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ABSTRACT

This study examines the electronic coupling between quantum

dots (QDs) and molecules on their surfaces as a function of the

modality of their interaction. As a probe, the energy transfer

(ET) between CdSe QDs and phthalocyanines (Pcs) was

monitored and evaluated with regard to the functionalization of

the axial phthalocyanine ligand, bulkiness of the functional

group bridging the QD donor and Pc acceptor, and the number

of the functionalized axial ligands. New silicon PCs and their

conjugates with CdSe QDs were synthesized. The ET efficiency

and kinetics were studied by steady state and femtosecond time-

resolved absorption spectroscopy. We observed a decrease in ET

efficiency with the increase in functional group bulkiness, which

could be explained by increasing steric hindrance between the ET

pair. In addition, a higher ET efficiency was observed for amino

and thiol functionalized Pcs compared to Pcs without functional

group on the axial alkyl chain.

INTRODUCTION

Much of the current semiconductor quantum dot (QD)
research is focused on the properties of QDs in solution
and on various factors with regard to the conjugation of QDs
to various ligands such as antibodies, drug molecules,

markers, etc. (1–6). QDs show potential for applications in
diagnostics and therapy (7), especially imaging (8–10) and
photodynamic therapy (PDT) (11,12). QD-based PDT utilizes

energy transfer (ET) between donor–acceptor (DA) systems
(1,2,6). It has been shown that II-VI semiconductor QD work
as energy donors in PDT conjugates (11,12). CdSe QDs offer

various advantages over conventional organic fluorescent
molecules such as high extinction coefficients, continuous
absorption spectra, size-tunable emission wavelengths, resis-

tance to photobleaching upon continuous irradiation, and
long-lived excited states. The surface chemistry of both the
QDs and the acceptor molecules along with the geometry of
the molecules plays a decisive role in the ET mechanism and

therefore for its efficiency. Conjugates of CdSe QDs with
phthalocyanines (Pcs) have been under study for PDT (6,11).
Here, the QDs serve as the donors and the Pcs as the

acceptors. These conjugates can be excited in a very broad
excitation window as the QDs exhibit continuous absorption

spectra. Previous studies (6) on QD donors and Pc acceptor
molecules revealed some of the contributions of surface-
related factors. Thus an increase in ET efficiency with an

increase in the length of the DA linker chain was observed
when the rest of variables, such as QD emission wavelength
and functionalization of the axial group on the Pc, were kept

constant. The increase in ET efficiency was explained by an
increase in the interdigitization of the linker chain into the
QD capping layer. The sum of the above studies indicates the
complexity of the ET phenomenon through surface or

interface-related states.
In this report, we examine the influence of the Pc

functional groups (binding modality) and their bulkiness

(steric hindrance) on the ET efficiency using steady-state and
femtosecond (fs) time-resolved visible-light spectroscopy. For
this study four new Pcs with different binding functional

groups were synthesized and conjugated to QDs. Optical
properties of CdSe QDs are influenced by interactions with
their environment. Better surface passivation with various
capping ligands such as amines (13) and with higher band-

gap semiconductors (14–16) result in higher emission
quantum yields of the QD. Here, we present the influence
of the chemical functionality of axial ligands in Pc molecules

on the DA interactions, probed by the ET efficiency and
dynamics.

MATERIALS AND METHODS

Synthesis of CdSe QDs and conjugates. CdSe QDs were synthesized
following the method of Peng and Peng (17). In brief, 0.0510 g CdO
(STREM), 3.75 g trioctylphosphine oxide (Aldrich) and 2 g hexadecyl
amine (Aldrich) were heated under argon gas at 320�C to obtain a
colorless Cd precursor. A selenium precursor was obtained by
dissolving 0.0410 g Se powder (STREM) in 2 g trioctylphosphine
(Fluka). This was injected into CdO precursor at 270�C. The resulting
QDs were allowed to grow at 250�C. The growth of QDs was quenched
by injecting them into anhydrous cold toluene. The QD samples were
washed twice by precipitating them with anhydrous methanol and then
redissolving them in toluene.

