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Free base porphyrins and metalloporphyrins with different number of methoxy groups were synthesized
to investigate the consequence of methoxy groups in the porphyrins on interaction with quantum dots
through steady state, time resolved and transient absorption measurements. Spectral changes in the
absorption and photoluminescence of quantum dots in the presence of porphyrins elucidate the binding
affinity between them. From the photoluminescence quenching analysis, higher number of methoxy

substituted zinc porphyrin was found to possess better binding affinity with quantum dots than the
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other porphyrins which divulges the role of methoxy substituents. The calculated reduction potential of
the synthesized porphyrins was feasible for accepting electrons from the photoexcited quantum dots.
Electron transfer mechanism is suggested based on energy level diagram, Rehm-Weller equation and
transient absorption measurements.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Quantum dots (QDs) have received great attention in various
fields such as photovoltaic and biological applications [ 1-6]. Among
these potential applications, quantum dot sensitized solar cells
(QDSSC)is currently of great interest due to their unique properties
such as quantum confinement effect [7], larger extinction coeffi-
cient [8], multiple excition generation [9], narrow emission bands
with broad absorption wavelength, photostability, etc. However,
the photocurrent efficiency of QDSSC is very low due to difficulty
of assembling a sufficiently large number of QDs on a mesoporous
TiO, matrix in order to obtain a well-covered monolayer without
cluster formation [7] and also the presence of surface states pos-
sessing both electron and hole traps in the QDs, which results in
lower short circuit current and open-circuit photovoltage [10,11].
The retardation of blocking of the surface states was achieved
through the surface passivation of QDs by using ZnS [12], amor-
phous TiO, layer [13], dyes [ 14], etc. Surface passivation of QDs and
organic dye molecules results in a class of new materials which will
be important for photovoltaics [15]. The electron accepting prop-
erties of organic compounds have been utilized for photocurrent
generation, and thus to improve the capture of photogenerated
electrons from QDs [16].
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Porphyrin is a macrocyclic molecule with unique photophys-
ical and electrochemical properties. The optoelectronic properties
of the porphyrins were tuned by varying the meso-functional lig-
ands and metal insertion sites [ 13]. For electron transfer to occur the
potential values of the QDs and Porphyrins should be favorable and
they should possess efficient binding between them. The electron
transfer from QDs to organic photosensitizers was evidenced by
transient absorption measurements in literature [17,18]. Recently,
Patra et al. utilized the QDs-porphyrin systems as optical-based
sensor for bio applications [18]. Borczyskowski et al. have widely
analyzed the photophysical properties of QDs with porphyrin sys-
tems [19]. Based on this, the effect of methoxy substituted free
base (Pn1, Pn2 and Pn3) and metal porphyrins (ZnPn1, ZnPn2 and
ZnPn3) (Scheme 1) on interaction with thioglycolic acid stabilized
CdTe QDs were probed by using steady state, time resolved and
transient absorption measurements.

2. Experimental
2.1. Materials

Thioglycolic acid (TA), CdCl,-2.5H,0 (99.99%), tellurium pow-
der (99.997%), sodium borohydride (95%), syringaldehyde (>98%),
pyrrole (98%) and tetra butyl ammonium hexafluoro phosphate
were purchased from Sigma-Aldrich. 4-Hydroxy benzaldehyde and
solvents were of analytical grade purchased from LOBA Chem-
icals (India). Vanillin, propionic acid and Zn(OAc),-2H,0 were
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Scheme 1. Structures of porphyrins and metalloporphyrins.

obtained from Merck chemicals. Double distilled water was used for
preparing solutions. All measurements were performed at ambient
temperature. CdTe quantum dots were synthesized by using the
following method as reported earlier [20]. The quantum yield of
prepared QDs was 15%, calculated using rhodamine B as the refer-
ence.

