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Gold nanoparticles quench the fluorescence of cationic polyflu-
orene with Stern-Volmer constants (Ksy) approaching 10" M—1,
several orders of magnitude larger than any previously reported
conjugated polymer-quencher pair and 9-10 orders of magnitude
larger than small molecule dye-quencher pairs. The dependence of
Ksy on ionic strength, charge and conjugation length of the
polymer, and the dimensions (and thus optical properties) of the
nanoparticles suggests that three factors account for this extraor-
dinary efficiency: (/) amplification of the quenching via rapid
internal energy or electron transfer, (ii) electrostatic interactions
between the cationic polymer and anionic nanoparticles, and (iii)
the ability of gold nanoparticles to quench via efficient energy
transfer. As a result of this extraordinarily high Ksy, quenching can
be observed even at subpicomolar concentrations of nanoparticles,
suggesting that the combination of conjugated polymers with
these nanomaterials can potentially lead to improved sensitivity in
optical biosensors.

Water-soluble conjugated polymers have recently received
attention as components in high-performance fluores-
cence sensor applications (1-5). The utility of these luminescent
polyelectrolytes in biosensors originates from their high absorp-
tion coefficients (excellent “light harvesters”) in combination
with relatively high fluorescent quantum yields, and the extraor-
dinarily efficient quenching of their luminescence emission by
small molecule electron and energy acceptors (6, 7). For exam-
ple, methyl viologen quenches the emission of poly[lithium
5-methoxy-2-(4-sulfobutoxy)-1,4-phenylenevinylene] (MBL-
PPV) with a Stern—-Volmer quenching constant (Kgy) of ~107
M1 (1). This is 5-6 orders of magnitude more efficient than the
quenching of typical small molecule dye—quencher pairs (8), an
effect that translates into greatly improved sensitivity in fluo-
rescence-based assays (1, 2). Were further increases in Kgp
possible, they should thus translate directly into improved sensor
performance.

The observation that gold metal efficiently quenches the
emission of many fluorophores (9-11) suggests that gold nano-
particles might serve as efficient quenchers of conjugated poly-
mer fluorescence. Huang and Murray (12) have described the
quenching of small molecule dyes by gold nanoparticles, and
Dubertret et al. (13) have elegantly used gold nanoparticles as an
effective proximal quencher in DNA molecular beacons. The
more general application of gold nanoparticles in sensor ap-
proaches, however, has been limited by relatively inefficient
quenching of small molecule fluorophores; even the most effec-
tive small molecule dye—nanoparticle pairs yield Kg,r ~ 107 M~!
(12). Here we describe conjugated polymer—gold nanoparticle
pairs that, in contrast, exhibit K- approaching 10! M1, This
greatly increased Ky provides insights into the mechanisms that
underlie the extraordinarily efficient quenching of these mate-
rials. More interestingly, versatile chemistry available for surface
functionization of gold nanoparticles (14) makes the gold nano-
materials especially suitable for possible ligand tethering and
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therefore applicable for use in high-performance conjugated
polymer-based sensors (1).

Materials and Methods

The water-soluble conjugated polymers and oligomers seen in
Scheme 1 were synthesized at the University of California, Santa
Barbara as described (15-17). Gold nanoparticles were obtained
from either Sigma (5, 10, or 20 nm) or British Biocell Interna-
tional, Cardiff, UK. (2 nm). Concentrations of gold nanopar-
ticles were adapted from the data provided by the manufacturer.
Absorption spectra were collected with a Shimadzu UV-2401PC
UV-visible recording spectrophotometer, and photolumines-
cence (PL) spectra were collected with a PTI fluorometer
(Photon Technology International, Lawrenceville, NJ). The
quartz cuvettes were treated by hexamethyldisilazane to block
nonspecific electrostatic absorption of cationic polymers to
anionic quartz surfaces (18). The fluorescence spectra were ob-
tained by exciting poly(9,9’-bis(6-N,N,N-trimethylammonium)-
hexyl)-fluorene phenylene (PF) at 375 nm, oligofluorene at 320 nm,
poly(phenylene vinylene) at 480 nm, and phenyl vinylene oligomers
at 400 nm. Reported Ksp and confidence intervals (Table 1)
represent the mean and standard deviation of three independent
measurements.

