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The linkage of a low symmetry phthalocyanine, ZnttbIPc to mercaptopropionic acid (MPA) capped CdTe
quantum dots has been achieved using a coupling agent, dicyclohexylcarbodiimide (DCC), to facilitate
formation of an amide bond. UV-vis, Raman and IR spectroscopic studies on the linked (QD:ZnttbIPc-
linked) conjugate suggest the reaction was a success. Forster resonance energy transfer (FRET) resulted in

stimulated emission of ZnttbIPc in both the linked (QD:ZnttbIPc-linked) and mixed (QD:ZnttbIPc-mixed)

Keywords:

Quantum dots

Low symmetry phthalocyanine
Fluorescence lifetime

Forster resonance energy transfer
Triplet quantum yield

Triplet lifetime

Singlet oxygen

conjugates. The linked complex (QD:ZnttbIPc-linked) gave the largest FRET efficiency hence showing the
advantages of covalent linking. Photophysicochemical properties of the phthalocyanine were improved
in the presence of the QDs i.e. for QD:ZnttbIPc-mixed. Fluorescence lifetimes of QDs were unchanged in
QD:ZnttbIPc-mixed and decreased for QD:ZnttbIPc-linked.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Quantum dos (QDs) are a unique class of nanoparticles which
have sparked widespread scientific research of late [1-5]. Their size
dependent electronic properties are the most attractive features of
these semiconductor nanocrystals [3]. Among these properties are
their high fluorescence quantum yields, high photostability, nar-
row (tunable) emission spectra and broad-band excitation spectra
[1-8].

QDs have found particular importance in medicinal applications
[6,8-13] as nanoparticulate imaging probes. In most cases they
have been conjugated to biologically active compounds such as
proteins or site specific molecules.

Photodynamic therapy (PDT) is an emerging cancer treatment
method, which makes use of the interaction between light and a
photosensitizing agent to initiate cell (cancer) death [14,15]. Met-
allophthalocyanines (MPcs) are a robust group of molecules with
suitable photochemical and photophysical properties and have
shown potential as photosenstizers for PDT due to their intense
red light absorption, non-toxicity, selective localization within
tumours, singlet oxygen generation capabilities and excellent pho-
tostability [14-17]. Their chemical properties can be altered or
tuned through modification of the phthalocyanine ring periph-
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ery with a variety of substituents [14,18,19]. However the limited
solubility of these molecules in aqueous environments inhibits
their use as sensitizers in the body particularly with respect to
cell penetration. Nanoparticles, such as QDs are particularly use-
ful in this respect as they have potential for use as delivery systems
[20].

QDs have also been found to have the ability to transfer
energy as donors to accepting molecules such as phthalocyanines
[8,9,21-24]. This process is known as Forster resonance energy
transfer (FRET), a non-radiative energy transfer process that occurs
from a fluorescent donor to a suitable acceptor fluorophore in close
proximity [8,12,25-27].

There has been limited research on chemically linked conjugates
of QDs and phthalocyanines [28,29]. The reported linking has been
through the axial ligand of the phthalocyanine [28] or using sym-
metrically tetrasubstituted tetraamino phthalocyanine [29], which
does not give specificity since the number of linking points are
unknown. The linking of QDs to low symmetry phthalocyanines
is not known and is reported in this work for the first time. In this
work we have linked mercaptopropionic acid (MPA) capped CdTe
QDs to a previously synthesized low symmetry phthalocyanine:
tris[9 (10),16 (17),23 (24)-tert-butyl]Jimidophthalocyaninato] zinc
(I) (ZnttbIPc), Scheme 1, [30,31], using dicyclohexylcarbodiimide
(DCC) as a coupling agent to facilitate formation of an amide bond
between the carboxylic acid end of the QDs and the imide group-
ing of ZnttbIPc. The use of ZnttbIPc ensures only one linking point
of QDs to the Pc. An investigation on the influence of the quan-
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Scheme 1. Synthetic route to QD:ZnttbIPc-linked conjugate.

tum dots on the photophysical properties of the low symmetry
phthalocyanine has been conducted.

2. Experimental
2.1. Materials

CdCl,-2H,0, dicylcohexylcarbodiimide (DCC), tellurium powder
(200 mesh), 3-mercaptopropionic acid and Rhodamine 6G were
purchased from Sigma-Aldrich. N,N-dimethylformamide (DMF),
ethanol (EtOH), sodium azide, sodium borohydride and sodium
hydroxide were obtained from SAARCHEM. Ultra pure water was
obtained from a Milli-Q Water System (Millipore Corp., Bedford,
MA, USA). A 4:1 (v/v) DMF:water solution was employed for all
studies. This solvent mixture allows for solubilization of the quan-
tum dots and phthalocyanine while maintaining the monomeric
nature of the phthalocyanine.

2.2. Instrumentation

FTIR spectra (KBr pellets) were recorded on a Perkin-Elmer
spectrum 2000 FTIR spectrometer. UV-vis (ultraviolet-visible)
absorption spectra were recorded on a Cary 500 UV-vis-NIR spec-
trophotometer.

X-ray powder diffraction patterns were recorded on a Bruker
D8, Discover equipped with a proportional counter, using Cu Ko
radiation (A=1.5405A, nickel filter). Data were collected in the
range from 26 =15° to 60°, scanning at 1° min~! with a filter time-
constant of 2.5 s per step and a slit width of 6.0 mm. Samples were
placed on a silicon wafer slide. The X-ray diffraction data were
treated using the freely-available Eva (evaluation curve fitting)
software. Baseline correction was performed on each diffraction
pattern by subtracting a spline fitted to the curved background
and the full width at half maximum values used in this study were
obtained from the fitted curves.

