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ABSTRACT

This work reports on the synthesis of several novel water soluble metallophthalocyanines containing
Zn%*, In3*, Ga3* or Si** as central metal ions and tetra substituted with mercaptoacetic acid and mer-
captopropionic acid. The complexes were characterized using infra red, nuclear magnetic resonance and
mass spectroscopies as well as elemental analysis. All the complexes are water soluble but the majority
are highly aggregated in water and organic solvents. The complex containing Zn as a central metal and
mercaptopropionic acid as a substituent was not aggregated allowing for the determination of photo-
physical parameters. This complex had triplet state quantum yield of 0.61 in DMF and 0.88 in DMSO while
the fluorescence quantum yield was 0.13 in DMSO. The determination of photophysical properties of the
complex containing Zn as a central metal and mercaptopropionic acid were carried out in the presence
of mercaptopropionic acid capped CdTe quantum dots. There is an increase in triplet state quantum yield
from 0.88 (for the phthalocyanine alone) to 0.94 (in the presence of CdTe quantum dots) in DMSO.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Metallophthalocyanines (MPcs) are versatile and highly stable
complexes. They have varied applications, but the use of these
complexes as photosensitizers for photodynamic therapy (PDT) of
cancer in medicine has gained momentum [1-5]. This is because
they show exceptional properties that contribute towards their
efficiency in cancer therapy [1-6].

The inclusion of closed shell metal ions (such as zinc, alu-
minium and silicon) in the cavity of the phthalocyanine (Pc) ring
results in complexes with desirable photophysical properties such
as high triplet state quantum yields and long triplet lifetimes [7,8].
These properties are a prerequisite for efficient photosensitization
in PDT. PDT involves favoured accumulation of the MPc at the
targeted tumour tissue followed by selective illumination of the
target area with near infrared light. The red light is able to pene-
trate the skin and cause excitation of the MPc in the tumour tissue
[9-11].

In the event that the photosensitizer molecules reach the triplet
state through intersystem crossing they may transfer their triplet
state energy to nearby ground state oxygen resulting in excited and

* Corresponding author. Tel.: +27 46 6038260; fax: +27 46 6225109.
E-mail address: t.nyokong@ru.ac.za (T. Nyokong).

1010-6030/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.jphotochem.2010.12.009

highly reactive singlet oxygen species which is responsible for the
necrosis of the tumour tissue [1-3]. Although water soluble MPcs
tend to be aggregated in aqueous media they are favoured for PDT
purposes because they can easily be administered into the blood
stream.

Advances in cancer therapy have led to the exploitation of imag-
ing and tagging tools. Semiconductor nanoparticles are rapidly
gaining recognition in this regard. These nanoparticles also known
as quantum dots (QDs) possess excellent size tuneable optical
properties, high photostability and high photoluminescence quan-
tum yields [12,13]. It is for these reasons that the use of QDs
in PDT for imaging purposes has escalated [14,15]. When the
fluorophores of QDs are in close proximity to the acceptor (photo-
sensitizer) molecule fluorophores and under condusive conditions,
non-radiative transfer of energy from the donor (QDs) to the accep-
tor molecules may take place. This transfer of energy is referred to
as Forster resonance energy transfer (FRET) [16-19].

Our group has recently [20] reported on FRET between octa car-
boxy phthalocyanines (which are negatively charged) and quantum
dots (also negatively charged) where it was found that an efficient
energy transfer process from the latter to the former occurred. We
have also observed that positively charged ZnPc containing sulfur
linkages did not show FRET, while those containing oxygen bridges
showed FRET [21]. Positively charged zinc porphyrazine underwent
reduction in the presence of QDs [22]. In this work we study the
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Scheme 1. Synthetic route of mercaptoacetic acid and mercaptopropanoic acid tetra substituted metallophthalocyanine complexes.

behaviour of negatively charged ZnPcs containing sulfur linkages in
the presence of QDs. MPc complexes containing carboxylic groups
and also bridged with sulfur groups are rare [23], hence this work
presents the synthesis of new water soluble and tetra peripher-
ally substituted Pcs with Zn2*, Ga3*, In3* and Si** as central metal
ions with mercaptoacetic acid (a) and mercaptopropionic acid (b)
substituents respectively (complexes 3-6, Scheme 1).

2. Experimental
2.1. Materials

2-Mercaptopropionic acid (MPA) 98%, zinc acetate dihydrate,
4-nitrophthalic acid, 1-pentanol, ZnPc, and zinc tetrasulfophthalo-
cyanine (ZnTSPc) were obtained from Sigma-Aldrich. Potassium
carbonate, ethanol, diethylether, acetone, gallium chloride, indium
chloride, chlorotrimethylsilane, tetrahydrofuran (THF) and sodium
hydroxide were obtained from Saarchem. Dimethyl sulphox-
ide (DMSO), anthracene-9,10-bis-methylmalonate (ADMA) and
1,8-diazabicyclo[5,4,0]Jundec-7-ene (DBU) were obtained from
Fluka. Ultra pure water was obtained from a Milli-Q Water Sys-
tem (Millipore Corp., Bedford, MA, USA). The surfactant Triton
X-100 (Aldrich) was employed in order to reduce the aggre-
gated nature of the phthalocyanine complexes in aqueous media.
3-Mercaptopropionic acid (MPA) capped CdTe QDs (MPA-CdTe
QDs) were synthesized, purified and characterized according to the
literature [24,25]. The size of MPA-CdTe QDs used in this work is
4.1 nm. For FRET studies (for 3b) an ethanol: 0.01 M NaOH (1:1)
solvent mixture was employed to monomerize the complex. The
rest of the complexes could not be monomerized by this solvent
mixture.

