, and to our knowledge, related studies on metal C NMR chemical shifts quoted relative to TMS and the
aryleneethynylene copolymers of the tymns[—Pt(PBu),— chemmal_shn‘ts relative to the 85% 3P0, external standard.
C=CArC=C—].. remain relatively unexplored. So far, only Electron impact (El) and fas_t a_tom bombardment (FAB) mass
some small-molecule platinum(ll) arylacetylide complexes spectra were recorded on a Finnigan MAT SSQ710 system: Uy

- I o . vis spectra were obtained on the HP-8453 spectrophotometer. The
with terpyridyF° and phosphine liganéfshave been studied photoluminescent properties and lifetimes of the compounds were

in this area where the triplet manifold is able to play an active proped on the Photon Technology International (PTI) Fluorescence
role in the photophysics of platinurethynyl compounds.  Master Series QM1 system. Infrared spectra were recorded on a
They were demonstrated to exhibit strong reverse saturableNicolet Magna 550 series Il FTIR spectrometer inCH solution
absorption (RSA) for nanosecond laser pulses, suggestingor KBr pellets. The molecular weights of the polymers were
that this class of complexes represents promising broadbandletermined by gel permeation chromatography (GPC) on a HP 1050
optical-limiting materials. Indeed, these platinum polyynes System using polystyrene standards. -

can offer a large architectural flexibility in a structure, which ~ ©ptical-Limiting Measurements. To study the optical-limiting
facilitates the tailoring of their physical, optoelectronic, and ProPerties, the intensity-dependent transmittance and Z-scan mea-
chemical parameters in a very broad range by chemical surements were performed with a Q-switched Nd:YAG laser at a

L . . repetition rate of 10 Hz. The laser was frequency doubled with an
2a-C
modification of the Ar groupd2a¢ In this paper, we describe output wavelength of 532 nm with a 10 ns pulse width for the

the first report on a series of conjugated platinum polyynes Gayssian mode by a frequency double crystal. The laser beam was
with large optical-limiting capabilities, and the mechanisms then spliit into two beams by a beam splitter. One was used as the
pertaining to their nonlinear optical behavior are discussed reference beam, which was received by a detectgy, the other
with reference to the structurg@roperty relationship of these  was used for the sample measurement, and it was focused with a
metallopolymers. lens € = 20 cm). After transmitting through the sample, the light
beam entered another detector,XDrhe sample to be measured
Experimental Section was moved along a rail to change the incident irradiance on it.
The incident and transmitted energies were detected simultaneously
General. All the reagents and chemicals were purchased from py the two detectors Dand D, (LPE—1A) individually. The
Aldrich or Acros. Unless otherwise stated, they were used directly performance of each sample was measured as an 82% transmitting
without further purification. All the solvents were carefully dried  solution at 532 nm in CkCl, in a 1 mmaquartz cell.

and distilled prior to use. The compourtdans [PtCI(Ph)(PE)2]* Synthesis of Platinum Polyynes and Diyneslhe preparations
of five of the diethynyl ligand precursors were reported by us
(25) (a) Su, W.; Cooper, T. M.; McLean, Proc. SPIE1998 3472 136. previously, and 2,7-diethynyl-@3{methoxybenzylidene)fluorene

(b) Cooper, T. M.; McLean, D. G.; Rogers, J. €hem. Phys. Lett. —\as prepared as described in the Supporting Information. The
2001, 349, 31. (c) Cooper, T. M.; Hall, B. C.; McLean, D. G.; Rogers, prep PP g

J.E. Burke, A. R.: Turnbull, K.: Weisner. A.: Fratini, A.: Liu. Y.. platinum polyynes were synthesizeq by_the classical Sonogashira-
Schanze, K. SJ. Phys. Chem. 2005 109, 999. (d) Rogers, J. E.; type dehydrohalogenating polymerization betweémns[PtCl,-
Cooper, T. M.; Fleitz, P. A; Glass, D. J.; McLean, D. &.Phys. (PBu),] and the appropriate ligands € ArC=CH.32In a typical

Chem. A2002 106, 10108. (e) Rogers, J. E.; Hall, B. C.; Hufnagle, _ _
D. C.; Slagle, J. E.; Ault, A. P.; McLean, D. G.; Fleitz, P. A.; Cooper, U™ equal moles dfans[PtCl(PBu),] and HG=CArC=CH were

T. M. J. Chem. Phy2005 122, 214708. (f) Su, W.; Cooper, T. M.; added to a NEBtCH,CI; (1:1 v/v) mixture under a Natmosphere.

