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Abstract

Two new push-pull copolymers, poly[N-(9-heptadecanyl)carbazole-2,7-diyl-alt-
phthalazine- 5,8-diyl] (P1) and poly[N-(9-heptadecanyl)carbazole-2,7-diyl-alt-
thieno[3,4-d]pyridazine- 5,7-diyl] (P2), were synthetized by means of a Suzuki 
polycondensation. The molecular characterization with 1H-NMR and MALDI-MS 
showed enchainment defects in the polymer backbones depending on the synthetic 
conditions (catalyst and temperature). Both carbazole-carbazole and diazine-
diazine homocoupling defects occurred, particularly in the case of P2. For P1, 
instead, almost homocoupling-free material was obtained. Exploiting the metal 
coordination capability of the pyridazine ring, corresponding dinuclear rhenium-
based metallopolymers, ReP1 and ReP2, were also synthetized. All materials were 
investigated with experimental techniques (UV-vis spectroscopy, 
photoluminescence, cyclic voltammetry) and corroborated by theoretical studies 
(DFT and TD-DFT), including a qualitative evaluation of the effects of backbone 
defects on the electronic properties of the polymers. They were also tested in organic 
photovoltaic (OPV) devices. The wide energy gaps (Eg) accompanied with a low 
absorption coefficient for the band in the visible range reduced the harvesting 
capability of the copolymers. These drawbacks were partially overcome in the 
metallopolymers. The low device performance was mainly attributable to the low  
solubility of the metallopolymers in the organic solvents.

Keywords: Suzuki coupling, homocoupling, semiconducting polymers, pyridazine, 
rhenium, OPV

1. Introduction



 Many factors must be taken in consideration for the development of highly 
efficient organic photovoltaic (OPV) devices. For obtaining effective donor and 
acceptor materials, the primary concerns include design and preparation of 
materials with appropriate energy gaps (Eg) and energy levels in order to maximize 
both the short circuit current (JSC) and the open circuit voltage (VOC), foster good 
charge carrier mobilities through the planarization of polymers, along with good π–
π stacking characteristics, and develop stable materials, all while maintaining their 
solution processability.

Chemical design strategies to improve optical and electrical properties 
include the introduction of fused heterocyclic rings to increase the electron mobility 
in the π-conjugated system, or the addition of electron withdrawing moieties or 
again the alternation of electron poor and electron rich units along the backbone to 
narrow the Eg.[1-3] In the last scenario the semiconducting polymers are constituted 
by a so-called “push-pull” system, and their properties depend on the ability of both 
moieties to provide and to withdraw electrons, respectively. 

Among heteroaryl moieties, nitrogen-containing heterocycles were used 
either as single rings or in fused systems, alternated with thiophene units[4, 5] or 
with other electron-rich heteroaromatic rings, such as carbazole,[6]. They were also 
used as electron rich moieties alternated with benzothiadiazole[7] in order to obtain 
low-band-gap (LBG) polymers.

In this framework, pyridazine containing bis-imine aromatic nitrogen atoms 
represent promising candidates to be incorporated as the electron-withdrawing 
portion in organic conjugated molecules and polymers, because of their electron-
deficient character, favoring intramolecular charge transfer (ICT). Monomeric 1,4- 
and 1,3-diazines[8] (Fig. 1, 1 and 2 respectively) and their derivatives, in particular 
quinoxaline (4)[9-11] and thieno[3,4-b]pyrazine (5),[12, 13] were used in the design 
of LBG and medium band gap oligomers and polymers. Otherwise, to the best of our 
knowledge, the 1,2-diazines, pyridazine (3) and particularly its benzo- and thieno- 
derivatives, namely phthalazine and thieno[3,4-d]pyridazine  (Fig. 1, 8 and 9 
respectively) were not systematically investigated and generally in the literature the 
electron donating moiety of the “push-pull” system is directly connected to the 
diazine ring.[5, 14-16] The literature reports few examples with the diazine ring in a 
side position with respect to the main backbone,[17] that makes the system 
ambipolar, particularly if the electron withdrawing moiety is constituted by a 
thiophene-diazine-thiophene system.[7] Furthermore, pyridazine is the most basic 
among the three different diazines with a pKa value of 2.33,[18] and it can act as 
bridging ligand in transition metal complexes through the nitrogen lone pair.[19]

                                   
Fig. 1 Diazine-based six-member heterocycles and electron withdrawing power 
scale: 1,2-diazine (3) < 1,3-diazine (2) <1,4-diazine (1).



