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Abstract

Platinum acetylide oligomers and polymers areonjugated materials that display luminescence from the triplet exciton. This property
makes platinum acetylides useful for exploring the properties of the triplet stateamjugated systems. In the present review we describe
the excited state properties of a series of Pt-acetylide oligomers and polymers with an emphasis placed on understanding structure—property
relationships for the triplet state i#-conjugated systems.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ing blocks, there has been increasing interest in the properties
of organometallic conjugated materi§B3. This interest de-

Conjugated materials have been the focus of considerablerives from the fact that incorporation of heavy metals into an
research during the past several decddgsThis field has organic conjugated framework can elicit large effects on the
been stimulated by the large number of potential applications electronic and optical properties of the materials. In many
for conjugated materials in electronic and electro-optical de- cases the effects are predictable and tunable, allowing one to
vices[2]. Although most of the work in this field has focused use structure to control the properties of a desired material
on conjugated materials that are comprised of organic build- [4-7].

Organometallic materials are of particular interest in ap-
— . o _ . . plications that require light emission, for example as the ac-
st o o o Syposon o ey an - Tmalerals n gt emiting diodes (LEDg.5 11]anc
tophysics of Coordination Compl):exeps (ISSPPCC, Hong Kong, Jally 2004). o-p-tlcal oxygen sensof$2,13} The prqpensny of heavy tran-
* Corresponding author. Tel.: +1 352 392 9133; fax: +1 352 392 2395.  Sition metals such as Ir and Pt to mix singlet and triplet ex-
E-mail addresskschanze@chem.ufl.edu (K.S. Schanze). cited states via spin-orbit coupling leads to molecule-based
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materials, which feature high phosphorescence yields and PBU, ]
relatively long emission lifetimes. These properties are par- 7N — o — < > L H
ticularly useful in LEDs and oxygen sensing. In particular, in — ,‘DBUS J
LEDs, the ability to harvest light emission from both singlet n
and triplet excitons leads to devices that operate with high PE-n n=1-5,7
quantum efficiency8,9].

Another application which has received interest is non- Scheme 1. Structure of PAOSs.

linear absorption and reverse saturable absorgtidh In
particular, in a recent study it was shown that a Pt-acetylide
oligomer is an effective optical limiter for nanosecond pulses
of visible light[15,16] Optical limiting is believed to arise
via reverse saturable absorption due to the triplet state. This
observation has stimulated interest in investigation of the fac-
tors that control the yield and absorption of the triplet excited
state in Pt-acetylide materigls7,18]

Our group has carried out a number of investigations
which seek to develop structure—property relationships for

the optical properties of Pt-acetylide materfdl8-21} Inthe i, 44i5n in Pt-acetylide polymers. The series of Pt-acetylide

course of this work we have prepared and characterized the,|isomers (PAOs) that were the focus of this work are shown
optical properties of a variety of Pt-acetylide based oligomers in Scheme 1 [20]

and polymers, with particular emphasis being placed on un-
derstanding how structure controls the properties of the triplet
excited state. In the present review we provide an overview
of some of the recent work that we have carried out in this
area.

investigation of the changes in optical properties that accom-
pany an increase in conjugation length. Despite its utility
in providing an understanding of the relationship between
structure and optical properties, until now very few stud-
ies have focused on structurally well-defined Pt-acetylide
oligomers[33]. Recently, we completed a systematic pho-
tophysical study of a series of mono-disperse Pt-acetylide
oligomers[34]. This investigation was carried out with the
objective of providing insight concerning electronic delocal-