Brant, M. C.Chem. Mater199§ 10, 1212. A small amount of Cul was then added, and the reaction mixture
(26) (a) McEwan, K. J.; Robertson, J. M.; Anderson, H.Mater. Res. ; i ;

Soc. Symp. Prod997 479, 29. (b) Krivokapic, A.: Anderson. H. L.- was stirred a_t room temperature (r.t_._) overnight. The reaction

Bourhill, G. Ives, R.: Clark, S.: McEwan. K. Ady. Mater. 2001 mixture was filtered through a short silica gel pad to remove the

13, 652. (c) Qureshi, F. M.; Martin, S. J.; Long, X.; Bradley, D. D. ~ catalyst residue. The solvent was removed, and the crude product
C.; Henari, F. Z.; Blau, W. J.; Smith, E. C.; Wang, C. H.; Kar, A. K., was purified by precipitating the polymer solution in g, from

Anderson, H. L.Chem. Phys1998 231, 87. (d) McEwan, K. J.; . .
Bourhill, G.; Robertson, J. M.; Anderson, H. . Nonlinear Opt. MeOH. The precipitate was collected, washed with hexane, and

Phys. Mater.200Q 9, 451. dried under a vacuum. The yields for all the polymers are ca. 60
(27) ?l:/IZighra, S. R.; Rawat, H. S.; Laghate, Mipt. Commun1998 147, 85%. Except for [Pt-T(OMe-F)T]} the spectroscopic data were
: known for the other five metallopolyme?s.
(28) Perry, J. W.; Mansour, K.; Lee, I.-Y. S.; Wu, X.-L.; Bedworth, P. V.; .
Chen, C.-T.; Ng, D.; Marder, S. R.; Miles, P.; Wada, T.; Tian, M.; [Pt-T(OMe-F)T] ». Red powder (yield: 78%). IR (Cily):
Sasabe, HSciencel996 273, 1533. v(C=C) 2094 cm. *H NMR (CDClg): ¢ 7.63-7.43 (m, 7H, Ar

(29) Shirk, J. S.; Pong, R. G. S.; Flom, S. R.; Heckmann, H.; Hanack. M. i

P SRR . T3 0 85 n. 20 951 O
(30) Guo, F.; Sun, W.; Liu, Y.: Schanze, Kiorg. Chem2005 44, 4055. .05 (m, 12H, PCh), 1.53-1.18 (m, 24H, (CH),), 0.84 (m, 18H,
(31) (a) Staromlynska, J.; McKay, T. J.; Bolger, J. A.; Davy, JJROpt. CHg). 13C NMR (CDCE): 6 159.28, 139.70, 138.31, 136.54, 136.04,

Soc. Am. B199§ 15, 1731. (b) McKay, T. J.; Bolger, J. A 135.31, 131.26, 130.91, 130.66, 129.35, 126.45, 122.30, 118.91,

Staromlynska, J.; Davy, J. R. Chem. Phys1998 108 5537. —
(32) (a) Long, N. J.; Williams, C. KAngew. Chem., Int. EQ2003 42, 31113'80 (Ar+ C=C), 55.16 (OMe), 26.34, 24.40, 23.84, 13.86 (Bu).
2586. (b) Nguyen, P.; Goez-Elipe, P.; Manners, Chem. Re. 1999 P NMR (CDCk): 6 4.06 (Jp-p; = 2352 Hz). Anal. Calcd for

99, 1515. (8)Wong.W.—YJ. Inorg. Organomﬁt. Polym. MatheZOO5 C4oHssOPPL: C, 63.28; H, 7.37. Found: C, 63.02; H, 7.11. GPC
15, 197. wong, W.-Y.; Lu, G.-L.; Choi, K.-H.; Shi, J.-X. . _ _ : : _
Macromolecule®002 35, 3506. (e) Wong, W.-Y.; Chan, S.-M.; Choi, (THF): MW. 64 SlO’M“ 29 92_0’ polydispersity= 2.17 (DP

K.-H.; Cheah, K.-W.; Chan, W.-KMacromol. Rapid Commut200Q 32). UV—vis ((?HZCIZ)- Ama/nm = 388, 45‘_1 sh.

21, 453. (f) Chawdhury, N.; Rbler, A,; Friend, R. H.; Wong, W.-Y ; The synthetic method for the model diyne compounds of the
Lewis, J.; Younus, M.; Raithby, P. R.; Corcoran, T. C.; Al-Mandhary,  platinum polyynes is similar to that of their corresponding polymers.
M. R. A.; Khan, M. S.J. Chem. Phys1999 110, 4963. (g) Wong,
W.-Y.; Choi, K.-H.; Lu, G.-L.; Shi, J.-XMacromol. Rapid Commun.
2001, 22, 461. (h) Wong, W.-Y.; Poon, S.-Y.; Lee, A. W.-M.; Shi, (33) Chatt, J.; Shaw, B. LJ. Chem. Socl196Q 4020.

