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Abstract: CdSe quantum dot (QD)—phthalocyanine (Pc) conjugates were prepared as energy transfer
donor—acceptor pairs, and the efficiency of the energy transfer process in this system was investigated as
a function of QD size and under different surface chemistry conditions. The kinetics and efficiency of the
energy transfer process were studied by femtosecond time-resolved laser spectroscopy. We observed
that the energy transfer efficiency does not follow a linear dependence on spectral overlap integrals as
predicted by the Forster theory for molecules. This observation is found to be due to the involvement of
QD surface states in the energy transfer process from the photoexcited QDs to the molecular energy
acceptor.

Introduction show good photoluminescence quantum yields, excellent pho-
This study aims to elucidate the underlying factors of the tostability, narrow emission, and broad excitation spectra, which

energy transfer (ET) process at the quantum dot (@B)lecule are nee_ded for_effi_cient sensitization. In most cases, the ET in
interface using steady-state and femtosecond time-resolved lasefD conjugates is discussed as a pure FRET process. TatefFo
spectroscopy. Photoluminescent QDs are often used as sensitiZ1€0ry in ET predicts a negative sixth root dependence of the
ers in imaging analysis and for an increasing range of applica- ET €fficiency on the B-A separation distance and requires a
tions in biomediciné. Such research often deals with energy lin€ar proportionality of the ET efficiency on the overlap
transfer (ET) from QDs to molecules in photodynamic therapy, |ntegral.1? However, recent reports show ev@ence fora zerot.h
imaging? and drug delivery.Forster Resonance Energy Trans- 10 negative-fourth power dependence on distance, depending
fer (FRET) was used as a probe for single mismatches in DNA O the nature of the constituerifslt was demonstrated that in
hybridizatiorf and dynamics of DNA replication and telomer- ~ Short-range ET, from QDs to molecular energy acceptors, other
ization® as well as to study inhibition assays based on the Parameters appear to play a role in addition to thesteo
modulation of FRET efficiencieFRET from QDs to molecular ~ Mechanisnt?* Such non-Fuster type parameters for QD con-
probes was also developed for nanoscale sensors for8TNT, jugates involve among others the effects of surface variations,

maltose® proteasé? and enzymatic activity? In general, QDs degree of interdigitization, and contributions of surface states.
Recently, the dependence of the ET efficiency on the denor
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efficiency and dynamics of the photoinduced ET. Since smaller _:
QDs are known to have more surface trap states compared tcg 1-01
the larger dots, due to a higher surface to volume ratio and =~
surface tension, a comparative analysis of the ET dynamics andg 0.8
dependence of the ET efficiency on the spectral overlap integral ‘g
provides a way to investigate the role of intermediate QD surface +2
states in ET. The spectral overlap between QD emission and
Pc absorption depends on the QD size due to quantum e
confinement effects. Therefore, the validity of the linear spectral @ 0.4 4
overlap dependence of the ET efficiency can be studied. In &=
addition, the involvement of QD surface states can be investi- g 0.2 4
O

0.6 4

gated by modifying the QD surface with organic (TOPO) and
inorganic (ZnS) surface layers. The observed results indicatez y _
the importance of QD surface passivation, and it becomes 5'00 550 600 650 700 750 800
evident that QD-based ET cannot be explained based on pure Wavelength | nm

molecular theories alone but that surface states play an additionai_ ] - ]
important role Figure 1. Normalized steady-state emission spectra of a series of CdSe

) ) ) ) QDs of different sizes; the black dotted line shows the corresponding
CdSe QDs of different sizes were synthesized according to aabsorption spectrum of the Pc. The inset shows the steady-state emission

previously reported methdd.The molecular energy acceptor SPeCtlfa thQghpc conjugates gg?i”‘ﬂd using 500d nm as thg excitation
1 . f A wavelength. e emission at nm corresponds to the Pc excitation

Pc .4 was prepareq by Keqney et'@land proylded in high resulting from ET from the QDs.