2.2. Synthesis

2.2.1. ZnPc derivatives

2.2.1.1.  4-(2-Mercaptoacetic acid) phthalonitrile (2a, Scheme 1).
2-Mercaptoacetic acid (1.93 g, 21 mmol) and 4-nitrophthalonitrile
(3.63 g, 21 mmol) were dissolved in DMF (80 mL) under a stream of
nitrogen and the mixture stirred at room temperature for 15 min.
Thereafter, finely ground K,CO3 (4.5g, 33 mmol) was added por-
tion wise over a period of 4 h and the reaction mixture left to stir

for a further 72 h at room temperature. The mixture was then added
to diethyl ether (150 mL) and stirred for 15 min. The resulting pre-
cipitate was filtered off, thoroughly washed with diethyl ether and
acetone, dried and recrystallized from an ethanol:chloroform mix-
ture (5:1). Yield: 10.1g (93%). IR [(KBr) vmax/cm~1]: 3397 (vcoon),
2222 (ve=n), 1641-1603 (ve=c), 1448-1381 (vc_on), 1310-1113
(vc_o), 910-827 (vc_s_c). 'H NMR (600 MHz), DMSO-dg § ppm:
10.01 (m, 1H, Carboxyl-H), 7.92 (d, 1H, Ar-H), 7.89 (d, 1H, Ar-H),
7.66 (dd, 1H, Ar-H), 3.71 (m, 2H, methine-H).

2.2.1.2. 4-(2-Mercaptopropionic acid) phthalonitrile (2b,
Scheme 1). The synthesis for 2b was the same as for 2a except
2-mercaptopropionic acid (2.2 g, 21 mmol) was employed instead
of 2-mercaptoacetic acid. The amounts of the reagents were
the same as for 2a. Yield: 10.7g (92%). IR [(KBr) vmax/cm~1]:
3324 (VCOOH)v 2263 (VCEN): 1664-1582 (Vc:c), 1455-1380 (UC_QH),
1331-1274 (vc_o0) 880-803 (vc_s_c). 'H NMR (600 MHz), DMSO-dg
S ppm: 9.91(s, 1H, Carboxyl-H), 7.98 (d, 1H, Ar-H), 7.71 (dd, 1H,
Ar-H), 7.64 (d, 1H, Ar-H), 3.41 (m, 2H, methine-H), 3.21 (m, 2H,
methine-H).

2.2.1.3. 2,(3)-[Tetra-(mercaptoacetic acid phthalocyaninato) zinc(1l)]
(3a, Scheme 1). A mixture of anhydrous zinc(Il) acetate (0.51g,
2.8 mmol), 4-(mercaptoacetic acid) phthalonitrile (2a) (0.50g,
2.34mmol), DBU (0.55mL, 4mmol) and pentanol (15mL) was
stirred at 160°C for 5h. After cooling, the solution was mixed
with n-hexane. The green solid product was precipitated and col-
lected by filtration and washed with n-hexane. The crude product
was purified with chloroform, acetone and ethanol. The phthalo-
cyanine was then dissolved in 5mL of 0.1 M NaOH solution and
precipitation of the product from solution was achieved with the
use of (100 mL) of 20% HCI solution and this was repeated several
times and the product was finally dissolved in THF and left to dry.
Yield: 0.019g (5%) UV/Vis (0.01 M NaOH): Amax (nm); 692, 628,
351. IR [(KBr) vmax/cm~1]: 3444 (vcoon), 1662 (ve=c), 1437-1407
(VC—OH)- 698 (l)c_s_c). TH NMR (600 MHz, DMSO-ds) ) ppm: 8.34
(m, 4H, Carboxyl-H), 7.84-7.06 (m, 8H, Ar-H), 6.88 (s, 4H, Ar-H),
4.25 (m, 8H, Methyl-H). Calc. for C49Hy4NgS405Zn: C, 51.20; H,
2.70; N, 12.61; S, 14.42. Found: C, 50.98; H, 2.99; N, 11.89; S,
13.61. MALDI-TOF-MS m/z: Calc.: 938.29. Found: 940.09 [M+2]* for
C40H24N85408Zn.
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2.2.14. 2,(3)-[Tetra-(mercaptoacetic acid phthalocyaninato) gal-
lium(IlI)](OH) (4a, Scheme 1). The method employed for synthesis
and purification of 4a was the same as the one used for 3a
except anhydrous gallium(III) chloride (0.49 g, 2.8 mmol) was used
as metal salt. The amounts of all the reagents were the same
as those used for 3a. Yield: 0.11g (20%) UV/Vis (0.01 M NaOH):
Amax (nm) (loge); 684, 640, 334. IR [(KBr) vmax/cm~1]: 3457
(VCOOH)- 1708 (Uczc), 1436-1407 (UC—OH)v 697 (Uc_s_c). TH NMR
(600 MHz, DMSO-dg) 6 ppm: 9.49 (m, 4H, Carboxyl-H), 8.18 (m,
8H, Ar-H), 6.87 (s, 4H, Ar-H), 4.22 (m, 8H, Methine-H). Calc. for
C40H24NgS408Ga-OH-3H,0: C, 50.07; H, 2.50; N, 11.68; S, 13.35.
Found: C, 49.85; H, 3.03; N, 12.25; S, 13.31. MALDI-TOF-MS m/z:
Calc.: 959.63. Found: 962.23 [M+2]* for C49H4NgS40gGa-OH.

2.2.1.5. 2,(3)-[Tetra-(mercaptoacetic acid phthalocyaninato)
indium(lll)J(OH) (5a, Scheme 1). The method employed for
synthesis and purification of 5a was the same as the one used for
3a except anhydrous indium(Ill)chloride (0.62 g, 2.8 mmol) was
used as metal salt. The amounts of all the reagents were the same
as those used for 3a. Yield: 0.065¢g (12%) UV/Vis (0.01 M NaOH):
Amax (nm); 689, 653, 349. IR [(KBr) vmax/cm~1]: 3451 (vcoon ), 1697
(ch:), 1436 (UC—OH)v 697 (Uc_s_c). TH NMR (600 MHz, DMSO-de)
& ppm: 9.32 (m, 4H, Carboxyl-H), 7.89 (m, 8H, Ar-H), 6.88 (s, 4H,
Ar-H), 4.33 (m, 8H, Methyl-H). Calc. for C49H24NgS40gIn-OH(THF):
C, 49.09; H, 2.99; N, 10.41; S, 11.91. Found: C, 49.17; H, 2.42; N,
9.86; S, 11.98. MALDI-TOF-MS m/z: Calc.: 1004.7. Found: 1006.19
[M+1 ]+ for C490H24NgS40gIn-OH.

