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The photophysical properties of 2.3 nm thioglycolic acid (TGA) coated CdTe quantum dots (QDs) prepared by a reflux 

method have been studied in the presence of a cationic meso-tetrakis(4-N-methylpyridyl) zinc porphyrin 

(ZnTMPyP4). Addition of the CdTe QDs to porphyrin in H2O results in a marked red-shift and hypochromism in the 

porphyrin absorption spectrum, indicative of a non-covalent binding interaction with the QD surface.  Low equivalents 

of the quantum dot were required for complete quenching of the porphyrin fluorescence revealing that one quantum dot 10 

may quench more than one porphyrin. Similarly addition of porphyrin to the quantum dot provided evidence for very 

efficient quenching of the CdTe photoluminescence, suggesting the formation of CdTe-porphyrin aggregates.  

Definitive evidence for such aggregates was gathered using small angle X-ray spectroscopy (SAXS). Ultrafast transient 

absorption data are consistent with very rapid photoinduced electron transfer (1.3 ps) and the resultant formation of a 

long-lived porphyrin species. 15 

Introduction 

Nano-sized quantum dots have attracted enormous interest due to 

their tuneable size, surface chemistry, and photophysical 

properties, which lead to numerous potential applications in 

photonics and biochemistry.1 The II-VI metal chalcogenides such 20 

as ZnS, CdS, CdSe, CdTe, PbSe, and PbTe have been extensively 

studied and their variable direct band gap and resultant tuneable 

photoluminescence has led to numerous applications including 

photodynamic therapy, imaging and sensing applications.2-11 Of 

particular interest is the use of quantum dots as acceptor/donor 25 

components for the conversion of light energy into electricity in a 

photovoltaic device.12-16 A significant obstacle to the 

development of high-performance photovoltaic cells is the 

effective separation of photogenerated electron–hole pairs and the 

transfer of the electrons to the electrode. The interaction of 30 

luminescent organic photosensitisers with QDs in this way can 

lead to the construction of new light-harvesting photochemical 

and photoelectronic devices such as dye-sensitised solar cells 

(DSSCs), the properties of which are governed by excited-state 

dynamics at the molecule-QD interface.  35 

 To this end CdTe QDs are attractive candidates due to their 

relatively narrow band gap (~1.7 eV) and the emergence of 

routine aqueous based synthetic methods.17 However, only a 

handful of studies have probed the charge and energy dynamics 

of CdTe QDs on the ultrafast timescale and even fewer have 40 

considered how these dynamics are influenced by the presence of 

suitable electron donor or acceptor surface species.18-26 Due to the 

role in natural photosynthesis of related compounds porphyrin 

molecules have been extensively exploited for electron and 

energy transfer.27-30 The light-harvesting properties of porphyrins 45 

has led them to be considered as components in solar 

photovoltaic cells.31-34 Currently, bulk hetero junctions (BHJ) are 

 

Scheme 1 Schematic representation of ZnTMPyP4 and CdTe systems 
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considered to show most promise for improved solar cell 

efficiency. Recently, BHJs prepared from solution phase PbSe 

QDs and tetrabenzoporphyrin components were shown to be 40 

times more efficient than a flat bilayer heterojunction (FHJ) 

comprising the same material.35 A key aspect of the study of such 55 

photovoltaic systems is the nature of the interfacial charge 

dynamics between the porphyrin and the nanocomposite matrix, 

and how it contributes to the overall performance of the system. 

To consider this phenomenon we have studied the photophysical 

properties of a zinc porphyrin non-covalently assembled at the 60 

surface of uniform sized 2.3 nm CdTe QDs in water. 