Another possible strategy to tune Eg increasing the material light harvesting 
ability and even enlarging its absorption in the near-infrared spectrum consists in 
the introduction of either a transition metal, or its complex, in the polymeric 
backbone,[20, 21] providing a hybrid material with new properties.[22] Different 
strategies for anchoring a metal-containing fragment directly in the main chain or 
on the side of a conducting polymer were reported. The final properties of the 
metallopolymers were addressed. In particular the coordination of the metal 
fragment extends the absorption coverage, and improves the hole mobility and the 
charge transfer properties of the polymers.[23-26]

A huge number of studies on metal-containing conductive polymers for 
optoelectronic applications involves heterocyclic nitrogen ligands capable of 
anchoring metals such as iridium,[27] ruthenium or platinum,[20, 28]  while less 
attention was paid to metallopolymers containing rhenium.[28-31] Moreover, only 
in few cases these rhenium-based metallopolymers were studied as component for 
bulk heterojunction solar cells.[20, 32-34]

Recently, a novel class of dinuclear Re(I) complexes based on bridging 
diazines, which exhibit photoluminescence efficiencies that are much higher than 
those of traditional mononuclear Re(I) complexes, was reported.[35, 36] The 
possibility of tuning the band gap by modifying the ancillary ligands[37, 38] or the 
diazine substituents, was already demonstrated and exploited to red-shift the 
wavelength of absorption.[39, 40]

In this paper we report the synthesis of new push-pull widegap copolymers 
obtained by combining carbazole unit with two electron-poor units, namely 
phthalazine and thieno[3,4-d]pyridazine (Fig. 1, 8 and 9 respectively). Exploiting 
the metal coordination of the nitrogen atom in the aromatic ring, the corresponding 
metallopolymer, containing Re(I) complexes, were also synthetized.

The effect of the withdrawing characteristics of these two diazines was 
compared with that of benzothiadiazole showing a higher electron accepting 
ability,[41] used as monomeric unit in a push-pull copolymer with carbazole.[42-44] 
Characterizations of the materials from a molecular point of view, namely 1H-
nuclear magnetic resonance (1H-NMR), size exclusion chromatography (SEC), and 
matrix-assisted laser desorption/ionization-time of flight mass spectrometry 
(MALDI-TOF MS) to determine backbone enchainment were performed, together 
with cyclic voltammetric (CV) analysis and optical characterization (UV-vis 
spectroscopy, photoluminescence), in solution. Time-Dependent Density-
Functional Theory (TD-DFT) calculations were carried out to interpret and correlate 
electrochemical and spectroscopic data. OPV devices with each copolymer and with 
their related metallopolymers were prepared and their performances reported.

2. Results and discussion

Synthesis and molecular characterization. Two electron poor monomers, 
namely 5,8-dibromophtalazine and 5,7-dibromothieno[3,4-d]pyridazine (Scheme 
1, 10-M1 and 11-M2 respectively), were chosen as co-monomers in the 
polymerization reaction. They were synthesized starting from the brominated 
precursor of either dibenzyliden-hydrazine or 1,2-bis(thiophen-3-
ylmethylene)hydrazine, respectively (see supplementary material).[45] Two new 
alternating push-pull copolymers poly[N-(9-heptadecanyl)carbazole-2,7-diyl-alt-
phthalazine-5,8-diyl] and poly[N-(9-heptadecanyl)carbazole-2,7-diyl-alt-
thieno[3,4-d]pyridazine-5,7-diyl, hereafter P1 and P2 respectively, were obtained 
exploiting a typical Suzuki polycondensation (SPC) starting from 9-(heptadecan-9-
yl)-2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-carbazole (Scheme 1, 



12) and the two properly dibrominated co-monomers 10-M1 and 11-M2 
respectively, as sketched in Scheme 1. The overall polymerization conditions are 
reported in Table 1.