2.2.1.6. 2,(3)-[Tetra-(mercaptoacetic acid phthalocyaninato) silicon
(IV)](OH)(Me) (6a, Scheme 1). The method employed for synthe-
sis and purification of 6a was the same as the one used for 3a
except chlorotrimethylsilane(IV) (0.38 g, 2.8 mmol) was used as
metal source. The amounts of all the reagents were the same
as those used for 3a. Yield: 0.05g (10%) UV/Vis (0.01 M NaOH):
Amax (nm); 685, 645, 340. IR [(KBr) vmax/cm~1]: 3459 (vcoou)
1709 (ve=c), 1436 (ve_on), 697 (ve_s_c ). TH NMR (600 MHz, DMSO-
de) 6 ppm: 8.02-7.78 (m, 4H, Carboxyl-H), 7.41-7.04 (m, 8H,
Ar-H), 6.93(m, 4H, Ar-H), 3.99-3.97 (m, 8H, Methine-H). Calc. for
CaoH4NgS40gSi-(OH)(Me): C, 51.38; H, 2.68; N, 11.99; S, 13.70.
Found: C, 52.51; H, 2.94; N, 10.74; S, 14.10. MALDI-TOF-MS m/z:
Calc.: 933.08. Found: 934.63 [M+2]* for C49H24NgS40gSi-(OH)(Me).

2.2.1.7. 2,(3)-[Tetra-(mercaptopropanoic acid phthalocyaninato)
zinc(1l)] (3b, Scheme 1). The method employed for synthesis of 3b
was the same as the one used for 3a except compound 2b was
employed instead of 2a. The amounts of all the reagents were
the same as those used for 3a. Yield: 0.38 g (72%) UV/Vis (0.01 M
NaOH:methanol): Amax (nm) (loge); 693 (3.98), 628 (3.64), 353
(4.11). IR [(KBr) vmax/cm~1]: 3452 (vcoon), 1709 (ve=c), 1436-1407
(vc_on), 697 (vc_s-c). 'H NMR (600 MHz, DMSO-dg) § ppm: 8.80
(m, 4H, Carboxyl-H), 8.01 (m, 8H, Ar-H), 6.87 (s, 4H, Ar-H), 2.65
(m, 16H, Methine-H). Calc. for C44H33NgS408Zn-3H,0: C, 50.40;
H, 3.62; N, 10.69; S, 12.21. Found: C, 50.54; H, 2.65; N, 10.04; S,
13.32. MALDI-TOF-MS m/z: Calc.: 994.44. Found: 995.3 [M+1]* for
C44H33NgS40gZn.

2.2.1.8. 2,(3)-[Tetra-(mercaptopropionic acid phthalocyaninato) gal-
lium(Il1)](OH) (4b, Scheme 1). The method employed for synthesis
of 4b was the same as the one used for 3a except anhydrous gal-
lium(IIl) chloride (0.49 g, 2.8 mmol) was used as metal salt, and
compound 2b was employed instead of 2a. The amounts of all
the other reagents were the same as those used for 3a. Yield:
0.017 g (5%) UV/Vis (0.01 M NaOH): Amax (nm); 687, 650, 345. IR
[(I(Br) Uma)(/CITl71 ]Z 3449 (UCOOH)- 1709 (UC:C)' 1437-1407 (VC—OH ),
697 (vc_s—c). 'H NMR (600 MHz, DMSO-dg) 8 ppm: 7.99 (m, 4H,
Carboxyl-H), 7.72-7.53 (m, 8H, Ar-H), 6.86 (s, 4H, Ar-H), 2.92 (m,

16H, Methine-H). Calc. for C44H3,NgS403Ga-OH-2H,0: C, 50.24;
H, 3.45; N, 10.66; S, 12.19. Found: C, 50.68; H, 2.38; N, 10.28; S,
13.97. MALDI-TOF-MS m/z: Calc.: 1015.79. Found: 1016.23 [M]* for
C44H33NgS40g8Ga-OH.

2.2.1.9. 2,(3)-[Tetra-(mercaptopropionic acid phthalocyaninato)
indium(IIl)J(OH) (5b, Scheme 1). The method employed for synthe-
sis of 5b was the same as the one used for 3a except anhydrous
indium(IIl) chloride (0.62g, 2.8 mmol) was used as metal salt,
and compound 2b was employed instead of 2a. The amounts
of all the reagents were the same as those used for 3a. Yield:
0.015g (5%) UV/Vis (0.01M NaOH): Amax (nm); 689, 651. IR
[(I(Br) vmax/cm*]: 3450 (UCOOH)- 1709 (\)Czc), 1437 (VC—OH)- 697
(vc_s—c)- 'TH NMR (600 MHz, DMSO-dg) § ppm: 7.99-7.92 (m, 4H,
Carboxyl-H), 7.71-7.65 (d, 8H, Ar-H), 6.86 (s, 4H, Ar-H), 2.92 (m,
16H, Methine-H). Calc. for C44H3,NgS40gIn-OH-2H,0: C, 49.82; H,
3.14; N, 10.56; S, 12.09. Found: C, 48.26; H, 3.36; N, 10.24; S, 11.72.
MALDI-TOF-MS m/z: Calc.: 1060.89. Found: 1062.21 [M+1]* for
C44H33NgS40gIn-OH.

2.2.1.10. 2,(3)-[Tetra-(mercaptopropionic acid phthalocyaninato) sil-
icon(IV)](OH)(Me) (6b, Scheme 1). The method employed for
synthesis of 6b was the same as the one used for 3a except
chlorotrimethylsilane(IV) (0.39g, 2.8 mmol) was used as metal
source, and compound 2b was employed instead of 2a. The amounts
of all the reagents were the same as those used for 3a. Yield:
0.11g (19.4%) UV/Vis (0.01 M NaOH): Amax (nm); 692, 644, 345.
IR [(KBI') vmax/cm*1]: 3445 (VCOOH)v 1707 (Uc:c), 1437 (VC—OH)-
698 (vc_s_c). 'H NMR (600 MHz, DMSO-dg) 8 ppm: 7.52 (m, 4H,
Carboxyl-H), 7.18-7.08 (m, 8H, Ar-H), 7.00 (s, 4H, Ar-H), 4.05
(m, 16H, Methine-H). Calc. for C44H3,NgS40gSi-(OH)(Me)-2H,0: C,
51.55; H, 3.54; N, 10.93; S, 12.51. Found: C, 52.64; H, 3.66; N, 9.71;
S, 13.10. MALDI-TOF-MS m/z: Calc.: 989.18. Found: 990.61 [M+1]*
for C44H32N85408Si-(0H)(Me).

