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Abstract: The photophysical and luminescence quenching properties of a platinum(ll) acetylide-based
conjugated polyelectrolyte, Pt-p, which features carboxylic acid solubilizing groups are reported. The Pt-
acetylide polymer is water soluble, and it exhibits phosphorescence from a triplet z,7* exciton based on
the conjugated backbone. The phosphorescence from Pt-p is quenched by viologens with different charges
(MV*, MV2*, and MV#"), and in each case the quenching is dominated by a dynamic (diffusional) mechanism.
Comparison of the Stern—Volmer quenching properties of Pt-p with those of a structurally analogous
fluorescent organic polyelectrolyte leads to the conclusion that the amplified quenching effect, which is
commonly observed for fluorescent conjugated polyelectrolytes, is not important for the platinum acetylide

phosphorescent conjugated polyelectrolyte.

Introduction

Amplified quenching of fluorescent conjugated polymers has
received considerable attention because of its potential for
application in ultrasensitive chemo- and biosendofsAmpli-
fied fluorescence quenching was first demonstrated in an
organic-soluble poly(phenylene ethynylene) (PPE) functional-
ized with cyclophane receptotsThis work showed that the
polymer’s fluorescence is quenched approximately 60 times
more efficiently as compared to an analogous monomer.
Amplified quenching is attributed to the formation of an
association complex between the quencher and the polymer
chain, along with delocalization and/or rapid diffusion of the

singlet exciton that is responsible for the polymer’s fluorescence. .

More recently, interest has focused on amplified quenching
in fluorescent conjugated polyelectrolytes (CPESyhis family
of conjugated polymers features ionic solubilizing groups that
make them soluble in water and other polar solvents. The

fluorescence of CPEs is quenched by oppositely charged

quencher ions very efficiently. Sterivolmer quenching con-
stants Ksy) as high as 1®M~1 have been reportétcorre-
sponding to efficient quenching at 1:1 polymer chain to quencher
stoichiometry, with a million-fold signal amplification as
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compared to quenching of the corresponding monorhers.
Amplified quenching in CPEs is believed to arise due to ion-
pairing between the polymer chain and the quencher ion,
combined with highly efficient intra- and interchain exciton
delocalization and diffusiof?-11 The higher signal amplifica-
tion that has been achieved in the CPE-ionic quencher systems,
as compared to the organic soluble receptor-based systeses
because the ion-pair association constants are enhanced in the
polymer systems relative to the monomers, and because the
CPEs have a tendency to self-assemble into nanoscale aggregates
WhICh promote interchain exciton diffusich.

While association between the quencher and polymer chain
is an important component of the amplified quenching effect,
it is evident that delocalization and rapid intrachain diffusion
of the singlet exciton also play an important rdf:.12Theoreti-
cal and experimental studies indicate that in poly(phenylene
vinylene) (PPV) and PPE-type conjugated polymers, the singlet
exciton is delocalized over 20 polymer repeat units (PRUS),
and that the exciton hops between adjacent chromophores on a
chain via a dipole-dipole-type (Foster) coupling mechanism
with rates on the order 0f40.1 ps1.13 These effects combined
ensure that during its 1 ns lifetime, a typical singlet exciton
will sample an entire conjugated polymer chain that consists of
100-1000 PRUs.

In conjugated polymers, the singlet exciton decays primarily
by radiative (fluorescence) and nonradiative decay channels;
however, in some cases, intersystem crossing to produce the
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triplet exciton is competitivé4-16 Although room-temperature

units in a typicalz-conjugated syste@?:23 This effect was

luminescence from the triplet exciton (phosphorescence) in predicted many years ago by thedpand it can be qualitatively

conjugated polymers is rare, due to the importance of triplet understood by recognizing that the primary mechanism for
excitons to the performance of polymer light-emitting dioéfes,  singlet delocalization is dipotedipole coupling which depends
there has been considerable recent interest in characterizing theveakly on distance, whereas triplet state delocalization involves
properties of the triplet in conjugated materigid618-22 |nsight exchange interactions that are strongly distance depeftient.
into the structure and spectroscopy of the triplet exciton in  In view of the significant difference in spatial delocalization
conjugated systems has been gained via the study of conjugate@nd lifetime between the triplet and singlet excitons, we became
oligomers and polymers that contain heavy metals that are curious as to whether amplified quenching would also be
strongly coupled to ther-conjugated electronic system. Of observed in a conjugated polyelectrolyte in which the triplet
particular importance has been work on polymers and oligomersexciton dominates the photophysics. On one hand, it seemed
that contain platinum(ll) acetylidé§-2022These materials have  possible that amplified quenching would be attenuated because
optical properties that are remarkably similar to those of all- the triplet exciton is spatially confined, and because it may also
organic PPE-type materials, yet due to strong sipirbit diffuse along a polymer chain more slowly than the singlet due
coupling induced by the Pt center they exhibit high intersystem to weak interchromophore coupling afforded by exchange
crossing efficiency and room-temperature phosphorescence. Ininteractions. On the other hand, it also seemed plausible that
addition, the triplet exciton has a considerably longer lifetime because of its longer lifetime, dynamic quenching of the triplet
as compared to the singlet, with typical lifetimes on the order exciton via intrachain diffusion of the exciton to the quencher
of 10—100 us. Spectroscopic studies of Pt-acetylide polymers “trap” site would be highly efficient.