A typical SPC was performed in toluene at high temperature for 70 hours, with 
the final addition of 5-methylthiophene-2-boronic acid pinacol ester for quenching 
the growth of the polymeric chains. The branched long alkyl chain as N-substituent 
on carbazole unit was chosen to ensure good solubility in organic solvents and to 
increase the film forming capability of the resulting copolymers. In fact, P1 and P2 
were found to be soluble in common organic solvents (toluene, chloroform, 
dichloromethane, and other chlorinated solvents).

Scheme 1 Synthetic routes for the synthesis of P1 and P2, and the corresponding 
metallopolymers ReP1 and ReP2.

The catalysts for the SPC were selected according to their stability in air and 
activity, as reported in the literature.[46] In particular, in the case of P1, 
tris(benzylideneacetone)dipalladium(0) with tri(o-tolyl)phosphine 
(Pd2(dba)3)/P(o-tol)3) was used as the catalytic system, leading to products with 
appreciable molar masses (MM) and good yield (Fig 2a and Table 1). 
Unfortunately, the same procedure was ineffective to achieve P2, providing only 
short oligomers (dimers and trimers from MALDI-MS, Mn = 1220 Da) starting from 
M2 with rather low diazine insertion in the backbone, as shown in the 1H-NMR 
spectrum (Fig 2b and Table 1). 

Table 1 Reaction conditions and yield of Suzuki polymerization of 9-(heptadecan-9-
yl)-2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-carbazole (12) with 5,8-
dibromophtalazine (M1) and 5,7-dibromothieno[3,4-d]pyridazine (M2) for the 
synthesis of P1 and P2.

sample catalytic system K2CO3

[eq]

T

[°C]

yield

[%]

P1-run1 Pd2(dba)3 1%/P(o-tol)3 4% 2 90 12

P1-run2 Pd2(dba)3 1%/P(o-tol)3 4% 10 90 51

P1-run3 Pd2(dba)3 1%/P(o-tol)3 4% 10 100 69

P1-run4 Pd2(dba)3 1%/P(o-tol)3 4% 10 110 75



P2-run1 Pd2(dba)3 1%/P(o-tol)3 4% 10 90 39

P2-run2 Pd(PPh3)4 1% 4 90 24

P2-run3 Pd(PPh3)4 1% 4 100 50

P2-run4 Pd(PPh3)4 1% 4 110 68

Fig. 2 1H NMR spectra of (a) P1, and (b) P2-run1 performed in CDCl3, 300K, 400 
MHz (expansion in the aromatic region between 10.1 and 7.4 ppm).

Temperature reaction modifications do not particularly affect P1 
polymerization. The temperature raising does not modify the backbone 
enchainment giving rise only to higher yield of a  material with lower molar mass 
(5500 Da at 90°C vs 4500 Da at 110°C from MALDI-MS).

Homocoupling reactions in SPC, originating from oligomeric chains having 
boronic ester end groups, are well known in the literature.[47] When occurring, they 
involve the incorporation of structural defects in the polymer main chain that cannot 
be further removed. This deviation from the perfect alternating enchainment can 
modify the optoelectronic properties of the resulting material as well as their 
photovoltaic performances. For this reason, it is important to control all the 
polycondensation conditions to reduce or, better, to fully eliminate these side 
reactions, thus obtaining homocoupling-free materials.[48] 

1H-NMR analyses reveal the amount of Cbz-Cbz homocoupling as a function 
of the diazine monomer. It is very small in the synthesis of P1 with Pd2(dba)3/P(o-
tol)3 but greatly increases in P2-run1 (Fig 2).

The P1 1H-NMR spectrum (Fig. 2a) shows the singlet at 9.88 ppm due to the 
proton on the imine bond (Hd), as well as a broad doublet at 8.45 ppm attributed to 
carbazole protons Hc. The other broad doublet at 7.50 ppm is attributable to protons 
Hb belonging to carbazole as well. For protons Ha, two signals are visible and are 
due to slow rotation of the alkyl chain –CH(C8H17)2 at the N-CH bond, because the 
two aromatic moieties of the carbazole unit are not equivalent at room temperature.