Synthesis of phthalocyanines. HOSiPcOSi(CH3)2(CH2)3N(CH3)2,

Pc 4; SiPcOSi[(CH3)2(CH2)3N(CH3)2]2, Pc 12; and HOSiPcOS-

i(CH3)2(CH2)3N(CH2)nH, n = 2–5, Pc 34, Pc 121, Pc 25 and Pc 122.
Syntheses of Pc 4 (18–20), Pc 12 (18–22), Pc 34 (23) and Pc 25 (23) have
been reported earlier. Syntheses of Pc 121 and Pc 122 will be reported
elsewhere (J. C. Berlin, G. Hao, Y-S. Li, M. E. Kenney and M. A. J.
Rodgers, unpublished data).

*Corresponding authors email: mekq@case.edu (Malcolm E. Kenney),
burda@case.edu (Clemens Burda)

� 2007TheAuthors. JournalCompilation.TheAmericanSociety ofPhotobiology 0031-8655/08

Photochemistry and Photobiology, 2008, 84: 243–249

243



CH3OSi(CH3)2(CH2)3SH, 1. Under Ar, a 0�C solution of 3-merca-
ptopropyltrimethoxysilane (8.5 g) and tetrahydrofuran (50 mL) was
treated dropwise with a CH3MgCl-tetrahydrofuran solution (50 mL).
The reaction mixture was stirred for 1 h and then treated dropwise with
CH3OH (40 mL), both being done at low temperature (0�C), diluted
with a tetrahydrofuran-diethyl ether solution (1:8, 90 mL), and filtered.
The solid was washed (diethyl ether), and the washings and filtrate were
combined and concentrated by rotary evaporation at room tempera-
ture. The concentrate was distilled (60 torr, 90–110�C) and weighed
(3.8 g, 54%). 1H NMR (C6D6): d 3.21 (s, 3H, OCH3), 2.24 (q, 2H,
Si(CH2)2CH2), 1.49 (m, 2H, SiCH2CH2), 1.14 (t, 1H, SH), 0.47 (m, 2H,
SiCH2), 0.04 (s, 6H, SiCH3).

1 is a colorless liquid. It is soluble in CH2Cl2, dimethylformamide,
toluene and hexanes.

SiPc[OSi(CH3)2(CH2)3SH]2, Pc 93, 2. Under Ar, a mixture of
SiPc(OH)2 (135 mg), silane 1 (1.60 g), and pyridine (80 mL) was
distilled (5 mL of distillate) for 1 h, and evaporated to dryness by
rotary evaporation (30�C). The solid was chromatographed (basic-
Al2O3 III, CH2Cl2-ethyl acetate solution, 5:1), air-dried, and weighed
(190 mg, 96%). UV–Vis (toluene) kmax, nm: 669. 1H NMR (C6D6): d
9.72 (m, 8H, 1, 4-Pc H), 7.87 (m, 8H, 2, 3-Pc H), 0.91 (q, 4H,
Si(CH2)2CH2), 0.39 (t, 2H, SH), )1.02 (m, 4H, SiCH2CH2), )2.22 (t,
4H, SiCH2), )2.68 (s, 12H, SiCH3).

13C NMR (CDCl3): d 148.9 (5-Pc
C), 136.3 (4a-Pc C), 131.1 (2, 3-Pc C), 123.9 (1, 4-Pc C), 27.1
(Si(CH2)2CH2), 27.0 (SiCH2CH2), 15.3 (SiCH2), )3.2 (SiCH3).

2 is a blue solid. It is soluble in CH2Cl2, dimethylformamide and
toluene, and insoluble in hexanes.

