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Reversible physical interactions between CdSe quantum dots (QDs) and perylenediimide (PDI) 

derivatives have been investigated. Original processes, dependent on the concentration of the 

two species, contact time, temperature and pH, were observed. The combining of the two 

solutions resulted in the formation of an electron transfer complex (ETC) due to the transfer of 

an electron from CdSe nanoparticles to PDI, followed by the formation of the final particularly 

stable dianion PDI2- species through another electron transfer process. The anionic species was 

employed for the polymerization initiation of glycidyl methacrylate (GMA). Some aspects of 

the anionic polymerization mechanism have been investigated.  

 

Introduction 

As a result of their outstanding optical, thermal and chemical 

stability as well as redox properties, perylenediimide (PDI) 

chromophores have found applications in various fields 

including pigments,1 optical switches,2 logic gates,3 molecular 

switches or wires,4 sensors,5 laser dyes,6 supramolecular 

architectures7 and organic electronics.8 

The current research related to colloidal semiconductor QDs 

has been focused mainly on their utilization either as optical 

markers in biological systems9 or for the properties 

enhancement of optical materials in applications such as 

photovoltaic devices.10 Special attention should be paid to each 

component energy levels and to the formation of QDs–dye 

assemblies in order to optimize the controlled processes such as 

photoinduced charge transfer11 or energy transfer.12 

Here, we report a reversible electron transfer process between a 

PDI derivative and CdSe QDs occurring in aqueous media. The 

mixing of PDI 1a (Scheme 1) solution in THF with a CdSe 

water dispersion affords a dramatic change of the solution 

colour from orange to bright green. This observation could 

suggest a physicochemical interaction such as an electron 

transfer process between the two components. Nevertheless, 

this phenomenon was accompanied by the formation in time (~ 

after 1 h) of a precipitate resulting from the insolubility of PDI 

1a in aqueous media.  

In order to explain the colouring modification process avoiding 

the formation of a precipitate, the system was revised by using 

both components in aqueous solutions. Thus, PDI 1a was 

transformed into its sodium carboxylate form 1b using NaOH 

and the resulting aqueous solution was mixed with the aqueous 

CdSe dispersion. In this case, the colour modification took 

place in time, without the precipitate formation. 

.  

Scheme 1: Molecular structures of PDI 1a, PDI 1b and PDI 1c 

On the contrary to the first experiment carried out using PDI 1a 

in THF and CdSe in water, a remarkable reversibility of the 

colouring change was observed with PDI 1b and CdSe in water 

solutions. Under external stimuli (addition of oxygen and 

stirring, pH decrease), the mixture returns to the initial colour, 

and the variation process is repeated with a faster formation rate 

of the green colour compared to the first colour modification 

(first cycle). The reformation of the green colour corresponds to 

our second cycle (as presented in the video). The 

multireversibility of the process constitutes a very important 

characteristic of the system. (See Electronic supporting 

information S1 video). Nevertheless, the duration of the colour 

variation for the next cycles remains constant. Considering that 

we have observed a time dependent colour variation, the first 

analysis consisted in the UV-Vis absorption characterization of 

the initial and final mixtures. 

Page 1 of 6 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

400 500 600 700 800
0

1

2

3

4

A
b
s
o
rb
a
n
c
e

Wavelength (nm)

 PDI-CdSe 1-1 final

 PDI

 PDI-CdSe 1-1 initial

600 650 700 750 800 850
0.0

0.1

0.2

0.3

0.4

A
b
s
o
rb
a
n
c
e

Wavelength (nm)

 
Figure 1: UV-Vis spectra for: PDI 1b in water (concentration 

6.1·10-4M); initial (2 min) mixture molar ratio PDI-CdSe (1:1); 

final (1 h) mixture molar ratio PDI -CdSe (1:1); temperature = 

25°C 

The absorption spectrum of PDI 1b presents the characteristic 

bands of the PDI H-aggregates13, 14 (Figure 1), which remain 

constant for the initial and final mixture (450 nm and 500 nm). 

However, two new bands are observed at 640 nm and 760 nm 

for the mixture PDI 1b-CdSe in both cases, but with slightly 

different intensities (detail in Figure 1). 