purity. The synthesized conjugaté$’ were studied by steady-

state absorption and emission as well as femtosecond time-

resolved IaSt_er spectroscqpy. The spectral overlap '“tégﬁi' Eclipse fluorescence spectrophotometer) spectroscopy. For the study
tun?d_by adju§t|ng the .S'Ze of _QDS* and hence var.ylng the of the energy transfer dynamics, pure QDs and QD conjugates were
emission maximum while keeping the phthalocyanine (PC) investigated using femtosecond (fs) time-resolved laser spectroscopy
absorption and doneracceptor (DA) distance constant. On the  following the 24 h conjugation period.All samples were excited at
other hand, to study the influence of inorganic surface passi- 500 nm where the Pc does not absorb, in order to eliminate the
vation of QDs on the ET dynamics, CdSEnS core-shell QDs interference due to direct excitation of the acceptor molecule. Broadband
were synthesized and the ET efficiency was compared to thefs-laser pulses were used to probe the dynamics at the femtosecond
one of uncapped CdSe QDs. The ET efficiency was evaluatedtime _scale1.9 For fs mfeasurements 2 mm cuvettes were _used. All
from steady-state emission measurements and by the measurefxPeriments were carried out at room temperature. Absorption spectra
lifetimes of the photoexcited donor in the presence and absenceVere collected before and after the time-resolved measurements and
of the acceptor molecule during the course of the experiment. No changes in the absorption
’ spectra were observed.

Instrumentation. The synthesized QDs and conjugates were studied
by steady-state absorption (Varian Cary 50) and fluorescence (Varian

Experimental Section Results and Discussion

Synthesis and Characterization.CdSe QDs were synthesized Spectral Overlap DependenceBased on previous studiés,
following the method of Peng et &.The synthesis was performed it is known that van der Waals type interactions between TOPO-
using standard airless techniques, and all solvents used were anhydrou%apped CdSe QDs and phthalocyanine molecules contribute to
QDs were grown qt 250C. Samples of various sizes were taken at the binding of the energy acceptor to the QD surface. On the
iferent reaton s, and he arowth f QD was uenched b1 i moculoawith anino o o ncionalty o

X a stronger interaction compared to alkyl terminated Pc’s which

On the other hand, coreshell CdSe-ZnS QDs were synthesized do not show anv ET efficien This observation indicat
by growing a layer of ZnS on as-prepared CdSe dots. Diethyl zinc and 0 not show any etticiency. S observatio cates a

hexamethyl disilthiane in TOP were used as the precursors for Zn and LeW|s.aC|d—pase |nt§ractlon at the QD surface, S|mllqr to the
S, respectively. Dropwise injection of the capping reagents was carried €Stablished interaction between HDA (hexadecylamine) and
out at 220°C over 40 min. The synthesized particles were annealed CdSe QDs.

for an additional 30 min at 220C. The resulting ZnS-capped QD Figure 1 shows the normalized emission spectra of CdSe QDs
sample showed a6 higher fluorescence quantum yield compared to along with the absorption spectrum of Pc 4. The Pc does not
the uncapped QDs. Prior to the formation of the QB conjugates,  show any absorption at 500 nm and therefore allows for the
the Synthesized QD Samples were washed twice by precipitating with exclusive excitation of the donor, and a clean ph0t0|nduced
anhydrous methanol (Aldrich) and redissolved in anhydrous toluene. energy transfer from D to A is monitored. On varying the size
For conjugate preparation, Pc 4 was dissolved in anhydrous tolueneof the QDs from 2.6 to 5.3 nm the respective emission maxima
and mixed with the QD solutions. 8 107 M Pc and the 5x 1076 M cover a wavelength range from 554 to 642 nm and show

QD concentrations were used in all experiments to obtain the maximum theref ianificant ch in th lap int | betw
energy transfer while still keeping the Pc self-quenching at a mini- erefore a significant change In the overiap integral between

mumi4 The QD concentrations, extinction coefficients, and diameters QD emission and Pc absorption. The concentrations of the QDs

of the QDs were calculated by using Peng’s metHod. were adjusted to have the same optical density at an excitation
wavelength of 500 nm.
(15) Peng. Z. A.; Peng, X. Gl. Am. Chem. So®001, 123 183. The steady-state emission spectra of CéBe conjugates are

