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ABSTRACT

Quantitative fluorescence quenching is a common analytical approach to studying the mechanism of chemical reactions. The Stern-Volmer
(S-V) equation is the most common expression used to analyze the quenching behavior and can be used to extract kinetics in complex
environments. However, the approximations underlying the S-V equation are incompatible with Forster Resonance Energy Transfer (FRET)
acting as the primary quenching mechanism. The nonlinear distance dependence of FRET leads to significant departures from “standard”
S-V quenching curves, both by modulating the interaction range of donor species and by increasing the effect of component diffusion. We
demonstrate this inadequacy by probing the fluorescence quenching of long-lifetime lead sulfide quantum dots mixed with plasmonic covellite
copper sulfide nanodisks (NDs), which serve as perfect fluorescent quenchers. By applying kinetic Monte Carlo methods, which consider
particle distributions and diffusion, we are able to quantitatively reproduce experimental data, which show significant quenching at very
small concentrations of NDs. The distribution of interparticle distances and diffusion are concluded to play important roles in fluorescence
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quenching, particularly in the shortwave infrared, where photoluminescent lifetimes are often long relative to diffusion time scales.

Published under an exclusive license by AIP Publishing.

I. INTRODUCTION

Proposed in 1919 by Otto Stern and Max Volmer, the
Stern-Volmer model quantitatively described the decrease in the
fluorescence intensity of emitters in the presence of quenchers,
molecules that are capable of bringing the excited emitters back to
ground states." The linear relationship shown in a Stern-Volmer
(S-V) plot between quenching ratio and quencher concentrations
is often attributed to the collisions between emitters and quenchers.
For this reason, the Stern-Volmer model is usually referred to as
collisional quenching and is associated with measuring rate con-
stants. Deviation from the linear Stern-Volmer law usually implies
some factors other than collisional quenching, including attrac-
tion between particles, pre-formation of complexes, or incomplete
quenching.

While collisional quenching is treated in the Stern-Volmer
formalism, Forster resonance energy transfer (FRET) is another
process that can deplete the excited state of a donor molecule. In

FRET, dipole-dipole interactions result in energy migration from
the donor to the acceptor, provided that the emission of the donor
overlaps with the absorption of the acceptor.” FRET rates depend
in a known non-linear fashion on the distance between the donor
and acceptor and, thus, can be inverted to experimentally determine
the intramolecular distance (or distribution of distances) between
each species. In a single molecule context, FRET is a powerful tool
to deduce structural changes in polymers induced by folding or self-
assembly, among many other applications.” ' In ensemble contexts,
Inokuti and Hirayama gave a generalized treatment of fluorescence
quenching in crystals by comparing summed rates of energy transfer
from donors to acceptors and decay rates of excited donors.'” This
treatment is useful for excitonic crystals but has clear limitations in
mixtures where the distribution is more complex and changing over
time.

Surprisingly, despite considerable examples of fluorescent
quenching due to FRET, there exists no analytical expression
that predicts quenching rate as a function of donor and acceptor
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concentration and FRET overlap in dilute mixtures of non-
interacting particles. By simple inspection, while the collisional S-V
rate of quenching depends linearly on the concentration of the
quencher, in FRET, the rate also depends on the interparticle dis-
tance (~r~°). Given that the interparticle distance is approximately
given by r ~ n=', where n is the number density, one might expect
that the quenching rate will vary with #? or quadratically with num-
ber density. Such a mechanism may lead to significant quenching
of photoluminescence in the case of small impurities or could be
used as a method to probe analyte concentration in a biochemi-
cal assay, but only if the proper form is used. It is worth noting,
however, that there is no analytic expression of the distinct inter-
particle distance distribution for even hard-sphere binary mixtures,
complicating the development of a single equation that takes in con-
centration, transition dipole, and lifetime and predicts quenching
efficiency.””

