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Narrow Bandgap Polymers: 
Poly-4-dicyanomethylene-4H-cyclopenta[2,1 -b;3,4=b’]dithiophene (PCDM) 
John P. Ferraris* and Tim L. Lambert 
Department of Chemistry, The University of Texas, Dallas, PO Box 830688, Richardson, Texas 75083-0688, USA 

An electroactive polymer with a bandgap of ~ 0 . 8  eV has been obtained from the monomer 
4-dicyanomethylene-4H-cyclopenta[2,1 -b;3,4-b’]dithiophene. 

Polymers which have low bandgaps (Egaq < 1.5 eV) in their 
neutral state remain a desired goal in the field of electroactive 
materials and several approaches to these have been pro- 
posed.1 We have recently identified another strategy for 
obtaining such materials which is based on using monomers of 
reduced aromaticity2 whose decreased HOMO-LUMO sepa- 
rations3 can be carried over into their polymers. Our first 
approximation4 to such systems was poly-4H-cyclopenta[2,l-b; 
3,4-bf]dithiophen-4-one, l a  (PCDT) which displayed an 
Egap d 1.2 eV, surpassed only by polyisothianaphthene 
(PITN) (and its derivatives)S and poly-dithieno[3,4-b;3‘ ,4’- 
dIthiophene6 with Egap = 1 eV. The CDT monomer should 
possess reduced aromaticity (lowered HOMO-LUMO gap3) 
to the extent that its primary resonance contributor, lb ,  
participates and pushes the fused ring structure toward a 12 x 
electron system. Such participation is suggested by the strong 
red shifts of the lowest n-n* absorption observed by Koster 
and Janssen7 when 1 is dissolved in acidic media. 

We now report that the strategy for 1 has led to the title 
compound, 2 (PCDM), an electroactive polymer with a 
bandgap below 1.0 eV and we describe a Hiickel molecular 
orbital interpretation for its reduced Egap. 

The dicyanomethylene group in CDMT (2) is a stronger 

t CDM was prepared in 93% yield via a piperidine catalysed 
Knoevenagel condensation between CDT and malononitrile and 
displayed satisfactory analytical and spectral characteristics. 

electron-withdrawing substituent than the carbonyl in 1 and 
should enhance the participation of 2’s primary resonance 
contributor, 2b, to the overall structure of the molecule. This 
in turn is expected to reduce the HOMO-LUMO separation 
in the monomer, and the Egap in its polymer, PCDM. 

The UV-VIS spectrum of CDM displays a 100 nm (0.48 eV) 
red shift of the long wavelength absorption band compared to 
CDT (1: A,,, = 472 nm, E = 1250; 2: A,,, = 576 nm, E = 1450). 
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Fig. 1 Absorption spectrum for poly-2 (PCDM) 

This band was assigned as a x-x* absorption for 1.4 We also 
assign the analogous absorption in 2 to a x-x* transition based 
on the presence of structure in this band, its 20 nm red shift 
from hexane to methanol, and by analogy with 1. Upon 
polymerization this band shifts to 950 nm in neutral PCDM, a 
red shift of ~ 0 . 9  eV compared to the monomer and similar in 
magnitude and direction to that observed upon poly- 
merization of CDT. 

The UV-VIS-near IR spectrum$. of neutral PCDM (Fig. 1) 
shows the long wavelength band edge (Egap) at -0.8 eV, 
making it one of the lowest bandgap polymers reported to 
date. Cyclic voltammetry (CV) of PCDM yields a peak anodic 
potential (Epa) of +0.76 V vs. standard calomel electrode 
(SCE).O For comparison, PCDT and polybithiophene (PBT) 
display Epa at +0.754 and +0.708 V vs. SCE, respectively. The 
anodic and cathodic CVg of PCDM (Fig. 2) show both 
oxidation and reduction of the polymer.11 The difference in the 
threshold potentials for hole (p-doping) and electron (n- 
doping) injection is ~ 0 . 3  V, comparable to that of PITN,5 and 
indicative of a narrow Egap material.9 However, whereas 
PITN is unstable to n-doping,S PCDM remains stable to both 
p- and n-doping after repeated anodic and cathodic cycling. 