and oligomers demonstrate that the triplet exciton is much less To explore these effects, we prepared and carried out a
delocalized as compared to the singlet excitom-conjugated photophysical investigation of a novel platinum(ll) acetylide-
polymers?%:23.24|n particular, the available evidence indicates based conjugated polyelectrolyte (Pt-p, Scheme 1). This polymer
that the triplet exciton is confined to two or at most three repeat is a weak polyelectrolyte that is water soluble. By analogy to
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otherz-conjugated Pt-acetylide polymers and oligomers, Pt-p
exhibits moderately intense phosphorescence at room temper-
ature, and its photophysical properties are dominated by the
triplet exciton. The corresponding model oligomer, Pt-m, was
also prepared to provide a benchmark for the luminescence
guenching experiments. In addition, a PPE-type organic con-
jugated polyelectrolyte, O-p, and its corresponding model oligo-
mer, O-m, were prepared and investigated. Due to the structural
similarity between O-p and Pt-p, these two polyelectrolytes are
expected to exhibit similar solution properties. In addition,
because O-p features strong fluorescence, quenching studies of
this material provide insight into the amplified quenching effect
in a system which is structurally analogous to Pt-p, yet its
photophysical properties are dominated by the singlet exciton.
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Table 1. Photophysical Data and Stern—Volmer Luminescence Quenching Constants?

Mv* VA% V\%
Ksu/10° M1 Ksy/105 M2 Ksv/105 M2

material Aaps/nM Aeminm Genl% Tem 1elre i el 77 el 77
O-m 304 395 92 1.6ns 0.091 0.16 0.66

357
O-p 317 470 6.3 0.3 ns (0.88) 8.5 & 36°

428 3.3ns(0.12)
Pt-m 374 548 6.2 3ks 3.3 3.0 7.1 5.9 5.3 4.6
Pt-p 398 548 0.75 18s 9.0 5.8 9.6 7.1 *l 15

a All measurements on argon-outgassed solutions in water: 5. ° Stern-Volmer constants obtained from steady-state emission quenching. Where
plots are curved, thKsy values represent the slope of the linear region at low quencher concentration. The estimatedggroaloes is+10%. ¢ Stern-
Volmer constants obtained from lifetime quenchiA@iexponential decay; numbers in parentheses indicate the relative amplitude of the lifetime component.
¢ Stern—Volmer plot is curved upward.

Experimental Section 10
Complete details concerning the synthesis, characterization, and jos
purification of Pt-m, Pt-p, O-m, and O-p are provided as Supporting >
Information. The quenchers, Mvand MV**, were prepared according 106 3
to literature procedures. The water used in all experiments was o 104 g
prepared in a Millipore Milli-Q plus purification system and displayed g lo2 ®
a resistivity of>18.2 MQ cm™. Variable pH absorption and emission © =
measurements were obtained using 1 mM acetate buffer. The samples 2 ] ‘118 @
used for emission spectroscopy were optically dilute (i.e., the absorbance 8 ’ E
at all wavelengths was0.2). Photoluminescence quantum yields were o 108 =
determined using Ru(bpy) in water as standard® = 0.055)% < {os @

. . . - 6 5
Luminescence quenching experiments were conducted usingvilO »
solutions of O-p, O-m, Pt-p, and Pt-m. Solutions of Pt-p and Pt-m were 104 =X
deoxygenated by bubbling with argon for 15 min prior to all 1o2 <
measurements.