Raman spectral data were collected with Bruker Vertex 70 - Ram
Il spectrometer (equipped with a 1064 nm Nd:YAG laser and a lig-
uid nitrogen cooled germanium detector). Solid samples containing
KBr were employed. Fluorescence emission and excitation spectra
were obtained using a Varian Eclipse spectrofluorimeter. Fluo-
rescence lifetimes were measured using a time correlated single
photon counting set-up (TCSPC) (FluoTime 200, Picoquant GmbH).

The excitation sources were a light emitting diode (LED, PLS-
500,497 nm, 10 MHz repetition rate, Picoquant GmbH) with a linear
polariser and a diode laser (LDH-P-C-485, 480 nm, 10 MHz repeti-
tion rate, Picoquant GmbH).

Fluorescence was detected under the magic angle with a peltier
cooled photomultiplier tube (PMT) (PMA-C 192-N-M, Picoquant)
and integrated electronics (PicoHarp 300E, Picoquant GmbH). A
monochromator with a spectral width of 16 nm for the LED and
4nm for the diode laser was used to select the required emis-
sion wavelength band. The response function of the system, which
was measured with a scattering Ludox solution (DuPont), had a
full width at half-maximum (FWHM) of about 950 ps for the LED
and 300 ps for the diode laser. All luminescence decay curves were
measured at the maximum of the emission peak and the lifetimes
obtained by deconvolution of the decay curves using the FluoFit
Software program (PicoQuant GmbH, Germany). The support plane
approach [32] was used to estimate the errors of the decay times.

A laser flash photolysis system was used for the determination
of triplet decay kinetics. The excitation pulses were produced by a
Quanta-Ray Nd:YAG laser (1.5]/9 ns), pumping a Lambda Physik FL
3002 dye laser (Pyridin 1 in methanol). The analyzing beam source
was from a Thermo Oriel 66902 xenon arc lamp, and a Kratos Lis
Projekte MLIS-X3 photomultiplier tube was used as the detector.
Signals were recorded with a two-channel, 300 MHz digital real-
time oscilloscope (Tektronix TDS 3032C); the kinetic curves were
averaged over 256 laser pulses.

Singlet oxygen (10;) luminescence at 1270 nm was measured
with a system that was similar to an earlier reported method [33].
The set-up consists of an ultrasensitive Germanium detector (Edin-
burgh Instruments, EI-P) combined with a 1000 nm long pass filter
(Omega, 3RD 1000 CP) and a 1270nm band pass filter (Omega,
C1275, BP50). Laser pulses were generated by the laser system
described above. The near-infrared emission of the sample was
focused to the detector by a lens (Edmund, NT 48-157) with a
detection direction perpendicular to the excitation laser beam. The
detected signals were averaged over 256 laser pulses, with the same
oscilloscope described above, to show the dynamic decay of 10,.
Direct comparison of the intensity corresponding to the 1270 nm
signal for each sample with a reference (ZnPc in DMF) with a known
singlet oxygen quantum yield (@A =0.56 [34]) allowed determina-
tion of singlet oxygen quantum yields.

2.3. Syntheses of CdTe MPA QDs

Thiol capped CdTe quantum dots were prepared by an aqueous
hydrothermal method adapted from the literature [35-37]. A Cd
precursor solution was prepared by dissolving CdCl,.2H,0 (2.19 g,
10 mmol) in millipore water (110 mL) in a 3-necked flask. Mercap-
tocarboxylic acid (MPA) (2.55 g, 24 mmol) used as a capping agent
for the CdTe QDs, was then added under stirring at room tem-
perature. The solution was then adjusted to pH 12 by dropwise
addition of 1M NaOH and nitrogen gas bubbled through the solu-
tion for 1 h. The aqueous solution was then reacted with a NaHTe
solution. The typical molar ratio of Cd:Te:Thiol in each experiment
was 2:1:4.8. The NaHTe solution was prepared separately by a
method described in the literature [35,38-40], with some modi-
fication. Briefly, 500 mg (13.2 mmol) of NaBH,4 was transferred to a
15 mL 3-neck flask, 10 mL of millipore water was added and nitro-
gen bubbled through the solution. Tellurium powder (640 mg) was
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added to the flask after which an ice bath was maintained around
the reaction flask for cooling. A small outlet was connected to the
flask during the reaction to discharge the pressure from the result-
ing hydrogen. After ~8 h, the black tellurium powder disappeared
and a white sodium tetraborate precipitate appeared at the bot-
tom of the flask. The resulting clear supernatant contained NaHTe
and this was separated and used in the preparation of the required
CdTe particles. The freshly prepared oxygen-free NaHTe solution
was injected into the Cd precursor solution under vigorous stir-
ring. A rapid change in color occurred at this stage. The solution
was then refluxed under air at 100 °C for different time periods to
control the size of the CdTe QDs. Aliquots of the reaction solution
were taken out at regular intervals and the fluorescence emission
spectra recorded until the desired wavelength (and hence size)
was achieved. Precipitation of the respective QDs from the aque-
ous solution was achieved using excess EtOH, following which the
solutions were centrifuged to obtain solid QD samples which were
dried in vacuo. The QD sizes were estimated using a polynomial
fitting function (Eq. (1)) [41]:

D = (9.8127 x 1077)A3 — (1.7147 x 1073)A2
+(1.0064)1 — 194.84 (1)

where A refers to the absorption maxima of the QDs. This fitting
function is not valid for sizes of quantum dots outside the size range
of 1-9nm [41]. The particle-diameter d, was also estimated using
XRD. Solution concentrations of the QDs were calculated according
to the literature methods [41].

