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ABSTRACT: Energy transfer from the defect state of zinc oxide
nanoparticles to the fluorescent dye AlexaFluor 594 (AS94)
cadaverine has been studied using both steady-state and time-
resolved photoluminescence (PL) measurements. The addition
of five stoichiometric equivalents of A594 cadaverine comple-
tely quenches the visible defect emission from zinc oxide nano
crystals. We also find that the entire defect emission of ZnO is
reduced without any change in the overall line shape of the
emission, demonstrating that the defect emission is from a
single electronic state coupled to the phonon modes of the
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crystal lattice. The energy transfer is modeled using the dynamic quenching model developed by Tachiya (Sadhu, S.; Tachiya, M.
J. Phys. Chem. 2009, 113, 19488—19492). Remarkably, there is very efficient energy transfer when there is just one adsorbed dye
molecule per nanocrystal, regardless of the orientation of the dipole moment of the cadaverine molecule and the distance to the

defect state.

B INTRODUCTION

The quenching of exciton emission in semiconducting nano-
crystals by fluorophores has been studied extensively over the
past decade.' 7 These reports have focused overwhelmingly on
energy transfer from the exciton state of the nanocrystals. To
date, there have been no systematic studies of energy transfer
from charge carriers in defect or trap states of nanocrystals to
acceptors. Such studies are important because surface and defect
recombination limits the overall radiative quantum yield of a
semiconductor nanocrystal. In some cases, the defect emission
may even dominate over exciton emission. For example, under
UV irradiation, the semiconductor ZnO displays an intense green
emission that overwhelms the UV exciton emission of the
nanocrystal.® The decrease in intensity of the defect emission
upon annealing of ZnO films suggests that vacancies within the
crystals play a role in the emission,” whereas the dependence of
the visible emission band energy on the particle size'*~'* implies
that a delocalized charge carrier is involved in the emission
process. That, in turn, suggests that there will be a large dipole
moment change associated with trap emission and that energy
transfer to fluorophores should be possible.

The broad visible emission observed in ZnO has been attributed
variously to interstitial zinc ions,'> oxygen vancancies,"* chemi-
sorbed oxygen,'* divalent copper impurities,"® and zinc vacancies.'”
Presently, oxygen vacancies are thought to be the likely cause of the
visible emission."® ' The review paper by Ozgiir et.al. provides an
excellent overview of the main models.”

Whereas the nature of the defect emission continues to be
debated, there have been recent reports that have implicated the
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defect state as an energy-transfer donor species with organic
fluorophores.”> >’ However, calculations of the donor—acceptor
dipole moments (using the Forster resonance energy transfer
formalism) have yielded contradictory results. For example,
energy transfer from defect states located close to the nanocrystal
surface were proposed to explain the unexpectedly small donor—
acceptor distance when the dye was covalently linked.>*”
In contrast, when the dye was not covalently linked, surface
states were not explicitly required to explain the measured donor—
acceptor distance, although defect states were proposed as the energy
donor.”* Hence, the general applicability of the Forster mechanism
to energy transfer involving surface states must be in doubt. Another
important issue is that nanocrystal defect emission is known to be
sensitive to surface chemistry.”* > For example, carboxyl-containing
molecules can be photocatalytically decomposed by ZnO.**** Hence
it is important to separate quenching due to energy transfer from
quenching due to photochemical processes of the adsorbates.

In this Article, we present evidence of very efficient ener-
gy transfer between ZnO and Alexa$94 cadaverine (AS94
cadaverine) using steady-state and time-resolved photolumines-
cence (PL) measurements. We find that the observed quenching
is caused by adsorbed dye molecules and that this quenching is
due to energy transfer from ZnO defect states rather than the
ZnO exciton state. Using the Tachiya model, we calculate that
even a single dye molecule can effectively quench the emission,
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although a mole ratio of five dyes per nanocrystal is needed to
quench >95% of the ensemble PL due to the Poisson distribution
of dye molecules among the ZnO nanocrystals. This is remark-
able because the dipole moment of the adsorbed dye will not
always be favorable for transfer.

