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Abstract: Three lactone-based rigid semiconducting polymers were 
designed to overcome major limitations in the development of n-type 
organic thermoelectrics, namely electrical conductivity and air stability. 
Experimental and theoretical investigations demonstrated that 
increasing the lactone group density by increasing the benzene 
content from 0% benzene (P-0), to 50% (P-50), and 75% (P-75) 
resulted in progressively larger electron affinities (up to 4.37 eV), 
suggesting a more favorable doping process, when employing (N-
DMBI) as the dopant. Larger polaron delocalization was also evident, 
due to the more planarized conformation, which is proposed to lead 
to a lower hopping energy barrier. As a consequence, the electrical 
conductivity increased by three orders of magnitude, to achieve 
values of up to 12 S/cm and Power factors of 13.2 μWm−1 K−2 were 
thereby enabled. These findings present new insights into material 
design guidelines for the future development of air stable n-type 
organic thermoelectrics. 
 

Introduction 

Energy harvesting with conjugated polymers (CP) is most 
obviously exemplified in organic photovoltaics (OPVs), to enable 
high throughput production of flexible solar energy converters for 
clean energy generation.[1] Recently, conjugated polymers (CP) 
have also supported the development of emerging energy 
conversion technologies such as thermoelectric devices (TE), 
which offer direct conversion of heat into electric power without 
mechanical moving parts, making them compact and quiet 
compared with conventional heat engines.[2],[3] In contrast with the 
widely studied inorganic alloys, organic polymers have significant 
attraction as thermoelectric materials due to their low thermal 
conductivity (κ), necessary for efficient energy conversion as 
defined by the thermoelectric figure-of-merit ZT = S2σT/κ,  
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Figure 1. Chemical structures of the lactone based-rigid polymers investigated herein.

 
where S is the seebeck coefficient, σ is the electrical conductivity 
and T is the absolute temperature.[3a, 4]Moreover, the 
incorporation of solution-processable, flexible, and non-toxic 
conjugated polymers offer thermoelectric devices with great 
potential for the next generation of low-cost wearable 
heating/cooling devices, and near-room-temperature energy 
generation.[3a] Such features are impractical for toxic, rigid, and 
high temperature functioning inorganic materials.[5] Nonetheless, 
achieving high Seebeck coefficients (S) and electrical 
conductivities (σ) remains a challenge for organic thermoelectrics 
(OTEs), leading to lower than average thermoelectric (TE) 
performance. The development of higher performing organic 
thermoelectric (OTE) materials is thus essential to encourage 
their widespread utility.  

While several p-type polymer thermoelectrics (OTE) are 
leading the field with electrical conductivities of >1000 S cm−1 and 
power factors (PF = S2σ) of >100 μWm−1 K−2,[6] the highest 
performing n-type materials trail behind these values, mainly due 
to lack of air instability.[7] As such, the quest for high performing 
n-type polymers becomes key for further development of the 
organic thermoelectric (OTE) field. Since the Seebeck coefficients 
(S) of p- and n-type polymeric materials are comparable, 
approaching values of |40–200| µV K−1 at their maximum power 
factors (PFs),[8]optimizing the electrical conductivity (σ) has been 
the focus of many studies towards improving the thermoelectric 
performance of n-type polymers.[7d, 9]Currently, 
naphthalenetetracarboxylic diimide (NDI) based polymers, 
specifically N2200, are the most widely investigated n-type 
polymers for organic thermoelectrics, yet exhibit electrical 
conductivity (σ) of only 8×10-3 Scm−1 and power factor (PF) of 0.6 
μWm−1K−2. [9c] This is firstly ascribable to interchain charge 
localization observed in N2200 and related donor–acceptor (D-A) 
polymers,[9b, 10] which arises from large torsional angles between 
the donor and acceptor units, combined with the inefficient n-
doping of the donor unit, due to its poor electron accepting 
ability.[7a, 7e, 11]Theoretical and experimental investigations reveal 
that the HOMO and LUMO orbital coefficients of (D-A) polymers 
are localized on the donor and acceptor moieties respectively, 
and the negative polaron of the n-doped polymer is localized only 
on the acceptor unit.[9e, 11a, 12] These indications suggest that the 
inactive n-doping of the donor unit together with the respective 
orbital energies of the donor and acceptor units have a significant 
impact in charge localization reported for N2200 and several other 
(D-A) polymers, ultimately limiting their carrier mobility and 
conductivity.[9b] Inducing charge delocalization along the polymer 
backbone has been the focus of a myriad of studies by i) boosting 
a more planarized structures[9e, 13]and ii) reducing the donor 
character of the traditional (D-A) polymers.[7e, 14] The ladder-type 
polymer, polybenzimidazo-benzophenanthroline (BBL) provides  