J.-X.; Cheah, K.-WChem. Commur2004 2420. (34) Chatt, J.; Hayter, R. Gl. Chem. Soc., Dalton Tran%961, 896.
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Scheme 1. Synthesis of Platinum Polyynes and Diynes and Their Organic Counterparts

[Pt-T(C4-C2)T] [Pt-T(Ce-F)T] [Pt-T(BT2)T].
N o W LW
=L = = =" = D=1k
70 N N
[Pt-T(Th),T]. [Pt-T(CN-F)T].. [Pt-T(OMe-F)T]..

Q¢ 0
?SKC s _\éf@ - L%J:A%u :%:LT; /-

y i 0 8 I8

trans{PtCI(Ph)PEL,),] , Cul

H—=Ar—=H [Pt-T(C4-C2)T]4 [Pt-T(Ce-F)Th [PLT(BTZ)T],
W W T W $] | W
% Ord=0-0=40) O —=CLD—=+0 OF=C0=4+0
‘0 rQ rQ r rQ rQ rQ
[PET(Th), T [Pt-T(CN-F)T}y [Pt-T(OMe-F)T];
==+ e, ollh
[T(Ce-C2)T- [T(Ce-F)TI. [1(BT2)Tl.

Under a N atmosphere, one portion of BECArC=CH and two [MT]. Anal. Calcd for GiHg/OP,PL: C, 54.38; H, 6.28. Found:
molar equivalents afrans-[PtCI(Ph)(PEj$),] were added to a Nt C, 54.10; H, 6.08. UV-vis (CHCly): Ama/nm (€/10* M~ cm™1)
CH.ClI; (1:1 v/v) mixture, and Cul was then added as the catalyst. = 355 sh (6.1), 371 (8.6), 452 sh (0.4).
After the reaction mixture was stirred at r.t. overnight, the reaction X-ray Crystallography. Good quality orange crystals of [Pt-
mixture was filtered through a short pad of silica gel to remove T(OMe-F)T] were grown at r.t. by slow evaporation of its solution
the catalyst residue. The solvent was removed, and the residue wag, CH,Cl,/hexane. Intensity data were collected using graphite-
purified by preparative TLC using hexane/@H, as the eluent.  monochromated Mo K radiation ¢ = 0.710 73 A) on a Bruker
The yields range from 55 to 88%. Except for [Pt-T(OMe-F)T]  aAxs SMART 1000 CCD area detector. The collected frames were
the spectral data for the other five Pt polyynes were reported processed with the software SAINTand an absorption correction
previously®? was applied (SADABS§”to the collected reflections. The structure
[Pt-T(OMe-F)T] 1. Orange-red solid (yield: 72%). IR (GRBl,): was solved by direct methods (SHELXPE)n conjunction with
v(C=C) 2088 cm*. *H NMR (CDCly): 6 7.64-7.46 (m, 7H, Ar standard difference Fourier techniques and subsequently refined by
+ vinyl), 7.35-7.21 (m, 8H, Ar), 6.99-6.79 (m, 4H, Ar), 6.77 full-matrix least-squares analyses B& All non-hydrogen atoms
6.79 (m, 2H, Ar), 3.84 (s, 3H, OMe), 1.74..63 (m, 24H, PCh), were assigned with anisotropic displacement parameters. Crystal
1.15-0.87 (m, 36H, CH). 3C NMR (CDCk): 6 159.19, 156.61,  gata: G;Hg-OPsPk; M = 1348.35; monoclinic; space grofd; a
139.59, 139.21, 138.13, 136.65, 136.00, 135.74, 131.10, 130.84,— 10.769(3),b = 13.454(3),c = 21.964(5) A;a. = 94.124(4) 5
129.53, 127.50, 127.38, 127.25, 127.22, 126.91, 126.74, 126.34,— 92.615(4),y = 101.141(4y; U = 3108.6(13) & z=2; T =
122.17, 121.17, 121.16, 118.83, 118.73, 113.70, 113.34, 112.60,293 K; u(Mo Ka) = 4.634 mntl; 18 482 reflections measured;
111.08, 110.74 (Ar- C=C), 55.13 (OMe), 15.07, 8.02 (Ef}*P 13 596 uniqueRy = 0.0187; finalR; = 0.0372;wR, = 0.0885
NMR (CDCL): 6 10.99 {Jp_p; = 2628 Hz). FAB-MS (V2): 1346 for 9096 | > 20(1)] observed reflections.