B EXPERIMENTAL SECTION

Synthesis of ZnO Nanocrystals. ZnO nanoparticles were
prepared via the method of Wood et al.'> In brief, zinc acetate
dihydrate (0.955 g) was dissolved in 100 mL of absolute ethanol
to make a total solute concentration of 44 mM. Upon complete
dissolution of zinc acetate, seven 400 #L aliquots (2.8 mL total)
of 25% w/w tetramethyl ammonium hydroxide in methanol was
added over ca. 120 s with vigorous stirring in a water bath at
25 °C. The ZnO nanoparticle solution was then placed in a freezer
maintained at —4 °C and stored until use. Solvents were sourced
from Sigma-Aldrich and were either HPLC or spectroscopic grade
for the fluorescence measurements. Alexa 594 cadaverine and
thodamine 6G (Rh6G) were purchased from Invitrogen and
Exciton, respectively, whereas aminopentanol (95%) was purchased
from Aldrich; all chemicals were used as received.

Sample Preparation. The diameter of ZnO nanoparticles in
the as-synthesized solution was determined to be 3.2 nm using
the calibration curve of Wood et al.'* Concentrations were
calculated assuming the formation of particles of this size and
assuming complete conversion of precursors into particles.
Samples for fluorescence measurements were all prepared in
ethanol (HPLC grade, Sigma-Aldrich). For steady-state emission
experiments, the samples had a ZnO concentration of 212 nM
and an AS594 cadaverine concentration of 0—1060 nM; the
absorbance of the sample at the excitation wavelength was
<0.1. All samples were left to equilibrate following mixing of
the ZnO and AS94 cadaverine for 5 min prior to measurements
and were not degassed. The quantum yield of ZnO was measured
with respect to a Rh6G standard under a N, atmosphere. For PL
measurements, the excitation wavelength was 314 nm, and the
quantum yield of Rh6G at this wavelength was taken to be 0.95.>°

Instrumentation. UV—visible absorbance spectra were col-
lected using an Agilent 8453 UV—visible absorbance spectro-
photometer system. PL spectra were obtained using a Horiba
Jobin Yvon Fluorolog-3 with an excitation wavelength of 314 nm.
Time-resolved emission measurements were carried out with
excitation at 300 nm using a Picoquant NanoLED-300 pulsed
diode laser with detection at a wavelength of 500 nm. The
instrument response of the system was measured using a
colloidal silica dispersion in water with an absorbance of 0.1 at
300 nm and had a full width half-maximum (fwhm) of 2.0 ns.

B RESULTS

Optical Absorbance. The photophysical characteristics of the
species used in this study are summarized in Table 1, whereas the

optical absorbance and emission spectra of ZnO nanocrystals
and AS594 cadaverine are shown in Figure 1.

The sharp ZnO exciton absorbance at 314 nm (3.96 eV) is
consistent with a narrow size distribution and a particle size
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Figure 1. Normalized absorbance spectra of ZnO (light blue) and A594
cadaverine (light purple) along with the normalized emission of ZnO
(green) and AS594 cadaverine (dark purple) in ethanol. The optical
absorption of the ZnO band-edge exciton is apparent at 314 nm
(3.96 eV) while the emission of this state is not evident. The ZnO
visible trap emission has a maximum at 510 nm (2.44 €V). Inset shows
the structure of the dye AS94 cadaverine. Rayleigh scattering and its
second harmonic occur at 340 and 680 nm in the emission spectra. The
second harmonic of the excitation wavelength (628 nm) has been re-
moved for clarity, and the dotted lines in the emission spectra represent
fits to the emission line shape. Excitation was at a wavelength of 314 nm.
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Figure 2. Emission spectra of ethanolic solutions containing 212 nM
zinc oxide with increasing concentrations of AS94 cadaverine, from top
to bottom on the left of the Figure, 0—1060 nM. Excitation was at a
wavelength of 314 nm.

Table 1. General Photophysical Properties of the Different Chemical Species Used”

labs,max (nm)

ZnO (D = 32 nm) 314 510
AS594 591 610
Rh6G 529 553

“ All data are for species in ethanol.