 We believe this system is of interest as it affords the possibility 

to couple the high quantum yield efficiency of the QD to the 

electron/energy transport capabilities of an anchored porphyrin 
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molecule. The use of a porphyrin sensitising agent is 

advantageous as the UV-vis spectra of porphyrins (i) can be tuned 

by choice of central metal and (ii) are generally quite sensitive to 

binding interactions.36-38 A number of systems based on non-

covalent association of porphyrin molecules at a semiconductor 5 

surface have been prepared.39-41 Recent work by Credi et. al. 

demonstrated energy transfer from a zinc phenylporphyrin non-

covalently bound to 5.6 nm CdTe in chloroform evidenced by the 

presence of the soret band in the excitation spectrum of CdTe.41 

For this study the meso-tetrakis(4-N-methylpyridyl) zinc 10 

porphyrin, ZnTMPyP4 was chosen for its defined optical 

properties and water solubility. In addition the Zn metal centre 

results in a good separation between the porphyrin Soret band at 

436 nm, and the exciton absorption band of the 2.3 nm CdTe QDs 

at 510 nm. Finally, the presence of four pyridinium residues with 15 

peripheral methyl substituents results in a positively charged 

porphyrin at neutral pH, which  is expected to bind through 

electrostatic interactions to the negatively charged thioglycolic 

acid groups that passivate the surface of the CdTe, see Scheme 1.  

 The porphyrin and the QD may bind in different arrangements 20 

and some possible examples are schematically illustrated in 

Scheme 1. Study of the system using steady-state absorption and 

emission spectroscopy reveals a high affinity of the porphyrin for 

the QD surface which is accompanied by highly efficient 

quenching of the QD luminescence. The possible formation of 25 

small QD aggregates due to ZnTMPyP4 cross linking is 

considered by small angle X-ray scattering (SAXS). Finally, 

pump-probe transient absorption (TA) spectroscopy is used to 

profile the ultrafast processes that occur between the ZnTMPyP4 

and CdTe QDs. Taken together this study reveals a system 30 

characterised by highly efficient transfer processes that further 

our understanding of energy and electron transfer at the quantum 

dot interface. 

Results and Discussion 

Steady State Spectroscopic Characterisation of 35 

ZnTMPyP4/CdTe QD assemblies 

The absorption and emission spectra of the two separate 

components, ZnTMPyP4 and CdTe, are given in Fig. 1. At 

neutral pH the absorption spectrum of the ZnTMPyP4 is 

dominated by the intense and characteristic Soret band at 436 nm 40 

with two weaker Q-bands also present at 564 and 608 nm. 

Excitation of the porphyrin at 400 nm results in strong singlet 

emission between 600 and 750 nm (max at 632 Q(0,0) and 666 

nm Q(0,1)). The quantum yield of this emission is 2.5 %.42 The 

steady state absorption spectrum of CdTe QDs in water shows a 45 

band at 510 nm, which is assigned to the first excitonic transition 

(1se-1sh).  Using this information the diameter of the QDs was 

determined spectroscopically to be 2.3  0.2 nm.43 This was 

corroborated using high resolution transmission electron 

microscopy (HRTEM), see ESI Fig. S1. The maximum number 50 

of COOH groups at the surface is estimated to be 75 when the 

surface footprint of a thiol group is taken to be 0.22 nm2 and the 

surface area of a 2.3 nm diameter particle to be 16.6 nm2.44 

Zeta-potential measurements (-48 mV) confirmed the presence of 

negatively charged COO- surface groups at pH 7, see ESI Fig. S2.   55 

 

Fig.1 Comparison of the absorption spectra of equimolar concentrations 

of ZnTMPyP4 and CdTe (4.4 μM) in Millipore water and normalised 

emission spectra recorded upon excitation at 400 nm (note emission 

quantum yield for CdTe is approx. ten times greater than that of 60 

ZnTMPyP4).   

The excitation of the QDs results in band edge 

photoluminescence centred at 535 nm with a quantum yield of 

27%, calculated using the dye Rhodamine 6G as a reference. It is  

notable that the QD emission overlaps with the absorption of the 65 

porphyrin Q bands. This spectral overlap is indicated in Fig. 1 

and may permit energy transfer from the QD to the porphyrin. By 

contrast energy transfer from the porphyrin to the QD is unlikely,  

both because of the energy disparity and the lack of overlap 

between the QD absorption in the region of 575 nm and the 70 

porphyrin emission.   