In this work, we study the energy transfer between short-
wavelength infrared (SWIR) emitters and plasmonic nanoparticles.
We synthesized lead sulfide (PbS) quantum dots (QDs) and plas-
monic covellite copper sulfide (CuS) nanodisks (NDs) before mixing
them in a colloidal solution. These form an ideal FRET pair for
exploring the effects of diffusion and energy transfer in dilute solu-
tions, as the CuS nanodisks have a complete overlap with the
emission spectrum of the PbS but do not interfere (shadow) our PbS
absorption spectra. The relatively long lifetime of PbS also allows
us to explore the role of diffusion in energy quenching. Given that
many SWIR emitters have long lifetimes (e.g., quantum dots and
lanthanide nanoparticles), the role of diffusion is highly pertinent
to the dynamics of quenching in this spectral window.

Our experiments revealed a high degree of quenching at very
low concentrations of CuS NDs, accompanied by a non-linear
dependence between the quenching ratio and concentrations of plas-
monic CuS NDs, which cannot be explained by the conventional
Stern-Volmer modeling. We simulate several potential explana-
tions to describe these results, exploring the role of interparticle
distance distribution, nonlinear FRET rates, and diffusion, and
reach quantitative agreement with experiments using kinetic Monte
Carlo (kMC) simulations that account for all effects. We conclude
by discussing how Stern-Volmer descriptions of quenching are
highly inadequate in describing FRET pairs in systems with large
FRET radii and/or long lifetimes and concomitant large diffusion
lengths.

Il. RESULTS AND DISCUSSIONS

We synthesized PbS QDs and CuS NDs as the model emit-
ters and quenchers through traditional colloidal methods (see the
supplementary material for details). The absorption spectroscopy of
CuS NDs shows a plasmonic peak in the SWIR region [Fig. 1(a)]
consistent with prior reports.'”'” For PbS QDs, the PL spectroscopy
of PbS QDs shows a close resonance of the emission peak with the
plasmonic absorption peak of CuS NDs [Fig. 1(a)]. The morphol-
ogy of the as-synthesized nanocrystals is confirmed by TEM images,
where spherical PbS QDs and hexagonal CuS NDs are clearly iden-
tified [Fig. 1(b)]. PbS QDs are measured to have an average radius
of 3.6 nm, and CuS NDs are measured to have an average diago-
nal length of 19 nm and an average thickness of 5.0 nm (see the
supplementary material, Figs. S1 and S2). The absorption trace of
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FIG. 1. a) Normalized absorbance (solid lines) and PL (dashed line) spectra of
the synthesized PbS QDs (orange) and CuS NDs (green). (b) TEM images of the
synthesized PbS QDs (top) and CuS NDs (bottom). (c) PL traces of PbS QDs
in one group of titration experiments with CuS NDs. The shaded area under the
curve of a PL trace is considered as PL intensity and used to determine quenching
ratios.

CuS NDs and the PL trace of PbS QDs are used to calculate the spec-
tral overlap, which is required to calculate the FRET radius.”’ From
TEM images, size parameters of PbS QDs and CuS NDs are mea-
sured and used to calculate the diffusion coefficients of nanocrystals
using the Stokes-Einstein equation.”’ The concentrations of PbS
QDs are determined using the sizing curve and extinction coeffi-
cients reported by Moreels et al., and the concentrations of CuS
NDs are estimated from a synthetic procedure and the correspond-
ing extinction coefficient is extracted using the Beer-Lambert law.””
These parameters are then used for all modeling and simulations
(Table I). The TEM of the mixture confirmed no interaction between
PbS and CuS samples (see the supplementary material, Fig. S3).