 
a good example to highlight the significance of a planarized rigid 
backbone in overcoming this limitation, reaching electrical 
conductivity (σ) up to 3 orders of magnitude larger, and power 
factor (PF) of 1 order of magnitude higher than N2200, which 
suggests a higher polaron mobility.[9e] Furthermore, a recent study 
demonstrated that enhancing backbone planarity together with 
minimizing (D−A) character help overcome the columbic 
interaction between polymer and dopant, reducing the number of 
free charges and subsequently the doping efficiency.[15] 

Secondly, the modest performance of N2200 is also 
ascribed to the poor miscibility between the host polymer and 
employed dopant.[16] Such extrinsic limitation has been resolved 
by a number of related studies, such as increasing the side chains 
polarity by utilizing ethylene glycol oligomeric derivatives, which 
results in an improved dopant dispersion in the polymer matrix, as 
compared to the traditional alkyl side chains, leading to several 
fold enhancement in electrical conductivities (σ) and subsequent 
thermoelectric performance.[9d, 17] 

We hypothesized that molecular engineering of 
conjugated polymers exhibiting rigid backbone with all acceptor 
(A-A) properties and polar side chains, will be beneficial in 
achieving high performing n-type organic thermoelectric devices. 
These rigid polymers exhibit excellent thermal stability, imperative 
for thermoelectric applications.[18] Enhanced dopant/polymer 
mixing imparted by the use of glycol-based side chains is 
expected, which crucially affects the doping process, and 
subsequently the thermoelectric performance. All electron 
deficient backbone polymers will also exhibit high electron affinity 
due to the electron withdrawing accepting functional groups, thus 
enabling a thermodynamically favorable n-doping mechanism 
that is also essential for facile n-doping in the presence of oxygen 
and water and thus for achievement of air-stable n-organic 
thermoelectrics.[19] 

Few electron deficient rigid polymers have been 
reported with thermoelectric performance reaching power factor 
(PF) milestones of the order of 100−101 μWm−1K−2.[7c, 9e, 13] 
Nonetheless, considering that in most organic thermoelectric 
studies, the electrical conductivity (σ) is the main parameter to 
improve, values above 10 S cm−1 have been scarcely reported for 
n-type conjugated polymers.[7c, 7d, 9a] We believe that this is due to 
the insufficient studies giving structural design guidelines to 
optimize device performance.[13-14, 17a] 

We demonstrate judicious molecular design of electron 
deficient fused lactone-based polymers to optimize thermoelectric 
performance. A series of three co-polymers containing benzene 
and naphthalene building blocks were synthesized, exhibiting a 
rigidified structure. The backbone conformation has been 
planarised by the double bonds imparted by a simple aldol  
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Table 1. Polymers physical and electrical properties. 

[a] Calculated by Density Functional Theory (DFT) simulations. [b] IP is measured by ultraviolet photoelectron spectroscopy (UPS) and EA by low energy inverse 
photoelectron spectroscopy (LE-IPES). [c] Thin films were spin-cast on glass substrates from chloroform solution; λ is the peak of the first low energy absorption 
band of the polymers. [d] Estimated optical gap calculated using onset of absorption spectra (Eopt.gap =1240/λonset), IP is measured by photo electron spectroscopy 
in air (PESA) and EA is calculated from Eopt.gap and IP.  
 