2.3. Photophysical and photochemical studies

2.3.1. Fluorescence and triplet state quantum yield
determinations

Fluorescence quantum yields (®f) were determined by a com-
parative method [26] using Eq. (1):

F 'AStd . n2
2
Fsia - A-ngy

Pr = Pp(std) (M

where F and Fs;q are the areas under the fluorescence curves of
the MPc derivatives and the reference, respectively. A and Agyq
are the absorbances of the sample and reference at the excitation
wavelength, and n and ns are the refractive indices of solvents
used for the sample and standard, respectively. ZnPc in DMSO was
used as a standard, @r=0.20 [27] for the determination of flu-
orescence quantum yields of the MPc complexes in DMSO. The
fluorescence quantum yields (@) of the phthalocyanine complexes
are represented as @ vipc) (Where MPc represents complexes 3-6).
Rhodamine 6G in ethanol with @ =0.94 was employed as the stan-
dard for the quantum dots [28,29]. The sample and the standard
were both excited at the same relevant wavelength. The fluores-
cence quantum yields of the QDs are represented as ®gqp) Where
QD represents MPA capped CdTe QDs. The fluorescence quantum
yield values of the QDs were employed in determining their fluo-
rescence quantum yields in the mixture (®MiX_ ) with complex 3b

F(QD)
(the only complex not affected by aggregation), Eq. (2):

Mix
F, D

PMix  _ p Ql 2
F(QD) F(QD) Fop (2)
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where @gqp) is the fluorescence quantum yield of the QDs alone,
and was used as standard, Fg'[i)x is the fluorescence intensity of QDs
in the mixture (with 3b) when excited at the excitation wavelength
of the QDs (500 nm) and Fqp is the fluorescence intensity of the QD
alone at the same excitation wavelength.

Triplet state quantum yields were determined using a compar-
ative method [30], using Eq. (3):
AASample . SStd
qj?_ample — @?td T T (3)

Std Sample
AAYC - g7

where AA;E"“ple and AAS' are the changes in the triplet state
absorbance of complex 3b (the only un-aggregated complex)
derivative and the standard, respectively. siample and &3 are
the triplet state extinction coefficients for 3b and the standard,
respectively. @%td isthe triplet state quantum yield for zinc tetrasul-
fophthalocyanine (ZnTSPc) used as standard in aqueous solution,
@3t = 0.56 [31] and ZnPc as standard, ®3'¢ = 0.65 [32] in DMSO
and ZnPc @?.td = 0.58 [33] in DMF. The triplet state quantum yields
of 3b were also determined in the mixture of QDs and are repre-
sented as dj’ll\‘/éizxnpc) and the corresponding triplet lifetimes as r%’(“z’; Po)-
Quantumyields of internal conversion (@,c) were obtained from
Eq. (4). This equation assumes that only three processes (fluo-
rescence, intersystem crossing and internal conversion), jointly
deactivate the excited singlet state of the ZnPc derivatives.

Pic =1—(Pr + Pr) (4)

2.3.2. Singlet oxygen quantum yields

The singlet oxygen quantum yield (& 4 ) determinations for 3b
were carried out using an experimental set-up that is described
in detail elsewhere [34]. In this work @ 4 values were determined
using DPBF as a singlet oxygen quencher in organic media [35] and
ADMA in aqueous media, employing Eq. (5) for calculations of the
@ 4 values:

Std
_ HStd Wopsr 'Iabs

A wstd

Dp
bpBE  labs

(5)

where (DSAtd is the singlet oxygen quantum yield for the standard,
nPc =0.67in ,ZnPc =0.56in an
ZnPc @54 = 0.67 in DMSO [36], ZnPc @5i¢ = 0.56 in DMF [37] and

ZnPcSmix @514 = 0.45 in aqueous media [38]. Wpppr and W3k are
the DPBF photobleaching rates in the presence of the ZnPc deriva-
tive under investigation and the respective standards. I,;s and Igtt]‘;
are the rates of light absorption by the ZnPc derivatives and the
standard, respectively. The initial DPBF (or ADMA) concentrations
used were kept the same for both the ZnPc derivatives and the
respective standards.

The values of the fraction of the excited triplet state quenched by
ground state molecular oxygen (S 4 ) were determined by employ-
ing Eq. (6):

Du
Sa= By (6)

2.4. Determination of FRET parameters

Forster resonance energy transfer (FRET) is a non-radiative
energy transfer from a photoexcited donor fluorophore, to an
acceptor fluorophore of a different species which is in close
proximity. This energy transfer is mainly dependent on: the center-
to-center separation distance between donor and acceptor (r), the
degree of spectral overlap of the donor’s fluorescence emission
spectrum and the acceptor’s absorption spectrum (J) and the ori-
entation of the donor and acceptor transition dipoles [16,29]. The
occurrence of FRET is evidenced by a decrease of the donor photoe-
mission accompanied by an increase in the acceptor’s fluorescence.

The FRET efficiency (Eff) is determined experimentally from the flu-
orescence quantum yields of the donor in the absence (®gqp)) and

presence (@2’(%‘]3)) of the acceptor using Eq. (7) [16,29]:

@Mix
Eff= 1 — 1 (7)
Pr(qp)
The FRET efficiency was also determined using average fluores-
cence lifetimes of the donor (MPA QDs) in the presence of (tpa)
and the absence (7p) of the acceptor (3b) using Eq. (8):

Eff=1— DA (8)
(%))

The efficiency of energy transfer (Eff) is related to r (A) by Eq. (9)

[29]:

6
RO

Eff = ——
RS +16

9)

where Ry (the Forster distance, A) is the critical distance between
the donor and acceptor fluorophores at which the efficiency of
energy transfer is 50%. Ry depends on the quantum yield of the
donor, Eq. (10) [29]:

RS = 8.8 x 102k2n 4 Pp(gpy (10)

where n is the refractive index of the medium; @& is the fluores-
cence quantum yield of the donor in the absence of the acceptor; Jis
the Férster overlap integral and «2 is the transition dipole orienta-
tion factor. In this case, it is assumed that «2 is 2/3. This assumption
is often made for donor-acceptor pairs in a liquid medium. FRET
parameters were computed using the program PhotochemCAD
[39]. ], the Forster overlap integral, is defined by Eq. (11):

I= /fQD()\)eZnPc(}\))\4 oA (11)

where fgp is the normalized QD emission spectrum; &zupc is the
molar extinction coefficient of the ZnPc derivative; and A is the
wavelength of the acceptor (the Q band).