 Titration of CdTe QDs to a solution of ZnTMPyP4, (4.4 µM 

in Millipore water) resulted in a shift in the Soret band at 436 nm 

to 444 nm, which was accompanied by a dramatic decrease 

(>40%) in the absorbance. In addition, the Q-bands were found to 75 

shift from 564 and 608 nm to 573 and 616 nm respectively. Fig. 2 

shows the changes to the porphyrin spectrum after the 

contribution of the QD absorption in the region has been 

subtracted (the raw data is given in ESI Fig. S3). Interestingly, 

the changes in the porphyrin spectrum appear to reach completion 80 

upon addition of 0.4 equivalents of QDs (inset Fig. 2). Dramatic 

Fig.2 UV/vis absorption spectra of 4.4 µM ZnTMPyP4 in the presence of 

increasing concentrations of CdTe (contribution of the CdTe absorbance 

to the spectra has been subtratcted). Inset: absorption at 434 nm plotted 

against CdTe equivalents.  85 
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changes occur between 0 and 0.25 equivalents of QDs and a clear 

isosbestic point is observed at 448 nm. This behaviour indicates 

that multiple ZnTMPyP4 binding events at the particle surface 

occur as independent events. These changes are similar to those 

previously observed for ZnTMPyP4 bound end-on to Quadruplex 5 

DNA.38   

 Next the interaction of ZnTMPyP4 and CdTe QDs was studied 

by monitoring the emission of the QD and porphyrin systems 

upon excitation at 400 nm where the solution remains essentially 

optically dilute (< 0.3) throughout the titration. The addition of 10 

QDs to an aqueous solution of ZnTMPyP4 resulted in a loss of 

ZnTMPyP4 emission at 635 nm with no concomitant shift in the 

position of fluorescence, see Fig. 3a. 95 % of the ZnTMPyP4 

emission was quenched after the addition of only 0.25 QD 

equivalents, see inset Fig. 3a. This is in good agreement with the 15 

changes in the Soret band absorption in the UV-vis spectrum, 

inset Fig. 2. Furthermore, under these conditions no emission was 

detectable from the QDs. 99 % quenching of ZnTMPyP4 

emission was observed upon the addition of 0.4 equivalents, after 

which the appearance of the QD emission at 554 nm was 20 

observed, see ESI Fig. S4. The emergence of QD emission at less 

than 1 equivalent signifies the association of more than one 

porphyrin per QDs already in solution. The same behaviour was 

observed upon excitation of the isosbestic point at 564 nm (see 

ESI Fig. S5) and is in excellent agreement with the behaviour 25 

observed for the UV/vis titration.  

Fig.3 (a) Fluorescence spectra of 4.4 µM ZnTMPyP4 in presence of 

increasing CdTe (0-2.64 µM). λexc =400 nm. (b)  PL of 2.5 µM CdTe in 

presence of increasing ZnTMPyP4 conc. (0 – 5.76 µM) and 

corresponding PL spectra (inset) . λexc = 400 nm.  30 

 The reverse titration was also conducted by adding the 

ZnTMPyP4 to the CdTe QDs. While the QD absorption was 

found to be largely unaffected, the position of the porphyrin 

bands were observed to be shifted to 444, 571 and 615 nm in the 

presence of the QDs which is in agreement with the observations 35 

above  (see Fig. S6 ESI). In this case 96 % quenching of the QD 

emission was observed upon addition of one equivalent of the 

porphyrin with 99 % quenching observed after the addition of 1.5 

equivalents of ZnTMPyP4, see Fig 3b.  