Results and Discussion

Synthesis.Scheme 1 shows the chemical structures and
the synthetic strategies of the platinum-containing polymers
and their model complexes in the present study. The triple

(35) (a) SAINT, Reference ManualSiemens Energy and Automation:
Madison, WI, 1994-1996. (b) Sheldrick, G. MSADABSEmpirical
Absorption Correction PrograpUniversity of Gdtingen: Gitingen,
Germany, 1997.

g (36) Sheldrick, G. M.SHELXTL, Reference Manualer. 5.1; Madison,

Figure 1. ORTEP drawing of the crystal structure of [Pt-T(OMe-R)T] WI, 1997.
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Figure 2. UV-vis linear-absorption spectra of all the optical-limiting materials in dilute;Clbisolutions at room temperature.

bonds are abbreviated by T, fluorene rings by F, carbazole 10}

rings by Cz, bithiazole rings by BTz, and bithiophene rings 8 0.9 %ﬁﬁ%ﬁ% r

by (Th). Model compounds and polymers are differentiated 5 @gglf‘fg w&, \

by use of the subscripts 1 and respectively. The diethynyl z 0.8 - *;&A‘fgo D?@‘?“

ligand precursors HECArC=CH can be used to furnish @ 07} M o ?;di‘ »°

dinuclear and polymeric complexes of platinum by adaptation 8 o[ o #8 !};‘. "

of the dehydrohalogenation procedures using the CulyNEt b ¢ ,'E;, d ot

catalytic system. The feed mole ratio of the platinum chloride & ®%T “aeo, ;",&‘ g [PtT(C,C2)T],
precursors and the diethynyl ligands were 2:1 and 1:1 for g 0.4 ’&’? & * ; E?IZIEE%':)’TT]"
the dimer and polymer syntheses, respectively. The platinum & o3[ ”%05@?’ & | o [PLT(Th),T).
polyynes [Pt-T(G-C2)Tl., [Pt-T(Cs-F)T]w, [Pt-T(BTZ) T}, Z o2 R0 ; :::I:g:: )FT)L]
[Pt-T(Th)T]e, [Pt-T(CN-F)T}, and [Pt-T(OMe-F)T]} were ’ A c, )
isolated in good yields by silica column chromatography. 0.1 z:o _1'0 t') 1'0 2'0
The platinum dimers [Pt-T(£-C2)T],, [Pt-T(Cs—F)T]y, [Pt- 212

T(BTZ)T]y, [Pt-T(Th)T]y, [Pt-T(CN-F)T];, and [Pt-T(OMe- 0

F)T]1 were obtained in high purity and yields by preparative Figure 3._ Open aperture Z:scan results_for the six platinum polyynes and
- . . Ceo solutions at the same linear transmittance of 82%.

TLC on silica, and they were investigated as model com-

plexes for the electronic and structural properties of the parent

polymers. The organic polyynes [T{€Cz)T]., [T(Ce— etry of the square-planar Pt(Balkynyl), (R = Et or Bu)

F)T]., and [T(BTz)T} were prepared by the oxidative self- unit. The three-dimensional molecular structure of [Pt-

coupling of the appropriate diethynyl compounds under the T(OMe-F)T}, as confirmed by X-ray crystallography, also

CuCl/Q, catalytic systend’ The IR, NMR {H, 13C, and®'P), helped in elucidating the polymer structure in the solid state

and MS spectra and elemental analysis data have characterdigure 1). The average bond angle of 175.4¢6) the Pt-

ized the chemical structures of the compounds thoroughly. C=C unit conforms to the linear geometry of the rodlike

The molecular weights of the organic and organometallic polymers. The exo double bond C(3i}(54) is distorted

polyynes were estimated by GPC analyses against polysty-from planarity by only 7.5 There is a shortening of the

rene. The IR spectra of these platinum polyynes and diynesC(54)—C(55) bond [1.477(6) A] and a lengthening of the

give a characteristie(C=C) absorption at ca. 2082099 C(31)-C(54) bond [1.337(6) A], suggesting possibte

cm*, which together with the singlet peak observed in the conjugation.

respectiveé’’P {*H} NMR spectrum indicates a trans geom- Optical-Limiting Properties of Platinum Polyynes. All

the samples are stable toward air and laser light under the

(37) ég)gz?tl)l), ’G.;Yu,C.; Lsiu,%; S(;?ng',i'LL’ <F_’-r|ci|0- EIPLE1T99%879 v experimental conditions. For characterizing the optical-
. aruyama, S.; Tao, X.-T.; Hokari, H.; Noh, T.; Zhang, Y.; ;. ... . s .
Wada, T.; Sasabe, H.; Suzuki, H.; Watanabe, T.: Miyatd, Slater. limiting properties at 532 nm excitation, the materials should

Chem.1999 9, 893. show weak ground-state absorption at this wavelength. The
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Figure 4. Two possible optical-limiting mechanisms for the platinum polyynes.