2.4. Linking of ZnttbIPc to CdTe MPA QDs

The synthesis and characterization of ZnttbIPc has been reported
elsewhere [30].

MPA capped CdTe QDs (7.5mg) were first dissolved in water
(1mL), then DMF (4mL) was added, followed by addition of
DCC (3.28mg, 0.016 mmol). The latter is used to convert the
—COOH group of the QDs capping into an active carbodiimide
ester group. The mixture was left to stir at room temperature
under an argon atmosphere for 24 h. Thereafter, ZnttbIPc (0.13 mg,
1.56 x 10~4 mmol) was added to the reaction mixture and then
left for another 48 h. The solid product was extracted and washed
several times with DMF (to remove excess unreacted complex Znt-
tbIPc and any DCC intermediate by-products) and also washed
with water to remove unlinked QDs. The washings were contin-
ued until the supernatants were clear, giving QD:ZnttbIPc-linked. IR
[(KBr) Umax/cm~1]: 1645 (Uc—o). Experiments were also performed
where the QDs were mixed with ZnttbIPc without linking, giving
QD:ZnttbIPc-mixed, keeping the molar ratio of QDs to ZnttbIPc the
same as for the linked. Experiments were also performed where
molar ratios of QDs to ZnttbIPc were changed for the mixed system
in order to determine the nature of QD quenching by ZnttbIPc.

2.5. Photochemical and photophysical parameters

2.5.1. Fluorescence studies
Fluorescence quantum yields (®f) were determined by the com-
parative method [42] (Eq. (2)):

F. AStd . Tl2
2
Fsia - A-ngy

D = Dp(sa) (2)
where F and Fsq refer to the integrated fluorescence intensity of the
MPc and the reference respectively. A and Ag;q are the absorbances
of the sample and reference at the excitation wavelength respec-
tively and n and ngy are the refractive indices of solvents used
for the sample and reference, respectively. For fluorescence quan-
tum yield determinations of the ZnPc derivative (@pznpc)) in the

DMF:water (4:1) solvent mixture, ZnPcin DMF (@F=0.30 [43]) was
used as a standard. Rhodamine 6G in ethanol (®r=0.94[32,44]) was
employed as a standard for the determination of the fluorescence
quantum yields of the quantum dots (®@gqpy) in the DMF:water
solvent mixture. Both the sample and reference were excited at
the same wavelength.

The fluorescence quantum yields of the quantum dots are repre-
sented as @ qpy where QD represents CdTe MPA QDs and @gznpc)
represents the quantum yield of the ZnttbIPc species. The quan-
tum yield values determined for the quantum dots were employed
in the determination of their fluorescence quantum yields in
the mixture (QD:ZnttbIPc-mixed, 452’('3‘]))) and in the linked form
(QD:ZnttblPc-linked, @%i(r(llkDe)d) using Eq. (3):

Mix Fg[l?i'x
Prap) = Prad F (3a)

FLinked

Linked

Priap) = Pram) T (3b)
where ®pqp) represents the fluorescence quantum yield of the
QDs alone, and was used as a standard, F("l"Dix or F(Lligke‘j are the
fluorescence intensities of QDs in the mixture with ZnttbIPc
(QD:ZnttbIPc-mixed) or in the linked form (QD:ZnttbIPc-linked),
respectively, when excited at the excitation wavelength of the QDs
(510nm) and Fqp is the fluorescence intensity of the QD alone at
the same excitation wavelength.

Fluorescence lifetimes were obtained by deconvolution of the
decay curves, obtained by time correlated single photon count-
ing (TCSPC), using the FluoFit Software program (PicoQuant GmbH,
Germany).

2.5.2. Triplet quantum yields and lifetimes

For triplet determinations, de-aerated solutions of the respec-
tive MPc complexes were introduced into a 1cm pathlength
spectrophotometric cell and irradiated at the Q-band with the laser
system described above. Triplet quantum yields (@) of the MPc
complexes were determined by the triplet absorption method. A
comparative method, based on triplet decay [45] using ZnPc as
standard, was employed for the calculations, Eq. (4):

AAT . Egtd
AA%td - ET

oy = P35 (4)
where AAr and AA%td are the changes in the triplet state
absorbances of the MPc derivative and the standard respectively; e
and s?td, the triplet state molar extinction coefficients for the MPc
derivative and the standard respectively; @%‘d. the triplet quantum
yield for the standard (@%td = 0.58 for ZnPc in DMF [46]).

At least three independent measurements of @1, @ and d
were carried out, giving the errors shown in Tables.

Triplet lifetimes (77) were determined by exponential fitting of
the kinetic curves using OriginPro 7.5 software. The triplet quantum
yield and lifetime of ZnttbIPc in the mixture or linked were also

i Mix Linked Mix
determined and are represented as ¢T(an’c) (or CDT(ZHPC) Jand Trznpo)

(or T%%%E%‘i)), respectively.