Acm,max (nm)

£ (314 nm) (M 'em™') 7 (ns) QY
5.56 x 10° 588.1 0.12
349 4.6 0.66°
27.0 0.95%
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Figure 3. Photoluminescence (PL) of solutions containing 212 nM
zinc oxide with increasing concentrations of A594 cadaverine in ethanol.
Left (empty triangles): the defect emission at 510 nm with increasing
AS94/ZnO ratio; right (squares): the dye emission at 610 nm.
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Figure 4. Excitation spectra of solutions of 212 nM ZnO with increas-
ing concentrations of A594 cadaverine from 0 to 1060 nM in ethanol
from bottom to top. Emission was detected at a wavelength of 610 nm.

of 3.2 nm."* Whereas typical semiconductor nanoparticles have
significant exciton emission, the ZnO emission spectrum is
dominated by defect emission centered at 510 nm, with no
evidence of the exciton emission. The A594 cadaverine dye has
an absorbance maximum at 591 nm, whereas the emission
spectrum is Stokes shifted by 19 nm with a maximum at
610 nm. The dye absorbs little around 314 nm, allowing a
window for the selective excitation of the ZnO nancrystals. At
the highest concentration of A594 cadaverine used here, the
absorbance of the dye at 314 nm was 3x 10 °. Resonance energy
transfer requires a spectral overlap between the donor emission
and the acceptor absorbance spectra. It is evident from Figure 1
that there is significant spectral overlap of the ZnO defect
emission with the absorption spectrum of the A594 cadaverine
dye. In contrast the overlap between the exciton emission of ZnO
and the dye absorbance is negligible.

Steady-State Emission. The emission spectra of ZnO solu-
tions containing increasing concentrations of A594 cadaverine
from 0 to 1060 nM are displayed in Figure 2. It is evident from
this Figure and from Figure 3 that as the concentration of the dye
is increased the intensity of the defect emission decreases and the
intensity of the dye emission increases concomitantly. For all dye
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Figure 5. PL decay of 212 nM ZnO and with 0.5 (red), 1.0 (green), and
5.0 (blue) stoichiometric equivalents of A594 cadaverine dye in ethanol.
Inset: The PL decay of the four ZnO solutions during the first 200 ns.
Excitation was with 300 nm wavelength light and detected at 500 nm.

additions, the ZnO exciton emission remains absent. The
increase in the dye emission is not due to direct excitation of
the dye because the dye emission is more than an order of
magnitude weaker than the ZnO emission at the excitation
wavelength (Supporting Information Figures 1 and 2). The
presence of an isosbestic point in Figure 2 and the lack of any
significant change in the absorbance of the ZnO at 314 nm
(Supporting Information Figure 3) provide further evidence (i)
that there is no aggregation of the ZnO NCs due to the addition
of dye, (ii) that the decrease in the ZnO defect state emission is
not due to electron transfer (as the sum of the dye and ZnO
absorbance spectra is the same as the mixed solution), and (iii)
that the quenching originates from a single process, which we
ascribe to energy transfer. The excitation spectrum of AS94
cadaverine in the presence and absence of ZnO is shown in
Figure 4. In the absence of ZnO, the excitation spectrum
(monitored at 610 nm) is characteristic of A594 cadaverine with
an intense maximum at 590 nm (Supporting Information Figure 2).
After the addition of ZnO, which does not fluoresce significantly
at 610 nm, the excitation spectrum exhibits features characteristic
of the ZnO exciton state. This indicates that the emission at
610 nm is occurring upon excitation of the ZnO and allows us to
conclude unequivocally that energy transfer takes place from the
ZnO to the dye.

The A594 cadaverine dye contains a primary amine, which is
free to bind to the surface of the ZnO nanocrystals. As a control
experiment to establish whether unbound dye could also quench
ZnO PL, a dye with no amine capable of binding to the surface
was used, Rh6G. This dye has a similar absorbance spectrum to
AS94 cadaverine along with a larger spectral overlap with the
ZnO defect emission, but it has a much lower binding affinity for
the particle surface. Consistent with this, we found that Rh6G
does not quench the defect emission of ZnO nanocrystals nor is
the emission of the dye enhanced under the conditions used for
these experiments (Supporting Information Figures 4 and S).
Hence, only adsorbed dyes are active quenchers. To demonstrate
that the interaction of the amine moiety with the surface of the
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ZnO nanocrystals does not perturb the defect emission, amino-
pentanol was titrated into the colloid. There was no change in
either the exciton or defect state emission over the concentration
range used for the energy-transfer experiments (Supporting
Information Figure 6). Hence, we conclude that the defect
emission is quenched by adsorbed A594 cadaverine molecules
only, and this effect is not due to changes to the surface chemistry
of the ZnO nanocrystals.