HOSiPcOSi(CH3)2(CH2)3SH, Pc 219, 3. A mixture of phthalocy-
anine 2 (114 mg) and a solution of trichloroacetic acid (150 mg) in
CH2Cl2 (100 mL) was stirred at room temperature for 1.5 h, treated
with pyridine (20 mL) and then H2O (100 mL), and separated. The
aqueous portion of the reaction product was washed (CH2Cl2), and the
washings and the organic portion of the reaction product were
combined and concentrated by rotary evaporation (room tempera-
ture). The concentrate was passed down an Al2O3 column (basic-
Al2O3 V, CH2Cl2-ethyl acetate solution, 10:1), and evaporated to
dryness by rotary evaporation (room temperature). The solid was
washed (acetonitrile), air-dried and weighed (52 mg, 50%). UV–Vis
(toluene) kmax, nm: 680. 1H NMR (C6D6): d 9.67 (m, 8H, 1, 4-Pc H),
7.84 (m, 8H, 2, 3-Pc H), 0.90 (q, 2H, Si(CH2)2CH2), 0.36 (t, 1H, SH),
)1.00 (m, 2H, SiCH2CH2), )2.19 (t, 2H, SiCH2), )2.64 (s, 6H, SiCH3).
13C NMR (CDCl3): 149.9 (5-Pc C), 135.8 (4a-Pc, C), 131.6 (2, 3-Pc, C),
124.2 (1, 4-Pc, C), 27.0 (Si(CH2)2CH2), 26.8 (SiCH2CH2), 15.0
(SiCH2), )3.2 (SiCH3). HRMS-MALDI (m ⁄ z): [M-OH]+ calcd for
C37H29N8OSSi2, 689.1724; found 689.1690.

3 is a blue solid. It is soluble in CH2Cl2, dimethylformamide and
toluene, and insoluble in hexanes.

HOSi(CH3)2(CH2)3CH3, 4. n-Butyldimethylchlorosilane (5.0 mL)
was added to a cool (ice bath) solution of H2O (1.0 mL), N(C2H5)3
(5.0 mL) and ether (50 mL), and the mixture was stirred for 1 h at
room temperature and filtered. The filtrate was concentrated to an oil
by rotary evaporation (30�C), and the oil was weighed (3.09 g, 81%),
1H NMR (C6D6): d 1.28 (m, 4H, SiCH2(CH2)2), 0.86 (t, 3H,
Si(CH2)3CH3), 0.48 (m, 2H, SiCH2), 0.01 (s, 6H, SiCH3).

4 is a colorless oil.
SiPc[OSi(CH3)2(CH2)3CH3]2, Pc 109, 5. A mixture of silanol 4

(257 mg) and a suspension of SiPc(OH)2 (150 mg) and pyridine (70 mL)
that had been dried by distillation (9 mL of distillate) was distilled
(34 mL of distillate) for 2 h, and the residual was evaporated to dryness
by rotary evaporation (40�C). The solid was chromatographed (Al2O3 I,
toluene), washed (hexanes), vacuum-dried (60�C), and weighed (60 mg,
29%). UV–Vis (toluene) kmax, nm: 668. 1HNMR (C6D6): d 9.73 (m, 8H,
1, 4-PcH), 7.88 (m, 8H, 2, 3-PcH), 0.12 (t, 6H, Si(CH2)3CH3), )0.08 (m,
4H, Si(CH2)2CH2), )1.14 (m, 4H, SiCH2CH2), )2.10 (m, 4H, SiCH2),
)2.62 (s, 12H, SiCH3). HRMS-FAB (m ⁄ z): [M]+ calcd for C44H46N8O2-

Si3, 802.3052; found 802.3068, 802.3056.
5 is a blue solid. It is soluble in CH2Cl2, dimethylformamide and

toluene, and slightly soluble in hexanes.
CH3OSi(CH3)2(CH2)3C(CH3)3, 6. A solution of 4, 4-dimethyl-1-

pentene (2.01 g), dimethylchlorosilane (4.0 mL) and platinum-divin-
yltetramethyldisiloxane complex in xylene (Gelest, 2.1–2.4% Pt in
xylenes, 0.1 mL) in a pressure tube was warmed (60�C) for 2 days,
purged with Ar at elevated temperature (60�C), treated with CH3OH
(5 mL) and concentrated to an oil by rotary evaporation (30�C). The

oil was distilled (40 torr, 83–92�C) and weighed (1.23 g, 32%). 1NMR
(CDCl3): d 3.40 (s, 3H, CH3O), 1.32 (m, 2H, Si(CH2)2CH2), 1.20 (m,
2H, SiCH2CH2), 0.87 (s, 9H, Si(CH2)3CCH3), 0.78 (m, 2H, SiCH2),
0.08 (s, 6H, SiCH3).