UV—visible absorption spectra were obtained on a Cary 100 300 400 500 600 708‘0

instrument. Steady-state photoluminescence spectroscopy was carried
out on a SPEX Fluorog 2 instrument. Emission spectra were corrected
by using correction factors generated in-house with a standard calibra- h = R e )
tion lamp. Photoluminescence decay lifetimes for O-m and O-p were ?SILit')Og’_F? F;gszréﬁgrf_f) g;ng)%)_sporﬁﬂgpé;gncg) 8;8 g,ltlf%rezgzgf; '
determined by time-correlated single photon counting on an instrument tion: (—a—a) Pt-m, phosphorescence: () Pt-p, absorption; {&—<)
that was constructed in-house. Excitation was provided by a near-UV pt-p, phosphorescence.
light-emitting diode fem = 370 nm, nanoLED-03, IBH, Glasgow, U.K.)
operating at a 100 kHz repetition rate. Photoluminescence decay esters. The diester precursor polymers are soluble in organic
lifetimes for Pt-m and Pt-p were determined using the third harmonic ggjyents (e.g., THF, CHE), and consequently their molecular
output of a Nd:YAG laser (355 nm, Spectra Physics, GCR-14) as the weights could be characterized by GPC. GPC analysis (using
excitation source. The light emitted from the sample was focused onto olystyrene standards) of the diester precursor polymer of O-
the slit of a monochromator (Oriel Corp., 72250) and was detected pffydydM — 15 800 1 andM _p31 500 P }rll PDI P
with a photomultiplier tube. arioraedii, = g mol™andw = g mot™ (
= 1.99), and for the diester precursor of Pt\y, = 23 100 g

Results and Discussion mol~t and M\, = 36 600 g mot?! (PDI = 1.58). The polyelec-

. o . trolytes were obtained by base-promoted hydrolysis of the esters,

Synthesis and Characterization.The two conjugated poly-  and the final materials were purified by dialysis against Milli-Q

electrolytes that are the focus of the present investigation wereater using an 8 kD molecular weight cutoff dialysis membrane.
prepared via the sequence illustrated in Scheme 2. In each caseyhe final polyelectrolytes were characterized #NMR (and
step-growth polymerizations were carried out to afford precursor i the case of Pt-p*}P NMR) spectroscopy.
polymers in which the carboxyl groups are protected as dodecyl Photophysics of the Conjugated PolyelectrolytesFigure
la compares the absorption and emission spectra of the organic
(27) Neta, P.; Richoux, M. C.; Harriman, A. Chem. Soc., Faraday Trans. 2 polymer and model Compound in water at pH? and the

1985 81, 1427-1443. ) e . . .
(28) Harriman, A.Chem. Communl977, 777-778. absorption and emission band maxima are listed in Table 1.

Wavelength / nm
Figure 1. Absorption and emission spectra in agueous acetate buffer
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Figure 2. Absorption and emission spectra as a function of pH in aqueous acetate buffer solution. (a) O-p abserpfph= 5.5; (---) pH = 5.0;
(= ——) pH=4.5. (b) O-p fluorescencei(—) pH = 6.5; (— — =) pH = 6.0; (--) pH = 5.5; (—) pH = 5.0. (c) Pt-p absorption;«) pH = 6.0; (---) pH
=55 (—--)pH=5.0; (——)pH=4.5; (— - —) pH=4.0; (——) pH = 3.5. (d) Pt-p emission;«) pH = 6.0; (--*) pH = 5.5; (— — =) pH = 5.0;
(—++—) pH=45; (——) pH=4.0; (— — —) pH = 3.5.

The model, O-m, has two absorption bands in the UV; the long Pt-acetylides are very similar to those of structurally similar
wavelength bandAqax = 357 nm) is due to the long-axis Pt-acetylide oligomers and polymers that have been investigated
polarizeds,* transition. The model features a high quantum in organic solvents and in thin filn¥$:39-33 This indicates that
yield, short lifetime, blue-violet emission, which is Stokes- the polar aqueous environment has little effect on the electronic
shifted only slightly from the absorption (Table 1). The structure or energy of thér,* exciton in the Pt-acetylide
fluorescence is believed to arise from the long-axis polarized polymer.

7t excited state. The organic polymer, O-p, features a single  Effect of pH on the Optical Properties of O-p and Pt-p.
broad absorption band that is red-shifted significantly from the In previous investigations, we have shown that CPEs aggregate
model’s absorption. The polymer exhibits a moderately intense, in poor solvents or when the charge on weak acid solubilizing
short-lifetime fluorescence that is Stokes shifted only slightly groups is neutralized by protonatiét®® Similar behavior is
from the absorption band. The band shape of the fluorescenceobserved for the weak polyelectrolytes that are the subject of
from O-p is typical of that observed for PPE-type polymers in the present investigation. Figure 2a and b illustrates the changes
good solventd;?° suggesting that at neutral pH the polymer is in the absorption and fluorescence spectra of O-p as a function

not strongly aggregated. of pH over the range pl- 6.0—4.5. With decreasing pH, the
Figure 1b illustrates the absorption and emission of the Pt- absorption and fluorescence of the polymer red-shift; note that,
acetylide model and polymer in water at pH 7. The model at low pH, the fluorescence is considerably weaker and appears