To study the fluorescence quenching of emissive nanocrystals
by using plasmonic nanocrystals in the SWIR region, a series of
titration experiments of PbS QDs with CuS NDs were performed
(see the supplementary material for details). The steady-state PL
spectroscopy clearly shows a continuous decrease in fluorescence
intensities of PbS QDs upon serial addition of CuS NDs [see Fig. 1(c)
for one example trace]. Note that due to the relatively high absorp-
tivity of CuS NDs, the secondary inner filter effect introduced by
the absorption of CuS NDs was accounted for and the corrected
PL intensities were used to calculate the quenching ratio (see the
supplementary material for details). Another direct evidence of
the quenching is demonstrated by time-resolved PL measurements,
where an obvious decrease in the donor lifetimes is observed (see the
supplementary material, Tables S1 and S2).

The results of fluorescence quenching in titration experiments
show consistent patterns across the range of emitter concentra-
tions tested [Fig. 2(a)]. We first observe that changing quencher
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TABLE |. Parameters used in modeling and simulations.
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Nanocrystals  Size” (nm) Concentration” (M) Diffusion coefficient (nm*ns™!) Total decay rate (ns™h) FRET radius (nm)
PbS QDs 3.6+0.7 33.7+£3.1° 0.22 + 0.04 0.000 45"

50+£1.2 . f 17.40 + 0.20
CuS NDs 19.049.0 0.36 0.048 £+ 0.005

*Measured from statistics of TEM images (see the supplementary material, Figs. S1 and S2). For PbS QDs, the diameter is reported; For CuS NDs, the thickness (top row) and diagonal

length (bottom row) are reported.

YFor stock solutions.

“Calculated using the size-independent absorption coefficient.””

4Measured in time-resolved PL spectroscopy (see the supplementary material, Fig. S8).

“Estimated from the synthetic procedure of CuS NDs (see the supplementary material for details).

{Calculated using the corrected hydrodynamic radius due to non-spherical shape.”’
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concentration has the largest effect, consistent with it being the
limiting quenching “reagent.” Second, all the quencher concentra-
tions experimented in the titrations were on a nanomolar scale,
which is significantly low given such a high degree of quenching (up
to 91% extinction) compared to other reported emitter—-quencher
pairs, including pairs of nanoparticles, pairs of fluorescent proteins,
pairs of dye molecules, pairs of amino acids, dye molecule-DNA
pairs, and quantum dot-fluorescent protein pairs, which typically
only display quenching at micromolar concentrations.”" *" Second,
besides the high quenching efficiency at low quencher concen-
trations, a non-linear relationship between quenching ratios and
quencher concentrations is also observed. These patterns suggest
that additional complexity is not accounted for in S-V quenching
for the PbS QDs-CuS NDs pair in the SWIR region.

A. Comparison to analytical and simulated
quenching behavior

To explain the quenching patterns observed in experiments, we
explored several models and compared them to our experimental
results [Fig. 2(b)]. They are enumerated and described in Sec. [T A.

Diffusion

1. Collisional quenching (Stern-Volmer)

In the Stern-Volmer model, the cause of fluorescence quench-
ing is attributed to collisions between emitters and quenchers. As a
result, the relationship between the quenching ratio and the number
density of quenchers (ncys) is given by
170 =1+ %nCuS) 6]
where k; is the quenching rate and ko is the total decay rate of
emitters without quenchers." Under this quenching scheme, a linear
dependence is typically observed when k; remains constant, which
is indicative of a diffusion-limited collisional reaction between emit-
ters and quenchers. The maximum possible quenching rate k, is
given by the maximum collision rate for diffusing particles,

kq = 47DRc, ()

where D is the sum of the diffusion coefficients of the emitter and
quencher and Rc is the sum of the contact radius of the emitter
and quencher (for PbS QDs: radius; for CuS NDs: 1/2 of thickness),
representing spontaneous reaction upon any collision.”’
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2. Quenching by FRET

Fluorescence quenching is fundamentally an energy transfer
process between a donor and an acceptor. If the quenching pro-
cess is FRET mediated, it is based on dipole-dipole interactions in
each species. The FRET rate depends non-linearly on the distance
between emitters and quenchers (7),