2.2. Instrumentation

Absorption measurements were recorded using JASCO V630
UV-visible spectrophotometer. Photoluminescence (PL) measure-
ments were carried out using Perkin Elmer LS 55 spectrofluori-
meter. The excitation and emission wavelength of TA-CdTe QDs
were 500 and 595 nm, respectively. Silt width (10nm) and scan
rate (200nm/min) were Kkept constant for all measurements.
Quartz cells (4 x 1 x1cm) with high vacuum Teflon stopcocks
were used for measurements. Samples for absorption and pho-
toluminescence measurements were prepared by adding various
concentration [0-5 x 10~> M] of porphyrins to the test tubes con-
taining QDs [1x10-M] and then kept as such for 1h and
used for further experiments. Cyclic voltammogram was acquired
with Princeton EG and G-PARC model potentiostat using Glassy
carbon working electrode, Ag/AgCl reference electrode and plat-
inum wire counter electrode. Tetrabutyl ammonium hexafluoro
phosphate (0.1 M) was used as supporting electrolyte for por-
phyrins/metalloporphyrins in DMF solvent. All samples were
deaerated by bubbling with nitrogen gas for ca.5 min at room tem-
perature. 'H NMR and 3C NMR spectrum were obtained using a
Bruker spectrometer (400 MHz). FT-IR spectra were obtained by
using Perkin-Elmer Spectrum RXI FT-IR Spectrometer at room tem-
perature in the range of 4000-400 cm~!.

PL lifetime measurements were carried out in a picosecond time
correlated single photon counting (TCSPC) spectrometer. The exci-
tation source was the tunable Ti-sapphire laser (TSUNAMI, Spectra
Physics, USA). The data analysis was carried out by the software pro-
vided by IBH (DAS-6). For Laser Flash Photolysis measurements, the
Nd-YAG laser source produces nanosecond pulses (8 ns) of 532 nm
light and energy of the laser pulse was around 150 m]. Dichroic

mirrors were used to separate the third harmonic from the sec-
ond harmonic and the fundamental output of the Nd-YAG laser.
The monitoring source was a 150 W pulsed xenon lamp which was
focused on the sample at 90° to the incident laser beam. The beam
emerging through the sample was focused onto a Czerny-Turner
monochromator using a pair of lenses. The detection was carried
out using a Hamamatsu R-928 photomultiplier tube. The transient
signals were captured with an Agilent infiniium digital storage
oscilloscope interfaced to a computer.

2.3. General synthesis of free base porphyrins and
metalloporphyrins

Corresponding aldehyde precursors (5.4 mmol) was dissolved
in propionic acid (54.65) and the solution was heated to 140°C. A
freshly distilled pyrrole (5.4 mmol) was slowly added and refluxed
for 1 h. Under hot condition 55 ml of anhydrous alcohol was added
and the solution was transferred into beaker cooled to room tem-
perature and kept 1h at —5°C. Filtered the solution to obtain blue
powder and dried. A solution of Zn(OAc),-2H,0 (2 mol) in ethanol
(1 ml) was added to the solution of free base porphyrins (1 mol) in
CHCl3 and stirred overnight at room temperatureunder N, in the
dark. This was monitored by TLC and the mixture was washed with
water and evaporated to dryness to get desired compound.

2.3.1. Meso-tetrakis (4-hydroxy-3,5-dimethoxy phenyl)
porphyrin (Pn1)

Yield - 4.23%, color: glittering purple color, 'H NMR (400 MHz,
DMSO): é (ppm), 8.92 (s, 8H, 3 pyrrole), 7.45 (s, 8H, 2,6-phenyl),
3.88 (s, 24H, —OCH3), —2.47 (s, 2H, NH-pyrrole), 8.86 (s, 4H, —OH).
13C NMR (400 MHz, DMSO): 146.35,135.61,131.37, 120.86, 112.86,
56.27. IR (KBr, cm~1): 3464, 2929, 1603, 1509, 1453, 1411, 1341,
921, 800, 730cm~!. MS (MALDI) m/z calculated for Cs;HssN401>
(M+H): 918.31, Found: 919.23.