The steady state absorption and emission results indicate the 40 

presence of discrete systems at different stoichiometric ratios of 

ZnTMPyP4 to CdTe QD. Dramatic changes are observed in the 

absorption and emission of ZnTMPyP4 upon addition of 0.25 QD 

equivalents which suggested that one QD is bound by four 

ZnTMPyP4 in solution. However, the end point of these titrations 45 

indicates that one QD is bound by on average two ZnTMPyP4s. 

The titration results compare favourably to those obtained by 

Uematsu et. al. who studied the emission quenching of CdTe by 

redox active species including methyl viologen and acridine.46 

This can be taken as an indication of the high binding affinity due 50 

to the presence of multiple charges on the ZnTMPyP4.  

Small-Angle-Xray-Scattering (SAXS) of ZnTMPyP4 and 
CDTe QDs 

The structure of the porphyrin:QD complexes formed in solution 

was investigated by small angle X-ray scattering (SAXS) under 55 

concentration conditions identical to the steady-state 

measurements. The scattering intensity has been used to calculate 

the pair distance distribution function (PDDF) p(q), which 

describes the paired-set of all distances between points within an 

object and is a Fourier inversion of the scattering curve calculated 60 

using a generalised indirect Fourier transformation (GIFT) 

technique.47-49 This model has been used previously to account 

for rod-like assemblies of fullerenes in solution.50 For particle 

aggregates the scattered light intensity is influenced by the 

structure present and such interparticle effects are typically 65 

represented by the structure factor S(q).51,52 In the particular case 

of charged particles an additional approximation is necessary and 

the rescaled mean spherical approximation RMSA model 

(charged spheres model) has been applied here.53, 54 The 

application of the RMSA model appears to be the most accurate 70 

model for the Porphyrin:QD complexes, see ESI note S1.  

 The PDDF data as a function of particle radius for the pure 

CdTe-TGA QDs in water is given in Fig. 4a. In the case of non-

aggregated particles a single maximum in the PDDF is expected 

and observed.55 The particle radius is extrapolated from the 75 

position of the peak maximum in the distribution curve (1.6 nm) 

and the maximum dimension (Dmax) of the species is the value of 

r at p(r) = 0 which is obtained by extrapolation of the peak to the 

inflection point. In this case Dmax = 3.8 nm which reveals that the 

particles have a slight ellipsoid shape (3.1  3.8 nm). In the 80 

presence of excess QDs to porphyrins (4:1) the particles remain 

essentially monodisperse and of similar size, see Fig. 4d. 

However, when the ratio of QDs to porphyrin is reduced to 2:1 

the PDDF plot becomes structured with three distinct maxima 

now present. In the case of peak I Dmax = 3.8 nm and reveals the 85 

presence of monomers. In the case of peaks II and III a Dmax of 

7.6 nm and 9.8 nm are observed, indicating the presence of 

dimers and trimers respectively, see Fig. 4b. The data is  
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Fig. 4 A representative cross section PDDF, p(r), obtained from GIFT 

analysis of (a) CdTe QDs, (b) QD:ZnTMPyP4 (2:1), (c) Fitting model for 

peak (III) figure 4c. (d) QD:ZnTMPyP4 (4:1) in water.[QD] = 3.5 µM in 

all cases.  Inset (Fig. 4a,b, d) SAXS experimental scattering curves.  

consistent with the presence of linear aggregates represented by a 5 

cylinder with a cross-sectional radius r, see Figure 4c. Similar 

PDDF profiles have been observed for the in the case of 

streptavidin assembled gold trimers in solution.55 Indeed even at 

1:1 ratio of CdTe: ZnTMPyP4 the PDDF shows the presence of 

monomer species (ESI Fig. S7).  Taken together the SAXS results 10 

indicate the presence of discrete systems at different 

stoichiometric ratios of ZnTMPyP4 to CdTe QD which reflects 

the different binding ratios indicated by the steady-state titrations. 