6 is colorless oil.
SiPc[OSi(CH3)2(CH2)3C(CH3)3]2, Pc 110, 7. A mixture of silanol 6

(316 mg) and a suspension of SiPc(OH)2 (150 mg) and pyridine
(70 mL) that had been dried by distillation (4 mL of distillate) was
distilled (14 mL of distillate) for 2 h, and the residual was evaporated
to dryness by rotary evaporation (40�C). The solid was chromato-
graphed (Al2O3 III, hexanes-CH2Cl2 solution, 4:1), vacuum-dried
(60�C) and weighed (187 mg, 81%). UV–Vis (toluene) kmax, nm: 668.
1H NMR (300 MHz, C6D6): d 9.72 (m, 8H, 1, 4-Pc H), 7.89 (m, 8H, 2,
3-Pc H), 0.42 (s, 18H, Si(CH2)3CCH3), 0.11 (m, 4H, Si(CH2)2CH2),
)1.11 (m, 4H, SiCH2CH2), )2.09 (m, 4H, SiCH2), )2.60 (s, 12H,
SiCH3). HRMS-FAB (m ⁄ z): [M]+ calcd for C50H58N8O2Si3, 886.3991;
found 886.3985, 886.3999.

7 is a blue solid. It is soluble in CH2Cl2, dimethylformamide and
toluene, and insoluble in hexanes.

Synthesis of QD-Pc conjugates. The Pcs (18–24) were dissolved in
anhydrous toluene and mixed with QD solutions. QD and Pc
concentrations of 5 · 10)5 and 8 · 10)5

MM were used to obtain high
ET efficiency and to keep Pc self-quenching low.

Photophysical studies. The synthesized QDs and conjugates were
studied by steady-state absorption (Varian Cary 50) and fluorescence
(Varian Eclipse fluorescence spectrophotometer) spectroscopy. A
500 nm wavelength light excitation was used for all the spectroscopic
studies. It should be emphasized that one can excite the QDs exclusively
if 500 nm light is used because the Pcs do not appreciably absorb at this
wavelength. The Pc emission peakobservednear 675 nm is therefore due
solely to ET from the photoexcited QDs. QDs with an emission at
625 nm were used so as to have sufficient spectral overlap for good ET
with the Pcs used, all of which have very similar absorption profiles.

For the study of ET dynamics, pure QDs and QD-conjugates were
investigated by fs time-resolved laser spectroscopy after 24 h of
conjugation time. It was found that 24 h is the optimum time for
conjugation (6), when maximum quenching of the QD emission occurs
while at the same time the Pc fluorescence could be detected.
Broadband fs-laser pulses were used to probe the dynamics at the fs
time scale between 450 and 750 nm. The laser setup has been discussed
previously (25,26). For the fs measurements, 2 mm quartz cuvettes
were used. All experiments were carried out at room temperature.
Absorption spectra were collected before and after the time-resolved
measurements. No changes in the absorption spectra were detected.

RESULTS AND DISCUSSION

The synthesis of Pc 93, Pc 219, Pc 109 and Pc 110 is
summarized in Scheme 1. The reactions used to prepare the

precursors for Pc 219, Pc 109 and Pc 110 and those used to
prepare the compounds themselves follow reactions developed
earlier for similar molecules (18–20). The molecules used in

this study are depicted in Fig. 1.

The effects of axial group functionalization on ET

To study the effects of functionalization of the siloxy ligands of
the Pcs and those of the number (one or two) of functionalized

siloxy ligands on ET efficiency, conjugates of the QDs with
various Pcs were studied. The terminology used for the parts of
the axial ligands is explained in Fig. 2.