The set of three small signals at 8.29, 7.75, and 7.63 ppm (highlighted with * 
in Fig 2a) are ascribed to the presence of a small amount of Cbz-Cbz homocoupling 
in the polymeric backbone of P1.[49, 50] MALDI-MS experiments (see below) are 
in complete agreement with these results and highlight the additional presence of 
Cbz-Cbz homocoupling already in the starting monomer 12. As a matter of fact, no 
signals due to polymer chains containing additional carbazole units than those 
expected are observed, except those related to chains ending with both carbazole 



moieties (compare species An vs Bn - in Fig. 5 and Table S2 in the supplementary 
material). On the contrary, the 1H-NMR spectrum of P2 (Fig 2b) is clearly 
representative of an oligomer mixture, because of a huge number of small signals 
related to both Cbz-Cbz homocoupling and the presence of short chains, depicting 
different surroundings of thieno[3,4-d]pyridazine rings according to their position 
along the chain (Fig 2b, see the inset) detectable in the 9.3-9.9 ppm range. As a 
matter of fact, MALDI-MS analysis of this sample shows that homocouplings 
diazine-diazine take place reducing the backbone length (see below MALDI-MS 
section and Fig. S3 in the supplementary material).

The use of Pd(PPh3)4 was suitable for the synthesis of P2 as the thiophene 
presence makes monomer M2 less electrophilic than phthalazine. In fact it is more 
reactive than mixtures of Pd2(dba)3 and triphenylphosphine towards (vis à vis) 
oxidative addition[51] and might speed the reaction up even if this complex could 
promote other side reactions as scrambling.  The use of toluene as solvent requires 
biphasic condition where the oxidative homocoupling can frequently occur in the 
presence of oxygen impurities, hence reaction conditions where a higher 
concentration of the reactive species Pd(0)(PPh3)2 was used for this synthesis.

Using Pd(PPh3)4 as catalyst, the P2 molar mass average (Mn and Mw) 
increased reaching values near 4000 Da (determined by MALDI-MS). The increase 
in the reaction temperature caused the decrease of the Cbz-Cbz homocoupling from 
~50% at 90 °C (P2-run2), to ~10-15% at 100 °C (P2-run3) (Fig. 3a and b). A 
further temperature increase gave rise to thienopyridazine-thienopyridazine (Thdz-
Thdz) enchainments as revealed by MALDI-MS analysis, which agrees with the 
decrease in 1H-NMR spectrum of the intensity of carbazole proton signal around 
8.15 ppm (Cbz-Cbz homocoupling) and the increase of the thieno[3,4-d]pyridazine 
ones at 9.62-9.65 ppm (P2-run4, Fig. 3c).

As revealed by MALDI-MS characterization (Fig. 5, 6, 7), the increase of the 
reaction temperature over 100 °C for both M1 and M2 monomers led to higher 
yields but to disordered materials.

Fig. 3 1H-NMR spectra of P2-run2 synthetized at 90 °C (a), P2-run3 at 100 °C 
(b), and P2-run4 at 110 °C (c) in CDCl3, 300K, 400 MHz (expansion in the aromatic 
region between 7.4 ppm and 9.9 ppm). The dashed area shows the signals assigned 
to Thdz units, while the dotted-dashed area the signals assigned to Cbz units.

Both the copolymers were further converted into the corresponding 
metallopolymers ReP1 and ReP2, by refluxing them in toluene solution in the 
presence of an excess of Re(CO)5Cl (as sketched in Scheme 1). The compounds were 



isolated in high yields (~70%) as yellow and dark purple powders for ReP1 and 
ReP2 respectively, by precipitation with n-hexane from the corresponding 
saturated dichloromethane solutions, and their 1H-NMR spectra were measured 
(Fig. 4). ReP1 is soluble in chloro- and o-dichlorobenzene (o-DCB), but scarcely in 
chloroform and tetrahydrofuran, while ReP2 is slightly soluble and hardly dissolves 
in hot aromatic chlorinate solvents.

In order to assess the occurrence of the complexation reaction, the amount of 
Re in ReP1 and ReP2 was estimated by inductively coupled plasma atomic 
emission spectroscopy (ICP-AES) analysis, obtaining 31.7±0.5% and 31.2±0.5% for 
ReP1 and ReP2 respectively, using P1-run3 and P2-run3 as starting materials.