(16) Sr']’f)it’(‘)igﬁém- '-F-,;h/g{‘otgi’:)ellgg/*a- R gllzazy, M. E.; Rihter, B. D.;Kenney, M- E. shown in the inset of Figure 1. As evident from the figure, the

(17) Dayal, S.; Krolicki, R.; Lou, Y.; Qiu, X.; Berlin, J. F.; Kenney, M. E;
Burda, C.Appl. Phys. B2006 84, 309. (19) Lou, Y.; Chen, X.; Samia, A. C.; Burda, G. Phys. Chem. R003 107,
(18) Yu, W. W,; Qu, L.; Guo, W.; Peng, XChem. Mater2003 15, 2854. 12431.
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Figure 3. Typical normalized time-resolved kinetic traces for QDs (black
squares) and conjugates observed at 620 nm (red circles) and the

QDPL, PcAbs. corresponding monoexponential fits (solid lines). Shown are the kinetic
0.018 4 - . ;
.. '. ‘,3‘—- : traces for 5.2 nm QDs with emission maxima at 635 nm.
0.012+ N ' ! ‘_" E the QD bleach signal decays faster and a negative transient
0.006- . o \ =l signal appears consecutively at 673 nm, which could be assigned
' ’ * Q to the ground state bleach of the Pc. The transient bleaching of

the Pc is due to the indirect excitation due to the ET.

The relaxation dynamics of the photoexcited CdSe QDs and
their conjugates were monitored at the respective QD bleach
wavelengths, and kinetic traces are shown in Figure 3. A faster
decay for the QD bleach was observed in the presence of the
energy acceptor, due to the availability of additional energy
relaxation pathways.

The steady-state energy transfer efficierGy ™ was cal-
culated by using eq 1.

500 550 600 650 700
Wavelength | nm
Figure 2. Femtosecond spectra of pure QDs (top) and-P conjugates IDA/I D (l)
(bottom). 500 nm wavelength light was used for the excitation of both the
QDs and their conjugates. A bleach maximum assigned to ground Statewhere,ID andlpa are the relative integrated intensities of the

bleach of the QDs was observed at 610 nm. For the conjugates one additional . .
{onor emission in the absence and presence of the acceptor.

bleach signal at 673 nm was observed. Steady-state absorption (solid) an - Kin e
emission spectra for QDs (dotted) and of Pc (dashed) are added in arbitraryThe transfer efficiencyger, based on the lifetimes, was
units to the figure for comparison. calculated from the lifetime measurements of the donor, in the

absence1p) and presencerf,a) of the acceptor by using eq 2.
conjugation of the Pc to the QDs results in a quenching of the ) P o) P y 9ed

QD emission and the formation of a new emis-
sion peak at 673 nm corresponding to ET-induced Pc excitation.

A strongly QD size-dependent quenching was observed. The overlap integral was calculated from the emission spectra

The QD and QD conjugate samples were studied with time- ot cqse QDs and absorption spectra of Pc 4 according to
resolved femtosecond spectroscopy with a resolution of 120 fs. | gkowicz23

The excitation pump power was adjusted to have an average of
one photon per QD to minimize the effect of multiphoton J=ffD(/1)eA(i)l4dA 3
absorptior?®?since an increase in number of absorbed photons

per quantum dot is known to result in Auger recombinat®ns. WhereJ is the overlap integral (Mt cm™ nnt), fo(4) is the
Figure 2 shows the real-time transient absorption spectra of pureNormalized emission spectrum of the donek(%) is the
QDs and their conjugates with the Pc. A negative differential @bsorption coefficient of the acceptor at wavelengtand is
absorption band with an extremum at 610 nm could be assignegeXPressed in Mt cm™, and is used in nanometers.

to the bleaching signal of the ground state QD absorption, and 1he decay constantsp, and 7pa obtained from lifetime
a positive transient absorption signal was observed at 640 nm,Measurements are related to the ET rate constht), (
which decays in the first few picoseconds as commonly observedfluorescence emission rate constaaf @nd the rate constants
for QDs. However, in addition one finds for the conjugates that for all nonradiative relaxation processésas given in eq 4.