Picosecond Transient Absorption  

 The efficient excited-state quenching, was further 15 

investigated by picosecond transient UV/vis absorption 

experiments by exciting at 400 nm (150 fs). Excitation of 

ZnTMPyP4 alone results in bleaching of the ground state at 437 

nm and absorption at 480 nm, see Fig. 5a.56 90% of S1 states (τ = 

1.3 ns) then decay to the long-lived triplet state (τ = 2.8 µs, 20 

aerated solution).42 This is reflected in the fact that the ground 

state does not recover over our longest recorded delay time of 3 

ns and the transient absorption observed at 480 nm thus contains 

contributions from both S1 and T1.  

Fig. 5 (a) Ps Transient absorption of 5 µM ZnTMPyP4 and (b) 5 µM 25 

CdTe in water. λexc = 400 nm, 25 nJ. 

CdTe particles are known to be sensitive to multiphoton 

effects which result in exciton annihilation phenomena.57 These  

events were minimised by the use of low laser energy (< 100 nJ). 

This energy regime was chosen based on results from a power 30 

dependence study, which indicated that experiments with laser  

power between 5-50 nJ were free from additional multi-photon 

events, see ESI Fig. S8. Excitation of the CdTe QDs at 400 nm 

under these conditions resulted in the rapid formation (within the  

response of the apparatus) of a strong bleach band in the band 35 

edge absorption at 510 nm, and the appearance of transient 

absorption bands at 431 and 554 nm, see Fig. 5b. The bleach was 

found to only partially recover (46 %) on the timescale of the 

experiment. This recovery was fit to a biexponential function to 

yield lifetimes of 15  4 ps (10 %) and 3  1 ns (36 %) (see ESI 40 

Fig S8). Notably the ground state of CdTe did not fully recover 

over the experiment timescale, consistent with the average 

photoluminescence lifetime being 13 ns. There is also a fast 

transient feature at 550 nm, which decays in less than 1 ps Fig. 

5b.57 The fact that this transient is also observed under conditions 45 

of low energy (5 nJ) suggests that this is not caused by multi-

photon absorption.  
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Next the dynamics of CdTe /ZnTMPyP4 was investigated.  A 

solution containing a 2:1 ratio of CdTe to ZnTMPyP4 was chosen 

to ensure the dominance of bound porphyrin {30% CdTe 

unbound (Fig. 3b)}. The extinction coefficient at 400 nm for 

CdTe is 70,000 and is estimated to be 20,000 M-1 cm-1 for bound 5 

ZnTMPyP4. Thus at 400 nm, for 2:1 QD: ZnTMPyP4, the 

relative absorption is 7:1 QD: ZnTMPyP4. Excitation of the 

sample using a laser energy of 10 nJ resulted in the instantaneous 

appearance of both the QD band edge bleach at 510 nm and the 

bound ZnTMPyP4 bleach at 445 nm (free porphyrin bleach 10 

occurs at 436 nm). Under these conditions it was possible to see 

the porphyrin bleach (445 nm) and transient (480 nm) and the QD 

bleach (510 nm).  

Fig. 6 Ps Transint absorption of 25 µM ZnTMPyP4 in presence of 50 µM 

CdTe (CdTe:ZnTMPyP4 = 2:1). λexc = 400 nm, 10 nJ. 15 

On the 0 to 10 ps timescale the signal at 510 nm was found to 

recover almost completely (however this signal is a convolution  

of that of the transient porphyrin and of the bleach of the QD.) 