Fig. 4 1H-NMR spectra of metallopolymers ReP1 (a) and ReP2 (b) in CD2Cl2, 300K, 
400 MHz (expansion in the aromatic region between 10.7 and 7.4 ppm, stars 
highlight the signals due to the rhenium complexation reaction).

As mentioned above, MALDI-MS spectrometry allows to gain more 
information on composition, end chain groups, and even microstructure of the 
polymer chains composing the copolymer backbones, hence MALDI-MS spectra of 
different runs were collected.

Mass spectra of the P1-run1 and P1-run4 copolymers are displayed in Fig. 
S1 and Fig. S2 in the supplementary material, respectively. Both mass spectra show 
a series of repeating peaks having 531.8 ± 0.3 Da transitions, corresponding to the 
mass of the repeating unit (Cbz-Phdz) of the copolymer P1. The mass spectrum of 
P1-run4 (Fig. 5a) leads to the identification of 19 clusters of homologous peaks, 
whereas that of P1-run1 (Fig. 5b) of 18 peak series corresponding to P1 copolymer 
chains bearing different end groups. The pertinent structural assignments are 
summarized in Table S2 in the supplementary material. In particular, the mass 
spectrum of P1-run4 shows two highly intense peaks series: the first attributed to 
copolymer chains terminated with hydrogen at both ends (family P1-Un in Fig. 5a 
and in Table S2) and the second  to copolymer chains terminated with phthalazine 
and hydrogen (species P1-α''n in Fig. 5a and in Table S2). On the other hand, in 
the mass spectrum of P1-run1 (Fig. 5b) two families of peaks appear very intense: 
the first family belongs to the copolymer chains terminated with hydrogen and 
carbazole (species P1-Bn), and the second is due to the expected backbones 
terminated with hydrogen and 5-methylthiophene units (thereafter MeT) (species 
P1-An). This result agrees with the synthetic procedure as 5-methylthiophene 
borolane derivative was used as the quencher of the reactive bromine ends (Scheme 
1). However, copolymer chains terminated with bromine were identified in both 
mass spectra (species P1-A''n, P1-C'n, P1-C''n, P1-Qn) indicating that an incomplete 



end-quenching reaction occurs mostly at 110°C. In fact, these mass peaks are more 
intense in the mass spectrum of P1-run4, while in that one of P1-run1 the peaks 
belonging to the copolymer chains terminated with a MeT group (Fig. 5b, species 
P1-An, P1-A'n, P1-Cn, P1-Dn, P1-Rn, P1-γn, P1-γ'n,) prevail.

Both MALDI-MS spectra in Fig. 5 present less intense peaks corresponding 
to the families of oligomers having palladium and/or phosphorus derivatives 
(species P1-ρn, P1-ψn, P1-δn, P1-ϕn, P1-εn), as already observed in the 
characterization of copolyfluorenes synthesized by Suzuki coupling reaction.[52]

Furthermore, the mass spectra show unequivocally the formation of some 
Cbz-Cbz dyads (species P1-Dn, P1-Ln, P1-γn, P1-γ'n, P1-βn, P1-β'n, in Fig. 5 and 
Table S2) and of Phdz-Phdz dyads (species P1-εn, in Fig. 5 and Table S2), owing 
to the homocoupling reactions occurring during the SPC process, in agreement with 
the 1H-NMR results. The identification of copolymer chains terminated with 
hydrogen, hydroxyl, carbazole, and phthalazine units (i.e. families P1-An, P1-A'n, P1-
A''n, P1-Bn, P1-Dn, P1-Ln, P1-Fn, P1-Qn, P1-Rn,  P1-Un, P1-ρn, P1-αn,  P1-α'n, P1-α''n, 
P1-βn, P1-β'n, P1-χ'n, P1-ϕn, P1-εn in Fig. 5 and Table S2)  clearly confirms , as 
already reported in the literature,[52-56] the occurrence of side reactions (such as 
debromination, hydrolytic deboronation, hydroxy deboronation) in the SPC 
between dibromide and diborolane monomers. Since the mass spectra of P1-run2 
and P1-run3 (not reported here for the sake of brevity) are remarkably similar to 
that of P1-run1, from the MALDI-MS analysis it emerges that the debromination 
and hydrolytic deboronation side reactions prevalently occur at 110°C.