2.5. Equipment

Fluorescence excitation and emission spectra were recorded on
a Varian Eclipse spectrofluorimeter. UV-Vis spectra were recorded
on a Varian 500 UV-Vis/NIR spectrophotometer. IR data were
obtained by using the Perkin-Elmer spectrum 2000 FTIR spectrom-
eter. 'H NMR spectra were recorded using a Bruker AMX 400 MHz
spectrometer. Elemental analyses were carried out on a Vario ELIII
MicroCube CHNS Analyzer.

Fluorescence lifetimes were measured using a time correlated
single photon counting (TCSPC) setup (FluoTime 200, Picoquant
GmbH). The excitation source for MPA-CdTe QDs was a diode laser
(LDH-P-C-485 with 10 MHz repetition rate, 88 ps pulse width) and
the time resolved emission spectroscopy (TRES) measurements of
the MPc complexes were obtained using a different diode laser
(LDH-P-670 with PDL 800-B, Picoquant GmbH, 670 nm, 20 MHz
repetition rate, 44 ps pulse width) at steps of 4 nm. Fluorescence
was detected under the magic angle with a peltier cooled photo-
multiplier tube (PMT) (PMA-C 192-N-M, Picoquant) and integrated
electronics (PicoHarp 300E, Picoquant GmbH). A monochromator
with a spectral width of about 8 nm was used to select the required
emission 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 300 ps. The
ratio of stop to start pulses was kept low (below 0.05) to ensure
good statistics. All luminescence decay curves were measured at
the maximum of the emission peak. The data were analysed with
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the program FluoFit (Picoquant). The support plane approach was
used to estimate the errors of the decay times [29]. Mass spec-
tra data were collected with a Bruker AutoFLEX III Smartbeam
TOF/TOF Mass spectrometer. The instrument was operated in pos-
itive ion mode using an m/z range of 400-3000. The voltage of
the ion sources were set at 19 and 16.7 kV for ion sources 1 and
2, respectively, while the lens were set at 8.50kV. The reflector 1
and 2 voltages were set at 21 and 9.7 kV, respectively. The spectra
were acquired using dithranol as the MALDI matrix, using a 354 nm
Nd:YAG laser.

3. Results and discussion

The new complexes (3-6) were characterized by UV-Vis, IR,
NMR spectroscopies, MALDI-TOF mass spectra and elemental anal-
ysis. All the analyses are consistent with the expected results as
shown in Section 2. The complexes exhibited moderate solubility
in organic solvents such as DMF and DMSO as well as in aqueous
solution.

The mass spectra of the phthalocyanines were obtained by the
relatively soft ionization MALDI-TOF technique with the molecu-
lar ion peaks observed at m/z 940.09 (3a), 995.3 (3b), 962.23 (4a),
1016.23 (4b), 1006.19 (5a), 1062 (5b), 934. 63 (6a) and 990.61 for
6b as shown in Section 2. Hydroxyl as axial ligands are expected
due to the use of sodium hydroxide solution during the purification
process.

As expected the synthesis of the tetra substituted MPcs resulted
in the formation of four different isomers which are obtained in
an expected statistical mixture, however no attempt was made
to separate the isomer mixtures of the MPc complexes. The four
probable isomers can be designed by their molecular symmetry as
Cyp» Cov, Cs and Dyy,. The peripherally tetra-substituted compounds
always occur in the expected statistical mixture of 12.5% Cyp,-, 25%
Cov-, 50% Cs- and 12.5% Dyp-isomer [23]. The TH NMR spectra of
phthalocyanine derivatives (3-6) show complex patterns due to
the mixed isomer character of these compounds, and due to aggre-
gation. However, the complexes were found to be pure by 'H NMR
with all the substituents and ring protons observed in their respec-
tive regions. Due to the broad nature of the 'H NMR spectra, signals
due to axial ligands (for complexes 4-6, containing axial ligands)
were not observed. Hydrogen bonding will also affect the 'H NMR
spectra since the MPc complexes have substituents with terminal
carboxyl moieties and complexes 4-6 have hydroxyl axial ligands.
However, mass spectra and elemental analyses confirmed the for-
mation of the complexes. Due to aggregation, the determination of
extinction coefficients was only done for complex 3b.

3.1. Absorption and emission spectra

The UV-Vis spectra of the MPc complexes with the respective
mercaptoacetic acid and mercaptopropionic acid substituents in
DMSO are shown in Fig. 1(a) and (b). The spectral data are listed in
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— 6a
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0.5 1

350 450 550 650 750
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11 b —3b
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0.51

350 450 550 650 750
Wavelength (nm)

Fig. 1. Absorbance spectra of 3a, 4a, 5a and 6a in (a) and of 3b, 4b, 5b and 6b in (b)
(in DMSO).

Table 1. The nature of the spectrain a (1:1) ethanol: 0.01 M NaOH
solvent mixture are shown in Fig. 2 (a) and (b). The phthalocya-
nines are generally highly aggregated in both DMSO and aqueous
media. Aggregation is usually depicted as a coplanar association of
rings progressing from monomer to dimer and higher order com-
plexes. Generally, the aggregates described in literature exhibit
blue-shifted spectra with an absorption band near 630 nm, the so-
called “H” aggregates [40]. Aggregation mainly occurs in aqueous
media and addition of organic solvents or surfactants usually breaks
up the aggregates. Fig. 1 shows that except for 3b, all complexes are
aggregated in DMSO. In aqueous media, Fig. 2, addition of ethanol
breaks the aggregation only for the 3b derivative (Fig. 2(b)), but
the rest of the MPcs remain highly aggregated even upon addition
of Triton X-100 (surfactant). As stated above, it is probable that the
aggregation observed includes effects from hydrogen bonding since
the MPc complexes have substituents with terminal carboxyl moi-
eties and some of the complexes also have hydroxyl axial ligands
(In3*, Ga3* and Si** complexes). The addition of organic solvents
or surfactants should normally break the aggregates, resulting in
monomeric species, however, the use of Triton X-100 and ethanol
for the aqueous MPc solutions did not break the aggregates. Addi-
tion of CdTe QDs to the aggregated phthalocyanine complexes did