 
condensation of enolic bis-lactone and electrophilic bis-lactam 
electron-withdrawing units. We sought to use a mixture of 
alkylated and glycolated solubilizing components to balance self 
assembly, aggregation and dopant compatibility, ultimately 
affording the co-polymers P-0, P-50, and P-75. Polymer 
structures are illustrated in Figure 1. We explore the effect of 
aromatic size core on controlling the electron deficiency and the 
overall organization of the polymers, which impacts the 
thermoelectric performance. Upon optimized doping conditions, 
P-75 with the highest number of benzene core, and therefore the 
highest lactone density, displays the largest electrical conductivity 
(σ) of 12 Scm−1 and power factor (PF) up to 13.2 μWm−1K−2. The 
conductivity of P-75 is significantly higher than that of other doped 
(A-A) and (D-A polymers),[7a-c, 7e, 13a] and one of the few reported 
n-type polymers displaying an electrical conductivity value over 
10 S cm−1.[7c, 7d, 9a, 20] Its power factor is also among the highest 
reported for solution processable n-type thermoelectric polymers. 
Our work demonstrates the critical role of aromatic ring size 
optimization in successful n-doping of the attractive all-acceptor 
rigid conjugated polymers and provide future material design 
guidelines for the advancement of n-type organic thermoelectrics. 
 
Results and discussion 
 
Polymer synthesis: All monomers were synthesized according 
to literature procedures.[21] Firstly, benzene-bis-isatin (M1) is 
prepared by oxidizing cyclohexanedione in ethanol, followed by 
amination and aromatization in the same reaction vessel. The 
corresponding diamine undergoes acylation, followed by ester 
hydrolysis. Swern oxidation of the intermediate dialcohol 
produces a diglyoxamide, prior to a Pummerer cyclisation. 
Oxidation of the resulting tricyclic intermediate yields benzene- 
bis-isatin (M1) in 25% yield. Second, synthesis of the 
naphthalene-bis-isatin monomers (M2) and (M3) followed a 
Martinet dioxindole condensation approach, by reacting 1,5-
diaminonapthalene with diethyl ketomalonate form the bis-
oxindole intermediate, which was then oxidized to form the bis-
isatin. The subsequent n-alkylation/n-glycolation has afforded 
(M2) and (M3) in 20% yield. Preparation of benzo-difuran 
monomer begins with a nucleophilic addition of 1,4-benzoquinone 
by ethyl cyanoacetate, followed by a hydrolysis to generate the 
diacid intermediate, which is subsequently dehydrated with acetic 
anhydride to yield 30% of the benzo-difuran monomer (M4). 
Lastly, naphtha-difuran monomer was obtained via the addition of 
1,1,2-trichloroethyelene to the 1,5-dihydroxynaphthalene to 

generate dichlorovinyl-oxynaphthalene intermediate. Following 
that, an elimination step with n-BuLi has afforded the dialkyne, 
which was subjected to an oxidative cyclization procedure to 
provide (M5) in 10% yield.  

Polymers P-0, P-50 and P-75 were synthesized using 
the previously reported metal-free polymerization[21a] where an 
acid catalyst is employed to drive the aldol condensation between 
the enolic and electrophilic carbonyl units of bis-lactone and bis-
isatin building blocks. This metal-free approach offers numerous 
advantages over transition-metal mediated reactions (such as 
Stille, Suzuki-Miyaura, or Kumada coupling), in which metal 
reagents can be costly and highly toxic. Furthermore, having 
water as the only byproduct provides aldol condensation with no 
arduous purification steps that accompanies the use of metals 
such as palladium. Ultimately, P-0, P-50, and P-75 were obtained 
with number-average molecular weights (Mn) of 10 (k)gmol-1, 10.7 
(k)gmol-1, and 18 (k)gmol-1. Detailed polymerization conditions 
are reported in the supporting information (Section 2.3). 
Unfortunately, the synthesis of the P100 extension of this series 
was synthetically unattainable via the Martinet dioxindole 
condensation route.  This route requires the synthesis of a 
glycolated benzo-bis-isatin co-monomer, which, under our 
conditions, was not isolable. 

 
 
 
Polymers characterization: The thermal properties of P-0, P-50, 
and P-75 can be found in Figure.S18. All polymers showed 
excellent thermal stability with a decomposition temperature of 
over 350 °C, as determined by thermogravimetric analysis (TGA) 
and no phase transitions in the range from room temperature to 
300 °C were observed by differential scanning calorimetry (DSC) 
for P-0. Conversely, P-50 exhibits a heating endotherm peak 
around 102°C and a cooling exothermic peak at 64°C. P-75 
exhibits endothermic and exothermic peaks at 142°C and 120°C, 
with a slightly increased peak intensity. The same peaks were 
observed in the second cycle for both polymers. The thermal 
transition behavior suggests a more ordered structure of the 
benzene-containing polymers, P-50 and P-75, than the all-
naphthalene derivative P-0.  