Effect of axial ligand functionalization on ET-amino vs thiol
functions. The effect of axial ligand functionalization was
studied by conjugating Pc 4 and Pc 219 to CdSe QDs. Pc 4 has

a dimethylamino group as axial ligand function while Pc 219
has a thiol function (Fig. 1). Figure 3a shows the steady-state
absorption and emission spectra of the QDs and their

conjugates. A higher quenching efficiency of QD emission
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was observed for Pc 4, while a bigger peak corresponding to Pc
emission was observed for Pc 219. This difference can be

explained partially by a slightly higher fluorescence quantum
yield of Pc 219 compared to that of Pc 4. In addition, the
absorption spectrum of Pc 219 shows a slight redshift
compared to that of Pc 4 and therefore the overlap integral

for Pc 219 is not as effective with CdSe QDs as for Pc 4. It
should be noted that the ET is a function of donor quantum
yield and not of acceptor quantum yield and can be calculated

by the decrease in the integrated donor emission in the
presence and absence of the donor using Eq. (1).

As Fig. 3a indicates, the integrated emission intensities

reveal ET efficiencies of 75% and 54% for Pc 4 and Pc 219,

respectively. Figure 3b shows the fs time-resolved spectra for
CdSe–Pc 219 conjugates. A bleaching of the ground state
absorption of the QDs was observed at 610 nm followed by

a bleach signal at 682 nm corresponding to Pc 219 excitation.
The 610 nm bleach signal decays over time and results in
the build up of the 682 nm signal due to the ET. Respec-

tive kinetics observed at the QD bleach maxima are shown in
the inset of Fig. 3b. The observed kinetic traces were fitted
with mono-exponential fits in the time frame of interest

(350 ps).
The steady-state ET efficiency /St:State

ET was calculated with
Eq. (1) (27):

/St:State
ET ¼ 1� IDA

ID
ð1Þ

where ID and IDA are the relative intensities of the donor
emission in the absence and presence of the acceptor.

Scheme 1. Synthesis scheme for Pc 93, Pc 219, Pc 109 and Pc 110.

Figure 1. Structures of the phthalocyanines used in this study.

Figure 2. Diagram illustrating the terminology used in this study.
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The transfer efficiency /Kin
ET , based on the lifetimes, was

calculated from the lifetime measurements of the donor, in the
absence (sD) and presence (sDA) of the acceptor as shown in

Eq. (2) (27).

/Kin
ET ¼ 1� sDA

sD
ð2Þ

Steady-state and time-resolved ET efficiencies are summa-
rized in Table 1. The observed differences in efficiencies
between different Pcs can be explained by the varying
interactions between the various Pc functional groups and

the QD surface.

Effect of axial group functionalization on ET-amino vs alkyl
groups. We also studied the ET between QD donors and Pc

acceptors having methyl (Pc 109), tert-butyl (Pc 110) and
dimethylamino terminated axial ligands (Pc 12). Here, the
ligands with methyl and tert-butyl terminations have nonpolar

terminations and interact with the QDs only through Van der
Waals interactions. If one assumes a termination-dependent
ET process, all these conjugates should show different ET

efficiencies as the interaction between various Pc functional
groups and the CdSe capping ligands is expected to be
different. The fact that the number of methylene groups in the

linker chain was kept constant is important as it is known from
previous work (6) that the length of the linker chain plays a
significant role for ET efficiencies.

Figure 4a shows the steady-state emission spectra of the
pure QDs and their conjugates with Pc 109, Pc 110 and Pc 12.
Respective absorption spectra are shown in the inset of

Fig. 4a. It is easily seen that for the conjugates of QDs with
Pc 109 and Pc 110 no significant steady-state ET was observed
(although the Pc 109 conjugate is slightly more efficient than

the Pc 110 conjugate) while QD-Pc 12 conjugate shows a very
efficient ET. According to the PL-quenching measurements,
the Pc 109 and Pc 110 conjugates show an ET efficiency of