and the polymer both exhibit a single broad absorption feature as a broad, structureless band. Virtually identical changes in
in the near-UV region. The absorption of Pt-p is red-shifted the absorption and fluorescence have been observed in structur-
slightly from that of the model, giving evidence that in the ally related PPE-type conjugated polyelectroly#&¥.By anal-
Franck-Condon singlet excited state that is produced by light 0gy to the previously studied polymetsthe broad fluorescence
absorption there is a higher degree of delocalization in the observed for O-p is attributed to an excimer-like state that
polymer as compared to the monomer. The emission of Pt-m dominates the photophysics of the aggregated polymer. The
and Pt-p is dominated by a structured band that is significantly aggregate is believed to consistfstacked chains produced
Stokes-shifted from the absorption. The emission is long-lived at low pH because interchain charge repulsion is reduced by
(r = 31 us and 1%s for Pt-m and Pt-p, respectively), and on Pprotonation of the weakly acidic carboxylic acid grodp$2The

this basis it is assigned to phosphorescence from3the* red-shifted absorption in the aggregate arises due to increased
?XCIted state. Interestingly, the.emISS_PQQXITS V|r_tuaIIy identical (30) Chawdhury, N.; Kohler, A.; Friend, R. H.; Younus, M.; Long, N. J.; Raithby,
in the model and polymer. This finding highlights the fact that P. R.: Lewis, JMacromolecules998 31, 722-727.

i i i iynifi i i (31) Chawdhury, N.; Kohler, A.; Friend, R. H.; Wong, W.-Y.; Lewis, J.; Younus,
the triplet exciton is not significantly delocalized in the polymer. M. Raithby. P, R.. Corcoran. T. C.. Al-Mandhary, M. R. A Khan. M. S,

This observation is consistent with the results of a previous J. Chem. Phys1999 110, 4963-4970.

P ; H _ ; ; H (32) Rogers, J. E.; Cooper, T. M.; Fleitz, P. A.; Glass, D. J.; McLean, D.G.
investigation of Pt-acetylide oligomers which suggested that the Phys. Ghem. 2002 106, 10108-10115.

triplet is localized on a chromophore consisting off3=C— (33) Haskins-Glusac, K.; Ghiviriga, I.; Abboud, K. A.; Schanze, KJSPhys.
_C=C— —C—Pt—C=C— — nhe. Chem. B2004 108 4969-4978.
Pt-C=C—Ph-C=C-Pt-C=C—Ph (where Ph= 14-phe (34) Tan, C.; Pinto, M. R.; Schanze, K. Shem. Commur2002 446-447.
nylene)23 In addition, the optical properties of the water soluble (35) Pinto, M. R.; Kristal, B. M.; Schanze, K. Sangmuir2003 19, 6523~
6533.
(36) Halkyard, C. E.; Rampey, M. E.; Kloppenburg, L.; Studer-Martinez, S. L.;
(29) Bunz, U. H. FChem. Re. 200Q 100, 1605-1644. Bunz, U. H. F.Macromoleculed998 31, 8655-8659.
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m-conjugation along the polymer backbone resulting from Scheme 3
coplanar orientation of the phenylene rings that is imposed by
s-stacking in the aggregaté.

Figure 2c and d illustrates the absorption and emission spectra
of Pt-p as pH is varied over the range 6R5. The changes
observed for Pt-p are also believed to arise because the polyme
aggregates as pH is reduced; however, interestingly the effects
of aggregation are different for Pt-p relative to those of O-p. In
particular, the absorption of Pt-p blue-shifts with decreasing pH,
while the phosphorescence decreases in intensity. Importantly,
the decrease in phosphorescence intensity is not accompanie:
by a decrease in lifetime. This observation indicates that the
aggregation-induced emission quenching has the characteristict
of static quenching®3° Apparently, excitons that are produced
in close proximity to the aggregate are quenched rapidly,
whereas those that are distal (or on an unaggregated chain) ar
unable to diffuse to the aggregate site.