The ionization potential (IP), the electron affinity (EA) 
and optical gap (Eg) of the polymers were determined by a variety 
of spectroscopic techniques including photo electron 
spectroscopy in air (PESA), thin-film absorption spectra (UV-VIS-
NIR), ultraviolet photoelectron spectroscopy (UPS), and low 
energy inverse photoelectron spectroscopy (LE-IPES). The 

Polymer 
Mn/Mw 

[(k)gmol-1] PDI 
IP[a] 

[eV] 

EA[a] 

[eV] 

Eg[a] 

[eV] 

IP[b] 

[eV] 

EA[b] 

[eV] 

Eg[b] 

[eV] 

λmax,film[c] 

[nm] 

IP[d] 

[eV] 

EA[d] 

[eV] 

Eg[d] 

[eV] 

P-0 10K/14K 1.4 5.69 3.44 2.25 5.55 4 1.55 823 5.21 4.09 1.12 

P-50 10.7/14K 1.3 5.72 3.61 2.11 5.55 4.2 1.35 973 5.29 4.30 0.99 

P-75 18/33K 1.8 5.77 3.68 2.09 5.55 4.3 1.25 998 5.30 4.37 0.93 
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corresponding data are listed in Table 1. P-75 showed the largest 
ionization potential (IP) and electron affinity (EA) of 5.30 and 4.37 
eV, respectively, one of the largest reported electron affinities 

among glycolated n-type semiconducting polymers, which is 
attributed to the high density of the electron-withdrawing  

 
Figure 2. UV−vis−NIR thin film absorption spectra of the pristine and doped a), b) P-50, and c) P-75. EPR signals of the pristine and the doped d) P-0, e) P-50, and 
f) P-75. 
 
carbonyl groups. As the lactone content is reduced by reducing 
the benzene core to 50% in P-50, the ionization potential (IP) and 
electron affinity (EA) slightly decreased to 5.29 and 4.30 eV. The 
all naphthalene derivative P-0 has considerably exhibited the 
smallest ionization potential (IP) and electron affinity (EA) of 5.21 
and 4.09 eV. This is chiefly attributed to the effective dilution of 
the electron withdrawing group density (C=O) along the 
conjugated backbone, by increasing the size of the aryl ring and 
consequently rendering the benzene free backbone (P-0) less 
electron deficient compared with its lactone- benzene-containing 
counterparts P-50 and P-75. Additionally, introducing more 
benzene content has been shown to reduce the backbone twisting 
(discussed later in the theoretical modelling section) and increase 
the pi orbital overlap along the backbone which leads to a 
narrowing of the bandgap to 0.93 eV for P-75. The optical band 
gap widens with reducing benzene content in P-50 and P-0 to 
reach 0.99 and 1.12 eV, respectively. Moreover, these lactone-
based polymers exhibited lower LUMO levels than analogous 
previously reported lactam fused polymers,[13b] suggesting greater 
electron-withdrawing properties of the lactone functional group, 
when compared with lactam groups, thus higher electron affinities 
are achieved.  

The doping behavior of the three polymers were studied 
by UV−vis−NIR absorption spectroscopy and electron 
paramagnetic resonance (EPR) spectroscopy. The 
corresponding absorption spectra can be found in Figure 2a-c. In 
the pristine state, all polymers exhibit three absorption peaks. Two 
absorption bands with maximum absorption wavelength (λmax) at 
(467 and 652 nm for P-0), (497 and 631 nm for P-50) and (516 
and 658 nm for P-75). The onset absorption wavelength for P-0,  

P-50, and P-75 are 1107, 1252, and 1333 nm, respectively. P-0 
exhibits a shorter onset absorption wavelength than P-50 and P-
75. This is consistent with its wider optical band gap, resulting 
from the reduced pi orbital overlap upon backbone twisting. The 
dopant N-DMBI, (4-(1, 3dimethyl2, 3-dihydro-1H-benzoimidazol- 
2-yl)phenyl)dimethylamine) was selected to solution-dope all the 
polymers due to its reported strong n-doping ability for various n-
type semiconductors,[7c, 9c, 22] high chemical stability, and good 
solution processability.[22b]  