Fig. 5 Enlarged section of MALDI-TOF mass spectra of P1 samples in mass range 
between 3230 – 4150 m/z: (a) P1-run4; (b) P1-run1, recorded in reflectron mode 
using DCTB as the matrix.



Like P1, P2 was characterized through MALDI-MS, and the obtained data 
are reported in Table 2. Mass spectrum of P2-run1 (Fig. S3 in the supplementary 
material), synthesized via the protocol used for P1 samples, shows extremely low 
MM oligomers (dimers and trimers) bearing different end groups (see assignments 
in Table S3 in the supplementary material). It also shows the presence of unreacted 
dibolorane carbazole derivative constituted by Cbz-Cbz dyad (peaks at m/z 657.9) 
and Cbz-Cbz-Cbz triad end (peaks at m/z 1061.3; see inset of Fig. S3). These 
reactive macromers are present in the crude parent monomer used in the synthesis 
of P2-run1, as confirmed by MS analysis. Oligomers containing the above Cbz-Cbz 
dyads (peaks labelled with the symbols ◊, ε, τ, τ’, □, η) and Cbz-Cbz-Cbz triads (peaks 
labelled with the symbols □, π, θ, ψ, ) were also detected. The assignments of the 
representative peaks in the mass spectrum reported in Fig. S3 and noted in Table 
S3 reveal that the oligomers containing Thdz-Thdz homosequences are formed too. 
Furthermore, Table S3 indicates that oligomers terminated with reactive bromine 
and/or borolane groups are formed as well as ones containing unreactive end groups 
(MeT, H, OH, thieno[3,4-d]pyridazine, carbazole). Moreover, short copolymer 
chains containing Pd catalyst were also detected. As reported above, the synthesis of 
the other P2 copolymers was carried out exploiting Pd(PPh3)4 as the catalyst instead 
of Pd2(dba)3/P(o-tol)3 previously used (Table 1). The mass spectra of the P2-run2, 
P2-run3, and P2-run4 in the mass range between 1587 and 2580 m/z are reported 
in Fig. 6, while Fig. 7 shows the mass spectra of the P2-run3 and P2-run4 in the 
mass range from m/z 2880 up to 3480, and the assignments are summarized in 
Table S4 in the supplementary material. Total MALDI-MS spectra of P2-run2, 
P2-run3, and P2-run4 are displayed in Fig. S4, Fig. S5, and Fig. S6 in the 
supplementary material, respectively. 



Fig. 6 Enlarged section of the MALDI-TOF mass spectra of the P2 oligomers (a) 
P2-run2, (b) P2-run3, (c) P2-run4 in the mass range between 1587 and 2580 
m/z, recorded in reflectron mode using DCTB as the matrix.

More complicated mass spectra were recorded for P2-run3 and P2-run4 
with respect to that of P2-run2, as observed in Fig. 6. 9 families of P(Cbz-Thdz) 
oligomers bearing different chain ends were revealed after purification of P2-run2, 
whereas 18 and 26 species were seen for purified P2-run3 and P2-run4 
respectively (Fig. 6). The most intense peak family in the mass spectrum of P2-
run2 (Fig. 6a) corresponds to the expected coupling P(Cbz-Thdz) for P2 
oligomers, terminated with reactive borolane group to one end, and hydrogen to the 
other (species An in Table S4). Oligomers terminated with thienyl[3,4-d]pyridazine 
unit (Thdz) at both ends (species Pn), were also observed, while the peak series Fn 
corresponds to the oligomers terminated with H and OH. The mass spectra in Fig. 
6a and Fig. S4 are representative of the purified P2-run2, after filtration through 



