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1. Batch-to-batch variation of electronic and photovoltaic 
properties of  conjugated polymers   
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1. Different nature of impurities/defects in the 
polymer samples:  

palladium clusters, catalyst residues, oxidation, doping, effect of 
end capping groups, low molecular weight impurities, cross-
linking products and etc.  

2. Insufficient sensitivity of the most common 
analytical methods for performing analysis of the 
polymer samples  

UV-VIS, FT-IR, NMR, HPLC/GPC, MS, chemical analysis???  

Challenges  



Characterizing two samples of PBDTTT -CF: 
absorption spectroscopy vs. ESR spectroscopy  
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Absorption spectra: 
almost the same 

ESR spectra: 
drastically different 

Electron spin resonance spectra show excellent sensitivity 
towards radical species! 



Molecular structures of the investigated polymers 

Some polymer samples were provided by Prof. S. A. Ponomarenko 
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ñDarkò signals in the ESR spectra of conjugated 

polymers 
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Influence of the radical species on photovoltaic 

performance of different PCDTBT batches 
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Correlation between the photovoltaic performance and the 

concentration of radicals (CR) for different polymers 

0.0 5.0x10
-5

1.0x10
-4

1.5x10
-4

2.0x10
-4

2.5x10
-4

0.0

0.2

0.4

0.6

0.8

1.0

h
e
x
p
/
h m

a
x

Concentration of radicals, C
R
, spin/r.u.

 P1 (P3HT)

 P2 (F8TBT)

 P3 (PCDTBT)

D. K. Susarova, N. P. Piven, A. V. Akkuratov, L. F. Frolova, M. S. Polinskaya,               

S. A. Ponomarenko, S. D. Babenko, P. A. Troshin, Chem. Comm., 2015, 51, 2239 



PV performance vs. CR in conjugated polymers: 

a general logarithmic plot 
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Concentration of 
radicals has to be 
below ~10-5 spins 
per repeating unit 
to keep reliable 

OPV performance! 



Summary 1 

ESR spectroscopy can 

be used successfully for 

assessment of the 

electronic quality of 

conjugated polymers 

designed for OPV 

applications 

D. K. Susarova, N. P. Piven, A. V. Akkuratov, L. F. Frolova, M. S. Polinskaya, S. 

A. Ponomarenko, S. D. Babenko, P. A. Troshin, Chem. Comm., 2015, 51, 2239 
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Common approach: absorption spectroscopy as a 

tool for monitoring PHOTOOXIDATION of polymers 

M. Manceau, E. Bundgaard, J. E. Carle, O. Hagemann, M. Helgesen, R. Søndergaard, M. 

Jørgensen, F. C. Krebs, J. Mater. Chem., 2011, 21, 4132 
 

M. Jørgensen, K. Norrman, S. A. Gevorgyan, T. Tromholt, B. Andreasen, F. C. Krebs,  Adv. 

Mater. 2012, 24, 580 

All experiments are 

performed 

 in air! 
400 500 600 700 800 900

0.0

0.2

0.4

0.6

0.8

Wavelength, nm
A

b
s
o

rb
a

n
c
e

, 
a

.u
.

 0 h

 1 h

 4 h

 14 h

 23 h

 35 h

 54 h

 104 h

Typical oxidative bleaching of a 

conjugated polymer film 



Relative stability of different building blocks towards 
oxidation and/or hydrolysis can be quantified  

M. Manceau, E. Bundgaard, J. E. Carle, O. Hagemann, M. Helgesen, R. Søndergaard, M. 
Jørgensen, F. C. Krebs, «Photochemical stability of p-conjugated polymers for polymer solar 
cells: a rule of thumb». J. Mater. Chem., 2011, 21, 4132 



Many possible degradation pathways 



Simultaneous action of oxygen, moisture and light can destroy even robust 
non-conjugated polymers like PMMA, polystyrene, polypropylene, etc.   

Oxygen and moisture can easily attack conjugated polymers under 
illumination:   



Solar cells are always encapsulated using appropriate barrier layers 
which protect the devices from the action of oxygen and moisture  

Intrinsic degradation of organic materials might be crucially 
important! It can occur under light and elevated 

temperatures in the absence of oxygen and moisture. 

- Photocyclizations (e.g. [2+2]cycloaddition]) 
- Cycloreversions  
- Rearrangements  
- Cross-linking 
- Χ 



Investigation of photostability of conjugated 

polymers using ESR technique  

Sample conditions: white light, 100-120 mW/cm2, 85-90 oC,  

Argon-filled sealed quartz/glass tubes 

Key principle:  

Continuous light pumping of 

the sample results in the 

formation of excitons. Decay 

of the excitons might lead to 

the degradation of the 

material (bond rapture) with 

the formation of free radical 

species 



Molecular structures of the investigated polymers 



Evolution of the dark ESR spectra of PTB7 under 

continuous illumination  
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Photodegradation profiles of conjugated 

polymers obtained using ESR spectroscopy 
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Comparing the rates of photodegradation of 

different polymers 
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L. A. Frolova, N. P. Piven, D. K. Susarova, A. V. Akkuratov, S. D. Babenko, P.A. Troshin, 

Chem. Comm., 2015, 51, 2242 



Preliminary data on the relative photostability of 

some conjugated polymers 

Stability 

L. A. Frolova, N. P. Piven, D. K. Susarova, A. V. Akkuratov, S. D. Babenko, P.A. Troshin, 

Chem. Comm., 2015, 51, 2242 



Advanced stability of PCDTBT is confirmed by many 

research groups 

Lifetime of seven years is predicted for ʈʉDTBT/[70]PCBM solar cells! 

C. H. Peters, I. T. S.-�4�X�L�Q�W�D�Q�D�����-�����3�����.�D�V�W�U�R�S�����6�����%�H�D�X�S�U�H�‰�����0�����/�H�F�O�H�U�F�����D�Q�G�� 

M. D. McGehee. Adv. Energy Mater. 2011, 1, 491 