 
Figure 3. GIWAXS Patterns: Two-dimensional grazing incidence X-ray 
scattering map of (a) P-0, (b) P-50, and (c) P-75. GIWAXS Linecuts. (d) In-plane 
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(qr) and (e) out-of-plane (qz) scattering line cuts from P-0, P-50, and P-75 (offset 
in intensity for clarity) highlighting the lamellar (h00) and π-stack (010) 
scattering. 
Moreover, its shallow SOMO energy level of (- 2.8 eV) offer an 
effective energy offset with the polymers in this study,  which is 
necessary for electron transfer from the donor (N-DMBI) to the 
host polymers.[23]  As shown in Figure 2a-c, upon doping the three 
polymers with N-DMBI, the neutral absorption features in the 
spectrum region at 400-700 nm sharply decrease in intensity. The 
n-doping is concurrently accompanied by the rising of a new 
absorption band at 1100-1200 nm, which we attributed to 
polarons, and one in the IR region at wavelength > 1500 nm, 
which we ascribed to bipolarons. Furthermore, 50% and 100% 
doping of P-75 is accompanied with full quenching of the pristine 
polymer peaks and a more pronounced appearance of bipolaron 
peaks, which could be the cause for the decreased charge carrier 
mobility and therefore the conductivity at 100% doping ratio, as 
will be discussed later. 

To shed light on the doping process, the pristine and 
doped polymers at various doping level were evaluated by 

electron paramagnetic resonance (EPR) spectroscopy. 
Bipolarons are EPR silent, whereas polarons are unpaired 
electrons that are EPR active. Interestingly, as demonstrated in 
Figure 2 d-f, all pristine polymers showed EPR signals, 
suggesting the existence of an intrinsic charge density in the 
pristine (undoped) polymers. While the origin of this intrinsic 
charge density remains elusive, we note that it has already been 
observed for similar lactone polymers and tentatively ascribed to 
diradicals.[13a] The spin density is relatively weak for pristine P-0, 
and it enhances upon doping, indicating the generation of 
polaronic species as shown in Figure 2d. In contrast to P-0, P-50 
and P-75 displayed a different spin behavior, with a relatively 
strong spin density of the undoped polymers that considerably 
decreases upon doping. We tentatively attribute this observation 
to the formation of EPR-silent bipolarons. 

 

 
Figure 4. The illustrative symmetric violin plots smoothed by Kernel density a) P-0, b) P-50, and c) P-75 of the corresponding Hirschfeld charge distribution d) P-0, 
e) P-50, and f) P-75 in reduced polymers based on a fragment analysis of the polymer chain. Lactam groups shown in gray, Lactone groups shown in other colors. 
Napthalene-containing units are diagonally shaded, whereas the benzene rings are not.
 
Microstructure: 
The polymers were investigated by grazing-incidence wide-angle 
X-ray scattering (GIWAXS) to gain insight into their thin film. The 
two-dimensional scattering patterns and in- and -out-of-plane line 
cuts are illustrated in Figure 3. All three polymers showed 
nominally similar scattering patterns in line with the previously 
reported analogues, though with diminished degrees of lamellar 
scattering.[13a, 14a] As shown in 2D GIWAXS, all three polymers 
show a strong isotropic amorphous scattering ring centered near 
1.4 Å-1, with lamellar stack (h00) and π-π stack (010) scattering 
present both in- and out-of-plane. The π-π stack (010) scattering 
transitioned from mostly isotropic in P-0 to a mix of largely in- and 
out-of-plane for P-75, with P-50 presenting an intermediate case.  
This shows that the reduction of the naphthalene rings in the 
backbone drives the otherwise randomly aligned crystallites into 

a preference for edge- or face-on texture, which is correlated with 
the improved thermoelectric performance. As seen in Figure. 3 a-
c, the lamellar (h00) scattering was not well resolved against the  
 