Results and Discussion

Stern-Volmer Quenching Measurements. Polyfluorenes are a family
of blue-emitting conjugated polymers with large extinction co-
efficients and high PL quantum yields (19). Side-chain function-
alization with quarternary amines renders polyfluorenes cationic
and soluble in water. Here we have used cationic PF (Scheme 1).
PF exhibits an intense blue emission, with major peaks at 417 and
440 nm.

The emission of PF is measurably quenched by 5-nm gold
nanoparticles at subpicomolar concentrations. The Ky is related
to the PL efficiency via the relationship

¢°/d =1+ Kgp{quencher], [1]

where ¢° and ¢ are PL quantum efficiencies in the absence and
presence of the quencher, respectively. A plot of ¢°/¢ vs.
nanoparticle concentration demonstrates the highly efficient
“superquenching” (15) produced by this fluorophore—quencher
pair (Fig. 1). The plot is linear in the concentration range of 0
to 25 pM, with Kgy = 8.3 X 1019 M~! (Table 1).

Evaluation of the Ksy Value. Linear Stern—Volmer plots provide a
traditional and convenient means to determine K, values.
Whitten and coworkers (20), however, have recently shown that

Abbreviations: PF, poly(9,9'-bis(6-N,N,N-trimethylammonium)-hexyl)-fluorene phenylene;
PL, photoluminescence; Ksy, Stern-Volmer quenching constant; (PRU/Q)so, polymer repeat
units per quencher at 50% quenching; 2-OF, 2-oligofluorene; OPV, oligophenylene
vinylene.
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Scheme 1.

Ksy values obtained in this way often depend on polymer
concentration; i.e., K- is not truly constant. To avoid this
difficulty, we have also calculated polymer repeat units per
quencher at 50% quenching [(PRU/Q)so], which, as demon-
strated by Whitten and coworkers (21, 22), is a concentration-
independent parameter. As illustrated (Table 1), the (PRU/Q)s
values for polymers and oligomers described here closely follow
the Kgp values obtained via more traditional, linear Stern-
Volmer studies. For example, the (PRU/Q)sy value for PF
quenched by 5-nm gold nanoparticles is 1-2 orders of magnitude
larger than the highest (PRU/Q)so value previously reported
(22). Because Ky values are widely used in the literature and are
therefore effective for cross-comparison when the polymer
concentration is held constant, we report Kg;- values as an index
of quenching efficiencies in the following studies.

The Quenching Mechanism. The superquenching of conjugated
polymers by small molecule quenchers is thought to arise from
efficient internal energy transfer or electron transfer within the
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Fig. 1. Stern-Volmer plots of polyfluorene (1.0 X 10~ M in monomer repeat

units) quenching by 5-nm gold nanoparticles demonstrate the hyperefficient
quenching of conjugated polymers by gold nanoparticles. (Inset) Linear range
in the low quencher concentration regime.
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Structure of 1, PF; 2, 2-OF; 3, poly[lithium 5-methoxy-2-(4-sulfobutoxy)-1,4-phenylenevinylene] (MBL-PPV); and 4, OPV-H and OPV-F.

polymer (6, 7) and the formation of static quenching complexes
via attractive electrostatic interactions (1, 15, 23). Here we
demonstrate that, in addition to these effects, long-range reso-
nance energy transfer contributes significantly to the highly
efficient quenching of PF by gold nanoparticles.