The PL decay of 212 nM ZnO in the presence of increasing
amounts of A594 cadaverine is shown in Figure 5. The ethanolic
samples were excited using a pulsed laser at 300 nm with
detection at S00 nm. The decay in the absence of dye appears
to be roughly biexponential, as observed previously for ZnO.*'
Notably, the cadaverine quenches both the fast and slow
luminescence processes.

W DISCUSSION

Steady-State Quenching. Whereas previous studies of fluores-
cence resonance energy transfer (FRET) in QD systems have
shown only that exciton-state energy can be rapidly transferred to
neighboring or adsorbed dye molecules, the results here unequi-
vocally demonstrate that even trapped charge carriers can transfer
energy to fluorophores. However, the fact that the energy donor is
alocalized defect state within a nanocrystal complicates the use of
dipole—dipole electric coupling models such as FRET. This is
because the exact location of the defect, whether on the surface of
the particle or the core, will be different for each particle-dye
conjugate, and this in turn will result in a broad distribution of
donor—acceptor distances.

To model the static quenching of CdSe NC exciton emission
by adsorbed dye molecules, Funston et al. made several
assumptions.” First, a Langmuir adsorption isotherm was used
to allow for partitioning of the dye molecules between the
solution and surface. Second, it was assumed that there was a
Poisson distribution of the adsorbed dye molecules among the
nanocrystals, and finally, it was assumed that even a single
adsorbed molecule completely quenched the NC PL. Whereas
this model was consistent with the quenching data provided
(Stern—Volmer plot), lifetime measurements were not pre-
sented. More recently, Sadhu and Tachiya' have modified the
micelle quenching model proposed by Tachiya in 1975% to
account for both quenching and lifetime data in nanocrystal—
fluorophore systems. This model likewise assumes both a
Langmuir adsorption isotherm and a Poisson distribution of
adsorbed dye molecules. However, it relaxes the assumption of
complete quenching by a single fluorophore.

According to this model, dye quenching (k;) occurs in
competition with radiative decay ko

NC* : A,,E'NC : A,
(1)

ok
NC*: A, —'NC : A*,

Here NC*:A,, is the excited NC with n ground-state adsorbed
dye molecules (denoted by the symbol A), NC:A, is the
ground-state NC with ground-state dye molecules adsorbed
(the excitation has not been transferred to the attached dye
molecules(s)), and NC:A*, represents the system after energy
transfer to one of the n adsorbed dye molecules has taken place.

From eq 1, the total decay rate of the excited state is then
ko +n- k

q*

The number of dye molecules adsorbed to each NC can be
described according to Poisson statistics, and consequently the
PL decay is given by

1 n— o eflsl:ef(kg + nkg )t

— = - s 2

I() ,Z"O n! ( )
where I is the intensity, I, is the PL intensity in the absence of
fluorophores, 1/ky is the radiative lifetime of the ZnO defect
emission in the absence of the fluorophore, A, is the mean
number of dye molecules adsorbed to the surface, and kg is the
rate of energy transfer to a single dye molecule. This equation can
be further simplified by taking the terms independent of the
index n outside of the summation

1 n— oo lsefkqt n
— e eikUt - A“ Z #
Iy ne0 n! (3)

= kot — A1~ exp(— kyt)

However, as noted above, the decay of the ZnO defect
emission does not obey single exponential kinetics. Because
our goal here is to quantify how efficiently it can be quenched
and we do not aim to explain the transitions responsible for the
emission, it suffices to fit empirically the trap emission to a simple
kinetic scheme that can reproduce the decay profile. We note first
that the quantum yield of both exciton and trap emission is at
most ~15%. Hence most electron-hole pairs in ZnO NCs are
annihilated via nonradiative recombination. Second, the defect
emission decay contains a fast and slow process (Figure 5), and
the decay kinetics are almost independent of wavelength. These
observations suggest that slow radiative decay rate ko of the
defects competes with nonradiative quenching by inherent trap
states. We will assume that these trap states have a mean number
A per nanocrystal and exhibit a quenching rate of ky. It transpires
that we do not need many of these traps, so they are also
distributed in a colloid according to the Poisson equation. Then,
the PL decay of a ZnO NC ensemble is given by