<20% compared with 78% for the Pc 12 conjugate.
The same phenomenon was indicated by the time-resolved

measurements shown in Fig. 4b. QD conjugates with Pc 109
and Pc 110 showed only a small acceleration in the QD

excitation decay kinetics while QD-Pc 12 showed a significant
acceleration. These observations can be explained on the basis
of the chain terminations. Here, Pc 109 and Pc 110 are

terminated by simple aliphatic groups and therefore the ET
occurs only through space or possibly through bonds due to
the interdigitization of the alkyl chain into the TOPO capping

layer of the QD, and indeed a very low ET efficiency was
observed. But in case of Pc 12 as energy acceptor, one finds an
increased ET efficiency due to the increased interaction
between the amino groups and the QD surface.

Effect of one vs two axial ligands. Here, the ET efficiencies
between QDs and Pc 4 and Pc 12, which have one vs two
dimethylamino axial ligands, respectively, are compared.

Figure 5a shows the steady-state absorption and emission
spectra monitored for the QDs and their conjugates. Higher
PL-quenching was observed for QD emission when they were

conjugated with Pc 12. Pc 12 conjugate shows an efficiency of
78% compared with 75% for Pc 4 conjugates. Femtosecond
time-resolved spectra for Pc 12 conjugates are shown in

Fig. 5b and the inset shows the decay kinetics for QD bleach

Figure 3. (a) Steady-state emission spectra of CdSe QDs and their conjugates with Pc 4 and Pc 219 with a dimethylamino and thiol functional
group, respectively. The inset shows the absorption spectra. (b) Femtosecond spectra of conjugates of CdSe QDs with Pc 219, showing two
consecutive bleach signals at 610 and 682 nm corresponding to QD and Pc excitation, respectively. The inset shows the normalized decay dynamics
observed at the QD bleach wavelength (612 nm) for pure QDs and their conjugates with Pc 4 and Pc 219. 500 nm excitation wavelength was used
for the exclusive excitation of the QDs.

Table 1. Decay constants obtained by mono-exponential fitting of the
measured kinetic traces.

Decay time ⁄ ps
sQD

ET efficiency
/Kin
ET

SS ET efficiency
/St:State
ET /Pc

PL

QDs 93.7 0 0
QD-Pc 4 59.79 0.36 0.75 1
QD-Pc 219 61.85 0.34 0.54 1.07
QD-Pc 109 67.70 0.28 0.17 0.978
QD-Pc 110 71.66 0.23 0.08 0.953
QD-Pc 12 62.73 0.33 0.78 0.386

ET = energy transfer; QD = quantum dot; Pc = phthalocyanine.
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maxima at 610 nm. A better ET efficiency for the Pc 12
conjugate compared with the Pc 4 conjugate was observed by

both steady state and time-resolved measurements. This can be
explained by the fact that Pc 12 has two dimethylamino
functional groups compared with one for Pc 4 and therefore

shows a better binding, either due to a chelating effect of the
bis(dimethylamino) Pc or simply due to the two-fold increased
availability of the amino ligand. Similarly, we also compared
the ET efficiency of Pc 219 with that of Pc 93, which have one

vs two thiol axial ligands, respectively. Again, a better ET
efficiency was observed for Pc 93. These observations indicate
that the number of functionalized groups in the investigated

acceptor moieties plays another significant role for the ET

efficiency from QDs. This underlines the importance of
choosing the appropriate linker chains in order to maximize

ET efficiencies.

The effect of functional group bulkiness on the ET

Previous studies on Pc linker chain length showed a behavior

where the ET efficiency increases with an increase in Pc linker
chain length. This observation was explained by the better
interdigitization of the longer phthalocyanine linker chains
into the organic capping layer of QDs. In this context, we

further studied the effect of functional group chain lengths in
amino functionalized ligands on the ET by keeping the other

Figure 5. (a) Steady-state emission spectra of CdSe QDs and their conjugates with Pc 4 and Pc 12. The inset shows the absorption spectra. (b)
Femtosecond time-resolved spectra of CdSe QD conjugates with Pc 12 show the 610 nm bleach signal, corresponding to QD excitation, and build
up of the Pc ground state bleaching at 673 nm. The inset shows the normalized time-resolved kinetic traces for CdSe QDs and conjugates with Pc 4
and Pc 12 observed at 610 nm.