Schemes 2 and Blustrate the overall synthetic route
used to prepare the PAOs. Aryl acetylide building blocks
such asl and 2 were obtained by Pd(0)-mediated Sono-
gashira coupling reactions. Trimethylsilyl protected terminal
acetylene groups allowed the selective coupling of one side
of the molecule with platinum containing building blocks.
Oligomers PE-1 to PE-7 were prepared in good yields by
2. Monodisperse platinum-acetylide oligomers the sequential Hagihara coupling of aryl acetylides with

bis(tributylphosphine)platinum(ll) chloride. The reactions

Excited-state structure and electronic delocalization were carried out in the presence of an amine base (typically
in Pt-acetylide basedr-conjugated polymers have been diethylamine) at or slightly above room temperature. Without
investigated considerab[22—-27] While these studies have the presence of catalyst, the major product of these reactions
provided much insight into the optical and photophysical isthe mono-substituted platinum acetylide complex, whereas
properties of these materials, there are several inherentthe bis-acetylide complex is typically obtained in the pres-
difficulties in using polymers for careful photophysical ence of a catalytic amount of Cul.
studies. First, synthetic polymers are by nature polydisperse The PAOs were structurally characterized by spectro-
— any given polymer sample includes a variety of chain scopic analyses includingP NMR.3P NMR spectra allow
lengths. In addition, polymer chains may have defects in their us to confirm that the oligomers have the talns geome-
backbones that are not easily detected by normal structuraltry (with respect to the Pt center). Moreover, it is possible
characterization techniques, but which may influence the to distinguish the phosphines on the terminal and internal Pt
photophysical properties of the polymer. units, and therefore by integrating the peaks inffileNMR

Our group has been interested in using conjugated spectrum it is possible to confirm that the ratio of internal
oligomers as models for large conjugated polymer systemsto terminal units is consistent with the length of the each
[20,28-32] The oligomer-based approach allows systematic oligomer. The length of each oligomer was also confirmed
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Scheme 2. Pt-acetylide building blocks.
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Scheme 3. Synthesis of PAOs.

by IH NMR and by time-of-flight mass spectrometry (MS- Wweak fluorescence band and a relatively intense phosphores-
TOF) by using desorption ionization on silicon mode (DIOS) cence band. Note that the fluorescence intensity is magnified
[35,36] 100x as compared to phosphorescence. The small Stokes-

Photophysical investigations of PE-1 to PE-7 were carried shift of the fluorescence band indicates that it arises from
out to explore the effect of oligomer length on the oligomers’ S1. Both absorption and fluorescence maxima red-shift with
excited state propertieBig. 1a displays the absorption spec- increasing oligomer length, indicating an increase in the de-
tra, which are dominated by three absorption bands. Thelocalization of singlet excited states in PAOs. On the other
strong band | arises from the long-axism* transitionandits ~ hand, the phosphorescence maximum red-shifts by only 2nm
Amax red-shifts continuously as the chain length is increased. from PE-2 to PE-7, revealing that the triplet excited state is
However, the shift inh.max becomes negligible between PE-5 more spatially confined and consequently its energy is not
and PE-7, indicating that conjugation in the lowest singlet strongly influenced by the chain length. This observation is
excited state (§ is effective through approximately five or ~ in good agreement with previous work which investigated the
six Pt-acetylide repeat units. Photoluminescence spectra ofevolution of lowest singlet (§ and triplet excited states (Y
PE-2 to PE-7 (PE-1 is non-emissive at room temperature) Of Pt-acetylides linked through various numbers of thienyl
were obtained at ambient temperature in vacuum-degassedings. This work suggested thai in Pt-acetylide is consid-
THF solutions Fig. 1b). Each of the PAOs exhibits a very erably less delocalized than £24].
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Fig. 1. (a) UV-visible absorption spectra of PAOs in THF in order of increasing intensity: PE-1, PE-2, PE-3, PE-4, PE-5 and PE-7. (b) Photolwminescenc
spectra in deoxygenated THF. F and P are fluorescence and phosphorescence, respectively, in order of increasing intensity: PE-2, PE-3, PBE,/PE-5 and
(Figure reprinted with permission of the American Chemical Society).