Quantumyields of internal conversion (®;¢) were obtained from
Eq. (5), which assumes that only three intrinsic processes (flu-
orescence, intersystem crossing and internal conversion); jointly

deactivate the excited singlet state of an MPc molecule:
Pic =1—(Pr + Pr) (5)
2.5.3. Singlet oxygen quantum yields

Singlet oxygen quantum yield values (@ 4 ) values were deter-
mined in air by direct detection of the 1270 nm emission of singlet
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oxygen using the equipment described above. Determinations were
made in the absence and presence of sodium azide (NaNs), a phys-
ical quencher of singlet oxygen.

The dynamic course of 10, concentration ['0;] can be clearly
recorded, following Eq. (6) as theoretically described in the litera-
ture [47]:

[=A_D

—t/T _ p—t/T
e/ e t/) (6)

where, I is the luminescence intensity of 10, at time t, p is the
lifetime of 10, decay, 77 is the ZnPc derivative triplet state lifetime
and A is a coefficient involved in sensitizer concentration and 10,
quantum yield.

10, quantum yields (@, of ZnttbIPc) were then determined
using Eq. (7):

@Std A. ODStd

Pa=P5 4seop

(7)

where qﬁSAtd is the singlet oxygen quantum yield for the standard
ZnPc (@S¢ = 0.58 for ZnPc in DMF [34]). A and ASY refer to coeffi-
cient involved in sensitizer concentration and 10, quantum yield
for the sample and standard respectively and; OD and ODSY to
the optical density of the sample and standard respectively at the
excitation wavelength.

Singlet oxygen quantum yields for the mixed were also deter-
mined using the same equations and are represented as <D'X'2§npc).
The singlet oxygen quantum yield for the linked could not be deter-
mined due to the low concentration of ZnttbIPc present and thus the
singlet oxygen luminescence signals fell below the current detec-
tion limit.

2.5.4. Determination of FRET parameters

Forster resonance energy transfer (FRET) refers to the energy
transfer process that can occur from a photoexcited donor fluo-
rophore to an acceptor fluorophore of a different form, which is
in close proximity. The donor molecules typically emit at shorter
wavelengths which overlaps with the absorption spectrum of the
acceptor. Energy transfer is a result of long-range dipole-dipole
interactions between donor and acceptor. The rate of FRET is
dependent on the center-to-center distance r between donor and
acceptor, the extent of spectral overlap of the donor’s emission
spectrum and the acceptor’s absorption spectrum, the emission
quantum yield of the donor and the relative orientation of the donor
and acceptor transition dipoles [25,32]. A decrease in the donor flu-
orescence emission accompanied by an increase in the acceptor’s
fluorescence is an indication that FRET has occurred.

The steady state FRET efficiency (Effss) is determined experi-
mentally from the fluorescence quantum yields of the donor in the
absence (®pqp)) and presence ((DFM(B‘D) or <D};i(‘(‘1k§;1) of the acceptor
using Eq. (8) [25,32,48,49]:

@Mix
Effis =1 - 5 (8a)
F(QD)
Linked
B =1 - @) (8b)
Pr(qp)

The efficiency of energy transfer based on the fluorescence life-
times (Effir) was also computed from the lifetime measurements
of the donor (QDs), in the absence (tp) and presence (7pa) of the
acceptor (ZnttbIPc) using Eq. (9) [32,50]:

Effi =1- 2 9
D

However, this equation makes the assumption that the decay
of the donor is a single exponential in the absence (7p) and

presence (tps) of acceptor and thus holds rigorously only for a
homogeneous system (i.e. identical donor-acceptor complexes)
in which the donor and donor-acceptor complexes have single
exponential decays [32]. Such single-exponential decays are rare
in biomolecules. Thus for donor-acceptor systems decaying with
multiexponential lifetimes the energy transfer efficiency must be
calculated from the amplitude weighted lifetimes (Eq. (10)):

Ti= Zi‘xi":i (10)

where ¢; is the relative amplitude contribution to the lifetime t.
Therefore, in this case we have used the amplitude weighted time-
constants for 7p and tp, to determine the transfer efficiency, for
the linked species (QD:ZnttbIPc-linked), using Eq. (9).
The FRET efficiency is related to r (A), the donor-acceptor dis-
tance by Eq. (11) [32,51]:
RS

Effss = —— 11

ffss RS 16 (11)
where Ry (the Forster distance, A) is the critical distance between
the donor and the acceptor molecules for which efficiency of energy
transfer is 50% and depends on the quantum yield of the donor, Eq.
(12)[32,51]:

RS = 8.8 x 10%* k2n*Pp gpy (12)

where 2 is the dipole orientation factor i.e. it describes the relative
orientation of the transition dipoles of the donor and acceptor in
space. In this case, it is assumed that «?2 is 2/3. This assumption is
often made for donor-acceptor pairs in a liquid medium, since their
dipole moments are considered to be isotropically oriented dur-
ing the excited state lifetimes. The use of the isotropic dynamical
average (k2 =2/3)is more appropriate than the static isotropic aver-
age (k2 =0.476) because the donor-acceptor pair is not in a rigid
medium. n is the refractive index of the solvent; @gqp), the fluo-
rescence quantum yield of the donor in the absence of the acceptor;
and J (cm®) is the Foérster overlap integral defined by Eq. (13):

I= /fQD(A)SZnPc(/\)?»“a?» (13)

where fqp is the normalized QD emission spectrum and &z,pc is
the molar extinction coefficient (M~!cm~1) of ZnttbIPc. A is the
wavelength (nm) of the acceptor i.e. the Q-band. FRET parameters
were computed using the program PhotochemCAD [52].