The absorption of Pt-p features a clear isosbestic point as
pH is varied, suggesting that the absorption shift is associated
with a specific change in conformational state of the polymer.
We believe that the change in the absorption of Pt-p that
accompanies aggregation arises for similar reasons as the red
shift that is observed in absorption of the O-p aggregate. Thus,
it is likely that the Pt-p aggregate also consists of stacked
polymer chains in which the planes defined by the square-planar
PtR,C, units and the phenylene rings are in an all coplanar
orientation. The absorption of the polymer blue-shifts because
in this conformation the extent af-conjugation through the Pt
actylide units is decreased relative to that for the “twisted”
conformation (see Scheme 3). In support of this premise, X-ray
crystal structures of Pt-acetylide oligom®&& and electronic

structure calculatiod$indicate that, in the preferred conforma- polymers is analogous to fluorescence from an excimer, which
tion of the ground state, the phenylene rings are twisted more s ye|l-documented in many small-molecule fluorophores (e.g.,
than 60 relative to the plane defined by the B2 unit (s the pyrene excimefy. Excimer fluorescence arises from a singlet
shown schematically in the upper portion of Scheme 3). The gycited-state complex in which the excitation is stabilized by
preference for the twisted conformation may arise due to steric yg|gcalization over the two chromophorég8 Importantly,
interactions between the phenylene units and the alkyl phos'although triplet excimers have been postulated to exist as
phines, and also because-tps interactions are optimal when  intermediates in photochemical proces®¥, unambiguous
the Pt dy (in-plane) orbital is involved. evidence for phosphorescence from a triplet excimer has never
An important question concerns the basis for phosphorescenceneen obtaine#it:52 The available evidence indicates that triplet
quenching in the Pt-p aggregate. This behavior differs from what excimers are not stabilized significantly relative to the locally
is typically observed for fluorescent conjugated polymers, where excited state, and when formed they decay rapidly by intersys-
aggregation is typically manifested by a red-shift and broadening tem crossing to the ground state (therefore, phosphorescence
of the emissiort*42-46 The aggregate emission in conjugated cannot competé® Thus, it possible that the phosphorescence
guenching that is observed in the Pt-p aggregate arises because

(37) Miteva, T.; Palmer, L.; Kloppenburg, L.; Neher, D.; Bunz, U. H. F.  nonradiative decay of the triplet aggregate state is too fast for
Macromolecule200Q 33, 652—654.

(38) Lakgwicz,/.].I RPrinciprels gf FIuorescenctle(Spectroscoayd ed.; Kluwer phosphorescence to be competitive.
Academic/Plenum Publishers: New York, 1999. i i i

(39) Static quenching is indicated when quenching of the luminescence intensity An alternate explgnatlon for pho_sphorescence qu.enChlng n
is not accompanied by a concomitant quenching in the emission lifetime. the Pt-p aggregate is the introduction of an energetically low-
Static quenching usually occurs due fo the presence of a ground-state |ying excited state based on interchain metaktal interactions.
complex, which, if excited by light absorption, is quenched very rapidly. . X .

(40) Bruce, M. I.; Davy, J.; Hall, B. C.; van Galen, Y. J.; Skelton, B. W.; Whité,  In particular, the face-to-face interaction of two square-planar
A. H. Appl. Organomet. Chen2002 16, 559-568. S ; f ; :

(41) Emmer?,pL. A.;gChoi, W.; Marshall, J. A.; Yang, J.; Meyer, L. A.; Brozik, d PIPZCZ units affords a manifold of energetlcally low lylng
J. A.J. Phys. Chem. 2003 107, 11340-11346.

(42) Yan, M.; Rothberg, L. J.; Kwock, E. W.; Miller, T. MPhys. Re. Lett. (47) Gordon, M., Ware, W. R., Ed$he ExciplexAcademic Press: New York,
1995 75, 1992-1995. 1975.

(43) Blatchford, J. W.; Jessen, S. W.; Lin, L. B.; Gustafson, T. L.; Fu, D. K.; (48) Turro, N. J.Modern Molecular PhotochemistryBenjamin/Cummings:

Wang, H. L.; Swager, T. M.; MacDiarmid, A. G.; Epstein, A.Bhys. Menlo Park, CA, 1978.

Rev. B 1996 54, 9180-9189. (49) Smothers, W. K.; Schanze, K. S.; SaltielJJAm. Chem. Sod.979 101,
(44) Rothberg, L. J.; Yan, M.; Papadimitrakopoulos, F.; Galvin, M. E.; Kwock, 1895-1896.

E. W.; Miller, T. M. Synth. Met1996 80, 41-58. (50) Charlton, J. L.; Dabestani, R.; Saltiel,JJ.Am. Chem. Soc983 105,
(45) Rothberg, L. INewsletter of the Center for Photoinduced Charge Transfer 3473-3476.
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excited states havinged — po characteP3-55 It is possible 6
that the interchain interactions in the Pt-p aggregate give rise sf a
to a &* — po manifold which provides a pathway for rapid ol
nonradiative decay of the triplet exciton. o v°
Emission Quenching StudiesPrior to discussing the ex- 3 v J ;' o ©
perimental results, it is necessary to briefly describe the model 2t w78 3
used to interpret the SterfVolmer (SV) emission quenching 1477 O
data. This discussion is brief, and the reader is directed to the 0
literature for more details concerning the analysis of quenching e 2
data3® When quenching of a chromophore occurs via mixed- > b v
mode static and dynamic pathways, in the limit of low quencher o5
concentration, the emission intensity) pbeys the following o ol M
relationship, _ v
~ v [ ]
1 = ° vwE' B Y s 8 ¢ 5 ; o
T =1+ (K KIQI = 1+ Ky [Q] @ of”
af © Y