3. Poly(phenylene ethynylene)-co-(platinum-
acetylide) random copolymers

In order to meet this objective, a series of platinum con-
taining PPE-type polymers was prepared in which the content
of Pt-acetylide repeat unit was varied. The synthesis of the

Spin-orbit coupling in Pt-acetylides induced by the Pt(ll) copolymers required the preparation of thes-terminal
center plays an important role in determining the excited acetylene functionalized platinum acetylide compléx
state properties of the materials. In particular, the rates of (Scheme % A one-pot double Sonogashifa7] coupling
S — T1 intersystem crossing and; S radiative de- reaction between 1,4-diiodobenzene and two orthogonally
cay Kisc and k;, respectively) are significantly enhanced protected acetylenes afforded compoulfl Deprotection
in Pt-acetylides compared to the structurally analogous all- of the hydroxymethyl group affordeti6 which was subse-
organic poly(phenylene ethynylene) (PPE) materials. Thus, quently reacted withcis-bis-(tributylphosphine)-dichloro-
we sought to obtain information regarding how variation of platinum(ll) [38] to afford compoundl7. Removal of the
the amount of Pt(ll) in a PPE-type polymer would influence triisopropylsilyl (TIPS) protecting groups with tetrabutylam-
the excited state properties. In particular we were interestedmonium fluoride gave the required Pt-acetylide mono#er
in exploring how decreasing the content of Pt(Il) inthe chain ~ Copolymers P1, P2, and P3 were prepared in AA/BB
would influence the triplet yield and the phosphorescence type polymerization reactions effected by Sonogashira cou-
efficiency. pling between 2,5-dioctyloxy-1,4-diiodobenzetgand the

1) =—TIPS

2) = - .
IOI OH TPS—=—( )= T . TPS—=—( )=

Pd(PPhg)»Cly, Cul N7 OH Et,0 N7/

i THF, i-Pr,NH .5 16
Pt(PBUg)gClz
i-ProNH

PBug — PBu —
nBusNF 3 S\
:—@%P;: =\ )= — TIPS%Q%F;% =\ /)= TIPS
PBuj THF PBug e
4 17

Scheme 4. Synthesis of monomeric units.
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Scheme 5. Synthesis of polymers P1-P3.

bis-terminal acetylene functionalized monomdrand 1,4- rous (e.g..--CH>—P) and the methylene adjacent to oxygenin
diethynylbenzend (Scheme 5. Homopolymer P1, which  the alkoxy side chains (e.g=CH>—O—Ar) are well resolved
contains a Pt-acetylide moiety in every repeat unit of the in the spectra and therefore it is possible to use the relative
polymer chain, was prepared by polymerizing with stochio- integrals for these groups to confirm the relative amounts of
metric amounts of comonome#sand 18. Copolymer P2, the comonomers that are present in the polymers. In addi-
which contains an average of one Pt-acetylide center per twotion, molecular weight and polydispersity of the polymers
repeat units, was prepared in a polymerization reaction thatwere determined by GPC and their physical properties are
contained one equivalent @B and 0.5 equivalents df and presented imable 1

4. Finally, to prepare copolymer P3, which contains one Pt-
aceylide center per four repeat units, 0.25 equivalertsiofi measured in THF solution are showrHig. 2 The absorption
0.75 equivalent ol were polymerized with comonomés. spectrafeature a strong band that is centered at approximately
The structure of the polymers and loading of the Pt-acetylide 410 nm. This absorption is assigned to the long-axis polar-
repeat units were characterized by ushityNMR. TheH izedmw, m* absorption of the PPE-co-Pt-acetylide conjugated
chemical shifts of the methylene unit adjacent to phospho- chain. Interestingly, the absorption band is red-shifted in P3

The absorption and photoluminescence spectra of P1-P3

Table 1
Physical properties of polymers P1-P3
Polymer % of Pt-containing repeat units Yield (%) Mn Mw PDI (Mw/Mp)
P1 100 75 16300 79605 4.88
P2 50 76 11453 32152 281
P3 25 77 140982 281045 1.99
1.2 1.2
P1
—_——— P2
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Fig. 2.