3. Results and discussion
3.1. Syntheses and spectral characterization of quantum dots

Quantum dot synthesis was carried out following a well estab-
lished literature method [35-40]. The optical tunability of quantum
dots is related to their size and structural composition [8]. The
growth kinetics associated with quantum dots are a result of the
quantum confinement effect. With prolonged heating the quantum
dots grow, a feature reflected by a red shift in their absorption and
emission spectra. Termination of the growth process was carried
out once the desired spectral overlap between the QD emission
spectrum and absorption spectrum of ZnttbIPc was attained i.e.
emission peak of 640 nm for CdTe MPA QDs used in this study
(Fig. 1). The quantum dots are characterized by broad absorption
peaks with tails extending into the near-infrared region.

CdTe QDs capped with thiols are known to aggregate in acid con-
ditions due to detachment of surface ligands [53]. Aggregation of
QDs results in red shifting in the emission spectra accompanied by
broadening and decrease in the fluorescence lifetime [54]. Solvents
also have an effect on the aggregation nature of CdTe QDs [54].
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Fig. 1. (a) Normalized ground state electronic absorption and (b) emission spectra
of CdTe MPA QDs (1 mg/mL in 4:1 (v/v) DMF:water, Aexc =510 nm).

There was no change in the emission spectrum of the QDs recorded
from direct synthesis conditions in NaOH or when recorded using
DMF:water mixture, Fig. 2A, showing that DMF has no effect on
QDs. Also the fluorescence lifetime in NaOH or DMF:water mixture
remained unchanged (Fig. 2B(i and ii), Table 1), confirming lack of
aggregation on changing the solvent.

X-ray powder diffraction was used for particle size determina-
tion, Fig. 3. The diffraction pattern corresponds well with the three
characteristic peaks for bulk CdTe structure.

The particle-diameter was generated by the computer software
using the Scherrer equation (Eq. (14)):

kA
~ BcosH

where k corresponds to an empirical constant (0.9), A is the X-ray
source wavelength (1.5405 A), 8 is the full width at half maximum
of the diffraction peak and 6 is the angle of the peak. XRD generated
data related to the main peak at ~25° and gave a particle size of
3.41 nm. This size is slightly smaller but possibly more accurate
in comparison to the size determined using the polynomial fitting
function i.e. 3.50 nm.

Further studies with the developed QDs were carried out in a
mixture with ZnttbIPc (QD:ZnttbIPc-mixed) and upon coupling of
the QDs with ZnttbIPc using DCC (a coupling agent often used in
organic solvents) to activate the carboxylic acid end of the thiol
groups and thus give a linked conjugate (QD:ZnttbIPc-linked). In
this case the carboxylic acid groups that terminate the MPA thiol
groups used to passivate the QD surface were linked to the imide
group of ZnttbIPc via an amide bond (Scheme 1). FTIR spectroscopy
gave evidence of the formation of such a bond. A broad band at
1645 cm™! that can be attributed to the carbonyl (C=0) stretch of
the resultant amide bond was observed for the QD:ZnttbIPc-linked,
Fig. 4A(d). Such a band was not observed in the CdTe MPA QDs alone
(Fig. 4A(a)), ZnttbIPc alone (Fig. 4A(b)) or for QD:ZnttbIPc-mixed
(Fig. 4A(c)). The regions of interest are indicated by a box in Fig. 4A.

In addition, Raman spectroscopy was employed to character-
ize the new complex, Fig. 4B. Again as was the case for FTIR,
the regions of the Raman spectra that are of interest are indi-

(14)
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Fig. 2. (A) Comparison of emission spectra of QDs in (a) 0.1 M NaOH and (b)
DMF:water (4:1) solvent mixture. (B) Photoluminescence decay curves of CdTe QDs
in (i) 0.1 M NaOH solution and (ii) DMF:water (4:1) solvent mixture.

cated by a box in Fig. 4B. The main difference between the
linked (QD:ZnttbIPc-linked, Fig. 4B(d)) and mixed (QD:ZnttbIPc-
mixed, Fig. 4B(c)) conjugates was the position of the main peaks
attributed to the phthalocyanine structure at 2851 and 2870 cm™!
respectively. The position of the 2870 cm~! peak in ZnttbIPc alone
(Fig. 4B(b)) is similar to that in QD:ZnttbIPc-mixed, suggesting
minimal structural readjustment; however a shift of this peak for
QD:ZnttbIPc-linked suggests the presence of a change in the molec-
ular structure as a result of bond formation between the QDs and

TCSPC fluorescence data of QDs alone and QDs in QD:ZnttbIPc-mixed and QD:ZnttbIPc-linked obtained in DMF:water (4:1, v/v).

Compound Relative A; Te1 (ns) (£0.5) Relative A, Tr2 (ns) (£0.3)
CdTe MPA QD 0.57 (0.612) 26.4(26.3?) 0.43(0.39?) 34(43?)
QD:ZnttbIPc-mixed 0.57 28.6 0.43 32
QD:ZnttbIPc-linked 0.21 9.6 0.79 1.7

2 Data obtained for CdTe MPA QDs alone in 0.1 M NaOH solution.
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Fig. 3. X-ray diffractogram of mercaptopropionic acid stabilized CdTe quantum
dots.