2.3.2. Meso-tetrakis (4-hydroxy-3-methoxy phenyl) porphyrin
(Pn2)

Yield - 8.1%, color: purple powder, 'H NMR (400 MHz, DMSO):
8 (ppm), 9.51 (s, 4H, —OH), 8.9 (s, 8H, B pyrrole), 7.76 (s, 4H, 2-
phenyl), 7.58-7.57 (d, 4H, 6-phenyl), 7.1-7.2 (d, 4H, 5-phenyl), 3.89
(s, 12H, —OCH3) —2.88 (s, 2H, NH-pyrrole).). 13C NMR (400 MHz,
DMSO): 146.63, 146.01, 132.34, 127.48, 120.03, 118.89, 114.03,
55.85. FT-IR (KBr, cm~1): 3492, 3427, 2929, 1603, 1509, 1463, 1416,
1341,1229,1262,1117, 1033, 916, 865, 730 cm~!. MS (MALDI) m/z
calculated for C4gH3gN40g (M+H): 798.27, Found: 799.02.

2.3.3. Meso-tetrakis (4-hydroxy phenyl) porphyrin (Pn3)

Yield - 3.1%, color: glittering green color, '"H NMR (400 MHz,
DMSO0): § (ppm), 9.96 (s, 4H, —OH), 8.86 (s, 8H, 3 pyrrole), 7.9-
8 (d, 8H, 2,6-phenyl), 7.1-7.2 (d, 8H, 3,5-phenyl), —2.89 (s, 2H,
NH-pyrrole). 13C NMR (400 MHz, DMSO): 157.37, 135.49, 131.90,
119.97, 113.90. IR (KBr, cm~'): 3412, 3220, 1509, 1603, 1478,
1379, 1279, 1171, 1112, 846 cm~!. MS (MALDI) m/z calculated for
C44H39N404(M+H): 678.23, Found: 679.016.

2.3.4. Zn(Il)-[meso-tetrakis (4-hydroxy-3,5-dimethoxy phenyl)
porphyrin] (ZnPn1)

Yield - 68%, color: blue solid, 'H NMR (400 MHz, DMSO): §
(ppm), 8.92 (s, 8H, B pyrrole), 7.45 (s, 8H, 2,6-phenyl), 3.88 (s, 24H,
—OCHS3), 8.86 (s, 4H, —OH).). 13C NMR (400 MHz, DMSO): 149.53,
146.07, 135.22, 132.95, 131.49, 120.39, 112.82, 56.25. IR (KBr,
cm~1): 3464,2929, 2845, 1607,1509, 1453,1411,1341,1206, 1114,
940, 795cm~!. MS (MALDI) m/z calculated for Cs5,H44N4012Zn
(M*): 980.22, Found: 979.85.
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Scheme 2. Synthesis of porphyrins and metalloporphyrins.

2.3.5. Zn(Il)-[meso-tetrakis (4-hydroxy-3-methoxy phenyl)
porphyrin] (ZnPn2)

Yield - 74%, color: black powder, 'TH NMR (400 MHz, DMSO):
8 (ppm), 9.51 (s, 4H, —OH), 8.9 (s, 8H, P pyrrole), 7.76 (s, 4H,
2-phenyl), 7.58-7.57 (d, 4H, 6-phenyl), 7.1-7.2 (d, 4H, 5-phenyl),
3.89 (s, 12H, —OCH3). 13C NMR (400 MHz, DMSO): 149.57, 146.14,
145.65, 133.91, 131.44, 127.33, 120.27, 118.87, 113.70, 55.83. IR
(KBr,cm~1): 3437,2929, 2845, 1593, 1509, 1458, 1332, 1239, 1159,
1033, 996,776 cm~1. MS (MALDI) m/z calculated for C4gH3N405Zn
(M*): 860.18, Found: 860.13.