Ts/i = ket T kg T Ky TBl =Ky + Ky (4)

(23) Lakowicz, J. RPrinciples of fluorescence spectroscogynd ed.; Kluwer
Academic/Plenum Publishers: New York, 1999.

St.State__ q
¢ET =1

PeF = 1= TpalTp ()

(20) Klimov, V. I.; McBranch, D. W.Phys. Chem. B997 55, 13173.

(21) Burda, C.; Link, S.; Mohamed, M. B.; EI-Sayed, M1.Chem. Phys2002
116 3828.

(22) Klimov, V. I.; Mikhailovsky, A. A.; McBranch, D. W.; Leatherdale, C.
A.; Bawendi, M. G.Science200Q 287, 1011.
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Figure 5. (A) Steady-state emission of pure QDs of-2%4 nm in diameter
(dashed lines) and Pc 4 absorption (gray squares). (B) Difference spectra
0.4 (solid lines) of DA conjugate emission minus pure QD emission showing
D di ter / increased emission dt> 670 nm and emission quenching for< 670

|26 QD diameter / nm 54 nm. Both show maxima at 600 and 630 nm showing that the QD emission

: ' guenching is maximized where the acceptor absorbance peaks.

e
L]
1

improves from 5% to 30%. However, the changes in efficiency
B are not monotonously increasing. There is an efficiency
~=—-___E maximum for 5.0 nm QDs; for larger QDs the efficiency
decreased again. This nonlinear dependence of transfer ef-
ficiency and transfer rate constant on spectral overlap indicates
e additional non-Frster-type components to the overall ET
/ process. It is also evident that nonlinearities set in for small
QDs. However, the two nonlinear regimes may possibly occur
due to the same effect: involvement of surface states. The small
0.0 5 3 4 5 6 7 8 9 10 1 QDs have a less favorable overlap integral to the Pc absorption.
JIMem'nm® x 10 As t.he dlfferenpe spectra in F!gure 5 (the emission qf QD§ after
Figure 4. (A) Excited-state lifetimes of QDs and their DA conjugates as conjugation minus the emission of Q[_)S bEfore_conJUQat_lo_n of
a function of the overlap integral. (B) Dependence of ET efficiency the same QD) show, the unexpected increase in ET efficiency
calculated according to eq 2 on the spectral overlap intelyral is due to the strong involvement of surface states. The emission
i guenching occurs for the larger QDs with good spectral overlap
The rate constant for the ET can therefore be determined bymainly from the band edge states, while, for small QDs with
eq 5. negligible overlap, additional involvement of mid-band gap
states in the ET process occurs. As shown in Figure 5B, the

ET efﬁcg:ency

o
-
1

Ker = Tpa — 75’ ®) smallest QDs show quenching features which are significantly

) red-shifted from their band gap energy so that with the

Rate constants in the range of K310P-4.2 x 10157+ were involvement of band gap states a spectral overlap is realized.
obtained. Based on this we find that a surface-mediated ET can take place

The decay rates of the QD relaxation dynamics were obtained, hon pand edge emission does not lead to efficient overlap.
by fitting monoexponential functions to the measured Kinetics ris yqquces a resonance between D and A that is not possible
and are plotted as a function of QD size in Figure 4A. A slower based on purely intrinsic electronic states and leads to the

deca)£4r2ate was observgd 'for larger QDs. Based on PrevVioUShonlinear efficiency curve for small QDs. For the largest QDs
work,2*25we infer that this is due to better surface passivation o . .
> 5 nm, intrinsic band edge states are in resonance with the

and less surface defects for larger QDs. Correspondingly, the : . :
conjugates follow a similar but not exactly the same trend in acceptor absorbance and there is less coupling with the surface
states visible, which would be red-shifted beyond 670 nm. This

relaxation times as the pure QDs. The faster decay for conjugate -
of larger QDs can be explained by better spectral overlap Oﬁeads to the lesser ET efficiency measured for the larger QDs.

the QD emission with the Pc absorption. But, as seen in Figure ~Surface Alteration. We further studied the ET efficiency