a diatomaceous earth pad. However, since a low yield was obtained (>30%) in this 
run, we can suppose that a large amount of copolymer was retained on the inorganic 
pad. The purification procedure was optimized in the next runs to completely wash 
the pad and to increase the yield (Table 1). Although this fact does not affect the 
evaluation of the different enchainment in the polymer backbones, a modified 
purification procedure was applied to P2-run3 and P2-run4, leading to good 
yields (~60 %, Table 1), therefore the mass spectra of these samples (Fig. 6b-c and 
Fig. 7) should be more representative of the chemical composition of these 
copolymers. In both samples, P(Cbz-Thdz) oligomers terminated with the reactive 
borolane and bromine groups were identified, and with unreactive moieties (MeT, 
hydrogen, hydroxyl, Cbz, and Thdz units, see Table S4) as expected for the 
polycondensation and the side reactions (debromination, hydrolytic deboronation, 
hydroxy deboronation) occurring during the synthetic procedures. P(Cbz-Thdz) 
oligomers terminated with the reactive borolane group (species An, Bn, Hn and Mn, 
Table S4) give the most intense peak families in the mass spectra of the P2-run4 
Fig. 6c and Fig. 7b). Like for the other samples (all P1 samples and P2-run1), the 
P(Cbz-Thdz) oligomers containing palladium and/or phosphorus derivatives (i.e. 
species δn, γn, µn, Wn, υn, Pdn, Pd'n, Pd''n, Table S4), were also observed. 
Furthermore, in the case of P2-run4 mass spectrum, the formation of copolymer 
chains bearing Thdz-Thdz homosequences (Thdz-Thdz dyads, i.e., species Tn, Vn, Zn, 
δn, γn, Pd''n, in Fig. 6c and Fig. 7b, and in Table S4), due to homocoupling reaction 
was also detected.

Fig. 7 A section of the MALDI-TOF mass spectra of the P2 oligomers: (a) P2-run3, 
(b) P2-run4 in the mass range between 2880 and 3470 m/z, recorded in reflectron 
mode using DCTB as the matrix.

The species Zn containing Thdz-Thdz dyads along the chains give very intense 



peaks in the mass spectra of P2-run4 (Fig. 6c and Fig. 7b). Since the Thdz-Thdz 
dyads were not observed in the P2-run3 synthesized at 100 °C, we conclude that 
the Thdz-Thdz homocoupling reaction occurs at temperature higher than 100°C. 
Therefore, the alternate and homogeneous P(Cbz-Thdz) copolymers can be mostly 
synthesized at 100 °C.

The molar mass distribution (MM; Mw, Mn, and Mw/Mn) of P1 and P2 was 
calculated by the MALDI-MS recorded in linear mode by means of the Data explorer 
software applying the Polymer Analysis Toolbox, and the results are reported in 
Table 2.

Table 2 Molar mass distribution of P1 and P2 calculated by MALDI-MS recorded 
in linear mode.

sample
Mn

[Da]

Mw

[Da]
Mw/Mn

P1-run1 5500 6450 1.17

P1-run4 4500 5210 1.14

P2-run1 1220 1815 1.49

P2-run2 3180 4170 1.31

P2-run3 4070 4830 1.18

P2-run4 3930 4600 1.17

The molar mass determination was performed by SEC tools to calculate molar 
mass averages (Mn, Mw) and the polydispersity index Mw/Mn. Different conditions 
were tested for the analysis and in particular different eluents were used in order to 
reduce the strong interaction between the column stationary phase and the imine 
nitrogen electron lone pair. The values obtained for the samples P1-run4 and P2-
run4 are reported in Table S1 in the supplementary material. They are very far 
from those obtained from MALDI-MS. The impossibility of carrying out molar mass 
characterization using only chloroform as the eluent, differently from what observed 
by Gendron et al.[6] for materials having comparable masses, indicates a higher 
nucleophilic character of the fused 1,2 diazine when it is in side position rather that 
in the conjugated backbone.

Indirect evidence on the formation of both metallopolymers (ReP1 and 
ReP2) was also obtained by MALDI-MS analysis, since the mass spectra of these 
samples show signals due only to the clusters of the matrix with the Re(CO)3 moiety 
(Fig. S7). This behaviour was observed with all matrixes used.

All polymers and metallopolymer samples were characterized by means of 
differential scanning calorimetry (DSC). The materials are amorphous. As an 
example, Fig. S8 in the supplementary material reports the thermogram of the P1-
run1, and Fig. S9 that one of the corresponding ReP1. A qualitative comparison of  
the thermograms of the metallopolymer samples  with those of the corresponding 
starting polymers was possible and some differences are detectable that could be 
associated with formation of  the Re-diazine complexes along the polymer chains.