2.3.6. Zn(Il)-[meso-tetrakis (4-hydroxy phenyl) porphyrin]
(ZnPn3)

Yield - 55%, color: blue powder, '"H NMR (400 MHz, DMSO): §
(ppm), 9.96 (s, 4H, —OH), 8.86 (s, 8H, 3 pyrrole), 7.9-8 (d, 8H, 2,6-
phenyl), 7.1-7.2 (d, 8H, 3,5-phenyl). 13C NMR (400 MHz, DMSO):
156.85, 149.58, 135.25, 133.45, 131.37, 120.21, 118.55, 113.47.
IR (KBr, cm~1): 3417, 1607, 1509, 1425, 1337, 1210, 1170, 1098,
996, 800 cm~!. MS (MALDI) m/z calculated for C44HgN404Zn (M*):
740.14, Found: 740.15.

3. Results and discussion

3.1. Synthesis and characterization of porphyrins and
metalloporphyrins

Free base porphyrins and metalloporphyrins were synthesized
according to the literature procedure [21,22]. Free base porphyrins
were prepared by the condensation of aldehydes with pyrrole in
the presence of propionic acid (Scheme 2). A metallation of free
base porphyrins with zinc acetate dihydrate leads to the forma-
tion of metalloporphyrins. The synthesized P/MP was successfully
characterized by 'H and '3C NMR, Mass, IR, UV-Vis absorbance and
PL measurements. Experimental procedure and spectral data were
given in supporting information.

Free base porphyrins showed a characteristic broad singlet peak
at —2.873ppm (Pn1), —2.88 ppm (Pn2) and —2.889 ppm (Pn3),
which are assigned to NH proton in porphyrin ring. NH peak of
pyrrole unit disappeared after the insertion of Zn(II) dication into
free base porphyrins (Scheme 3). The quantum yields of P/MP in
DMF are shown in Table 1, calculated using TPP as a standard.
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Scheme 3. '"H NMR spectrum of Pn2 (free base porphyrin) and ZnPn2 (metalloporphyrin).
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Table 1

Optical and electrochemical parameters of P/MP.
P/MP Japs (NM) Aem (Nm) ETY (V) Qv

Soret band Q band

Pnl 428 517,556, 592, 649 672 -1.104 0.101
Pn2 426 514, 551, 591, 646 673 -1.071 0.107
Pn3 423 512,550, 588, 646 673 —-1.049 0.103
ZnPn1 432 557,598 627,675 -1.252 0.099
ZnPn2 431 556, 598 628,674 -1.128 0.138
ZnPn3 429 557,598 628, 673 -1.083 0.111

3.1.1. Optical properties

Generally P/MP exhibit two distinct visible absorption regions.
The most intense absorption band, commonly referred to as Soret
band, exists in the 400-440 nm region. The free base porphyrins
possess four absorption bands (Q bands) in the 500-650 nm region.
Q bands of metallated porphyrins exhibit two absorptions in this
region, due to increase in porphyrins symmetry. Fig. 1A and B shows
the absorption and emission spectrum of the synthesized P/MP.
Strong Soret bands in the higher energy region and Q bands in
the lower energy region are observed for P/MP. The absorption
of metallated porphyirns (ZnPn1-3) is notably red-shifted from
those of free base porphyrins (Pn1-3) (Insets shows Soret band).
Due to metallation, electronic coupling (conjugation) between elec-
tron rich methoxy substituted phenyl rings and metal porphyrin
unit increases and results in decrease in energy gap (red shifted
absorption) [23].