The evolution in time of the PDI 1b-CdSe mixture was 

followed by UV-Vis spectroscopy. Due to its shorter interval, 

the second cycle was selected for the spectra registration. The 

second cycle presents the colour modification (orange to green) 

after interaction with oxygen.  
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Figure 2: UV-Vis spectra registered during the second cycle 

for a PDI 1b (conc. 6.1·10-4M)-CdSe molar ratio 1:1; 

temperature = 25°C 

In the inset of Figure 2, a severe decrease of the band at 760 

nm coupled with the concomitant increase of the band at 640 

nm is observed. The reduction of the intensity at 760 nm 

sustained the formation of an intermediary species, noted C 

(Scheme 2). Its concentration decreased in time up to 

consumption, thus confirming its thermodynamic instability. 

The peak intensity at 640 nm increased in time up to a 

maximum constant value, which suggests the formation of 

thermodynamically stable species D specific to the final 

system. In accordance with these observations, the system 

evolution could be interpreted as (Scheme 2): 

 

Scheme 2: The physicochemical interaction between PDI 1b 

and CdSe quantum dots 

The formation rate of the final species D is dependent on the 

lowest reaction rate, i.e. on the formation rate of C and not on 

the transformation rate of C into D. Therefore, the first step can 

be considered as the reaction rate determining parameter.  

The process description suggested the formation of an electron 

transfer complex (ETC: PDI•-/CdSe) – C between the electron 

donor CdSe and the electron acceptor PDI.12, 15 The ETC 

appears to be not stable in time, the system evolving to a more 

thermodynamically stable species D-(PDI2-) 15-18 characterized 

by the band at 640 nm. The reversible character is due to the 

electron transfer from the PDI2- to the oxygen present in the 

solution leading to the neutral PDI. 

This electron transfer process is in agreement with the energy 

levels of both QDs19-21 and dye molecules22, 23 (see Scheme 2).  

We propose two possible mechanisms to explain this process: the 

first mechanism takes into consideration a photo-induced electron 

transfer from CdSe to PDI as follows (based on a similar process 

involving CdSe and C60 described by Bang and Kamat22): 

The second hypothesis is that after electron injection from the CdSe 

to PDI, in the presence of oxygen - CdSe is oxidised to SeO2 and the 

QDs particle size decreases (which does not block the transfer due 

the slightly higher energy level of the smaller QDs). 

 
The presence of the PDI2- dianion was confirmed by the pH 

modification of the mixture after addition of an aqueous HCl 

solution. This resulted in recovering the orange colour and hindered 

the reversibility. 

The influence on the system behaviour of the molar ratio 

between the two components was investigated. UV-Vis spectra 

were recorded during the second cycle for solutions with 

different molar ratios of PDI 1b-CdSe. (See ESI Figure S1). 

The increase of the dilution led to a change in the PDI 

aggregates formation,14, 23 but the system underwent the same 

transition steps as for the 1:1 ratio. The remarkable aspect was 

the modification of the peaks intensities at 640 nm and 760 nm 

which declined with the modification of the molar ratio 

between the components. This aspect could be explained by the 

decrease of the reactants concentration and by the formation 

rate of species C and D, respectively. 
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For the first cycle, the interval to attain the thermodynamically 

stable species depends on the molar ratio between the two 

components. Thus, for an increased molar ratio for the CdSe a 

faster colour variation was observed. 

Considering that the colour variation process is due to a 

physicochemical interaction involving an equilibrium between 

several species with different thermodynamic stabilities, the 

temperature could influence the system evolution. Thus, the 

mixture PDI-CdSe 1:1 was analysed at two different 

temperatures, in addition to 25°C. 