UV-visible absorption (left) and photoluminescence spectra (right) of polymers P1-P3 in THF solution.
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relative to P1 and P2, suggesting that the conjugation length ofin S; — T, ISC likely arises becaude;. decreases; this re-
the polymers increases with decreasing Pt-acetylide contentsults in a decreased ISC quantum yield, and an increase in
This finding is consistent with two lines of evidence. First, the fluorescence yield.
Godt and co-workers prepared a series of mono-disperse Despite the fact that the triplet yield decreases with Pt-
phenylene ethynylene oligomers, and they demonstrated thaacetylide content in the PPE chains, the yield nevertheless
the conjugation length in this family of conjugated materials remains relatively high even in Pg € 0.40), which contains
is >10 phenylene ethynylene repef89,40] Second, inthe  only one Pt-center in every four repeat units. By comparison,
work described in the above section, we have demonstratecthe triplet yield in all-organic PPE type polymers<®.10.
that the conjugation length in Pt-acetylide chainssrepeat This indicates that efficient;S—> T, ISC can be achieved in
units. Taken together, these findings reveal that in the sin- materials without necessitating a high loading of an expen-
glet excited state, conjugation through a Pt-acetylide repeatsive platinum complex in the polymer backbone. This idea
unit is less than through a structurally analogous phenyleneis important in the context of non-linear optical applications,
ethynylene chain that does not contain a Pt-acetylide unit. which rely on the triplet statf 6].
Apparently, the e/pm overlap that gives rise to conjugation
through the Pt-acetylide center is Iess effective compared to, Triplet energy transfer in platinum acetylide
the pr/pm overlap along the all-organic segments. The poorer
overlap likely arises because of the large mismatch in size and
energy between the 5d Pt orbitals and the 2p carbon orbitals. As discussed earlier in this review, we have demonstrated
The photoluminescence (PL) spectra of P1-P3 were ob-that the triplet exciton in Pt-acetylide chains is spatially lo-
tained in deoxygenated THF solutions and they are showncalized, even in long oligomers and polymers. This is in con-
in the right panel ofFig. 2 Note that there is a significant  trast to the singlet exciton in the all-organic polymer analog
difference in the PL spectra as the loading of Pt-acetylide in (PPE), which is quite delocalized (as noted above, the sin-
the polymer chain varies. The spectrum of P1 features two glet is delocalized over 10 phenylene ethynylene repeats)
emission bands with maxima at 450 and 611 nm which arise, [43]. Energy transport in PPEs is known to be rapid and effi-
respectively, from the singlet (fluorescence) and the triplet cient, a property which is believed to be largely due to their
(phosphorescence) excited states. The spectrum of P2 is domextendedr-delocalization44]. As part of the investigation
inated by the fluorescencknfax=447 nm) and it shows only  of the photophysical properties of Pt-acetylide materials, we
a small phosphorescence bangh{x=612nm). Finally, P3  have undertaken to determine if these molecules exhibit effi-
exhibits only fluorescence.fiax=451 nm) at room temper-  cient triplet energy transport, despite the localized nature of
ature; however a PL spectrum of P3 recorded at 80 K (not the triplet. In this section of the review we report preliminary

copolymers doped with thiophene

shown) does show a weak phosphorescencgat= 628 nm. results of this investigation.
These emission spectra are all independent of the excitation In order to understand the nature of triplet energy trans-
wavelength. port in Pt-acetylides, five random copolymers with varying

The quantum yields of fluorescenjgdl] and inter-system  amounts of 2,5-thienylene units in the backbone were syn-
crossing (measured by time resolved photo-acoustic specthesized. The thiophene moiety was chosen for this study be-
troscopy{42]) of P1-P3 were also measured, and the results cause its triplet energy is known to be lower than that of the
(listed inTable 9 are in good agreement with the expected 1,4-phenylene-based repeats in Pt-acetylide chai#{sThe
effects of platinum loading. In particular, several trends are structure of the thiophene-containing copolymers is outlined
clearly evident in the data. As the Pt-acetylide content in the in Scheme 6The abbreviated nomenclature adopted for these
polymers decreases: (1) the fluorescence quantum efficiencypolymers is RTy, where the subscriptis the percentage of
increases; (2) the quantum efficiency for-S Ty intersys-  1,4-phenylene repeat units in the polymer, and the subscript
tem crossing decreases; (3) the relative phosphorescence efy is the percentage of 2,5-thienylene repeat units. Note that
ficiency decreases. All of these effects clearly arise due to the distribution of thienylene units in these polymers is com-
the decrease in spin-orbit coupling that occurs as the load-pletely random, as evidenced by the sharp resonances of the
ing of Pt-acetylide in the polymer decreases. The decreasethiophene protons itH NMR.