In comparison with porphyrin, Zn-metallated complex exhibit
emission band around 627 nm and 675nm, whereas free base
exhibit band at 672 nm. Generally, there is a drastic change in the
PL spectrum upon metallation, with the appearance of one blue
shifted band. It seems clear that the 627 nm band is characteristic
of the metallated complex [24a]. ZnPn1 has an important band at
620-630 nm and a shoulder band at 660-690 nm. ZnPn2 and ZnPn3
have main band at 628 nm and minor shoulder at 670-690 nm. The
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Fig. 1. (A, B) Absorption and emission spectrum of porphyrins and metalloporphy-
rins in DMF solvent. Insert figure shows expanded Q bands spectrum.

absorption and emission wavelength of P/MP are listed in Table 1.
Figs. 2 and 3 show the cyclic voltammograms of P/MP reductions
(Table 1) in DMF solvent. The reduction potential at —1.20V leads
to the formation of porphyrin anion radical.

3.2. Ground state interaction

The ground state interaction of TA-CdTe QDs with P/MP is
probed through UV-Visible absorbance measurements. Absorption
and emission spectrum of QDs observed at 544 nm and 595 nm,
respectively. Initially we analyzed the absorption behavior of QDs
with 1:1 (QDs:porphyrin) ratio, however we did not observe any
significant changes in the absorption behavior. Hence we have used
higher concentration of porphyrins relative to QDs as similar to
literature reports [24b]. We analyzed the absorption behavior of
QDs in different concentrations of porphyrin (1-5 x 10~> M) as dis-
played in Fig. SI 19. On increasing the concentration of porphyrins
there is significant changes in the absorption behavior of QDs.
Fig. 4A and B displays the absorption behavior of QDs (1 x 10-6 M)
in the absence and presence of Pn3 and ZnPn1 at a fixed concentra-
tion of (5 x 10~ M). Absorption spectrum of Pn3 shows the intense
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Fig. 2. Cyclic voltammograms of porphyrins.
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Fig. 3. Cyclic voltammograms of metalloporphyrins.
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Fig. 4. (A) Absorption spectrum of (i) TA-CdTe QDs (1 x 10~ M; red line), (ii) Pn3
(5 x 1075 M; green line), (iii) QDs in the presence of Pn3 (blue line) in water. (B)
Absorption spectrum of (i) CdTe QDs (1 x 10-¢ M; red line), (ii) ZnPn1 (5 x 10°M;
green line), (iii) QDs in the presence of ZnPn1 (blue line) in water. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Soret band at 423 nm and 432 nm, respectively. In the presence
of Pn3, absorbance of QDs increases, while the soret band of por-
phyrin was red shifted from 423 to 440 nm. In a similar way, the
absorbance of CdTe increases and accompanied with a red shift
(432-457 nm) in the presence of ZnPn1. The electronic distribution
of porphyrin moiety altered on interaction with QDs which resulted
in red shifted absorption behavior. Similar type of red shift absorp-
tion behavior has been observed in literature [1]. Similar type of
absorption behavior is observed for Pn1, Pn2, ZnPn2, and ZnPn3
(spectra not shown here).

3.3. Excited state interaction

Excited state interactions of P/MP on QDs are investigated by
PL measurements. Similar to absorption behavior, Fig. 5A and B
displays the spectral change in the emission intensity of QDs with
variable concentration of Pn3 and ZnPn1, respectively. The emis-
sion intensity of QDs is quenched on increasing the concentration
of Pn3 (0—5 x 10~ M). Similar type of quenching behavior has
been observed for Pn1 and Pn2. While increasing the concentra-
tion of ZnPn1, the emission intensity decreases along with red shift
(~5nm). The observed red shift reflects the formation of com-
plex between QD and porphyrins in the ground state with the
corresponding change of Stokes shift for QD absorption and emis-
sion bands. This indicates the formation of complex between QD
and porphyrins in the excited state. The other metalloporphyrins
also exhibits the similar type of emission behavior (spectra not
shown here). The quenching of QDs by P/MP can be described by
Stern-Volmer equation.