The comparable Epa values for CDM, CDT and bithio- 
phene (BT) (1.31, 1.25,4 1.2-1.2843 V vs. SCE, respectively) 
and their corresponding polymers (see above) may appear 
surprising since electron-withdrawing groups in the 3-position 
of thiophene monomers normally increase Epa considerably.11 
These similarities are readily explained, however, by consid- 
ering the symmetry of the HOMOS. Fig. 3 displays the frontier 
orbitals for the bithiophene and our fused bithiophene, CDM. 

+ PCDM was grown galvanostatically onto indium tin oxide (ITO) 
coated glass electrodes at 750 mA cm-2 for 3 min from 0.01 mol dm-3 
solutions of CDM in nitrobenzene containing 0.1 mol dm-3 tetra- 
butylammonium tetrafluoroborate (TBATFB), and then electro- 
chemically reduced at +2.8 V vs. Li/Li+. 

9 PCDM was grown on a 100 pm diameter Pt disk electrodes from 0.1 
mol dm-3 solutions of CDM in nitrobenzene containing 0.1 mol dm-3 
TBATFB and then rinsed with nitrobenzene. The E,, was determined 
by extrapolating to zero scan speed a series of CVs taken between 0.0 
and +1.2 V vs. SCE. 

IThepotential wasscannedfrom +0.16to +1.16to -0.89to +0.16V 
vs. SCE. 
11  We have not identified the source of the oxidation wave peaking 
~ 0 . 5  V vs. SCE following each cathodic scan but note that it appears 
only if a cathodic scan precedes an anodic scan. This oxidation wave 
shows no discernible reduction. It appears associated with the 
adsorbed polymer rather than an impurity in solution since its current 
is linearly related to scan rate. 

c c g 
J 

t 

1.20 0.76 0.32 -0.12 -0.56 -1.00 
E N  vs. SCE 

Fig. 2 Cyclic voltammogram of PCDM as a tunction of scan rate 
showing p- and n-doping: (A) 10; (B) 20; (C)  30; (D) 40; (E) 50; (F) 
60; (G)  70; (H) 80 mV s-1 
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Fig. 3 Frontier molecular orbitals and corresponding HMO energies 
(B) for bithiophene (BT) and 2 (CDM) 

For bithiophene, both the HOMO and LUMO are stabilized 
by electron-withdrawing groups at the 3- and 3’-positions but 
the antisymmetry of the HOMO in the fused system creates a 
node at the 4-position** making this orbital relatively insensi- 
tive to substitution there. Thus, at the level of Hiickel 
molecular orbital theory, CDM, CDT and BT should display 
similar Epa. The Epa values of their respective polymers should 
also group at some lower value. The symmetric LUMOs for 
both systems are stabilized by substitution with electron- 
withdrawing groups. This is manifested by lowered half-wave 
reduction potentials and smaller Egap values. The ElI2 for 
CDM, CDT and BT are -0.78,12 -1.1713 and -2.2 V14 vs. 
SCE, respectively, while the corresponding polymer E g a p  
values are 0.8, 1.24 and 2.0 eV. 

In conclusion, Hiickel molecular orbital theory satisfac- 
torily explains the electrochemical features of CDM, CDT, 
BT and their polymers. Our model, which uses the develop- 
ment of non-aromaticity as a guide in the design of narrow 
Egap polymers, has led us to one of the lowest Egap polymers 

** HMO calculations were performed using hs = 1, kc-s = 0.68, hc = 
0, hN = 1.5 and kc-N = 1. 
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known to date, PCDM, with Egap -0.8 eV. Furthermore, this 
polymer appears stable to both p- and n-doping.?? 
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