R 6
kerer = k0(70) , (3)

where Ry is defined as the Forster distance. We will consider sev-
eral ways that FRET can be introduced into a Stern-Volmer style
equation.

a. FRET radius as effective quenching volume. The FRET radius
Ry is calculated by the following equation:

2
K 41D]) )

n

RS =8.785x10""

where & is the dipole orientation factor, ¢, is the quantum yield of
emitters, and # is the refractive index of solvent. The spectral overlap
J is defined as

_ f FD ()L)sA (/\)/\4111

/ [Fo(N)ydh

5)

where Fp(1) is the emission spectrum of emitters and e4(A) is the
molar extinction coefficient of quenchers.”’ Ry clearly depends only
on the spectral properties of the emitter and quencher, requiring no
knowledge of the concentrations. For large molecules, such as poly-
mers or proteins, intramolecular interchromophore distance (r) can
be determined by measuring the FRET efficiency (Epger) through
spectroscopy,

ko 1
= s 6
L (8 *

E == =
FRET I ko + keger

where a 50% of FRET efficiency is achieved at an emitter-quencher
distance equal to the FRET radius. We apply this idea of asso-
ciating fluorescence quenching with only the FRET radius to the
mixture of PbS QDs and CuS NDs. Assuming that the fluores-
cence of half of the emitters within the range of the FRET radius
is completely quenched, the quenching ratio would be given by a
pseudo-Stern-Volmer relation,

1 4"R13) 3
n R A 2R
=1+ PS 273 ws? 1+ 0 Ncus- 7)
I’lpbsv 3

Iy
1

This is the equivalent of creating a quenched volume.

b. Crystalline defect. One of the fundamental reasons that
FRET efficiency measurements can be used to determine the inter-
chromophore distance is that the variance of this intramolecular
distance in the ensemble is relatively small.”** For a mixture where
emitters and quenchers are two different species in solution, the dis-
tance distribution is much larger and cannot be neglected.'”""* To
account for this, we add a layer of complexity on top of the “FRET

ARTICLE scitation.org/journalljcp

radius only” calculation by introducing a crystalline distribution of
interparticle distances, where CuS NDs are considered to be evenly
distributed in a lattice of PbS QDs, and every PbS QDs are allowed
to transferring energies only to the nearest CuS NDs. The quench-
ing ratio is then calculated by comparing the total FRET rate and the
total decay rate in the ensemble,

R 6
Iy - fr0 ko(R—rO) - A npypsdr
o _ -
1 ko 2 pys

) (8)

where the total FRET rate is calculated by integrating rates over
all possible interparticle distances. The limits of the distance are
determined given the number densities of PbS QDs and CuS NDs,

1 5 1 47R°
— =T =—
Mpps ncus 3
Finally, the quenching ratio is given by
I 47R§ 4r
70 =1+ —2 nCuS(”PbS - ?nCuS)' &)

By inspection, this shows that a somewhat more realistic treat-
ment of the variance due to FRET leads to a quadratic dependence
on quencher concentration and a dependence on the concentra-
tion of the donor. However, this treatment does not consider the
actual particle distribution, which requires a simulation described
below.

¢. Random distribution and diffusion. Several factors of
quenching by FRET are not included in the FRET radius-only
model and crystalline structure model. First, the assumption that
CuS NDs are evenly distributed among PbS QDs is invalid in an
ideal/hard-sphere solution. Second, the diffusion of species in the
solution is not taken into consideration, which could contribute
to fluorescence quenching as the FRET rate is nonlinear with the
interparticle distance. Since an interparticle distance distribution
function is not generally analytic, we carried out a simulation of the
quenching behavior using kinetic Monte Carlo (kMC) modeling,
considering both the distribution and fluctuation of the interparticle
distance and their influence on fluorescence quenching.” Briefly,
PbS QDs and CuS NDs are randomly positioned in the space
with a defined number density. Complete matrices composed of
FRET rates for every emitter—-quencher pair in the ensemble are
then calculated and used for the pathway selection process to
determine the fate of all emitters. Note that FRET rates between
PbS QDs are much smaller than those between PbS QDs and CuS
NDs (~10* times slower), and, thus, are excluded from the rate
matrices. Finally, the quenching ratio is extracted from the statistics
of results (see the supplementary material for details). Diffusion is
also implemented in the kMC simulation by a three-dimensional
random walk,