I
7 =1+Ka[Ql]

A 900 1

750
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Intensity

300 4

150 4

540 590 640 690 740
Wavelength (nm)

600 4

450 A
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150 4

540 590 640 690 740
Wavelength (nm)

Fig. 5. (A) Emission spectrum of TA-CdTe QDs (1 x 10~ M; red line) in the absence
and presence of Pn3 (0-5x 107> M; green line) in water. The arrow indicates
the intensity decrease with increasing concentration of Pn3. (B) Emission spec-
trum of TA-CdTe QDs (1 x 10-%M; red line) in the absence and presence of ZnPn1
(0-5 x 10~ M; green line) in water. The arrow indicates the intensity decrease with
increasing concentration of ZnPn1. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

where Iy and I are the emission intensity of QDs in the absence
and presence of porphyrins and metalloporphyrins, Ks, is the
Stern-Volmer constant, Q is quencher concentration. The bimolec-
ular quenching rate constant (kq) is calculated by using Ksy = k.7,
where 7 is the lifetime of TA-CdTe QDs (11.77 ns). The comparisons
of Stern-Volmer plot for the quenching of QDs by P/MP are shown
in Fig. 6. A plot between Iy/I vs. [Q], results in straight line for metal-
loporphyrins. From the plot, the kq and K;, values are determined
(Table 2). The kq value is found to be higher than the maximum
collisional (dynamic) quenching (2 x 1019 M~1s-1), Hence, the PL
quenching of QDs is mainly due to complex formation with (i.e.,
static). In the case of free base porphyrins, an upward Stern-Volmer
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Bpn2
34 pn3
XZnPnl

2.51 XZnPn2 X

ZnPn3
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Fig. 6. Comparison of Stern-Volmer plot for QDs with porphyrins and metallopor-
phyrins. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Table 2

Stern-Volmer constant (K, ), quenching rate constant (k, ) for metalloporphyrins and binding constant (K) calculated from Benesi and Hildebrand equation, free energy values

(AG) for P/MP.
P/MP Ksy x 10° (M~1) kg x 1012 (M~1s71) Kx103 (M) AG (eV)
Pn1 - - 6.93 -0.426
Pn2 - - 3.22 —-0.459
Pn3 - - 2.35 —0.481
ZnPnl 0.265 225 11.666 -0.278
ZnPn2 0.162 1.37 6.976 —0.402
ZnPn3 0.080 0.01 5.806 —0.447

plot is obtained which suggest the occurrence of static quench-
ing along with dynamic quenching [25]. However, a more accurate
method like lifetime measurements will provide the clear picture
to differentiate the static and dynamic quenching [26].

3.4. TCSPC measurements

Static and dynamic quenching can be clearly distinguished
from lifetime measurements. QDs were excited by laser pulse
at 375nm, to measure the decay time of QDs at their max-
imum emission peak (595nm). Fig. 7 shows the PL decay
curve of TA-CdTe QDs in the absence and presence of Pn1 and
ZnPnl. The decay profiles are well fitted with tri-exponential
function; I(t)=aq exp(—t|t1)+ oy exp(—t|ty)+ a3 exp(—t|t3). The
average decay times are 11.77 ns for 3.21 nm QDs (without pn1).
In the presence of pn1, we did not observe any difference in the
lifetime of QDs (11.44ns). Similar behavior is observed for Pn2,
Pn3 which confirms the quenching is only due to the complex
formation. The decay curve of QDs remains unchanged with high
concentration of ZnPn1 (10.88ns) and other metal porphyrins.
Similar behavior obtained for other metalloporphyrins. It clearly
reveals that the PL quenching follows static mechanism [27a].
Hence, from the PL measurements, the binding constant for the
complex formation can be calculated by using the following equa-
tion [27b].

11 1
(F—F) ~ (F-F) ' KF—FQ]

where F is the emission intensity of QDs, Fis the observed fluores-
cence intensity at its maximum, F is the emission intensity of QDs
in the presence of porphyrins/metalloporphyrins. A plot between
1/(F° — F) vs. 1/[Q] gives a straight line (Fig. 8) and the binding con-
stant is calculated from the slope (Table 2). The observed binding
affinity decreased in the following order
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Fig. 7. (A) Lifetime decay curve of TA-CdTe QDs (red color) in the presence of Pn1
(5 x 107> M) (green color). (B) Lifetime decay curve of TA-CdTe QDs (red color) in the
presence of ZnPn1 (5 x 10~> M) (green color). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

This illustrates that the insertion of metal in the porphyrins core
enhances the binding ability with QDs.