Quenching Amplification via Internal Energy Transfer or Electron
Transfer. Pairing gold nanoparticles with short fluorene oli-
gomers characterized by a conjugation length of two repeat units
[2-oligofluorene (2-OF); Scheme 1] yields Ky = 5.8 X 10° M !
(Table 1). This order-of-magnitude reduction in quenching
efficiency is consistent with the 10-fold difference in PF (the
polymers contain ~20 repeat units) and 2-OF conjugation
length. Thus, the longer conjugation length of luminescent
polymer (with respect to the oligomer) causes amplification of
the quenching efficiency by gold nanoparticles. We ascribe this
amplification to light harvesting by the high absorption coeffi-
cient of the conjugated polymer (a multichromophore system)
followed by ultrafast internal excitation transfer to the site(s)
closest to the quencher.

Internal excitation transfer via Forster resonant energy trans-
fer requires good overlap between the emission of the light-
harvesting chromophore and the absorption of the emitter. In
the case of internal excitation transfer, the light-harvesting
chromophore and the emitter are the same conjugated polymer
chain. However, because of the relatively large Stokes shift
typical of conjugated polymers, the overlap of the absorption and
emission spectra obtained from conjugated polymers in solution
is not large enough to support the ultrafast energy transfer
implied by the superquenching data.

For the internal electron transfer mechanism, the intrachain
electron mobility (u) must be large enough to enable diffusion
over the lengths of conjugated chains in the required subpico-
second regime. The diffusion length (Lp) along a one-
dimensional chain in a time ¢, is given by the following:

LD -~ (Dt())l/z, [2]

where D is °the diffusion constant. Thus, with 7, < 1 ps and
Lp = 100 A, one concludes that D > 1. Using the Einstein
relation, u = eD/kgT, the implied mobility at room temper-
ature is w > 25 cm>V~ls~!, Because the electron mobilities
measured in semiconducting polymer films are at maximum
w=~ 0.1 cm*>V~1ls~1 far too small to satisfy this criterion, the
internal electron-transfer mechanism can be important only if
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Table 1. Ksy and (PRU/Q)so of cationic polymers/oligomers quenched by gold nanoparticles

Gold nanoparticles

Polymer/ Quenching
oligomer efficiency 2nm 5nm 10 nm 20 nm
PF Ksv ~107 8.3 +0.8 x 10 2.2+ 0.4 x10'° 7.8 0.5 x 10"
(PRU/Q)s0 <100 8.5+ 0.2 X 104 2.0 £ 0.4 X 104 7.3 0.4 x 104
2-OF Ksv 5.8 +0.3 x 10°
(PRU/Q)s0 59 + 0.8 X 103
OPV-H Ksy 7.8 0.4 x10°
(PRU/Q)s0 7.3 +0.2 X 103
OPV-F Ksy 7.9 0.9 % 10°
(PRU/Q)s0 7.8 +0.8 X 103

the intrachain electron mobilities are pw > 25 cm>V~1s~ 1 ie.,
much larger than the macroscopic mobilities measured, for
example, in polymer-based field effect transistors (24). Mea-
surements of the mobilities of isolated chains of semiconduct-
ing poly(phenylene vinylene) in solution yield mobilities of
0.2-0.5 cm>V~ 171 (25). For semiconducting polymer chains
in aqueous solution, there is evidence from small-angle neu-
tron scattering of rigid rod behavior with long coherence
lengths (26). Although such rigid rods could have somewhat
higher mobility, > 25 cm>V~ s~ is unlikely. Relatively little
is known about the diffusion constant for exciton migration in
semiconducting polymers, but internal excitation transfer via
the diffusion of neutral excitons could also play a role. Thus,
although both internal energy transfer and internal electron
transfer within the elongated polymer chain have been sug-
gested as the mechanism for the rapid internal excitation
transfer, the mechanism remains unclear.

Electrostatic Complex Formation. Because of the adsorption of
citrate during nanoparticle preparation, gold nanoparticles are
typically negatively charged (27). As a result, static quenching is
expected to arise from the strong Coulomb interaction between
the anionic nanoparticles and the cationic polyfluorene (15, 28).
Consistent with this hypothesis, even high concentrations of gold
nanoparticles do not quench the anionic-conjugated polymer,
poly[lithium 5-methoxy-2-(4-sulfobutoxy)-1,4-phenylenevi-
nylene] (MBL-PPV) (Scheme 1 and data not shown). The
quenching of short oligomers of cationic PPV polymers (Scheme
1), in contrast, is extremely efficient (Table 1).