ZnttbIPc. Also apparent is the substantial decrease in intensity of
the peak due to the QDs at ~3235cm~! (Fig. 4B(a)) in both the
mixed and linked conjugates. The peaks at ~1600 cm~"! in both the
QDs and ZnttbIPc also appear reduced in both conjugates.
Absorption spectra were used for further characterization of the
mixed and linked species in the DMF:water solvent mixture (Fig. 5).
This solvent mixture allows for solubilization of the quantum dots
while maintaining the phthalocyanine in its monomeric form. A
split (due to unsymmetrical nature of the complex) Q-band with
peaks at 707 and 666 nm characteristic of ZnttbIPc [30,31] was
observed. Interestingly there was a shift in the low energy compo-
nent of the Q-band of QD:ZnttbIPc-mixed (Fig. 5¢) towards higher
energies (707-695 nm). This is indicative of non-specific binding
of the MPcs onto the surface of QDs. No significant shift in the
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Fig. 4. (A) FTIR spectra of (a) CdTe MPA QDs alone, (b) ZnttbIPc alone, (c)
QD:ZnttbIPc-mixed and (d) QD:ZnttbIPc-linked. (B) Raman spectra of (a) CdTe MPA
QDs alone, (b) ZnttbIPc alone, (c) QD:ZnttbIPc-mixed and (d) QD:ZnttbIPc-linked.
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Fig. 5. Ground state electronic absorption spectra of (a) CdTe MPA QDs alone,
(b) ZnttbIPc alone, (c) QD:ZnttbIPc-mixed and (d) QD:ZnttbIPc-linked in 4:1 (v/v)
DMF:water solution.

Q-band of ZnttbIPc was observed on introduction of the QDs for
the linked form. This difference in spectra between the linked and
mixed is an indirect way of confirming the linkage. There was an
increase in the absorption in the 500 nm region for QD:ZnttbIPc-
linked and QD:ZnttbIPc-mixed due to the presence of QDs. The
QD:ZnttbIPc-linked shows lower absorption in the 500 nm region
than QD:ZnttbIPc-mixed, due to different amounts of QDs in the
two. For the mixture (QD:ZnttbIPc-mixed), the interaction is prob-
ably in the form of adsorption.

Fluorescence in unsymmetrical phthalocyanine complexes such
as ZnttbIPc occurs from the lowest energy vibrational band (vg) of
S1 (i.e. a transition from one energy level), resulting in one fluores-
cence peak [14,55] as shown in Fig. 6.

3.2. Fluorescence quantum yields and lifetimes

Fluorescence quantum yields (Prqps)) of CdTe MPA QDs were
calculated using Eq. (2) and are in Table 2. The fluorescence quan-
tum yields of QDs in the mixture (QD:ZnttbIPc-mixed) and linked
forms (QD:ZnttbIPc-linked) are reduced relative to @ values of the
QDs alone, suggesting that the interaction with ZnttbIPc results in
a quenching of the QD fluorescence. This is a regular occurrence
for QDs in the presence of phthalocyanine units [8,9,22-24] and
the quenching has been attributed to the transfer of energy from
donor QDs to phthalocyanine acceptor molecules. This results in
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Fig. 6. Normalized (a) ground state absorption spectrum of ZnttbIPc and fluores-
cence emission spectra of (b) ZnttbIPc and (¢) CdTe MPA QDs in 4:1 (v/v) DMF:water
solution (Aexc =510 nm).
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Table 2

Fluorescence quantum yields and photophysical parameters of ZnttbIPc in the presence of QDs in DMF:water (4:1, v/v).

Compound Phiony ™! (£0.08) hexc=510nm  BEIIE! (£0.03) hexc =666 nm  BYRF/UIE (£0.01) Aexc =666 nm o Tomped (us)
QD:ZnttbIPc-mixed  0.04 (0.09%) 0.81(0.77%) 0.53 (0.45) 0.15(0.15")  15(70P)
QD:ZnttbIPc-linked ~ 0.02 (0.09%) 0.73 (0.77°) 0.48¢ (0.45) 026(0.15°)  48(70P)

2 @ of CdTe MPA QDs alone in DMF:water (4:1, v/v) are shown in brackets.
b Data pertaining to ZnttbIPc alone. @r of ZnttbIPc alone = 0.08 in DMF:water.
¢ Value estimated as described in text.

a lowering of QD fluorescence intensity, in either a QD:ZnttbIPc-
mixed or QD:ZnttbIPc-linked species, and therefore a reduction in
fluorescence quantum yields of the QDs. Non-radiative (NR) decay
processes may also be used to account for the decline in @f values.
The fluorescence quantum yield of ZnttbIPc (@pz,pc)) was calcu-
lated to be 0.08 which is the same as the value determined in DMF
alone [31], hence showing no influence from the presence of water.
The ®Pgz,pc) were not determined in the presence of QDs (linked or
mixed), since excitation of the ZnttbIPc without exciting the QDs
was not possible due to the broad absorption of the QDs.