4B, the ET efficiency does not show a linear dependence onand dynamics in coreshell CdSe-ZnS QDs and compared

the overlap integral as predicted byrbter theory. them with the core CdSe QDs to better understand the
Comparing the conjugates in Figure 4B, there is a 3-fold involvement of QD surface states. Surface capping or passivation

increase in the overlap integral and the energy transfer efficiency of QDs with an inorganic or organic capping layer influences
the characteristic absorption properties very little. However, the

(24) Guyot-Sionnest, P.; Hines, M. Appl. Phys. Lett1998 72, 686. i ing i ieqj i
(25) Guyot-Sionnest, P.; Shim, M.; Matranga, C.; Hines, MPAhys. Re. B Impact ‘?f capping 1S trem_endous on the em|§5|_0n quantum yleld
1990 60, R2181. and excited-state dynamics of QDs due to elimination of surface
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Figure 6. (A) Steady-state PL emission of QDs and their Pc conjugates.
500 nm excitation wavelength light was used for the excitation of the QDs.
The inset shows the steady state absorption spectra of pure core and core
shell QDs and their conjugates with Pc 4. (B) Excited-state decay kinetics
of pure core and coreshell QDs and their conjugates with Pc 4 shown up
to 500 ps.

400

100

500

recombination site%-28 For this study we synthesized the core

Table 1. Steady State and Time-Resolved Energy Transfer
Efficiencies for Core and Core—Shell QDs?

steady-state femtosecond

ET efficiency lifetime/ps ET efficiency
core QDs - 2445 -
core QDs-Pc 0.90 64.5 0.74
core—shell QDs - 202.3 -
core-shell QDs-Pc 0.44 126.6 0.38

aThe ET efficiencies calculated from steady state and time-resolved
measurements are in good agreement. The ET from uncapped QDs was
more efficient, presumably due to available surface states.

compared to 80% ET efficiency in core CdSe QDs. Figure 6B
shows the excited-state kinetics of QDs and their conjugates.
Upon conjugation to acceptor molecules, significantly faster
decay kinetics for unpassivated QDs were observed, while for
ZnS-capped QDs no or very little accelerated decay was
measured after conjugation to energy acceptor molecules.

The faster decay dynamics upon addition of an acceptor
molecule in the first case can be explained by the involvement
of low-energy surface states involved in the energy transfer from
the CdSe QDs to the energy acceptor. In ZnS-capped QDs these
surface states are passivated by adding the inorganic capping
layer of ZnS, and conjugation of a Pc did not result in enhanced
qguenching of the QD excited state. This observation further
supports the model of involvement of surface states in the ET
process and indicates the increased complexity when one
involves quantum dots in processes such as ET. The excited-
state decay lifetimes obtained by fitting the monoexponential
decay curves are summarized in Table 1 along with steady-
state and lifetime ET efficiencies.

Conclusion

In summary, we studied the effect of the surface states on
the ET efficiency between CdSe QDs and phthalocyanine energy
acceptors with steady-state and femtosecond time-resolved
spectroscopy. We found that the QDs show a nonlinear
dependence of the ET efficiency on spectral overlap due to
intermediate surface states. On the other hand, QDs between
3.4 and 4.5 nm in diameter show a typical lineafrdter
dependence on the overlap integral. Furthermore, we observed
a higher ET efficiency from uncapped core CdSe QDs compared
to ZnS-capped coreshell CdSe QDs, which could again be

and core-shell QDs emitting around 620 nm and conjugated explained by the involvement of QD surface states for the
them to Pc 4 molecules in the same fashion described above unpassivated QD. This study complements previous work, which
Figure 6A shows the emission spectra of QDs and their reported components of capping-layer mediated ET between
conjugates. Respective absorption spectra are shown in the inse@Ds and molecular energy acceptétd/ariability to tune the
of Figure 6A. emission properties of QDs allows matching with many desir-
With the same excitation conditions, the coshell QDs able energy acceptors for efficient energy transfer. This process
exhibit much higher emission quantum efficiency. A peak can be surprisingly efficient, even when the spectral overlap of
around 673 nm was observed corresponding to the emissionintrinsic electronic states is small, due to the mediation of QD
from the energy acceptor in the DA conjugates. We observed surface states.

- 0 -
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