Table 1
Absorbance and fluorescence data for MPc complexes in DMSO, unless stated otherwise. Excitation at 620 nm.
MPc Q band Amax (nm) Excitation Amax (nm) Emission Amax (Nnm) Prmpe)
3a 658,691,714 717 723 0.02
4a 654, 687, 709 714 721 0.04
5a 643, 680, 705 717 716 0.03
6a 641, 684, 708 708 713 0.02
3b 692 695 706 0.13
0.14 (DMF)
0.19 (ethanol:water)
4b 653, 686, 712 715 722 0.07
5b 655, 687,713 718 725 0.01
6b 652, 685,715 717 724 0.04
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Fig. 2. Absorbance spectra of 3a, 4a, 5a and 6a in (a) and of 3b, 4b, 5b and 6b in (b)
(in (1:1) ethanol:0.01 M NaOH solvent mixture).

not break the aggregates either, probably due to extensive hydro-
gen bonding. The absorbance, fluorescence emission and excitation
spectra of the ZnPc complexes (3a and 3b are shown in Figs. 3 and 4
in DMSO and a (1:1) ethanol:0.01 M NaOH solvent mixture, respec-
tively. Aggregates are not known to fluoresce in MPc complexes, the
observed broadening in the fluorescence spectrum of 3a (represen-
tative all the complexes except 3b) in DMSO (Fig. 3(a)) is probably
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Fig. 3. Absorbance (i), excitation (ii) and emission (iii) spectra of (a) 3a and (b) 3b
(in DMSO, Aexcitation =620 nm).
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Fig. 4. Absorbance (i), excitation (ii) and emission (iii) spectra of (a) 3a and (b) 3b
(in(1:1) ethanol:0.01 M NaOH solvent mixture, Aexcitation =620 nm).

due to the presence of isomers present in these tetra substituted
complexes. For 3b in DMSO, the emission spectrum is a mirror
image of the excitation spectrum and both are broadened compared
to the absorption spectrum. The emission of isomers will occur at
wavelengths very close to one another, resulting in broadening.
Apart from the broadening, the Q band maxima of the absorption
and excitation spectra were very close to each other suggesting that
nuclear configurations of the ground and excited states are similar
and not affected by excitation for 3b. Similar behaviour is observed
in the (1:1) ethanol:0.01 M NaOH solvent mixture, Fig. 4 (for 3b).
The stokes shift observed for the MPcs were found to be within the
range of those of MPc complexes [41].

The substituents employed both contain a terminal end with
a carboxyl moiety thereby conferring a negative charge on to the
MPc complexes that are reported on in this work. The QDs are also
capped with MPA stabilizer groups that terminate in carboxyl moi-
eties. The absorbance and emission spectra of the 4.1 nm QDs that
were used in this work are shown in Fig. 5, with a typical broad
absorption and narrow emission spectra. The absorbance spectra

——MPA QD abs 1.2
= MPA QDs ems
1.2 1
54 0.8 2
= =
= o D
§ 0.6 E
< 04 Z
0.4
0.2
0 F 0
500 600 700 800

Wavelength (nm)

Fig. 5. Absorbance (i), and emission (ii) spectra of MPA QDs (1 mg/1mL, in (1:1)
ethanol:0.01 M NaOH solvent mixture, Aexcitation =500 nm).
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Fig. 6. Absorbance of (i) 3b alone, (ii) MPA QDs alone and (iii) a mixture of 3b and
QDs. (in (1:1) ethanol:0.01 M NaOH solvent mixture).

Table 2
Fluorescence quantum yields of MPA QDs in the presence and absence of complex
3b. Excitation at 500 nm.

Solvent Praps) FM(gDS)
DMSO 0.32 0.19
DMF 0.21 0.10
ethanol:NaOH 0.22 0.15

of 3b in the absence and presence of QDs is shown in Fig. 6 in aque-
ous media. There is only a slight broadening in the Q band and an
increase in the intensity of the B band region due to absorption
of the QDs. The Q band maxima remain the same in the presence
and absence of QDs. The mode of interaction between the QDs and
complex 3b is most likely by adsorption.

3.2. Fluorescence parameters

3.2.1. Fluorescence quantum yields

Table 1 shows the fluorescence quantum yields (@f) obtained by
the use of equation 1. @ values are low for all complexes compared
to MPc complexes in general. The low @f values are due to the
highly aggregated nature of the complexes in solution. Complex
3b which was not aggregated gave a value typical of Pc complexes
[41] in different solvents, Table 1. For aggregated species, selection
rules entail a large reduction in the fluorescence quantumyield, due
to the increased rate of internal conversion from the first excited
singlet state.

@r values for quantum dots were 0.21, 0.22 and 0.32 in DMF,
ethanol:0.01 M NaOH and DMSO, respectively, Table 2. In the pres-
ence of complex 3b, the @ values for QDs decreased, due to FRET,
Table 2.

3.2.2. Fluorescence lifetimes

Fluorescence lifetime measurements were carried out and the
results are shown in Table 3. The fluorescence lifetime mea-
surements showed the QDs to exhibit a triexponential excitonic
emission decay in all the solvents used (DMSO, DMF and (1:1)

Table 3

Table 4
Fluorescence lifetimes from TRES measurements of complexes 3a-6a and 3b-6b in
DMSO.