Table 2

Photophysical properties of polymers P1-P3

Polymer UV-vis Photoluminescence P (%) Psc (%) P2 (WS)
Amax (nm) (loge) Ahax (NM) Ahax (NM)

P1 414 (4.94) 450 611 1 79.5 275

P2 404 (4.87) 447 612 5 53.1 340

P3 421 (Y 451 628 16.2 40.3 245

a Computed from phosphorescence decay.
b Molar absorptivity not determined due to incomplete polymer dissolution.
¢ Emission at 80 K in 2-methyltetrahydrofuran glass.
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Fig. 3 (left panel) shows the absorption spectra of the se-
ries of RTy copolymers. The all-phenylene polymeiofTo
exhibits an absorbance maximum at 341 nm. As the amount
of thiophene in the polymers is increased, the most striking
feature is the appearance of a new band at longer wavelength
(Amax~ 398 nm). Interestingly, the maximum of this band

EBU@
P‘t —
PBU3

x=1, y= 0 P100T0
X = 095, y= 0.05 P95T5

#= 085, y=015 PuTu corresponds closely to the absorption maximum of the all-
x=075,y=025 PsTps thienylene polymer, §¥ 100, and on this basis it is assigned
x=0 y=1 PoT100 to absorption of the thiophene-containing segments in the

copolymers. In accord with this assignment, the relative in-
Scheme 6. Structure of platinum-acetylide phenylene thiophene copoly- tensity of the long wavelength absorption band increases with
mers. increasing fraction of thienylene units in the copolymers.
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Fig. 3. Left: UV-visible absorption spectra of Pt-acetylide copolymers in THF solution. Right: photoluminescence spectra of Pt-acetylidersapdijif
solution, excitation wavelength 350 nm.
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Close inspection of the short wavelength absorption band Mechanism B:
whichis due to the phenylene repeat units shows that the max-

1
imum is nearly constant foriggTo, PosTs and RsTys, but P T +hv— P T (B1)
thenitis red—shifted' ;igqificaptly in7lgT25. The red-shift in Ipc .. T - 3p...T (B2)
the phenylene transition is believed to arise due to the effect of

adjacent thienylene segments on the absorption of the pheny3P* ... T — P...3T* (B3)

lene containing units. In essence, duertdelocalization ef- h ) henvl hi
fects, once the loading of the thienylene repeats reaches 2594!N these equations P and T represent phenylene and thieny-

in the copolymer, there is at least one thienylene unit within €€ repeats, respectively.) _
every “chromophore” on the polymer chain. This is consis- The second possible energy transfer pathway (Mechanism

tent with the notion that the singlet state is delocalized over B) mvolyes a sequence in which intersystem crossing to af-
more than four repeat units in the Pt-acetylide polymers, ~ [0rd @ triplet exciton localized on a phenylene segment pre-
Information concerning the triplet exciton is obtained by C€des energy transfer. This transfer mechanism is likely to
investigation of the photoluminescence of the copolymers ©CCUr on a slower timescale, because of the _Iocallzed_nature
(Fig. 3 right panel). The all-phenylene polymer;oBTo, o_f the tnple_t eXC|t<_)n a_nd due_ to the fact that mtr_a-chaln_ ex-
only exhibits phosphorescence emission wigax= 514 nm. citon hopping, which is mediated by exchange interactions,

Note that the energy of this emission is in close corre- 'S likely to be relatively slow.

spondence with the emission observed from the Pt-acetylide ~'/hile the available information does not allow us to draw
oligomers described above in Sectwhich indicates that aclear conclusion as to which mechanism dominates, the data

it arises from the jPt-C=C—CgH4—C=C—] repeat units. The suggests tha_t both _pathway_s may be Qperating. First, evidence
all-thienylene polymer, §T100, exhibits fluorescence with that mechanism A is operative is provided by the fact that rel-
Amax= 420 nm, in addition to a broad phosphorescence bandatively strong fluorescence is observed from the thienylene
with )»max:61’4nm- (The assignment of the two emission units, regardless of excitation wavelength. For example, ex-
bands in BT100is made on the basis of emission lifetimes.) Citation of RsT1s at 350 nm, where absorption is dominated
From the spectra of the copolymers;sPys, PasT1s by the phenylene-based repeat units gives rise to the fluores-
and RsTs, it is apparent that the phenylene-’based [;hos- cence from the thiophene-based segments. This observation
phorescenceifnax=514nm) is quenched almost entirely, supports the notion that singlet—singlet energy transfer occurs

and it is replaced by thienylene-based phosphorescencérom the phenylene segment which is initially photoexcited