UV —vis spectra for all the platinum polymers and dimers Table 1. Lifetime of the S State for Platinum Polyynes

taken in CHCI, at r.t. are gathered in Figure 2. Clearly, there platinum polyynes lifetime of Sstate (ns)
is a transparent window at 532 nm for all the materials. The [Pt-T(Cs-C2) Tl 1.90
absorption bands in the range of 36800 nm are assigned {ESESGT;)I]]: 958
to the 7—x* transitions of the bridging ligands. But, for [P-T(Th)T]e 0.87
polymers [Pt-T(CN-F)T]., and [Pt-T(OMe-F)T} and their [Pt-T(CN-F)T]., 2.24
corresponding dimers [Pt-T(CNF)T]; and [Pt-T(OMe- [PE-T(OMe-F)T]. 1.48

F)T]1, there are absorption bands caused by the intramo- aMeasured at room temperature in &Hp solution with the excitation
lecular charge-transfer (ICT) st&¥®The broad ICT weak  avelength at 337 nm.
absorption bands for [Pt-T(CNF)T].. and [Pt-T(CN-F)T], o ) ] . _
lie beyond 600 nm, and those for [Pt-T(OMe-F)End [Pt- it is the triplet excited-state absorption that contributes to
T(OMe-F)T}, appear as shoulders in the 46800 nm region. the nanosecc_)nd optical-limiting procé§§.T0 support th|§,
From the Z-scan curves for all six platinum polyynes the ph_otolummescence (PL) spectra (Figure 5) for the singlet
measured in CkCl, (Figure 3), all of them show excellent ~and triplet states were measured. For [Pt-F(2) T, and
optical-limiting behavior. Experiments with GBI, alone  [Pt-T(Ce-F)T].., their PL spectra show obvious triplet emis-
afforded no detectable optical-limiting effect, indicating that Sions at 77 K, which peak at 450 and 545 nm, with the
the solvent contribution is negligible. When the sample is Measured triplet lifetimes being 5.88 and 1387 respec-
far from the focus Z/Z, = 0) and the incident irradiance tively. This observation is attributable to the significant spin
upon it is weak, the transmittance of the sample remains Orbit coupling bgtween 'Fhelligand and platinum ion in metal
almost constant and shows a linear optical property (i.e., polyynes, but triplet emission was not o_bserved for t_he _free
obeying Beer's law). But when the sample is close to the ligand at the same temperature. The singlet state lifetimes
focus and the incident irradiance is strong, the transmittanceor [Pt-T(C+-C2)T]. and [Pt-T(G-F)T]., are 1.90 and 0.98
of the sample decreases and the optical-limiting effect NS: respectively. For pulse lengths less than the lifetime of
appears. It is apparent that [Pt-FE)T]w, [Pt-T(ThT]w, the triplet state, the. triplet state will a(;t as an gccumulation
and [Pt-T(OMe-F)T} yield the strongest optical limiting, ~ Sit€- It can be confirmed that the optlc_:al—l|m|t|ng (_affect of
and these properties are superior to that gf @hich was ~ [PtT(C+-C2)Tl. and [Pt-T(G-F)T].. was induced mainly by
recognized as an excellent optical-limiting matetiaPoly- ~ the triplet absorption. From Figure 5a and b, the triplet
metallaynes [Pt-T(§Cz) T}, [Pt-T(BTz) T}, and [Pt-T(CN- emission of [P.t-T(G—F)"F]w'can be observed even at r.t., while
F)Tl. also exhibit very good optical-limiting properties, there is no triplet emission for [Pt-T¢(@Cz)T], at 298 K.
which are comparable to that ofC On the basis of these data, it can be concluded that the ISC
To interpret the Z-scan data obtained, we have to deal with Process for [Pt-T(&F)T].. is more efficient than that for [Pt-
the optical-limiting mechanism. According to the five-level 1(C4C2)Tl.. Accordingly, the strength of the optical-limiting
model for the RSA mechanism (see Figure #ajhe  response follows the order [Pt-T(€)T].. > [Pt-T(Cs
molecules in the ground stategfSnitially absorb optical ~ C2)Tl=. The stronger optical limiting of the former can be

energy and are excited to the first singlet state).(&fter attrib.uted to.its higher tri.plet excited-state quantum yield,
the S state gains a certain population, it can absorb optical consistent with the experimental results shown in Flgure 3.
energy strongly and leaps to the higher singlet statpt(s As for [Pt-T(BTZ)T}, and [Pt-T(Th)T]., there is no

induce the optical-limiting effect or undergo the intersystem ©bvious triplet emission in their PL spectra (Figure 5c¢ and
crossing (ISC) to the first triplet state {T When the  d) eévenat77K, so their optical-limiting effect might not be
molecules in the Tstate gain a certain population, they can induced by the triplet absorption. It can be anticipated that
absorb optical energy to reach the higher triplet statg. (T Poth [PtT(BTZ)T}, and [Pt-T(Th)T].. show a different
The strong energy absorption accompanied with the-T ~ ©ptical-limiting mechanism compared to that for [Pt-{C
T, transition leads to the optical-limiting action. Owing to  C2) Tl and [Pt-T(G-F)T].. Itis well-known that thiophene
the short lifetime €10 ns) of the singlet state (see Table 1), and thiazole are electron-rich, five-membered aromatic
systems with sixr electrong:32¢:32These moieties can act
(38) Perepichka, I. F.; Popov, A. F.; Orekhova, T. V.; Bryce, M. R.; as donors (D) in the backbone of [Pt-T(BTz)Tand [Pt-