Ry+1 — Ry = V6DAt - 1,44, (10)

where R; is the position vector of nanocrystals at the ith time step, D
is the diffusion coefficient, At is the time step length limited by the
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lifetime of the emitter, and n,,,, is a random unit vector. It is worth
mentioning here that the diffusion coefficients are calculated based
on the size parameters obtained from TEM images where surface
ligands are invisible, which is a potential source of error in modeling
and simulations. This applies to both the Stern-Volmer model and
the kinetic Monte Carlo simulations of FRET quenching where dif-
fusion coefficients are used. The introduced deviations, however, are
not as significant in the results since the surface ligands oleylamine
on both PbS QDs and CuS NDs are inherently angled thus hav-
ing limited contributions to the hydrodynamic radius. Predictions
made based on different models are compared with experimental
results (Fig. 3).

B. Simulation results

All models of quenching other than the kMC simulation grossly
underestimate the observed quenching behavior at low acceptor
densities and do not account for the apparent nonlinear nature of
quenching. We can conclude that quenching ratios are underes-
timated in the Stern-Volmer model, FRET radius, and crystalline
structure models, while quenching by FRET with random nanocrys-
tal distribution gives much higher predicted quenching ratios that
are comparable to the experimental data. This indicates that ran-
domizing the distribution of nanocrystals in the solution allows part
of the PbS QDs to be in the close vicinity of CuS NDs, resulting
in very high FRET rates and high probabilities of energy transfer.

ARTICLE scitation.org/journalljcp

The second pattern of quenching observed in experimental data is
the non-linear dependence of quenching ratios on quencher con-
centrations. This is natural when FRET is the mechanism of energy
transfer responsible for quenching instead of collision, resulting
from the r~® dependence of the FRET rate. It is worth mention-
ing that the only model that predicts a non-linear dependence is
the crystalline defect model. The nonlinearity is not obvious in
the range of plotting but is captured at much higher quencher
concentrations (see the supplementary material, Fig. S18). Both
Stern-Volmer and FRET radius calculations give strictly linear
relationships.

Furthermore, distance fluctuations introduced by diffusion
contribute to higher quenching ratios and match experimental data
more accurately. A brief explanation is as follows: Although the
interparticle distance can decrease or increase with diffusion, which
will lead to raising or lowering of the FRET rate, respectively, this
impact on the FRET rate is clearly different for donor-quencher
pairs separated at long distances and those separated at a short
distance due to the »—~ dependence. This difference in the rate of
change is directly reflected in the differential of the r~° function.
For donor-quencher pairs that are close in distance, the enhance-
ment in the FRET rate arising from a decreasing distance is more
significant than the decay in the FRET rate induced by increasing
distance, resulting in an overall higher FRET efficiency; such differ-
ences still exist for donor—quencher pairs that are distant away from
each other but at a much smaller scale. All taken into consideration,
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in the scheme of quenching by FRET, diffusion has a positive con-
tribution to fluorescence quenching (see the supplementary material
for a more detailed discussion).