 
scattering background, indicating a relatively diminished 
population of scatterers, which increases the uncertainty in 
calculated d-spacings and crystallite coherence lengths (Lc), see 
Table S1. This is especially true in the case of P-0 which shows 
only weak scattering shoulders and no evidence of higher ordered 
scattering peaks/shoulders. In the case of P-50 and P-75, the 
lamellar stacking appeared tighter out-of-plane than in-plane, and 
in-plane coherence lengths were roughly equivalent. In general, 
the π-π stack (010) scattering was better resolved. P-0 showed 
the largest π-π stack coherence lengths in- and out-of-plane, 
however, the thermoelectric performance did not correlate with 
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simple coherence length. The π-π stack d-spacings of P-0 and P-
50 were very similar (~3.6 Å) both in- and out-of-plane. P-75 
however showed a significantly tighter π-π stack d-spacings 3.45 
and 3.41 Å in- and out-of-plane, respectively. The P-75 π-π stack 
d-spacing was tighter than previous analogues as well,[13a, 14a] and 
correlated with improved thermoelectric performance. 

To investigate the effect of doping on the polymer’s 
surface morphology, atomic force microscopy (AFM) was carried 
out, Figure S21. All pristine polymers form smooth thin films with 
roughnesses below 1 nm . Interestingly, after 10% doping with N-
DMBI, the polymers thin films display uniform morphologies. 
Unlike PCBM and N2200 with high crystallinity,[9c, 22b] N-DMBI 
doped thin films of P-0, P-50 and P-75 present negligible particles 
and aggregates on the top of the surface. The low crystallinity of 
the three polymers indicate greater dopant dispersion in polymer 
films, resulting in a more efficient doping process. Higher content 
of N-DMBI leads to segregation at the surface of the three 
polymers, which congruent with the decreased thermoelectric 
performance at high doping concentrations.  

 
Theoretical Modeling 

To examine the effect of lactone maximization on the 
conformation of the backbone, oligomers of P-0, P-50, and P-75 
were modeled by density functional theory (DFT) simulations. The 
long solubilizing alkyl and glycol chains were reduced to methyl 
groups to simplify the simulations. Firstly, the double bond 
connection appears to significantly reduce the twist angle 
between the building blocks, with torsional potential energy 
surfaces showing an energetic minimum at 160°, suggesting a 
conformationally locked backbone of the three polymers,  
Figure.S25. P-0, P-50, and P-75 exhibit dihedral angle average of 
±20.1°, ±18.5°, and ±14.9°, respectively. The observed reduction 
in dihedral angle from P-0 to P-75 establishes an indication that 
increasing the lactone unit through benzene maximization has an 
influence on reducing the torsional angle between the building 
blocks and thus backbone planarization. This in turn ought to 
anticipate P-75 with stronger orbital overlap, extended polaron 
delocalization and hence an improved charge carrier transport. 

We are particularly interested in investigating the 
negative polaron distribution, given its crucial impact on charge 
mobility and thereby electrical conductivity.Charge distribution 
analysis was performed on the density functional theory 
calculations using Hirshfeld charges,which has previously used to 
model polaron species of polymers.[24] In short, the Hirshfeld 
analysis partitions the electron density to allocate a partial charge 
to each atom. These charges are summed for the atoms making 
up the different lactone or lactam repeat fragments, such that the 
spread of charge in the radical anion can be visualised along the 
polymer chain, and the contibutions of the different functional 
groups and naphthalene/benzene rings to charge stabilisation 
can be observed. Figure.4 d), e) and f) illustrates the negative 
polaron destribution on the alternating lactone and lactam units, 
where (orange, black and blue bars represent lactone unit, and 
gray bars represent lactam unit). Additionally the napthalene-
containing units are diagonally shaded, whereas the benzene 
rings are not.Figure.4 d) shows that negative polarons in P-75 
were distributed to a greater extent when compared to P-50 and 
P-0, where the negative charges reside on three fragments (3-4-
5) for P-50 and only two fragments (4-5) for P-0. To show a clear 
comparison of the charge distribution across the polymers, 
Hirshfeld charges of each polymer were also demonstrated in 

mirrored distribution curves, also called Violin plots. As seen in 
Figure.4 a), b) and c), the negative polarons in P-75 appear to be 
more evenly distributed along the fragments, with a more uniform 
topology than those shown in P-50 and P-0. The charge 
distribution within the polymer has shown to have a substantial 
effect on intermolecular charge transport. [9e] whereby the 
increased spread of charge provides a larger surface area for 
charge hopping within the polymer chains, which leads to 
increasing the interchain carrier mobility and consequently 
electrical conductivity.[25] The above analysis thus suggest P-75 
with a more delocalized nature of the negative polarons, which 
was attributed to imposing more benzene moieties to the 
backbone, and subsequently a higher concentration of carbonyl 
groups. The planarized backbone and polaron delocalization of P-
75 suggest a highly efficient charge transport. 