400 500 600 700 800
0

1

2

3

4

 PDI-CdSe 1-1 2 min

 PDI-CdSe 1-1 4 min

 PDI-CdSe 1-1 6 min

 PDI-CdSe 1-1 8 min

 PDI-CdSe 1-1 10 min

A
b
s
o
rb
a
n
c
e

Wavelength (nm)

Temperature 10
o
C

600 700 800
0.0

0.1

0.2

0.3

A
b
s
o
rb
a
n
c
e

Wavelength (nm)

 

400 500 600 700 800
0

1

2

3

4

 PDI-CdSe 1-1 2 min

 PDI-CdSe 1-1 4 min

 PDI-CdSe 1-1 6 min

 PDI-CdSe 1-1 10 min

 PDI-CdSe 1-1 12 min

A
b
s
o
rb
a
n
c
e

Wavelength (nm)

Temperature 40
o
C

600 700 800
0.0

0.1

0.2

0.3

0.4

0.5

A
b
s
o
rb
a
n
c
e

Wavelength (nm)

 
Figure 3: UV-Vis spectra recorded during the second cycle for 

PDI 1b (conc. 6.1·10-4M)-CdSe with 1:1 molar ratio at 10°C 

(top) and 40°C (bottom) 

The comparative analysis between Figure 2 and Figure 3 

revealed that the concentrations of species C and D are 

temperature dependent, since the band intensities increase with 

the temperature. These observations confirmed that systems C 

and D present a characteristic formation rate in accordance with 

the Arrhenius law. Another observation shows that the species 

C is thermodynamically metastable and kinetically favoured, 

whereas the species D appears to be thermodynamically stable. 

As both individual components are fluorescent,24 the 

reversibility process was also analysed for determining the 

fluorescence modification of the system. In Figure 4 is 

presented the evolution of the system emission at an excitation 

wavelength of 485 nm25, specific for PDI (for PDI 1b:CdSe 1:2 

molar ratio during the reversibility process). The same 

behaviour took place for the solutions containing PDI 1b:CdSe 

molar ratio 1:1 or 1:4. 
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Figure 4: Fluorescence emission spectra during the second 

cycle for PDI 1b (conc. 4·10-4M)-CdSe molar ratio of 1:2 at a 

temperature of 25°C and an excitation wavelength of 485 nm. 

The fluorescence emission specific for PDI at 570 nm 

decreased in time with the formation of another band at 680 nm 

(Figure 4). This behaviour resulted from the formation of 

species C and D with the participation of PDI. This 

phenomenon suggests a partial disruption of the PDI aggregates 

with the creation of a species presenting a characteristic 

fluorescence at 680 nm. The intensity of the signal increases 

with time and is stable enough to confirm the formation of the 

thermodynamically stable species D.  

In order to corroborate the presence of PDI2- species, anionic 

initiated polymerization was realized. For this purpose, the 

aqueous CdSe quantum dots solution was concentrated under 

reduced pressure. Toluene was added and then removed under 

reduced pressure several times in order to completely eliminate 

water traces. Resulting CdSe QDs were redispersed in dimethyl 

sulfoxide and PDI 1c derivative26 was introduced. The expected 

colour variation characteristic of the PDI dianion formation was 

observed. The monomer employed for the polymerization was 

glycidyl methacrylate (GMA), being chosen due to the 

multitude of polymer analogous reaction possible afterwards27, 

28. Thus, the polymerization of GMA (2 mol/L) was realized 

using an initiator concentration of 10-3 mol/L. The reaction 

temperature was -5°C and the obtained polymer was 

precipitated in diethyl ether, filtered and dried. 

The polymerization kinetics was studied by determination of 

the conversion evolution vs time Figure 5. 
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Figure 5. Conversion vs time for GMA polymerization using 

PDI/CdSe (PDI2-) initiator system 

The analysis of Figure 5 reveals that the conversion reaches a 

limit at around 11%. This maximum is mainly due to the 

irreversible termination reactions. The value of the conversion 

is dependent on the initiator concentration and on the kp/kt 

(propagation/termination constants) ratio according to equation 

(1); a very interesting aspect is the character of the initiation 

reaction. 

c=1-e
(-
kp

kt
�I�0)

	     (1)29 

The GPC analysis was performed for the polymer samples 

collected at each conversion interval in order to better 

understand the mechanism. The results are presented in Table 

1.  