I
1o = P kot = Al —epl(=kyt)) (4)
The green ZnO emission can be well-fit to this equation and
yields values of kg = 0.0017 ns~ ", 1, = 1.98, and kqe = 0.039 ns L
We stress that this model is used simply as a baseline from which
to calculate the effects of the quencher molecules. Therefore,
when there is quenching from both trap states and adsorbed dye
molecules, the PL decay of the NC solution is given by

I = exp (— kot — Ac(1 — exp( — kget)) — As(1 — exp(— kqt)))

I
(5)
We can define the quenching efficiency (¢) as

k

: (6)

A ——

The data in Figure S were fit to eq S to obtain values of 4, and
kq. The fraction of dye molecules adsorded to the ZnO nano-
crystals was then determined from the slope A, versus the
number of stoichiometric equivalents added (Figure 6) and
found to be 0.62. The mean value of the energy transfer rate
constant was kg = 0.14 ns corresponding to a quenching
efficiency of 80% per adsorbed dye molecule. It is evident from
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Figure 6. Analysis of the quenching data. Left axis: The mean number
of adsorbed dye molecules per ZnO nanoparticle (using eq S) versus
the number of dye equivalents added (squares). Best fit to the data
yields a slope of 0.62 & 0.03 (dashed line). Right axis: The calculated
quenching efficiency as a function of the number of dye equivalents
added (circles). The data yield an efficiency of 77 £ 2%.

Figure 6 that the quenching efficiency is independent of the
number of dye molecules adsorbed.

In summary, the fits show that the intrinsic rates of energy
transfer from the ZnO defect state are of order 0.1 ns~ ', an order
of magnitude faster than the intrinsic rate of PL decay. This value
is also significantly faster than the rate constant needed to allow
for nonradiative recombination. In agreement with the previous
conclusions of Funston et al,” that the nanocrystal exciton
emission can be quenched by a single fluorophore, we now find
that this applies to defect state emission too. This is all the more
remarkable given the wide spread in donor—acceptor distances
and dipole orientation in these systems.

It is worth noting that whereas other groups have reported the
presence of two distinct defects (at approximately SO0 and
570 nm, respectively),®® the ZnO synthesized in this work
exhibits only one defect (at 510 nm). Work by Shi et al.* and
others*® shows that despite the visible emission from zinc oxide
particles being quite broad, it can be modeled using the
Huang—Rhys equation, which describes the coupling of an
electronic state with a vibrational state. The defect emission of
the ZnO NCs synthesized in this work is also accurately fit by the
Huang—Rhys model in which only the amplitude factor changes
with dye addition. (See the Supporting Information.) This
implies that defect emission in ZnO involves a single electronic
transition that strongly couples to the phonon modes of the
crystal lattice and not a distribution of trap states.

The uniform decrease in the emission of the ZnO in our
experiments upon A594 cadaverine addition, even those parts of
the spectrum that do not overlap with the dye, demonstrates that the
defect emission behaves as a single (donor) state rather than a series
of discrete trap states. Recent single-particle experiments by Layek
and coworkers*' further support these findings and demonstrate that
the broad emission is from coupling of the excited state and the
phonon modes rather than polydispersity.

Bl CONCLUSIONS

‘We have demonstrated that very efficient energy transfer occurs
from ZnO nanocrystal defect states to adsorbed AS594 cadaverine
dye molecules. Steady-state observations reveal that the addition of

conjugated dye molecules results in the reduction of defect emission,
without changing the line shape. Time-resolved measurements
demonstrate that the energy transfer in this system is from the
defect state, with the apparent lifetime of both components of the
ZnO fluorescence decay decreasing with increasing stoichiometric
equivalents of dye. This change in the apparent lifetime was fit using
the Sadhu kinetic model, further supporting the use of Poisson
statistics in analyzing energy transfer in the present system. This
work illustrates that defect states in nanocrystals must be considered
in energy transfer assays, not just exciton states, as defects them-
selves can undergo energy transfer to acceptor molecules.

B ASSOCIATED CONTENT

© Supporting Information. PL spectra and excitation spec-
tra of solutions; absorbance spectra for titration of A594
cadaverine; emission spectra of solutions with increasing propor-
tions of Rhodamine 6G, plot of the PL of the ZnO defect at
510 nm with the addition of aminopentanol (AP) into an
ethanolic solution, and the PL decay of a 212 nM ZnO solution
in ethanol. This material is available free of charge via the Internet
at http://pubs.acs.org.
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