Lastly, the energy levels of the three polymers were 
computed with respect to the vacuum level. The calculated 
ionization potential (IP) values for P-0, P-50, and P-75 were 5.69 
eV, 5.72 eV, and 5.77 eV, thus reflecting the same trend in the 
experimentally recorded data. A good fit was also observed 
between the experimental and simulated trends obtained for the 
polymer electron affinity (EA), with EA of P-75 being the largest 
(3.68 eV), the middle for P-50 (3.61 eV) and the smallest for P-0. 
(3.44 eV). 

 
Figure 5. The Arrhenius plot of the temperature dependent electrical 
conductivity of a) pristine and b) doped polymers, measured in 4-probes 
configuration. C) the extracted activation energy displaying the trend of 
decreasing the hopping barrier from P-0 to P-75. 
 
The maximum electrical conductivity values of pristine and doped 
polymers are plotted in Figure 5 a-b as a function of temperature. 
Figure 5 shows that charge transport is thermal activated in these 
polymers. The Arrhenius-type temperature activation energies 
(Eas) of pristine P-0, P-50, and P-75 are 232, 141, and 114 meV, 
and drop to 174, 78, and 60 meV, respectively, after doping at 10 
mol% of N-DMBI. Upon doping, the decrease in activation energy 
is ascribed to the filling of trap states near the conduction levels 
due to the increased number of charge carriers generated by N-
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DMBI.[26] A doping level of 10 mol% has been selected because it 
matches the highest conductivity observed for P-75, as a higher 
percentage of dopant would lead to perturbation of the polymer 
morphology due to dopant aggregation.[27] These results suggest 

the trend of the hopping barrier in the pristine and doped films 
follows: P-75 < P-50 < P-0. The large difference in the hopping 
activation energy implies that as the benzene-lactone unit is 
maximized in P-75, the number of free charges increases, due to  

 
Figure 6. (a) Electrical conductivities, (b) Seebeck coefficients, and (c) power factors recorded for P-0, P-50, and P-75 at different doping ratios. D) Conductivity 
stability of the doped polymer thin films in air. e) Radar chart illustrating the trend of thermoelectric performance of the three polymers. 

 
the enhanced backbone planarization and electron-deficiency, 
which in turn allow i) easier dissociation of the columbic 
interaction between the dopant and polymer, hence corresponds 
to enhanced carrier density.[15] and ii) better charge transport.[9e] 
where both parameters have a substantial role in improving the 
electrical conductivity the subsequent thermoelectric 
performance.  

 
Thermoelectric properties:  
To evaluate the thermoelectric properties, the electrical 
conductivity and Seebeck coefficient of doped P-0, P-50, and P-
75 were investigated as a function of the dopant molar 
concentration. As shown in Figure 6, all three polymers exhibit an 
intrinsic electrical conductivity. In the case of P-0, this intrinsic 
electrical conductivity is 3.19×10-5 S cm−1 and increases to 0.05 
S cm−1 for P-50, reaching the considerably high value of 0.5 S 
cm−1 for P-75. The recorded intrinsic conductivities correlate well 
with the EPR signals of the pristine polymers, corroborating the 
existence of a free charge density in the pristine polymers. Upon 
doping with N-DMBI, the electrical conductivities dramatically rise, 
reaching a maximum value when the percentage of N-DMBI is 10 
mol% for P-50 and P-75. At higher doping concentrations, the 
conductivity of P-50 and P-75 starts to decrease, possibly due to 
the disruption of the thin film microstructure after introducing a 
large number of dopants, leading to a drop in carrier mobility. P-
0, on the other hand, does not feature an electrical conductivity 
maximum in the same dopant concentration range. For P-0, the 
electrical conductivity increases about three orders of magnitude 
from 0 to 20% N-DMBI ratio, but only by a factor of two at dopant 
concentration between 20-100%. This is ascribed to the 
aggregation of N-DMBI, which is known to occur at high loading 
concentrations.[28] The polymers P-0, P-50, and P-75 reached  
maximum conductivities of 0.012, 0.76, and 12 S cm−1, 
respectively. To the best of our knowledge, P-75 is one of the few 