This recovery process coincided with a grow-in of the 

ZnTMPyP4 bleach at 445 nm, see Fig. 6. The grow-in of the  20 

porphyrin bleach can be adequately described by a single 

exponential fit of 1.3  0.1 ps. The kinetics measured at 510 nm 

were found to be more complicated and were fitted using a bi- 

exponential function 1.3  0.1 ps (60%) and 10.0  2.6 ps (40%), 

see ESI Fig. S9. This is presumably due to contributions from 25 

more than one species. It was found that the decay phenomena 

were similar over the energy range 5-100 nJ (data recorded at 100 

nJ excitation are also supplied in the see ESI Fig. S10 &S11). The 

porphyrin bleached state at 444 nm and transient at 480 nm are 

found to persist on the timescale of the experiment i.e. 3 ns. This 30 

suggests that a longer-lived porphyrin species, possibly the 

triplet, is formed from the quenched porphyrin. Interestingly, 

when the experiment was repeated at a 4:1 ratio of CdTe to 

ZnTMPyP4, a slower grow-in of the porphyrin bleach was 

observed, see ESI Fig. S12-S13. The recovery kinetics of the 510 35 

nm bleach were similarly affected.  

 Energy and electron transfer are sensitive to the proximity of 

the species and the spectral overlap. If we assume binding occurs 

through electrostatic interactions between a ZnTMPyP4 (4+ 

charge) and multiple TGA-COO- contacts then the donor-40 

acceptor separation is only limited by the short TGA capping 

ligands. 400 nm light can excite both the porphyrin and QD. Thus 

a number of processes may give rise to the observed transient 

behaviour, see Scheme 2.  

Case 1: Energy transfer from QD to porphyrin. There exists 45 

substantial overlap between the QD photoluminescence and the 

porphyrin Q-band absorption (shaded area in Fig. 1) and the 

process is also exergonic in nature. However, energy transfer 

from QDs to adjacent dye molecules would be expected to result 

in fluorescence enhancement of the dye (FRET)58,59 as has been 50 

observed for related systems namely; from CdTe QDs in the 

presence of metal phthalocyanines.60,61 No fluorescence from 

ZnTMPyP4 is observed in our experiments and thus this 

mechanism is discounted as the likely origin of the phenomena 

observed.  55 

Case 2: Energy transfer from porphyrin to the QD. Energy 

transfer from a Zinc porphyrin to a CdTe QD was recently 

demonstrated by Credi et. al. In that system there is significant 

overlap between the absorption of large 5.6 nm CdTe QDs and 

the emission of the porphyrin. This resulted in photosensitization 60 

of the luminescence of the CdTe which was detected by the 

presence of the soret band in the excitation spectrum. In contrast, 

there is minimal overlap between the porphyrin emission and QD 

absorption (shaded area in Fig. 1) in the system reported here and 

no sensitised emission of the QD is observed. (Excitation spectra 65 

of the QD emission in the presence of the low equivalents of 

porphyrin showed no evidence of energy transfer process.)  

 Case 3: Electron transfer processes. In light of the above it is 

more likely that we are observing photo-induced electron transfer 

involving either oxidation or reduction of the porphyrin 70 

(pathways b and c respectively).62 Jhonsi et. al. reported 

quenching of CdTe (TGA capped) emission by a negatively 

charged free base porphyrin that was accompanied by sensitised 

emission of the porhyrin. However, the addition of the positively 

charged free base TMPyP resulted in quenching of the QD 75 

without any sensitised emission of the base and was attributed to 

electron transfer between the TMPyP free base porphyrin and the 

QD.63 Our zinc porphyrin may be both readily oxidised or 

reduced {Eo(P+/P) = 1.18 V and Eo(P/P-) = -0.85V}.42 The redox 

properties of CdTe have been shown to be size-dependent and 80 

influenced by the nature of the capping ligand.64 Using the 

measured oxidation potential for CdTe in the range from 2.95 nm 

to 4.08 nm,64,65 we have estimated an oxidation potential of 

approximately +0.95 V, and a reduction potential of 

approximately -1.00 V for our 2.3 nm species.66 The 85 

thermodynamic likelihood of reduction or oxidation of 

ZnTMPyP4 by photo-excited CdTe QD in a polar solvent can be 
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estimated from the approximated Rehm Weller equations Eq. 1 

and Eq. 2, given below. 