Fluorescence lifetimes (7f) were determined for the QDs alone
in NaOH and the 4:1 (v/v) DMF:water mixture as well as for the
QD:ZnttbIPc-mixed and QD:ZnttbIPc-linked conjugates. The data
obtained is shown in Table 1, which indicates that there is not
much influence of a change in solvent with respect to the life-
times (for the longer lifetimes in particular), of the QDs in NaOH
(tp.1 =26.3ns and tr5=4.3ns) and DMF:water (tg.1 =26.4ns and
Tr2 =3.4ns). The presence of biexponential decay kinetics is a com-
mon occurrence for QDs. Where, the literature suggests that the
short lifetime component may be attributed to the intrinsic recom-
bination of initially populated core states [56-58]. The origin of the
longer lifetime component may be due to the involvement of sur-
face states in the carrier recombination process [59]. The increase
in radiative lifetime as a result of trapping of carrier states, by sur-
face states, is a well established feature [57]. Therefore, it seems
plausible that this may account for the data we have obtained,
particularly since this long lifetime component is quenched to a
larger degree on attachment of ZnttbIPc (Table 1). However, other
researchers contradict this theory and suggest the faster decay
component may rather be attributed to the surface states [50,60].
The difference in the short lifetime component that we obtained,
under the influence of different solvents, may also support this the-
ory, since a change in the solvent may exert more influence on the
surface state properties of the QDs as opposed to the core. There-
fore at this stage we cannot boldly make assignments with respect
to the origin of the short and long lifetime components. Despite
the quenching of the steady state fluorescence signal, there is not
much change for the QD:ZnttbIPc-mixed conjugate (71 =28.6ns
and 13 =3.2ns), for which we expect slightly faster relaxation
times. In this case, there may be numerous QD-Pc interactions,
due torandom distribution of donor-acceptor (QD-Pc) separations,
owing to the lack of a formal bond. Hence, the presence of numerous
acceptors (Pcs) at more than one distance results in more complex
decays which cannot be resolved by our system [32,61]. As a result,
the signal is dominated by the free QDs due to the poor interac-
tion. However, the linked conjugate (QD:ZnttbIPc-linked), shows
faster decay components which can be explained by the presence
of a distinct bond between the QDs and Pc, which enable better
interaction between the two and results in extensively quenched
lifetimes (Table 1), which is a clear indication of energy trans-
fer.

In order to evaluate the type of QD quenching by ZnttbIPc
in QD:ZnttbIPc-mixed complexes, the time resolved fluorescence
decay curves were recorded for different molar ratios of ZnttbIPc
to mixed QDs, starting from 0.5:1 to 32:1 (Pc:QD), following the lit-
erature methods [62]. There was no change in the decay time with

increase in the molar ratio of Pc:QDs, confirming static quenching
of QD fluorescence by ZnttbIPc [32].

3.3. Forster resonance energy transfer (FRET) studies

The spectral overlap between the fluorescence emission of the
QDs with the absorption spectrum of ZnttbIPc is shown in Fig. 6.
The QDs in the mixture (QD:ZnttbIPc-mixed) and the linked form
(QD:ZnttblIPc-linked) were excited at 510 nm, where ZnttbIPc does
not absorb, and this resulted in a large decline of the QD fluores-
cence emission accompanied by stimulated fluorescence emission
of ZnttbIPc at ~720 nm (Figs. 7b and 8b). This increase in fluores-
cence emission for ZnttbIPc in the presence of the MPA capped QDs
implies transfer of energy, via FRET, from QDs to ZnttbIPc. Although
there is stimulated emission for ZnttbIPc in the linked conjugate
(QD:ZnttbIPc-linked), the extent of this emission is reduced in com-
parison to the mixed species. This may be attributed to the relative
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Fig. 7. Fluorescence emission spectra of (a) CdTe MPA QDs alone, (b) QD:ZnttbIPc-
mixed and (c¢) ZnttbIPc alone in 4:1 (v/v) DMF:water solution (Aexc =510 nm).
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Fig. 8. (a) CdTe MPA QDs alone, (b) QD:ZnttbIPc-linked and (c) ZnttbIPc alone in 4:1
v/v DMF:water solution (Aexc =510 nm).
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Fig. 9. 10, decay curve (with fit) for ZnttbIPc DMF-water (4:1, v/v).

concentrations of ZnttbIPc and QDs present in solution. This makes
any comparisons with the mixed species difficult. No significant
emission was observed for ZnttbIPc alone on excitation at 510 nm
(Figs. 8c and 9c). The presence of a second broad band at ~680 nm
in the emission spectra of QDs, for both the mixed and linked con-
jugates may be attributed to exposure of surface defects at the QD
surface which results in radiative recombination as a result of con-
jugation [12,63,64]. This may also contribute to the reduction in QD
fluorescence intensity [65].

The efficiency with which FRET occurs is known to be dependent
on several parameters, namely the spectral overlap (J), the value
of which is shown in Table 3 is estimated by the overlap of the
QD emission and ZnttbIPc absorption (Fig. 6). The value obtained
for the mixed (QD:ZnttbIPc-mixed or linked) is quite large but
lies within the expected range found for interactions with other
phthalocyanine molecules [22-24]. A large ] value is an indication
of good spectral overlap and thus enhanced FRET efficiency. The
Forster distance, Rg (A) is the critical distance between the donor
and acceptor molecules for which energy transfer is 50% [51] is also
shown in Table 3. The center-to-center separation distance, r (A),
between donor and acceptor were 44.08 and 34.70 A, for the mixed
and linked respectively. The steady state FRET efficiencies shown
in Table 3 reflect relatively high transfer efficiencies i.e. 0.52 and
0.82 for the mixed and linked respectively. It appears that the large
J values in combination with the small values of r result in ease of
energy transfer and thus the high transfer efficiencies reflected in
Table 3. The efficiency determined for QD:ZnttbIPc-mixed is lower
than for QD:ZnttbIPc-linked. In the mixed conjugate, interactions
between the QD and Pc occur only through Van der Waals interac-
tions. Therefore energy transfer occurs only through space resulting
in lower transfer efficiencies. Similar behavior has been observed
for the interaction between SiPcs bearing methyl and tert-butyl
axial ligands and CdSe QDs [28]. The higher efficiency determined
for QD:ZnttbIPc-linked suggests the amide linkage brings the donor
MPA capped QDs and the acceptor ZnttbIPc into closer proximity
(smaller r than for QD:ZnttbIPc-mixed), resulting in better spectral
overlap between the QD emission and Pc absorption and increased
interaction, which thus facilitates better FRET. However it is also
feasible that the FRET efficiency observed for the linked species

Table 3
Energy transfer parameters for QD:ZnttbIPc-mixed and QD:ZnttbIPc-linked inter-
actions in DMF:water (4:1, v/v).