reported n-type polymers displaying an electrical conductivity 
value over 10 S cm−1. [7c, 7d, 9a]  These results suggest that 
dominant factor in conductivity optimization is energy level offset, 
arising from increasing the density of electron withdrawing groups  
 
along the backbone, which drives electron transfer. P-50 
demonstrates an electrical conductivity four times higher than its 
alkylated analogue (P1), which we previously reported[14a]  

highlighting the effect of polar side chain on enhancing the 
polymer/dopant miscibility, which has proven to be beneficial for 
enhancing the electrical conductivity. The Seebeck coefficient 
values of all three polymers are negative, indicating a 
predominant n-type character.[29] As shown in Figure 6 b), the 
Seebeck coefficients of P-0, P-50, and P-75 decreases 
monotonously with increasing dopant concentration, due to the 
opposite correlation between Seebeck coefficients and charge 
carrier concentration. At 10 mol% DMBI, P-75 displays a Seebeck 
coefficient of -105 μV/K, while P-0 and P-50 have Seebeck 
coefficients of -213 and -61 μV/K, respectively.  Finally, a 
combination of the electrical conductivity (σ) and Seebeck 
coefficient (S) yielded a maximum power factor (PF = S2σ) as 
high as 13.2 μWm−1 K−2 for P-75, which is among the highest 
recorded for solution-processed n-type OTE materials. In 
contrast, the maximum power factor of P-50 and P-0 were only 
0.29 and 0.002 μWm−1 K−2, respectively.  

The air instability of n-type thermoelectric polymers has 
an imperative role in limiting their widespread applications, mainly 
caused by the quenching of the radical anions by H2O and O2 in 
ambient air.[30] The deep LUMO energy levels recorded with our 
polymers helps to effectively suppress this quenching process. 
Figure 6d shows the stability of doped polymer thin films in air 
(thicknesses of P-0, P-50 and P-75 were 30 nm, 19 nm and 41 
nm respectively), where the electrical conductivity was monitored 
over 18 days. While the electrical conductivities of P-50 and P-0 
drops two orders of magnitude to values of 4×10-3 S cm−1 and 
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1×10-5 S cm−1, respectively, P-75 showed only one order of 
magnitude loss and remained at 1.2 S cm−1. 
 

Conclusion 

In summary, three new lactone-based rigid semiconducting 
polymers were synthesized with different densities of electron 
withdrawing functionality along the backbone, for n-type 
thermoelectric application. Aldol condensation has provided the 
polymers with simple metal-free approach that doesn’t require 
complex purification processes, and was also beneficial towards 
imposing rigidity through double bond linkage between the 
polymer building blocks. TGA analysis indicated excellent thermal 
stability of the three polymers. All polymers exhibit deep LUMO 
energy levels, determined both experimentally and 
computationally,  attributed to the high density of electron-
deficient lactone unit along the backbone, reaching measured 
electron affinities as high as 4.37 eV. Both absorption spectra and 
EPR signals have confirmed the successful doping of the 
polymers with N-DMBI. DFT theoretical modelling indicates that 
all polymers exhibit a locked confirmation and suggests that 
increasing the lactone-benzene ring density on the backbone 
leads to enhanced planarization and polaron delocalization, which 
in turn is proposed to be beneficial for electron transport and lower 
hopping activation barriers, necessary for high electrical 
conductivities. Finally, the effect of lactone group density 
maximisation has resulted in high electrical conductivity of 12 S 
cm−1, one of the few reported n-type polymer with such high 
conductivities, and subsequent high power factor of 13.2 μWm−1 
K−2, which is among the highest reported n-type thermoelectrics. 
The enhanced electron affinity accompanied with lactone 
maximization is suggested as the dominant factor in optimizing 
the thermoelectric performance with considerable stability in 
ambient conditions. The findings of this study highlight that 
replacing the lactam groups with the stronger electron 
withdrawing lactone group is an effective design strategy to 
optimize the thermoelectric performance, and offer new insights 
into material design guidelines for the future development of air 
stable n-type organic thermoelectrics. 
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