( N\
——OMe _
ZoPnll—oH > |ZnPn2__91® > |ZnPn3—OH
—OMe
\\ J
( N\
—— OMe
- ome
Pnl —OH > Pn2 oH > Pn3 OH
—— OMe
\\ J

For free base porphyrins, Pn1 have two —OCH3 group and one
—OH group which can anchor strongly to the surface of QDs shows
higher binding constant, in case of Pn2, one —OCH3 group and one
—OH group is present which shows lesser K value than Pn1, while
the least binding affinity observed for Pn3 which contains —OH
group only. It is clear that on increasing methoxy group the bind-
ing constant value increases. Similarly for MP, ZnPn1 which have
more methoxy group than ZnPn2, ZnPn3 shows higher K value.
While comparing the P/MP, MP has higher binding constant value.

3.5. Possibility of electron transfer process

PL quenching can occur by either energy transfer or electron
transfer mechanism. The possibility of energy transfer is less, since
the emission spectrum of TA-CdTe QDs is not effectively overlapped
with the absorption peaks of Pn1/ZnPn1 is shown in Fig. 9. Energy
transfer usually involves the decrease in lifetime of QDs (donor)
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Fig. 8. Comparison of binding constant for QDs with porphyrins and metallopor-
phyrins.

in the presence of porphyrins (acceptor) as evidenced from liter-
ature reports. The unchanged lifetime of QDs in the presence of
porphyrins neglects the possibilities of energy transfer from QDs
to P/MP [28]. Borczyskowski et al. observations on QDs porphyrin
systems reveal that while adding porphyrins to the QDS, the emis-
sion intensity of QDs decreases along with the increase in the
emission of porphyrin systems which supports the energy trans-
fer from QDs to porphyrin system. Along with FRET mechanism
they also proposed the non-FRET mechanism due to the formation
of trap states due to ligand removal which results luminescence
quenching. While comparing to our system, we did not observed
any fluorescence of porphyrins during the addition of porphyrins
to the QDs (Fig. 5A and B) and this further supports there is no
possibilities of energy transfer role. All these facts supports the
energy transfer mechanism is not possible in the systems under
study [19]. Hence, electron transfer mechanism might be prob-
able. The possibility of electron transfer mechanism is analyzed
through energy level diagram, Rehm-Weller equation and laser
flash photolysis. For electron transfer to occur, the conduction band
potential of QDs should be more negative than the reduction poten-
tial of P/MP. The conduction band potential of QDs is —1.53V vs
Ag/AgCl which is more negative than the reduction potential of
P/MP (Table 1). Hence, the transfer of electrons from the QDs to
P/MP is feasible (Scheme 4). Further we analyzed the quenching of
porphyrins by QDs (reverse manner). Pn1 is excited at 428 nm and
the emission is monitored at 672 nm. As seen from the figure SI 20,
the observed emission of QDs reveals that the QDs also excited at
the excitation wavelength of porphyrins. This makes more com-
plicated for accurate analysis. When we look over the potential
levels of QDs and porphyrin, it is clear that the excited QDs can
transfer the electron to the porphyrins under study, and not from
excited porphyrin to QDs. Further there is minimal overlap between
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Fig. 9. Emission spectrum of QDs and absorption spectrum of Pn1 and ZnPn1.
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Scheme 4. Energy level diagram.

the porphyrin emission and QD absorption neglects the possibili-
ties of energy transfer between them. The important parameter for
applying these systems in solar energy conversion is the possibility
of electron transfer. Hence we excited the QDs and studied their
electron transfer properties to the porphyrin systems and not vice
versa. The thermodynamic feasibility of the excited state electron
transfer reactions is calculated through Rehm-Weller equation
[29].