Parallel studies by Whitten and coworkers (20) demonstrate
that adsorption of small molecular dyes onto inert nanoparticles
creates a “self-assembled polymer.” The same effect may occur
here. The formation of electrostatic complex between cationic
polymers and gold nanoparticles may lead to a “polymer en-
semble” in which a single gold nanoparticle can quench a large
number of polymer chains. Such an effect would contribute to
the extraordinary quenching efficiency that we observe.

Further evidence for the contribution of electrostatic complex
formation is provided by the observation that increases in ionic
strength significantly reduce quenching efficiency. We find that
the emission of a largely quenched solution of 2-OF and gold
nanoparticles (29) increases with the addition of salt until 90%
recovery is observed at ionic strengths >0.6 M (Fig. 2). This
finding is consistent with previous reports of reduced quenching
efficiencies arising because of ionic screening; at high ionic
strengths the debye screening length is sufficiently short that
polymer—quencher complex formation is inhibited (28). Criti-
cally, these data also indicate that the binding energy of the
complex is of order kgT; thus, this quencher—polymer pair is
suitable for use in conjugated polymer-based sensing applica-
tions in which complex formation must be readily reversible.

The presence of highly negatively charged gold nanopar-
ticles might also alter the aggregation state of PF, an effect
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known to alter the fluorescence of other soluble conjugated
polymers (1). As shown in Fig. 3, PF fluorescence quenching
is accompanied by a small blue shift (several nanometers) in
Amax, Suggesting that formation of the electrostatic complex
increases polymer aggregation (1, 23). The blue shift is ap-
proximately the same as that observed for the parallel poly-
[lithium 5-methoxy-2-(4-sulfobutoxy)-1,4-phenylenevinylene]
(MBL-PPV)/methyl viologen system, which is known to un-
dergo quencher-induced aggregation and yet exhibits orders-
of-magnitude-less-efficient quenching (Ks ~ 107; ref. 1).
Thus, PF aggregation cannot, by itself, account for the ex-
traordinarily high Kg; we have observed.

Energy Transfer. A recent report suggests that both charge transfer
and energy transfer play a role in quenching in fluorophore—gold
particle nanoassemblies (30). We have investigated the roles that
energy transfer and electron transfer play in the extremely
efficient quenching reported here and find that, for gold nano-
particles of >2 nm, resonance energy transfer dominates the
quenching mechanism.

As a probe of the quenching mechanism, we have determined
Ky for 2-, 10-, and 20-nm gold nanoparticles as quenchers. Both
10- and 20-nm gold nanoparticles quench the fluorescence of PF
with efficiencies comparable with that of 5-nm nanoparticles
(Table 1). Surprisingly, however, the K of 2-nm gold nanopar-
ticles is 4 orders of magnitude lower. This difference could arise
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Fig. 2. The fluorescence quenching ratio of 2-OF is a sensitive function of

ionic strength. The concentration of 2-OF is 1.0 X 10~¢ M (in monomer repeat
units) and that of the 5-nm gold nanoparticles is 3.4 X 10710 M. The buffer
concentration is in units of cg: 1 ¢g of SSC buffer contains 0.015 M sodium
citrate and 0.15 M Nadl, at pH 7.0.
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Fig. 3. Typical fluorescence spectra of polyfluorene (1.0 X 1076 M in mono-

mer repeat units) in the presence of 5-nm gold nanoparticles, with concen-
trations of 0, 2.2, 6.6, 15, 31, 52, and 120 pM (from top to bottom).