{\anrict)evskg.hA. l\g.(;)o%ags;ngoové ?’A. S.; Howard, J. A. K.; Sokolov, N. - T(Th),T]., and the platinum ions can act as strong acceptors
. J. Org. Chem , . ]
(39) Rao, S.V.; Rao, D. N.; Akkara, J. A.; DeCristifano, B. S.; Rao, D. V. (A)’ Ieadlng to donOfacceptor (D_A) structures along the

G. L. N. Chem. Phys. Letfl998 297, 491. polymeric chain. Because of the presence of strorgAD
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and (f) [Pt-T(OMe-F)T}.

80000

components, when [P't-T.(BTz)fI]an'd [Pt-T(Th)T]. are 45000 | cHol () [ cHel (b)
exposed to the strong incident irradiance of the laser beam,= o R Z70000| el
there will be ICT states between the metal ion and the ligand. & S ool
In such cases, the possible optical-limiting mechanism for g K 8
[Pt-T(BTz)T]. and [Pt-T(Th)T]. is portrayed in Figure 4b.  § 30000 S 50000
The molecules leap to the first singlet statg) (Bom the §2sooo §40000
ground_ statg (& upon the absorptipn of optical energy. g 20000 E
Following this, they can absorb optical energy strongly to 3 S 30000

. . . . O 15000 [}
get excited to the higher singlet state,)($0 induce the 5 B 20000
optical-limiting effect or undergo the nonradiative decay & 10000 T
process to form the ICTstate. When the molecules in the 5000 . 10000
ICT; state gain a certain population, absorption of optical ol Ty ol v e
energy takes place, and they will be excited to the higher 400 500 700 400 500 600 700
ICT, state. The strong energy absorption together with the Wavelength (nm) Wavelength (nm)

ICT, — ICT, process gives rise to the optical-limiting Figure 6. PL spectra for (a) [Pt-T(CN-F)%]and (b) [Pt-T(OMe-F)Td in
behavior of [Pt-T(BTz)T} and [Pt-T(Th)T]... From Figure ~ CH:Clz and toluene at 298 K.

3, [Pt-T(BT2)T]. shows an inferior optical-limiting response  (Figure 2e). To our surprise, its optical-limiting response is
as compared to that of [Pt-T(Tfl).. As we know, the  j,st similar to that of [Pt-T(BTz)T] (Figure 3). This
thiazole unit is a hybrid of the electron-rich thienyl and pservation can be explained in the following way. The
electron-deficient pyridyl groups. So the electron-withdraw-  second hyperpolarizability;, which characterizes the third-
ing imine structure in the thiazole unit in [Pt-T(Bt]. order nonlinear optical activity of molecules, shows the

will probably disturb the charge-transfer event between the relationship in expression 1 for the-BA substitution pattern
bithiazole unit and the platinum ion, hindering the formation i, gne-dimensional conjugated molecutés:

of the ICT state. This suggests that the optical-limiting action
of [Pt-T(BTz)T]. and [Pt-T(Th)T].. is likely induced by the y(A—A) < y(D—D) < y(D—A) Q)
ICT state. . .

In a related context, two other polymers, [Pt-T(CN-F)T] There are excesswe.strong acceptors (A) in the backbone of
and [Pt-T(OMe-F)T}, were designed and synthesized. As [PET(CN-F)T}.,, making the electron donors (D) less suf-
mentioned earlier, the occurrence of the ICT process in [Pt- ficient. Instead, conjugation of the fluorene nucleus in [Pt-
T(CN-F)T. by the introduction of two strongly electron- 1(OMe-F)Tl is increased by incorporating the methoxy
withdrawing cyano substituents at the fluorene periphery (40) Wo, 3. W Hefin 3. Ri N TR AW v 2 _

f f . u, J. ., mnetln, J. R.; Norwood, R. A} ong, K. Y.; Zamani-
results in the deep blue color in SOlgtlon a_nd a weak ICT khamiri, O.; Garito, A. F.; Kalyanaraman, P.; SounikJJOpt. Soc.
band peaking at about 660 nm in its YVis spectrum Am. B1989 6, 707.
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Figure 7. Comparison of the optical-limiting behavior for the platinum polyynes and diynes at the same linear transmittance of 82%.