Compound J(x107B3em®) Ry (x1079m) r(x1079m) Effs
QD:ZnttbIPc-mixed  6.40 44.68 44.08 0.52
QD:ZnttbIPc-linked  6.40 44.68 34.70 0.82

also comprises non-radiative processes, due to the strong involve-
ment of surface states that may deactivate the QD fluorophores.
Thus the data obtained may not be a true reflection of FRET alone.
Efficiencies determined, for QD:ZnttbIPc-linked, by steady state flu-
orescence and TCSPC, Eq. (9), were similar at 0.82 (by steady state
fluorescence, Table 3) and 0.80 (by TCSPC), hence showing the com-
patibility of the two techniques.

3.4. Triplet quantum yields (@) and lifetime (t7) studies

Triplet quantum yields (&) are determined to give a measure
of the fraction of absorbing molecules that undergo intersystem
crossing (ISC) to populate the triplet state (&r). The triplet quan-
tum yields of ZnttbIPc in the presence of QDs (mixed or linked) are
shown in Table 2. An increase in @7 {from 0.77 (for ZbttbIPc alone)
to 0.81 (for QD:ZnttbIPc-mixed)} was observed on introduction of
the QDs. The increase is slight but significant within experimental
error. The increase may be attributed to the presence of heavy Cd
and Te atoms, which encourage ISC i.e. the heavy atom effect. The
increase in triplet yield in the presence of QDs has been observed
before [22-24]. QD:ZnttbIPc-linked gave a slightly lower yield of
0.73.This may be inrelation to a lower ratio of phthalocyanine units
to QDs as opposed to what may be present in the mixed species.
The triplet lifetimes for the QD:ZnttbIPc-mixed decreased, Table 2,
corresponding to the increase in the @7 value. The triplet lifetimes
also decreased for the QD:ZnttbIPc-linked in Table 1.

There is an increase in @c value for QD:ZnttbIPc-linked
(@1c=0.26) compared to that for ZnttbIPc alone (®;c =0.15), while
for the mixed complex (QD:ZnttbIPc-mixed) there is no change in
@|c value (=0.15), this suggests that ZnttbIPc molecules become
more deactivated through internal conversion as a result of linking
to the CdTe MPA QDs.

3.5. Singlet oxygen quantum yields

Singlet oxygen quantum yields were determined using Eq. (7),
with a decay curve shown in Fig. 9. Excitation was at 666 nm where
ZnttbIPc absorbs. In the presence of CdTe MPA QDs (QD:ZnttbIPc-
mixed) the singlet oxygen quantum yields were found to increase
slightly, suggesting that the QDs enhance the transfer of energy
from the triplet excited state of ZnttbIPc to ground state molecular
0,.In general, QDs alone do not produce significant amounts of 10,
(1%) [66]. However they exert some influence on the singlet oxy-
gen generating capabilities of this ZnttbIPc. The efficiency of singlet
oxygen generation is dependent on the amount of molecules that
populate the triplet state i.e. triplet quantum yield (&7) and their
lifetime in this state (triplet lifetime, 77). High triplet yields and
long lifetimes encourage increased molecular interactions between
the triplet state of the photosensitizer (ZnttbIPc) and ground state
oxygen resulting in higher singlet oxygen yields. Therefore the
higher @, for QD:ZnttbIPc-mixed relative to ZnttbIPc alone may
be in response to higher population of the triplet state, as dis-
cussed above, from which energy is readily transferred to ground
state molecular oxygen with high efficiency. The @ value for the
QD:ZnttbIPc-linked was not determined since the signal was very
weak, most likely due to low concentrations of ZnttbIPc in the
linked complex.

The efficiency of generation of singlet oxygen is represented by
Sa = @A [Prand the value for ZnttbIPc alone is S5 = 0.58 and that for
the QD:ZnttbIPc-mixed is Sp =0.65. Assuming that the efficiency
of singlet oxygen generation does not change much between the
linked and the mixed complexes, an estimated value of @, =0.48
for QD:ZnttbIPc-linked. This is a rough estimation, but it is reason-
able since energy transfer efficiency is mainly dependent on MPc
triplet state energy and the triplet excited state quantum yields and
lifetime of the MPc.
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4. Conclusions

Spectroscopic studies have been used to determine the success-
ful linkage of CdTe MPA QDs to a low symmetry phthalocyanine,
ZnttbIPc. Fluorescence spectra gave evidence of FRET in both the
mixed and linked QD-Pc conjugates. The presence of QDs was
found to improve the photophysicochemical properties of Znt-
tbIPc, with the mixed species, QD:ZnttbIPc-mixed giving favourable
triplet quantum yields (@7) and singlet oxygen quantum yields
(@A). The fluorescence lifetimes of the QDs in the mixed conju-
gate remained unchanged while that of QD:ZnttbIPc-linked showed
faster decay times. The linked complex QD:ZnttbIPc-linked gave
the largest FRET efficiency, hence showing that linking enhances
FRET.
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