whereKs,/ is the slope of the emission intensity quenching SV v
plot, K5 is the association constant for the chromophkore 20 °
quencher ground state (ion pair) complex, &g is the slope v .
of the emission lifetime quenching SV plot (i.e., the SV constant 10 ¢ v .
for dynamic quenching). When the quenching process is v Y o °
moderately or strongly exothermiks = kqz°, wherekg is the prov¥®T o 8 o o oo
diffusion rate constant10'° M1 s71) andz° is the emission 00 05 10 15 20 25 30
lifetime of the chromophore. For quenching of a chromophore [Viologen ]/ uM
with a relatively short emission lifetime{~ 1 ns),Ks/ ~ 10 Figure 3. Stern-Volmer quenching plots. (a) MV quencher. (b) M¥*

M~ In this case, if the chromophore and quencher form a duencher. (c) M¥* quencher. Legenda) O-p; @) Pt-p (°/1); (O) Pt-p
relatively stable ground state (or ion-pair) complé&y & 100 o

M~1), the emission inter?si.ty quenching SV plot affords a direct ), and theKs, values span from 9.% 103to 6.6x 10* M.
measure of the association constant, thatkis; ~ Ka. In In view of its short fluorescence lifetime-(L.6 ns), it is evident
contrast, if the emission lifetime of the chromophore is long  that quenching of O-m by the pyridinium ions occurs by a static
(e.g., for a phosphorescent emitter), the valu&af may be  guenching mechanisiharising due to ion-pair complex forma-
comparable to, or greater than, the ground-state associationjon between the anionic fluorophore and the cationic pyridinium
constant for the chromophorguencher pair. In this case, the  quencher. Thus, in this case, the association constant for ion-

observed emission intensity quenching efficieniy/) will be pair formation is reflected bs, (€q 1, Ka > Ks/), and, in
equal to the sumi, + Ks/7). Note that wherKsy > Ka, Ks/ ~ accord with this notion, thigs, values increase with increasing
Ksv'. charge on the pyridinium ion quencher.

Stern-Volmer (SV) emission quenching experiments were  The SV plots for O-p shown in Figure 3 reveal several
carried out on the two anionic conjugated polyelectrolytes, O-p sjgnificant differences between the quenching of the polymer
and Pt-p, as well as on the corresponding model compounds.ang model compound O-m. First, O-p is quenched at signifi-
Three cationic pyridinium ions (viologens) with different net  cantly lower concentration as compared to the model. For the

charges were used as quenchers (Q): ‘M¥-methyl-4,4- MV2+ and MV#* quenchers, more than 80% of the polymer’s
bipyridinium chloride), MV** (N,N'-dimethyl-4,4-bipyridinium fluorescence is quenched apM quencher concentration. To
dichloride, paraquat), and MY (a.a-bis[1-methyl-4,4-bipy- attain a similar level of quenching with O-m, a quencher

ridiniuml-p—xyleng tetrachloride). These specjes quench excited -gncentration in the range of 61 mM is required. This is a
states via photoinduced electron transfetlsing these three  manifestation of the amplified quenching effect that has been
pyridinium ions as quenchers, emission intensity quencHhiig ( reported previously in other conjugated polyelectrolyt#&?
|) studies were carried out for O-p and O-m, whereas intensity stern-Volmer constants for quenching of O-p extrapolated from
and lifetime quenchingrf/z) was examined for Pt-p and Pt-m.  ine jinear regions at low quencher concentration range from
The SV plots for O-p and Pt-p are shown in Figure 3, while 2 9 105 t0 3.6 x 10 M. On the basis of these values, the
SV quenching constants derived from all of the quenching polymer is quenched 2660 times more efficiently relative to
studies are collected in Table 1. . . O-m. The degree of amplification of the quenching response is
First, we focus on the results for the organic materials O-p eyen more significant at higher quencher concentration due to
and O-m. For O-m, the SV plots (data not shown) are linear the upward curvature in the O-p SV plots. Amplification of
over the entire concentration range investigated ¢Q@—100 quenching in O-p is believed to arise due to ion-pair complex
formation between O-p and the pyridinium ion quenchers, and
because the exciton is strongly delocalized and is able to diffuse
rapidly along a polymer chain to the site where the quencher is

(53) Roundhill, D. M.; Gray, H. B.; Che, C.-MAcc. Chem. Re4989 22, 55—
61

(54) Marshall, J. L.; Hopkins, M. D.; Miskowski, V. M.; Gray, H. Bnorg.
Chem.1992 31, 5034-5040.