electron donor in order to strengthen the electron-donating K. Clearly, when a more polar solvent such as,CH is
ability of the ligand chromophore. From the UWis used, the emission band in the long wavelength region is
spectrum of [Pt-T(OMe-F)T] (Figure 2f), there is a broad enhanced while the one in the shorter wavelength region is
ICT absorption shoulder that tails off to 500 nm. In the weakened. The PL spectra measured in the less-polar toluene
presence of such a ligand structure that could promote thesolvent show the opposite trend, suggesting the presence of
formation of the ICT state, [Pt-T(OMe-F)Ishows a much  ICT states in these metal polyynes. In addition to this, the
stronger optical-limiting response than those of [Pt-T(CN- lifetimes for the lower-lying emission bands for [Pt-T(CN-
F)T]. as well as G at the same linear transmittance (Figure F)T]. and [Pt-T(OMe-F)T} are very short at 3.29 and 3.50
3). To confirm that the optical-limiting actions of [Pt-T(CN-  ns, respectively, which preclude emissions from the long-
F)T]. and [Pt-T(OMe-F)T} are induced by the absorption lived triplet excited state. If we compare [Pt-T£Cz)T].
of the ICT state, their PL spectra were also obtained at 298 and [Pt-T(OMe-F)TJ, where both the carbazolyl and meth-
and 77 K (Figure 5e and f). From the spectral data, it can be oxy moieties can be regarded as electron-donating groups,
revealed that the emission bands around 425 nm are assignethe nonradiative process to form the ICT state will occur
to the § — S transition of the corresponding ligand in [Pt- more easily in [Pt-T(OMe-F)T]than in [Pt-T(G-C2z)T]. by
T(CN-F)T]. and [Pt-T(OMe-F)T}. The emission bands at virtue of the longer conjugation length and more delocalized
~500 nm for [Pt-T(CN-F)T} and 600 nm for [Pt-T(OMe- & system in the former. Hence, the intersystem crossing
F)T]. at 298 K could be assigned to the ICF S transition process will be unlikely to occur and no triplet emission can
rather than the T— S transition, because they are almost be observed in [Pt-T(OMe-F)¥]
absent at 77 K and, at the same time, the higher-lying Effect of Chain Length and Metal Chromophore.
emission bands at around 425 nm are enhanced in intensityFigure 7 gives the optical-limiting results for all the platinum
If the emission bands at the longer wavelength for [Pt-T(CN- dimers compared to their corresponding polymers. We note
F)T]» and [Pt-T(OMe-F)T} would be caused by the; 7 that nearly all the platinum polyynes show better optical-
S transition, they should increase in intensity at 77 K, limiting responses than those of their corresponding dimers.
reminiscent of those for [Pt-T(ECz)T]. and [Pt-T(G— Hence, the optical-limiting effect of the polyynes is contrib-
F)Tl... Moreover, additional good evidence for the ICT state uted not only by the single repeating segment but the entity
in these polymers is shown by the dual fluorescence in their that is delocalized over more than one repeated unit.
PL spectra, which is found to be solvent-dependent (seeApparently, the platinum ion can make a contribution to the
Figure 6)* The PL spectra for [Pt-T(CN-F)T]and [Pt- m-electron conjugation along the polyyne backbone via
T(OMe-F)T}L in CH.CI, and toluene were recorded at 298 interaction of its d orbitals with the conjugatacbrbitals of
the ligands, which agrees with the bathochromic shift of the
(41) (a) Liu, Z.-Q.; Cao, D.-X.; Qi, F.; Liu, G.-Q.; Xu, G.-Bcta Chim. absorption maximum of the platinum polyynes relative to
i'.ngfé?ffe?,%’l?é?%é?g;%&pxhéf‘&ezaE;riﬁ'ﬂé(@é'fd":'j].Pﬁp,i’ff‘ that of their diynes (Figure 2), and such an interaction was
Sokolov, N. I.J. Organomet. Chen2001, 637, 445. known to enhance optical nonlineariti®sAmong all the
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Figure 8. Comparison of the optical-limiting properties for the platinum polyynes and organic polyynes at the same linear transmittance of 82%.

Table 2. Comparison of the Optical-Limiting Performance of Platinum Polyynes with Some Reported Materials

optical limiting linear sample

materials threshold (J/cr2 transmittance (%) thickness (mm) reference
PbPcB-CP) 0.070 62 b 24
CuPcR ¢ 0.30 68 10 44
(R)-TMBO-CuP¢ 0.30 76 1 45
MPc; M = Si, Ge, etc. 0.10 84 10 13
Cso 0.18 55 2 46
Coo 0.14 78 1 this work
[Pt-T(Cs-C2) Tl 0.15 82 1 this work
[Pt-T(Cs-F) Tl 0.056 82 1 this work
[Pt-T(BTZ)T]. 0.12 82 1 this work
[Pt-T(Th:T]« 0.085 82 1 this work
[Pt-T(CN-F)T} 0.13 82 1 this work
[Pt-T(OMe-F)T} 0.063 82 1 this work

aThe optical-limiting threshold is defined as the input light fluence at which the output light fluence is 50% of that predicted by linear traesmittanc
b Not reported® R = pentyloxy. (R)-tetrakis(2-methoxy-1.4binaphthalen-2oxy)copper phthalocyanine.