 
Eq. 1.     ∆G0= Eº(CdTe+/CdTe)- Eº(ZnTMPyP4/ZnTMPyP4-) - hν  

 5 

Eq. 2.     ∆G0= Eº(ZnTMPyP4+/ZnTMPyP4) - Eº(CdTe/CdTe-) - hν 

 

Where ∆G0 is the Gibbs free energy, Eº are the standard 

potentials of donor and acceptor, h is the excited state energy of 

photo-excited QD, while electrostatic terms are neglected. Using 10 

these equations we obtain free energy values (ΔG0) of -0.56 V for 

reduction of ZnTMPyP4 and -0.19 V for the oxidation of 

ZnTMPyP4.67 

Electron transfer may also be considered starting with the 

photo-excited porphyrin singlet state. However, due to the lower 15 

excited state energy of ZnTMPyP4 (1.96 eV)68 relative to CdTe, 

any photoinduced processes from the ZnTMPyP4 excited states 

would be expected to occur with a considerably lower driving 

force. Overall our ‘approximated’ Rehm Weller treatment 

indicates that the most likely electron transfer event is the 20 

reduction of the ZnTMPyP4 by the QD. It may be noted that the 

favourable energetics for the photoreduction of the porphyrin 

(process b’) offers an explanation for the absence of porphyrin 

fluorescence.  This may be contrasted with the reports for the 

phthalocyanine- 2.9 nm CdTe system reported by Nyokong and 25 

co-workers, where the photoreduction is energetically 

unfavourable and therefore fluorescence from the dye is 

observed.60,61  

Finally we consider the nature of the long-lived species. 

While it is possible that this is the ZnTMPyP4 radical anion, we 30 

believe the ultimate fate of the excitation energy is the formation 

of the excited triplet state. If electron transfer (i.e. processes b or 

c) dominate then the triplet state will form by process d, which is 

expected to be efficient. The assignment of the long-lived species 

as the triplet state is consistent with the strong absorption band at 35 

ca. 480 nm.  However, the porphyrin radical anion also shows 

strong absorption in this spectral region.62 Therefore such an 

assignment of the triplet state is equivocal at the moment. 

Conclusion 

The properties of a donor-acceptor system comprising a 40 

ZnTMPyP4 porphyrin and CdTe QD have been studied in detail.  

Steady state measurements reveal a high binding affinity between 

the negatively charged QD (multiple COO- groups) and the 

positively charged porphyrin (+4). Mutual quenching is observed 

in the system. The surface area of the QD allows for multiple 45 

binding and quenching, of up to four porphyrin molecules. 

Furthermore, SAXS measurements revealed the formation of 

small CdTe-porphyrin assemblies in solution. Picosecond 

transient absorption measurements reveal ultrafast recovery (1.3 

ps) of the CdTe excited state in the presence of a surface bound 50 

porphyrin. Critically, the depletion of the porphyrin ground state 

is found to occur over a correspondingly short timescale. This 

indicates the role of an exchange process in the ultrafast 

dynamics of the system. While energy transfer is possible, no 

fluorescence from the porphyrin is observed. This either means 55 

energy transfer does not occur or that an immediate additional 

quenching process takes place. Approximate treatment Rehm 

Weller equation using the known redox properties for porphyrin 

and estimated values for the QD suggests that electron transfer 

from the QD to the porphyrin is the most favoured process. The 60 

favourable driving force taken together with the fast time of the 

process leads us to believe that reduction of the porphyrin is 

occurring.   