(55) Yam, V. W. W.Acc. Chem. Re002 35, 555-563.

(56) Bock, C. R.; Meyer, T. J.; Whitten, D. G. Am. Chem. Sod 974 96, (57) Harrison, B. S.; Ramey, M. B.; Reynolds, J. R.; Schanze, KI. &m.
4710-4712. Chem. Soc2000 122, 8561—8562.
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complexed. In effect, the quenching sphere of action of the
viologens is spread out over a large numbe2Q) of polymer
repeat units due to the exciton’s high degree of delocalization
and its high intrachain hopping rate%8

A second notable feature is that, although the SV plots for
guenching of O-p by M¥" and MV*+ are nearly linear at very

emission intensity and lifetime SV quenching constants for Pt-m
are in the same range as the association constants obtained for
guenching of O-m by the viologen&{ ~ Ks/) — Ks ~ 10—
10° M71, see eq 1).

At very low quencher concentratior<{ uM), the SV plot
for the Pt-p/MV** system is linear, and the emission intensity

low quencher concentratiorx 600 nM), they are curved upward  and lifetime are quenched equally. However, at higher f¥yV
at higher quencher concentration. The onset of the curvaturethe intensity quenching plot is curved upward, while the lifetime
occurs at lower concentration for MV than for MV?*, andas  quenching remains linear. This behavior signals that static
aresult the tetravalent quencher is a considerably more effectivequenching becomes significant in the Pt-p/f#\&ystem when
quencher. This effect has been observed in the quenching ofthe quencher is present at relatively higher concentrations.
other conjugated polymers by polyvalent quencher foisVe Nevertheless, despite the fact that static quenching of Pt-p occurs
believe that it arises due to the ability of the polyvalent quencher with MV4+, the metal-organic polymer is still quenched
ions to induce aggregation of the polymer chaih®.%° Ag- considerably less efficiently than O-p. For example, at MV
gregation of the polymer chains allows interchain diffusion of = 1 M, approximately 90% of the fluorescence from O-p is
the exciton, which effectively increases the sphere of action quenched, whereas only 50% of Pt-p phosphorescence is
within which the viologen is able to efficiently quench a quenched. The significant static quenching observed in the
fluorescent exciton (i.e., because of polymer aggregation, apt-p/MV4* system is believed to arise due to Mivinduced
quencher is able to quench excitons produced on more than onexggregation of the polymer. Thus, from this standpoint, the
polymer chain)3 Pt-p/MV4* system is different from the Pt-p/MVand Pt-p/
Now, we turn to consider the quenching properties of the MV 2+ systems. The fact that quenching is more efficient with
Pt-acetylide-based materials. There are several significant dif-the tetravalent quencher results from the fact that the triplet
ferences with respect to quenching of Pt-m and Pt-p as comparecxcitons are quenched due to interchain aggregation induced
to quenching of the organic materials. First, all of the viologens by the tetravalent quencher ion. Importantly, the strong quench-
quench Pt-m and Pt-p with close to the same efficiency. This ing of Pt-p by MV* is not due to amplified quenching by the
result clearly indicates that there is little amplification of the quencher ion.
quenching response for the polymer relative to that of the  nodel To Explain Triplet Quenching in Pt-p. The Triplet
monomer model. The second noteworthy feature is thakthe  Exciton Is Localized and Diffuses SlowlyFor MV+ and MV2+
values obtained for the Pt-p/MVand Pt-p/MV** systems by quenching of Pt-p and Pt-m, there is some evidence for static
intensity quenchingIt/l vs [Q]) are only slightly larger as  guenching, as indicated by the fact that intensity quenching is
compared to those obtained by lifetime quenchirfr(vs [Q], slightly more efficient than lifetime quenching. Nevertheless,
see Table 1). A similar trend is seen for Pt-m quenching by all static quenching does not play a very large role in the overall
of the viologen quenchers. The close correspondence ¢fthe  quenching in the Pt-p/MY and /MV2* systems, because, due
values derived from intensity and lifetime quenching indicates 5 the |ong lifetime of the triplet excited state, dynamic
that dynamic quenching is the dominant mechanism for quench- qenching is quite efficient. More important is the fact that static
ing in the Pt-acetylide materials; that is, the mechanism involves gyenching of Pt-p by MV and MV2* is not much more efficient
diffusion of the quencher to the excited-state complex (or exciton than static quenching of Pt-m. The lack of a significant increase
in the case of Pt-p). Interestingly, by using the, values i the static quenching component for Pt-p clearly indicates that
obtained by dynamic quenching and the emission lifetimes of the quencher interacts with the polymer in much the same was
Pt-m and Pt-p, we compute that the quenching rate constantss it does with the monomer. Specifically, the data suggest that
(ko) are close to those expected for diffusion-controlled colli- oy excitons that are produced within the immediate vicinity
sional quenching between oppositely charged Bi#$(For Pt- (i.e., a few repeat units) of the quencher binding site are
m, kg ~ (1-2) x 100 M1 5785 Pt-p, kg ~ (3—4) x 10°M™ efficiently quenched. In addition, diffusion of excitons along
s *. Diffusional quenching of Pt-p is expected to be more rapid the polymer chain to a quencher binding site is not competitive
because of the higher charge on the polymer chain.) with normal diffusional quenching pathways (e.g., diffusion of
Importantly, the fact that diffusional quenching of Pt-m and the quencher to the exciton). This conclusion is based on the
Pt-p is dominant does not mean that there is not ion-pair fact that the rate of diffusional quenching in the Pt-p/Mahd
complex formation between the cationic viologen quenchers and /v 2+ systems is close to the diffusion-controlled rate constant.
the anionic Pt-acetylides. The reason that static quenching isif intrachain diffusion were rapid as compared to the triplet
unimportant (even though ion-pairing occurs) is that, because exciton decay rate, one would expect dynamic quenching to be
of the long lifetime of the Pt-acetylides, dynamic quenching is considerably more efficient in Pt-p as compared to Pt-m.