Besides the clearly observed decrease in the donor lifetime,
we also notice a shift in the time-resolved Pl traces from mono-
exponential decay to multi-/bi-exponential decay when quenchers
are introduced in the titration experiments. Such a transition is not
common for canonical quenching pairs but could happen if the
quenching rate is non-constant.”””" The non-constant quenching
rate is true for our FRET system in the binary solution where the
spatial distribution of donors and quenchers makes a significant dif-
ference in the FRET rate: donors in the close vicinity of quenchers
will rapidly go through the FRET deactivation pathway, while FRET
rates for donor-quencher pairs that are more distantly separated
will be lower and comparable with other decay rates. This type of
quenching behaviors is, indeed, observed in time-resolved PL exper-
iments: at early time, fast decay processes show up in samples with

quenchers added, which are representatives of the rapid FRET rates
for donor—quencher pairs at close distances but are not present in
pure PbS samples; at a later time, decay processes for quenched sam-
ples become slower and more comparable with the decay pattern for
pure PbS (see the supplementary material, Fig. S11). Furthermore,
our simulations are also capable of capturing this behavior by mon-
itoring the number of quenching events at every time step (see the
supplementary material, Fig. $12). Again, a huge number of donors
went through the FRET deactivation pathway at a very early time;
diffusion then plays a role at later times by increasing the FRET
rate for more distantly separated donor-quencher pairs, resulting in
more quenching at later times and eventually more quenching in
total.

We explore how diffusion and the FRET radius interact in
Fig. 4. Naturally, the enhancement by diffusion should increase
as the diffusion length gets longer, which we observe at all
quencher concentrations. However, the impact of FRET radius on
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enhancement by diffusion is different and shows a pattern of
“saturation of quenching.” At low quencher concentrations, dif-
fusion enhances quenching more at elevated FRET radii. At high
quencher concentrations and high FRET radii, diffusion does not
enhance quenching. We note that the FRET radius is a measure-
ment of the quenching ability for each individual quencher, while
quencher concentration reflects the total number of quenchers.
When the quencher concentration is low, the number of emit-
ters that all quenchers can access is not saturated; in this case,
the higher the FRET radius is, the more emitters reach the inter-
action region through diffusion, resulting in a higher enhance-
ment. When the quencher concentration is high, most of the
emitters are already accessible to quenchers without diffusion
especially if the FRET radius is large—hence the “saturation of
quenching.” For comparison, we carried out similar simulations
for a canonical FRET pair (cyanine dyes), and it is clear that
the contribution from diffusion is much less significant (see the
supplementary material, Fig. S19). In conclusion, the long FRET
radius due to large absorption sections of CuS NDs and the ran-
dom distribution of particles in colloidal solutions gives rise to the
high quenching ratio at low quencher concentrations, while also
showing that diffusion can play a significant role in the nonlin-
ear enhancement of quenching. Diffusion is not commonly con-
sidered in any model of FRET-based quenching, yet should be
carefully monitored, especially in systems where the excited state
lifetime is long.

11l. CONCLUSION

Fluorescence quenching is a canonical method in the study
of reacting systems and is used broadly in biological and chemi-
cal assays. However, simple applications of Stern-Volmer quench-
ing are not appropriate in FRET pairs, given the nonlinearity of
dipole-dipole coupling. Attempts to adapt other FRET models or
effective volume approaches also fail to describe quenching. While
a more complex behavior can be invoked to explain the quenching
behavior, the quantitative agreement between quenching studies and
KMC simulations that take into account real interparticle separa-
tions and diffusion suggests that a simple general model captures the
high magnitude and nonlinearity of quenching in a PbS-CuS sys-
tem. Therefore, we conclude that non-interacting molecular systems
can be effectively quenched with low-concentrations of impurities,
provided that energetic conditions are met. Our results suggest that
dipolar coupling and diffusion serve to “superpower” quenching,
concentrating a diffuse excitation on a few plasmonic defects. These
effects will become more important in long-lived excitations in the
near and shortwave infrared (where diffusion can play a role) or
in materials with high transition dipole moments (where the FRET
radius is elevated).

SUPPLEMENTARY MATERIAL

The supplementary material includes the following sections:
detailed experimental procedure, TEM analysis, correction for inner
filter effect (IFE), lifetime analysis, description of kinetic Monte
Carlo (KMC) algorithm, mathematical discussion about the impact
of diffusion on quenching, and simulation results for canonical
FRET pairs.
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