Sample aty (ns) by ar, (ns) b,
3a 1.99 + 0.03 0.35 3.75 + 0.02 0.65
4a 2.27 + 0.02 0.77 4.59 + 0.04 0.23
5a 2.51 + 0.06 0.38 4.97 + 0.02 0.62
6a 1.95 £+ 0.05 0.34 4.74 + 0.02 0.66
3b 2.40 + 0.02 0.28 3.73 £ 0.04 0.72
4b 1.99 + 0.05 0.33 4.58 + 0.05 0.67
5b 1.87 £ 0.06 0.28 435 + 0.02 0.72
6b 2.09 + 0.02 0.49 3.85 + 0.02 0.51

2 Fluorescence lifetimes at MPc emission.
b o Denotes the amplitude fraction.

ethanol:0.01 M NaOH solvent mixture). Triexponential decay kinet-
ics (Table 3) are quite common for CdTe QDs [42]. Studies to
date have shown that the shorter lifetimes (fast decay component,
T3) are mostly attributed to the carrier recombination within the
core states but the much longer lifetimes (slow decay component,
71) usually involve carrier recombination processes in the surface
defects sites [43-45]. The intermediate fluorescence lifetime com-
ponent, (73), is a result of radiative electron-hole recombination
processes at the surface states [43]. There was a decrease for all
lifetimes of QDs in the presence of MPcs in all solvents. The average
amplitude weighted lifetimes (7,y) were calculated and are shown
in Table 3. The t,, values (of QDs alone or in the presence of com-
plex 3b)in DMSO were observed to be the lowest for all the solvents
used. The amplitude values («) give the abundance of species with
different lifetimes. «¢; values are higher for QDs alone than in the
presence of 3b in all solvents. In the ethanol: 0.01 M NaOH sol-
vent mixture, o7 (for quantum dots alone) was larger than oy or
a3 before addition of 3b. On addition of 3b, there is a decrease
in @7 and an increase in both o, and a3 in the aqueous solvent
mixture.

Time resolved emission spectroscopy (TRES) measurements
were also carried out and the results of the MPc lifetime mea-
surements are shown in Table 4. An example of TRES spectra is
shown in Fig. 7(a) for aggregated complexes (using complex 4b
as an example). The inset in Fig. 7(a) shows the emission spec-
tra of the monomeric (Fig. 7(a) inset (i)) and aggregated (Fig. 7(a)
inset (ii)) forms of the Pc, with the aggregated specie of the Pc
having shorter fluorescence lifetime t; whereas the monomeric
specie exhibits longer fluorescence lifetime 7. Almost all the MPcs
studied indicated the same trend where the monomeric specie
was in greater abundance except for 4a where the aggregated
specie was in greater abundance in solution. Thus the monomeric
specie corresponds to the emission peak with higher intensity
while the aggregated specie corresponds to the lower intensity
peak in Fig. 7(a) (inset). As can be observed from the inset, the
peak of higher intensity (monomeric specie at 722 nm)is also rather
red shifted from the peak of lower intensity (aggregated specie at
712 nm). A comparison of the inset with the steady state emission
spectrum of 4b in Fig. 7(b) shows that the emission spectrum of
monomeric specie shown in the inset (Fig. 7(a) inset (i)) lies at the

Fluorescence lifetime measurements from interactions between CdTe-MPA QDs and3b in DMSO, DMF and {(1:1) ethanol:0.01 M NaOH}.

b

b b,

Sample 211 (ns) o a1, (ns) o ar3 (ns) o3 Tav
MPA QDs (DMSO) 30.86 + 0.9 0.07 11.45 + 0.1 0.43 2.05 + 0.04 0.51 8.13
MPA QDs +3b (DMSO) 14.05 £ 0.1 0.03 2.41 + 0.05 0.03 0.02 + 0.001 0.95 0.51
MPA QDs (DMF) 32.57 £ 0.3 0.33 7.22 £0.1 0.46 1.72 £ 0.1 0.21 14.4
MPA QDs +3b (DMF) 9.02 £ 0.1 0.04 2.24 + 0.03 0.17 0.44 + 0.03 0.79 1.12
MPA QDs (EtOH:NaOH) 2431 +£ 0.2 0.63 17.58 £ 0.9 0.11 1.63 £ 0.1 0.26 17.68
MPA QDs +3b (EtOH:NaOH) 12.79 + 0.07 0.27 2.60 + 0.05 0.27 0.27 + 0.02 0.46 4.28

2 Fluorescence lifetimes at MPA-QD emission.
b o Denotes the amplitude fraction.
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Fig. 7. (a)TRES Photoluminescence decay curves of 4b in DMSO (Aexcitation = 722 nim,
measurements taken at the maximum of the exciton emission peak, 7. =4.58 ns): (i)
long-lived species and (ii) short-lived species; and (b) steady state emission spectra
of 4b.

same wavelength as the emission maxima of the complex in steady
state emission (722 nm as shown in Table 1).

3.2.3. FRET studies

FRET was observed between the CdTe MPA capped QDs of the
size 4.1nm and 3b for the mixed in DMSO, DMF and in (1:1)
ethanol:0.01 M NaOH solvent mixture. A good spectral overlap was
observed between the donor (QD) emission spectra and the accep-
tor (3b) absorbance spectra and the overlap achieved in aqueous
media as an example is shown in Fig. 8. The QDs were excited at
500nm in the presence of the complex 3b, where this complex
does not absorb significantly, and hence has low or no fluorescence.
Stimulated emission at 706 nm was observed due to FRET, Fig. 9,
as judged by the increase in the emission peak at 722 nm when
compared to complex 3b alone.

The efficiency of FRET is known to be dependent on the spectral
overlap term (J) estimated by overlapping QD emission with the
absorbance of complex 3b shown in Fig. 8. The overlap term J has
varied units and for this work the units used were in cm® [29]. The
PhotochemCAD program gives J units in cm® following the use of
g3pinM~!cm~! and A innmin Eq. (11). The Forster distance, Rg (A)
which is the critical distance between the donor and the acceptor
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Fig. 8. (i) Absorbance (abs) of 3b, and (ii) emission (ems) of MPA QDs. (in (1:1)
ethanol:0.01 M NaOH solvent mixture, QDS Nexcitation = 500 nm).
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Fig. 9. Emission of (a) (i) QDs alone, (ii) 3b alone and (iii) MPA QDs in the mix-
ture with 3b and for (b) (Aexcitation =500 nm, in (1:1) ethanol:0.01 M NaOH solvent
mixture).

molecule fluorophores for which efficiency of energy transfer is
50%[46,47] is also obtained from PhotochemCAD, while the center-
to-center separation distance (r, A) between donor and acceptor
fluorophores is obtained from the use of Eq. (9) and are listed in
Table 5.