so efficient that it masks the stat.ic qugnching component (i.e., Taken together, the Pt-p quenching data are consistent with
€q 1'|,<S",T > Kg). In support of this notion is th? fact that.the a model in which (1) the triplet exciton is spatially confined;
association constants calculated from the difference in the (2) intrachain triplet exciton diffusion is relatively slow (vide
infra); and (3) interchain exciton diffusion is precluded by the
fact that the triplet is quenched by interchain aggregates. These
hypotheses are consistent with a growing body of evidence
indicating that the structure and properties of the triplet exciton
differ significantly from those of the singlet in conjugated
polymers?9-2324Thus, because the triplet is confined to a few
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14970 J. AM. CHEM. SOC. = VOL. 126, NO. 45, 2004



Quenching of a Phosphorescent Polyelectrolyte ARTICLES

repeat units on the polymer chain, the quencher’s sphere ofacetylide-based conjugated polyelectrolyte, Pt-p. The polymer
action is relatively small. In addition, the data suggest that the is soluble in water and polar organic solvents, and it exhibits
triplet diffuses along the chain several orders of magnitude more moderately efficient phosphorescence at ambient temperature.
slowly than the singlet. This difference in diffusivity likely arises At low pH where the weakly acidic carboxyl groups are
for two reasons. First, because the triplet is spatially localized protonated, Pt-p aggregates. The aggregate structure is believed
(i.e., the average chromophore length for the triplet is 2 or 3 to comprise face-to-face stacked chains, and the stacked
repeat units vs 10 or more for the singlet), the triplet exciton aggregate structure results in a significant blue-shift of the
will require many more hops than the singlet to diffuse an equal polymer's absorption and quenching of its phosphorescence. The
distance along a chain. Second, because trijigilet hopping guenching of Pt-p phosphorescence by three cationic viologens
is mediated by exchange interactions, while the singlet hopping is examined and compared to the quenching properties of a

is mediated by dipoledipole (and higher multipole) couplirig, monomer model compound, Pt-m, and a structurally analogous
the intrinsic rate of interchromophore hopping will also be fluorescent organic conjugated polyelectrolyte. The quenching
significantly slower for the triplet exciton. experiments indicate the phosphorescent polymer is quenched

Taken together, these features conspire to lead to the resultwith comparable efficiency as compared to the momoner model
that, despite its 1000-fold longer lifetime as compared to that complex. On the basis of this result, we conclude that amplified
of the singlet, the triplet exciton is unable to efficiently sample quenching is not an important effect for Pt-acteylide polymers
a distance equivalent to an entire polymer chain during its 20 in which the luminescence originates from a triplet excited state.
us lifetime. This leads to the significant result of the present
investigation: amplified quenching is not an important effect ~ Acknowledgment. We gratefully acknowledge the National
in phosphorescentr-conjugated Pt-acetylide polymers. The Science Foundation for support of this work (CHE-0211252).
question as to whether this effect applies more broadly to the
quenching of triplets in other-conjugated polymer systems
remains to be explored in future investigations.
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