from the reduced surface area that would limit the polymer
accommodation on the gold nanoparticles. Alternatively, we note
that the impressive difference in the visible appearance of 2- and 5-
to 20-nm gold nanoparticles parallels their quenching efficiencies:
a solution of 2-nm nanoparticles is colorless, whereas solutions of
the larger nanoparticles are intensely red. Spectroscopy confirms
that, whereas 5- to 20-nm gold nanoparticles absorb strongly at
300-500 nm, the absorbance of 2-nm nanoparticles at these wave-
lengths is hundreds of times less intense (Fig. 4). Given that both PF
and 2-OF emit at 400 nm, the absorptions of 5- to 20-nm gold
nanoparticles overlap significantly with polymer emission, guaran-
teeing efficient energy transfer. Conversely, energy transfer be-
tween the polymer and 2-nm gold nanoparticles is not significant
because of insufficient spectral overlap. This finding suggests that
resonance energy transfer dominates the quenching observed for
the larger gold nanoparticles.

The ability of 2-nm gold nanoparticles to quench polymer
fluorescence despite their poor spectral overlap suggests that
electron transfer may also contribute (although weakly) to the
quenching. The 10,000-fold reduced Kg- of the 2-nm particles
implies, however, that electron transfer is not the dominant quench-
ing mechanism for the larger gold nanoparticles. This suggestion is
further supported by studies of the quenching of cationic oligophe-
nylene vinylene and a tetra-fluoro derivative (OPV-H and OPV-F,
respectively; Scheme 1). Whereas the electronic structure of these
conjugated oligomers differs significantly, thus leading to signifi-
cantly differing electron transfer efficiencies, their emission fea-
tures, and thus energy transfer efficiencies, are quite similar. The
efficiencies with which 5-nm nanoparticles quench the fluorescence
of these oligomers are, to within experimental error, indistinguish-
able (Table 1), providing additional support for the suggestion that
resonance energy transfer, rather than electron transfer, dominates
the quenching mechanism.

That quenching occurs via energy transfer rather than
electron transfer may partially account for these extraordinar-
ily high Kg;- values. Whereas electron transfer is essentially a
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Fig. 4. The lack of significant overlap between the emission of PF and the

absorbance of 2-nm nanoparticles implies that energy transfer between
the two is not a significant quenching mechanism, thus accounting for the
4-orders-of-magnitude reduction in their Ksy relative to those of the larger
nanoparticles. Shown are the absorption spectra of 2-, 5-, and 10-nm nano-
particles (at a concentration of 1 nM) and 20-nm nanoparticles (at a concen-
tration of 0.1 nM). The absorption of 2-nm nanoparticles is 200-fold less than
that of 5-nm nanoparticles and thus is invisible on this scale. Also shown is the
fluorescence emission of polyfluorene (PF).

contact process (because of its exponential distance depen-
dence), resonance energy transfer efficiency is high until
quencher—fluorophore pair separation approaches the Forster
radius. The Forster radius of fluoroscein—gold nanoparticle
pairs has recently been measured at 6—8 nm (N. Reich and G.
Strouse, personal communication). If the Forster radii of the
gold nanoparticle-conjugated polymer pairs are similarly long,
the ability of a single gold particle to quench many polymer
molecules could contribute significantly to the efficiency of the
quenching process.

Summary and Conclusion

With Kg;- values approaching 10! M~1 the quenching of cat-
ionic-conjugated polymers by gold nanoparticles is several or-
ders of magnitude more efficient than any previously reported
conjugated polymer—quencher pair and 9-10 orders of magni-
tude more efficient than typical small molecule dye—quencher
pairs. This hyperefficient quenching derives from three factors:
(i) amplification of the quenching efficiency by energy transfer
or electron transfer within the conjugated polymer; (ii) Cou-
lombic interactions that ensure efficient binding of the conju-
gated polymer to the gold nanoparticles, leading to efficient
static quenching; and (iif) the ability of gold to quench fluores-
cence via highly efficient, relatively long-range energy transfer.
The electrostatically stabilized polymer-nanoparticle complex
can be disrupted by ionic screening, indicating that quenching is
a reversible process that should be readily adaptable to existing
conjugated polymer-based biosensing platforms. Moreover, the
hyperefficient quenching produced by these complexes should
enable subpicomolar analyte detection.
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