_ p(oxi) (red)
AGe =)y —Ej)y) —E*

(oxi)
Ey /2

potential of TA-CdTe QDs (donor). E(lr/ezd) is the reduction poten-

tial of porphyrins/metalloporphyrins (acceptors), E" is the excited
state energy of TA-CdTe QDs (2.16 eV, calculated from the cross-
section of absorption and PL spectra). The change in free energy
values is found to be negative and is listed in Table 2. The observed
negative value indicates the electron transfer processes is ther-
modynamically feasible [30]. Hence, the P/MP has the ability to
capture photogenerated electrons from QDs which is supported by
energy level diagram and Rehm-Weller equation. Further, the elec-
tron transfer process is analyzed through nanosecond laser flash
photolysis.

where AG,; is change in free energy, is the conduction band

3.6. Nanosecond transient absorption studies

The transient absorption spectrum of QDs, ZnPn1 and QDs-
ZnPn1 (at 0.1 ws) in degassed aqueous medium is recorded after
a nanosecond laser flash photolysis using 532 nm laser pulse as
the excitation source. In Fig. 10, the negative absorption peak of
QDs (bleach) is observed from 520 to 680 nm with peak maxima at
590 nm, with slight shift corresponds to ground state absorption
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Fig. 10. Transient absorption spectra recorded after a laser pulse excitation of
QDs-ZnPn1 solution in aqueous medium. Inset shows the kinetic trace observed
at 700 nm.
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(547 nm). For ZnPn1, the metal Q (1, 0) band was appeared at
540nm and stimulated emission band at 620-650nm. In the
presence of ZnPn1, transient absorption spectrum of QDs shows
a recovery of ground state bleach and a stimulated emission peak
(ZnPn1) is completely disappear and forms a new absorption
band in the range of 670-800 nm. This peak is clearly observed
after a laser flash, can be assigned to ZnPn1 anion radical which
indicates that excitions dissociate by electron transfer from QDs
to ZnPn1. Similar type of MP anion radical is found in literature
[31]. Photoinduced electron transfer proceeds to yield the charge
separated state as given in following equation.

CdTe-™ cdTe(e™) + CdTe(h*)
CdTe(e~) + ZnPnl1 — ZnPn1°~

Inset of Fig. 10 shows that the kinetic decay trace was monitored
at 700 nm. The lifetime of ZnPn1 anion radical is evaluated to be
11 ns can be fitted by bi-exponential decay function. Similar obser-
vation is addressed in the literature [26]. These results support the
evidence of electron transfer from QDs to ZnPn1.

4. Conclusion

TA-CdTe QDs, free base porphyrins and metalloporphyrins were
successfully synthesized and characterized by 'H and 3C NMR,
mass, IR, cyclic voltammetry and steady state absorbance and PL
measurements. The interaction between QDs and P/MP was inves-
tigated by various spectroscopic techniques. Ground state complex
formation was observed through absorption measurements. Static
type of PL quenching has been confirmed through lifetime mea-
surements. From the PL quenching data, it was inferred that on
increasing the —OCH3 groups in P/MP, its binding affinity with
QDs increases. Further, the insertion of metal increases the binding
affinity with QDs as compared to free base porphyrins. The conduc-
tion band potential of QDs was more feasible to donate electrons to
the reduction potential of P/MP. ZnPn1 anion radical was appeared
in the range of 670—800 nm in transient absorption measurements
reveals electron transfer from QDs to ZnPn1. Surface passivation
of QDS with organic molecules is currently an important topic for
increasing the solar energy conversion efficiency. In this scenario
we believe that the observed binding behavior, feasible potential
values, electron transfer process will provide prolific information
for the usage of QDs—porphyrins system in future designing of solar
cells. Currently we are investigating the potential usage of these
systems in solar energy conversion in our laboratory.
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