Further experiments to probe this would require transient 

monitoring in the 800-1000 nm region and we would hope to 65 

carry out such experiments in the near future. Indeed, as there is a 

known correlation between particle size and the rate of emission, 

future experiments will also consider the role of QD particle size 

in terms of both the new photophysical properties and the change 

in porphyrin occupancy due to changes in the surface area. 70 
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Experimental 

CdTe QDs were synthesised using a modified method by 80 

Gaponik and co-workers.2 Cd(ClO4)2•6H2O and the stabiliser 

TGA were added to 150 mL degassed Millipore water in 1:1.4 

ratio.  The pH of the solution was adjusted to 11 by dropwise 

addition of a 2 M NaOH solution.  H2Te gas was generated by the 

Scheme 2:  Overview of the possible excited-state deactivation pathways for the CdTe-ZnTMPyP4 system 
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addition of 15 mL of H2SO4 to a known weight of Al2Te3 (molar 

ratio of 0.25 to Cd), which was then bubbled through the Cd/thiol 

solution.  The resulting non-luminescent solution was then heated 

under reflux.  Once the QDs reached the desired size, the reflux 

was stopped and different fractions were obtained via size-5 

selective precipitation using isopropanol.  The final samples were 

further purified on a Sephadex-G25 column. Solutions of known 

concentration of ZnTMPyP4 were prepared using the literature 

value for the extinction coefficient at 436 nm  = 2.04  105 dm3. 

mol-1. cm-1.69 
10 

 The SAXS measurements were performed on a SAXSess high-

flux small-angle X-ray scattering instrument (Anton Paar, 

Austria), attached to a PW3830 X-ray generator (PANalytical) 

with a sealed-tube anode (Cu Kα wavelength of 0.1542 nm). The 

generator was operated at 40 kV and 50 mA. The SAXSess 15 

camera was equipped with a line collimator block and all 

measurements were performed at vacuum conditions for an 

intense and monochromatic primary beam with low background. 

A semitransparent beam stop was used to enable the 

measurements of an attenuated primary beam for the exact 20 

definition of the zero scattering vector and transmission 

correction. Vacuum-tight refillable quartz capillaries (1 mm 

diameter, sample volume ≤ 100 µL) were used in order to 

determine the size and shape of the w/o- quantum dots. All 

experiments were performed at room temperature. The 2-D 25 

scattered intensities were recorded on a CCD detector (Princeton 

Instruments) and were converted via SAXSQuant software 

(Anton Paar) to one dimensional scattering curves as a function 

of the magnitude of the scattering vector, where θ is the total 

scattering angle. All intensities were transmission-calibrated by 30 

normalizing the attenuated primary intensity at q = 0 to unity and 

were corrected the background scattering from the capillary and 

the solvent (H2O). Data analysis employed the GIFT software by 

using the hard spheres, polydisperse model (PY, averaged 

structure factor). Detailed description of the data treatment is 35 

outlined in ESI Note S1.  

 UV-Vis absorption spectra were recorded at room temperature 

using a Cary 50 scanning spectrometer.  Emission spectra were 

recorded using a Varian Cary Eclipse Fluorescence 

Spectrophotometer working in fluorescence mode.  All samples 40 

were examined in a 1 cm quartz cell.  The solvent used was 

Millipore water.  

 The samples for UV-vis transient absorption measurements 

were prepared in water as follows; a known volume of solution 

was dropped between two CaF2 (25 mm diameter) windows 45 

(Crystan Ltd., UK), separated by a Teflon spacer of known length 

(typically 340 µm), in a demountable solution IR cell (Harrick 

Scientific Products Inc., New York). The picosecond transient 

absorption pump-probe experiments were carried out by using the 

high-sensitivity ULTRA apparatus at the Central Laser Facility of 50 

the Science & Technology Facilities Council in the Rutherford 

Appleton Laboratory.70 All measurements were made at magic 

angle. Excitation pulse energy was monitored before each 

experiment and set to either 100 nJ (560 µJ/cm2) or 5 nJ (28 

µJ/cm2) using a circular variable neutral density filter.  In front of 55 

the monochromator, a 400 nm interference filter was placed in 

order to remove scatter from the excitation beam. During pump-

probe experiments samples were rastered to minimize 

photodecomposition effects and to avoid eventual re-excitation.  

Samples were also frequently checked for decomposition by 60 

using standard UV-visible spectroscopy.   
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