Figure 4. (a) Steady-state emission spectra of CdSe QDs and their conjugates with Pc 109, Pc 110 and Pc 12. The inset shows the respective
absorption spectra. (b) Normalized time-resolved kinetic traces for CdSe QDs and their conjugates with Pc 109, Pc 110 and Pc 12 observed at the
QD bleach extrema at 610 nm.
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variables, such as linker chain length and overlap integral (QD
size) constant. All studied homologous Pcs (Pc 4, Pc 34, Pc

121, Pc 25 and Pc 122) have an axial ligand with three
methylene groups in the linker chain between the silicon atom
and the amine group (i.e. Pc-O-Si(CH3)2-(CH2)3-

N((CH2)nMe)2), as shown in Fig. 6. The amino groups vary
from dimethylamino to dipentylamino (n varies between 0 and
4). Figure 6 shows the steady-state ET emission spectra for
conjugates with different functional group chain lengths. The

steady state and time-resolved ET efficiencies show the same
trend, as shown in Fig. 7a,b. Pc 4, which has methyl groups as
the functional group chain (n = 0) shows the maximum

efficiency, and on increasing the number of –CH2– groups in
the functional group chain the ET efficiency decreases, as
shown in Fig. 7. We observed the lowest ET efficiency for

C5H11 functional group chains. Thus, the efficiency decreases
with the bulkiness of the functional group chains. This can be

explained on the basis of less efficient interdigitization due to
steric hindrance.

The measurements of the ET efficiency with time-resolved
and steady-state spectroscopy could be used to evaluate the
interactions between QD energy donors and molecular accep-

tors in QD-based ET pairs. As subsequent singlet oxygen
generation from the excited Pc moiety will be a function of the
ET efficiency, this information can be used to improve and
optimize the application in PDT. In a broader picture, this

study underlines that coupling drugs to QDs requires a rather
detailed analysis of various parameters, such as the size of the
used QDs, choice of the surface capping molecules, the

bridging linker chain, the binding chemical functionality,
involvement of QD surface states, etc. if one aims to optimize
the interactions within the conjugate. This applies also to the

increasingly used bio-conjugated QDs. We emphasize that in
this report the QD conjugates were not studied in a

Figure 6. Structure of studied Pc molecules (Pc 4, Pc 34, Pc 121, Pc 25 and Pc 122) with variable terminal bulkiness (left) and steady-state emission
spectra of CdSe QDs and their conjugates with Pcs of different functional group bulkiness (right). The inset shows a closer look of the Pc emission
in the region of interest (660–850 nm).

Figure 7. ET transfer efficiencies obtained from (a) steady state and (b) time-resolved spectroscopy, plotted for Pc functional group bulkiness in
QD-Pc conjugates plotted as a function of terminal chain length (n = number of methylene groups).

248 Smita Dayal et al.



cell-friendly medium. It rather presents an overall view of a
QD-based DA system where the efficiency of the ET process
can be increased and optimized by choosing the right
molecular functionalities.

CONCLUSIONS

In conclusion, QDs are excellent energy donors and visible
light sensitizers, which can be useful for many applications in
various fields. The usefulness of visible light excited QDs is
proportional to the electronic coupling between the QDs and

the ligated energy acceptors. This study found that amines
and thiols make almost equally good binding groups for
attaching molecules to QDs. On the other hand, nonfunc-

tionalized molecules couple significantly less, as quantified in
the Results section (see also Table 1). We observed a decrease
in ET efficiency with an increase in functional group

bulkiness due to an increase in steric hindrance. We also
observed a higher ET efficiency for the Pcs with two
functionalized axial ligands compared with the Pcs with just

one axial ligand. Therefore, functionalization of the acceptor
group plays a significant role in affecting the efficiency and
dynamics of the ET process.
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