The values for ] are generally of the order 10-14cm6 for
molecules that are porphyrin based. In this work the values
obtained were also of the order 10~ cm® for the overlap between
the MPA capped QDs and complex 3b as shown in Table 5. The
relatively high value of ] is an indication of good spectral overlap
of the emission spectrum of the donor and the absorption spec-
trum of the acceptor. An estimation of a donor-acceptor oscillator
match can be deduced from J values. It is well established that FRET
only takes place when r values are within the range of 2-10 nm
[16,29,47]. The values of r calculated from Eq. (9) for QDs: complex
3b mixtures were 3.99 nm, 3.37 nm and 3.74 nm in DMSO, DMF, and
aqueous media, respectively. As shown in Table 5, the r values were
fairly small suggesting that the MPc complex is in close proximity to
the donor (QD’s) and thus there should be an ease of non-radiative
energy transfer from the excited CdTe MPA QDs to 3b molecules.
A comparison of FRET efficiencies for 3b in a mixture with QDs
obtained by TCSPC measurements and steady state fluorescence

Table 5

Energy transfer parameters for TMPAZnPc-CdTe MPA QD interactions.
MPc and MPA-CdTe QDs J/10" cm® Ro/10"%m r/10'°m AEff bEff
TMPAZnPc (3b) + MPA QDs (DMSO) 7.1 37.7 39.9 0.42 0.94
TMPAZnPc (3b) + MPA QDs (DMF) 7.0 35.6 33.7 0.58 0.92
TMPAZnPc (3b)+MPA QDs (EtOH: 0.01M NaOH (1:1)) 34 33 374 0.32 0.75

2 FRET efficiencies from steady state fluorescence spectra.
b FRET efficiencies from TCSPC lifetime measurements.
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Table 6

Photophysical parameters for 3b alone or in the presence of QDs.
Sample Solvent D) Trmpe)/ LS D Dy Sa
3b DMSO 0.88 230 ~0 0.86 0.98
3b+QD DMSO 0.94 210
3b DMF 0.61 320 0.25 0.60 0.98
3b+QD DMF 0.67 180
3b ethanol:NaOH 0.63 13 0.18 0.33 0.52
3b+QD ethanol:NaOH 0.80 188

was carried out. These efficiencies were calculated using Eqs. (8)
and (7), respectively. The results from steady state fluorescence
show the FRET efficiency to be highest in DMF (Eff=58%) while
the TCSPC results show the FRET efficiency to be highest in DMSO
(Eff=94%) followed by that in DMF (Eff=92%), Table 5. The two sets
of results show FRET efficiency values that are far off from each
other but they both follow the same trend. The lifetime measure-
ments are very sensitive and so the contribution of other processes
such as dynamic or static quenching would thus lower the fluo-
rescent lifetimes further even in the event of FRET. As a result the
efficiency obtained is not a true reflection of the FRET process only.
Although the intensity values from steady state fluorescence mea-
surements are also affected by similar quenching effects, they are
not as sensitive to quenching as the lifetime measurements [29,48].

3.3. Triplet state quantum yields (®1) and lifetime (t7) studies

The &1 values were obtained by the use of Eq. (3). These values
give a measure of the fraction absorbing molecules that undergo
intersystem crossing (ISC) to the triplet state. In Table 6 a varia-
tion of @t values of the 3b complex in the absence and presence
(in DMSO, DMF and aqueous media) of the QDs is shown. The &7
values of complex 3b were reasonably high in the presence and
the absence of QDs. This serves as an indication that a considerable
number of the molecules of the complexes undergo intersystem
crossing to the triplet state. An increase of the @t values in the pres-
ence of the quantum dots was observed for 3b. This observation is
attributed to the heavy Cd and Te atoms of QDs which encourage
intersystem crossing (to the triplet state) of the MPc complex. An
increase of the @ values in the presence of QDs has been previously
reported by our group [25,49].

The triplet lifetime (t7) values of the complex 3b in the presence
of QDs were generally lower than the tr values for the complex
3b alone, corresponding to increased @t values. However, in the
(1:1) ethanol:0.01 M NaOH solvent mixture, the T values increased
in the presence of QDs as has been observed in other studies in
aqueous media [50].

The @/¢ values were obtained by employing Eq. (4). As shown in
Table 6, the values of @, for complex 3b were rather low indicating
that radiationless transitions do not play an important role in the
deactivation of the excited state. The combined effect of deactiva-
tion of the excited state by radiationless transitions and the high
@7 values account for the low @ values obtained for 3b.

3.4. Singlet oxygen quantum yields

The singlet oxygen quantum yield @, is a measure of sin-
glet oxygen generation. @ 4, values were obtained using Eq. (5).
Interaction of the triplet state of a photosensitizer and the ground
state molecular (triplet) oxygen 302(32g*) allows for the produc-
tion of singlet oxygen. The efficiency of singlet oxygen generation
depends on the triplet state quantum yield @7 and the triplet
state lifetime 7. Relatively high values of @1 and t7 result in ele-
vated @ 4 values. This is due to increased molecular interactions
between the photosensitizer in its triplet state and the ground
state oxygen 30, (3 X~ ) to produce more singlet oxygen 10,(1 Zg ).

Table 6 shows that the @7 values for 3b are relatively high in all
the three solvents used for the study and so high values of @4
were also anticipated. The corresponding values of @ 4 as shown
in Table 6 were high: @4 =0.86 (DMSO), @, =0.60 (DMF) and
® 4 =0.33((1:1) ethanol:0.01 M NaOH solvent mixture). The lowest
value was observed for 3b in aqueous media.

Solvents (such as water) that absorb around 1100 nm (triplet
energy level of Pcs) and around 1270 nm (singlet oxygen energy
level) quench the triplet state of the MPc derivative as well as singlet
oxygen [27], hence the low value of @, in aqueous media is not
surprising.

The values of the fraction of the excited triplet state quenched
by ground state molecular oxygen (S, ) were calculated using Eq.
(6). S5 values are a reflection of the efficiency of energy transfer
from the triplet state of the MPc complexes to the ground state of
molecular oxygen. Values of S 4 close to unity are an indication of
a high efficiency of energy transfer. As shown in Table 6, the S,
values for 3b in DMSO and DMF are close to unity while in aqueous
media the S 4 value is mediocre.

4. Conclusions

The synthesis and characterization of water soluble Zn2*, In3*,
Ga3* and Si** phthalocyanine complexes was carried out success-
fully. The MPcs were found to have intense aggregation effects
which hindered the study of the photophysical and photochemical
properties except for 3b. FRET was observed for 3b in the presence
of MPA QDs in all the solvents used for the study. The center-to-
center distance between the donor and acceptor fluorophores was
found to be quite small ~5 nm thus facilitating FRET.
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