Table 1. GPC data for polymer samples at different conversion 

values 

Time (min) Conv. (%) Mn (g/mol) PDI 

15 3.3 
71299 1.23 

805 1.02 

40 7.1 
61144 1.38 

803 1.04 

80 9.2 
37059 1.40 

800 1.06 

120 11.0 
21263 1.56 

788 1.05 
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Figure 6. GPC trace analysis at 40 min reaction time processed 

according to Gavrilov et al. 30 

In the GPC trace analysis of the polymer samples an interesting 

peak is present at 780 g/mol. This value can be correlated with 

the PDI derivative molecular weight, which sustains the lack of 

chemical grafting of the PDI to the polymer chain. Thus, the 

initiation is realized through an electron transfer process, 

followed by the return of the dye to its neutral state. This aspect 

is noticeable during the experiment, because after the initiator 

introduction, the solution changes colour from green to orange 

confirming the electron transfer process. 

The value of the molecular weight is directly proportional to the 

concentration of the monomer and decreases with the reaction 

time. The variation of the polydispersity index can be explained 

by a variation of the initiation rate. Thus, a rapid initiation rate 

is registered in the first stage of the reaction followed by a slow 

initiation. This slow initiation can be explained by the ability of 

the PDI/CdSe system to reform the dianion species after the 

electron transfer process. Consequently, the anionic 

polymerization of GMA with irreversible termination was 

realized through initiation using PDI2- species present in a 

PDI/CdSe system. A more detailed study of the anionic 

polymerization will be presented in a future study. 

Conclusions 

We have obtained a reversible electron transfer system 

involving a PDI derivative and CdSe QDs. The reversibility is 

due to the partial disruption of the PDI-CdSe aggregates and the 

electron transfer process from the PDI2- to another acceptor 

(oxygen). The observed phenomena could find application in 

the development of oxygen sensors (presenting the advantage 

of utilizing only a simple colour modification process compared 

to electrochemical alternatives) or it could be exploited for the 

realization of solar cells. 

 Furthermore, we have demonstrated the possibility to 

initiate anionic polymerization using the PDI dianion species 

for GMA. Using the GPC analyses some kinetics and 

mechanism aspects have been highlighted. 

 

Acknowledgements 
LCN acknowledges financial support from the Ministry of 

National Education, Research and Youth of Romania (CNCS-

UEFISCDI, project Nr. PN-II-ID-2013-4-0362). AD and AM 

acknowledge financial support from the Sectoral Operational 

Programme Human Resources Development 2007-2013 of the 

Ministry of European Funds through the Financial Agreement 

POSDRU/159/1.5/S/132395 and  POSDRU/159/1.5/S/132397.  

 

Notes and references 
a University Politehnica of Bucharest, Department of Bioresources and 

Polymer Science, 1-7 Gh. Polizu Street, 011061 Bucharest, Romania. 
b National Institute of Materials Physics, 105 bis Atomistilor, 077125 

Magurele-Ilfov, Romania. 
c Université d’Angers, Laboratoire MOLTECH-Anjou, CNRS UMR 

6200, 2 Bd Lavoisier, 49045 Angers, France. 

*Corresponding author: aurel_diacon@yahoo.com, tel: +40 021 402 2708 

Electronic Supplementary Information (ESI) available: including 

experimental procedures, UV-Vis molar ratio influence, TEM QDs, a 

movie of the reversible process in the presence of oxygen and stability vs 

nitrogen. See DOI: 10.1039/b000000x/ 

 

Page 4 of 6RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 5  

References 

1. H. M. Smith, High Performance Pigments, 1st edn., Wiley-VCH 

Verlag, Weinheim, Germany, 2002. 

2. M. P. O'Neil, M. P. Niemczyk, W. A. Svec, D. Gosztola, G. L. 

Gaines and M. R. Wasielewski, Science, 1992, 257, 63-65. 

3. Y. Li, H. Zheng, Y. Li, S. Wang, Z. Wu, P. Liu, Z. Gao, H. Liu and 

D. Zhu, J. Org. Chem., 2007, 72, 2878-2885. 

4. T. M. Wilson, M. J. Tauber and M. R. Wasielewski, J. Am. Chem. 

Soc., 2009, 131, 8952-8957. 

5. Y. Yuan, R. Yuan, Y. Chai, Y. Zhuo, X. Gan and L. Bai, Chem. Eur. 

J., 2012, 18, 14186-14191. 