metal diynes, only [Pt-T(EF)T], shows an optical-limiting
property closest to that of its platinum polyynes [Pt-§(C L.
F)Tl.. This result reflects that its optical-limiting effect is
dominated by the triplet excited-state absorption of the ligand
since its triplet emission can also be observed at’f.and

all other effects will just play a minor role in its NLO

behavior.

To investigate the effect of heavy metals on the optical
limiting of poly(aryleneethynylene)s, three purely organic
polyynes, namely, [T(€C2) Tk, [T(Ce-F)Tl., and [T(BTZ)T},,
were prepared and their optical-limiting behavior was also
studied. Figure 8 compares the inpautput curves for the
organic and organometallic polyynes. Polyynes [F(C
C2)Tl.., [T(Ce-F)T]w, and [T(BTZz) T}, each have an optical-
limiting response weaker than that of [Pt-T{Cz)Tl., [Pt-
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Figure 9. PL spectra of the organic polyynes at 298 and 77 K in,Cld
for (@) [T(Cs-C2)Tlw, (b) [T(Cs-F)Tlw, and (c) [T(BT2)TL.

energy transmitted started to deviate from Beer’s law with insertion of heavy metal ions into the main chain of the

an increasing input of light fluence, and the sample solution polyynes, just like the strategy employed by small-molecule
became increasingly less transparent as the fluence rosepptical-limiting materials in such compounds as phthalocya-
Thus, the transmittances of the samples were found tOnpine and porphyrid31643 Although there is evidence of
decrease as the laser fluence increased, characteristic Oﬁetecting a triplet emission in its PL spectrum, [T(BTz)T]
optical limiting. The PL spectra of [T($Cz)T]. and [T(G-

F)Tl. (Figure 9a and b) indicate that there is no triplet (43) Zhu, P. W.: Wang, P.: Qiu, W. F.: Liu, Y. Q.: Ye, @ppl. Phys.
emission at 77 K. Thus, the optical-limiting abilities of the Lett. 2001, 78, 1319.

organic polyynes can be markedly improved through the (44) Wen, T. C.; Lian, I. DSynth. Met1996 83, 111. .
(45) Wang, P.; Zhang, S.; Wu, P. J.; Ye, C.; Liu, H. W.; Xi, Ghem.
Phys. Lett.2001, 340, 261.
(46) Sun, Y. P.; Riggs, J. E.; Liu, EChem. Mater1997 9, 1268.

(42) Long, N. JAngew. Chem., Int. Ed. Engl995 34, 21.
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still shows inferior optical-limiting properties compared to limiting thresholds equal to or lower than those reported for
that of its metal-containing counterpart [Pt-T(BTz)TThis other optical-limiting materials currently in use. An examina-
observation reveals that it is the ICT state that would play tion of their photophysics suggests that these polyplatinaynes
the major role in controlling the optical limiting of the follow two different optical-limiting mechanisms, which may
polyynes with an electron-rich ligand segment. be attributed to their structural variations. To sum up here,
Table 2 lists the optical-limiting thresholds of our platinum two important strategies can be adopted to enhance the
polyynes, which is an important parameter to characterize optical-limiting properties of poly(aryleneethynylene)s. One
the merit of these optical limiters. Here, all the platinum is to make use of the heavy metal atom effect to increase
polyynes possess very low optical-limiting thresholds at 82% the yield of the triplet states through spiarbit coupling,
linear transmittance. Nearly all the platinum polyynes show while the second is to create suitable-B—A components
lower optical-limiting thresholds than that of the benchmark in the conjugation path of the metal polyynes to facilitate
fullerene Go, and some of them even show optical-limiting  the formation of ICT states. For many optical power-limiting
thresholds comparable to those of some state-of-the-artapplications, solid films are desirable. Further work is
phthalocyanine dyes. The optical limiters with the lowest ynderway to elucidate the response of polymer fims to
thresholds for induced absorption are [Pt-§§T]. fol- optical pulses for the realization of practical devices.
lowed by [Pt-T(OMe-F)T}, whose characteristics could
approach those necessary for a practical device. We noticed Acknowledgment. We thank the Hong Kong Research

no photodegradation at the pulse repetition rate of 10 Hz. 5 .« council (HKBU 2022/03P) and the Hong Kong Baptist
These results certainly indicate that these platinum pOIWneSUniversity (FRG/03-04/11-69) for financial support.
are very valuable optical-limiting materials that should have
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