(Amax=614nm). In fact, no phenylene-based phosphores- 0 & nearby thienylene-containing segment.
cence is apparent at thiophene doping levels of 15 and Although the evidence described above supports energy

25% (RsTis and PsTos, respectively), although other transfer via Mechanism A, experiments using time resolved
experiments have indicated that there is in fact a very weak emission spectroscopy to monitor the phosphorescence from

band corresponding to phenylene-based phosphorescence
that is obscured by the more intense fluorescence from the Phosphorescence Decay of Pt P, T,
thienylene segments. Inp§Ts, while some phenylene-based
phosphorescence is observed, its intensity is <6% of the
thiophene-based phosphorescence. 5000

The striking feature with respect to the photoluminescence
dataisthatitindicates that energy transfer from the phenylene 4000 i
segments to the thienylene segments is quite efficient, ever ey
when the fraction of thienylene repeats in the chains is low. =
There are two possible mechanisms, which can be considere(g";
to explain the efficient energy transfer to the thienylene traps. £
In the first (Mechanism A), energy transfer occpreor to
intersystem crossing. In this situation, energy transfer would
occur via the singlet exciton. This process is expected to be
relatively rapid, since the singlet is relatively delocalized,
and it may also be able to diffuse rapidly along the chain via
dipole—dipole coupling (i.e.,&tster transferp45].

Mechanism A:

3000

2000

1000

Poo.T+hy— 1P ...T (A1) !1.5(;

1 1%
Pt T— P T (A2) Fig. 4. Time resolved emission spectrum @&Ps in THF solution at room

1 3 temperature, excitation wavelength 355 nm. Inset: normalized emission de-
P....T" - P...°T* (A3) cay at 514 nm (circles) and 605 nm (triangles).
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the phenylene and thienylene segments suggest that energy P. Bernier, S. Lefrant, G. Bidan (Eds.), Advances in Synthetic Met-
transfer via Mechanism B also occurs on a longer timescale.  als. Twenty Years of Progress in Science and Technology, Elsevier,
For exampleFig. 4 shows the time resolved emission of Amsterdam, 1999, p. 98.

. 3] R.P. Kingsborough, T.M. Swager, Prog. Inorg. Chem. 48 (1999
PgsTs at room temperature over the timescale from 0 to &l 123 g 9 g g g (1999)

40ps. At early times following excitation, emission from (4] s. Lamansky, P. Djurovich, D. Murphy, F. Abdel-Razzaq, H.E. Lee,

the phenylene segments is observed at 515 nm along withthe ~ C. Adachi, P.E. Burrows, S.R. Forrest, M.E. Thompson, J. Am.

thienylene-based emission at 605 nm. The interesting feature  Chem. Soc. 123 (2001) 4304. _

is that the higher energy emission from the phenylene seg- [5] Y. Liu, Y. Li, K.S. Schanze, J. Photochem. Photobiol. C: Photochem.
. . . o Rev. 3 (2002) 1.

ments decays considerably more rapidly (i.e., withjnsh (2002)

AR . . . [6] G.B. Cunningham, Y.T. Li, S.X. Liu, K.S. Schanze, J. Phys. Chem.
than the low energy emission from the thienylene units, which B 107 (2003) 12569.

decays over a timescale ef30us. This observation sug- [7] K.D. Glusac, S.J. Jiang, K.S. Schanze, Chem. Commun. (2002) 2504.
gests that energy transfer between the phenylene and thieny-[8] M.A. Baldo, D.F. O'Brien, Y. You, A. Shoustikov, S. Sibley, M.E.
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