6. I. García-Moreno, A. Costela, M. Pintado-Sierra, V. Martín and R. 

Sastre, Opt. Express, 2009, 17, 12777-12784. 

7. F. Wurthner, Chem. Commun., 2004, 1564-1579. 

8. C. Huang, S. Barlow and S. R. Marder, J. Org. Chem, 2011, 76, 

2386-2407. 

9. X. Gao, Y. Cui, R. M. Levenson, L. W. K. Chung and S. Nie, Nat 

Biotech, 2004, 22, 969-976. 

10. H. Lee, M. Wang, P. Chen, D. R. Gamelin, S. M. Zakeeruddin, M. 

Grätzel and M. K. Nazeeruddin, Nano Lett., 2009, 9, 4221-

4227. 

11. B. Vercelli, G. Zotti and A. Berlin, ACS Appl. Mater. Interfaces, 

2012, 4, 3233-3238. 

12. D. Kowerko, J. Schuster, N. Amecke, M. Abdel-Mottaleb, R. 

Dobrawa, F. Wurthner and C. von Borczyskowski, Phys. 

Chem. Chem. Phys., 2010, 12, 4112-4123. 

13. K. Liu, Y. Yao, Y. Kang, Y. Liu, Y. Han, Y. Wang, Z. Li and X. 

Zhang, Sci. Rep., 2013, 3, 2372. 

14. D. Görl, X. Zhang and F. Würthner, Angew. Chem. Int. Ed., 2012, 51, 

6328-6348. 

15. E. Shirman, A. Ustinov, N. Ben-Shitrit, H. Weissman, M. A. Iron, R. 

Cohen and B. Rybtchinski, J. Phys. Chem. B, 2008, 112, 8855-

8858. 

16. L. Zhong, F. Xing, W. Shi, L. Yan, L. Xie and S. Zhu, ACS Appl. 

Mater. Interfaces, 2013, 5, 3401-3407. 

17. R. O. Marcon and S. Brochsztain, Langmuir, 2007, 23, 11972-11976. 

18. M. A. Iron, R. Cohen and B. Rybtchinski, J. Phys. Chem. A, 2011, 

115, 2047-2056. 

19. F. Hetsch, X. Xu, H. Wang, S. V. Kershaw and A. L. Rogach, J. 

Phys. Chem. Lett., 2011, 2, 1879-1887. 

20. C. B. Murray, D. J. Norris and M. G. Bawendi, J. Am. Chem. Soc., 

1993, 115, 8706-8715. 

21. J. N. de Freitas, I. R. Grova, L. C. Akcelrud, E. Arici, N. S. Sariciftci 

and A. F. Nogueira, J. Mater. Chem., 2010, 20, 4845-4853. 

22. J. H. Bang and P. V. Kamat, ACS Nano, 2011, 5, 9421-9427. 

23. J. Schönamsgruber, B. Schade, R. Kirschbaum, J. Li, W. Bauer, C. 

Böttcher, T. Drewello and A. Hirsch, Eur. J. Org. Chem., 

2012, 2012, 6179-6186. 

24. W. Mi, J. Tian, W. Tian, J. Dai, X. Wang and X. Liu, Ceram. Int., 

2012, 38, 5575-5583. 

25. J. Baffreau, S. Leroy-Lhez, N. Vân Anh, R. M. Williams and P. 

Hudhomme, Chem. Eur. J., 2008, 14, 4974-4992. 

26. L. Perrin and P. Hudhomme, Eur. J. Org. Chem., 2011, 2011, 5427-

5440. 

27. M. A. Gauthier, M. I. Gibson and H.-A. Klok, Angew. Chem. Int. Ed., 

2009, 48, 48-58. 

28. V. Tsyalkovsky, V. Klep, K. Ramaratnam, R. Lupitskyy, S. Minko 

and I. Luzinov, Chem. Mater., 2007, 20, 317-325. 

29. G. Odian, Principles of Polymerization, 4th edn., Wiley, 2004. 

30. M. Gavrilov and M. J. Monteiro, Eur. Polym. J., 

doi:10.1016/j.eurpolymj.2014.1011.1018. 

 

 

Page 5 of 6 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



  

 

 

 

 

Page 6 of 6RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t