Theoretical calculations, spectroscopic and electronic 
characterization. Density functional theory (DFT) geometry and time-dependent 
DFT (TD-DFT) calculations of the absorption spectra in dichloromethane (see the 



supplementary material for a full discussion) were performed to assess the structural 
features of the examined compounds and to provide a definite assignment of the 
observed electronic transitions. The calculations were carried out on both the 
perfectly alternating tetrameric units (Cbz-Phdz)4, (Cbz-Thdz)4, (Cbz-RePhdz)4, and 
(Cbz-ReThdz)4, simulating the regular polymeric chains, and the defective 
tetrameric models with either Phdz-Phdz/Thdz-Thdz or Cbz-Cbz homocoupling. 
The spectroscopic data of the polymers P1, P2 and the corresponding 
metallopolymers ReP1 and ReP2, recorded in dichloromethane solution, are 
summarized in Table 3.

Table 3 Spectroscopic data including the wavelength of the maximum 
absorption peaks for the different transition bands (λπ-π*, λIL(+ML)CT, λMLCT, and λILCT) , 
the wavelength of the maximum of the emission band (em) and the 
photoluminescence quantum yield (φ) of the different species in diluted 
dichloromethane solution at room temperature.

sample
λπ-π*

[nm]
(ε∙104)

λIL(+ML)CT

[nm]
(ε∙104)

λMLCT

[nm]
(ε∙104)

λILCT

[nm] (ε∙104)
em [nm] 

[%]

P1 266
(1.60) - 366, 370 (1.55) 450 11.0

P2 262
(2.27)

344
(1.02) - 461 (1.05) 572 10.1

ReP1 273
(5.79)

312
(2.6)

385
(2.44) 424 (2.35) 614 3.0

ReP2 274
(3.31)

362
(1.59)

388
(1.18) 554 (0.80) 670 5.8

The absorption spectra of P1 and P2 in dichloromethane solution are 
displayed in Fig. 8 while Fig. S10, Fig. S11 and Table S5 in the supplementary 
material show the absorption spectra and the band assignment computed for the 
models. Both the polymer spectra display a high energy band, centered at about 260 
nm for P1 and about 270 nm for P2. We attribute it to the π-π* transition of the 
conjugated backbone from HOMO-1 (P1) or HOMO (P2) to high-lying LUMO+8, 
LUMO+9 (P1) or LUMO+6 (P2) (Fig. S12 in the supplementary material).

In the lower energy part of the spectrum, P2 shows two main absorption 
bands at 461 and 344 nm (Fig. 8b), both having partial charge transfer (CT) 
character from the π-delocalized system of the backbone to π* orbitals mainly 
localized on the pyridazine unit. Though such CT contribution is hardly discernable 
from mere visual inspection of the highest occupied molecular orbital (HOMO) and 
lowest unoccupied molecular orbital (LUMO) (Fig. 9) mainly involved in this 
transition (81%), the D-A character of the Cbz-Thdz-Cbz subunit is clearly 
manifested by its large dipole moment (6.92 D) and the electrostatic potential map 
(Fig. S13 in the supplementary material).  

Concerning the characterization of possible homocoupling defects in P2, TD-
DFT calculations on either the perfectly alternating tetramer (Cbz-Thdz)4 or on the 
defective models with Cbz-Cbz or Thdz-Thdz homocoupling provide low energy 
bands at 502, 482 and 562 nm, respectively (Fig.s S14-S17 and Table S6 in the 
supplementary material). Based on these results, comparison among the spectra of 
P2 as obtained in three different synthetic conditions (Fig. 8c) suggests that Thdz-
Thdz homocoupling defects can be safely excluded in P2-run2 and P2-run3, while 
occurring in P2-run4. In the P2-run4 spectrum an extended red-shifted 
absorption was observed as shoulder of the band at 460 nm. Cbz-Cbz homocoupling 



could instead be present in P2-run2, whose low energy band is blue-shifted by 
about 20 nm with respect to that of P2-run3. The blue-shift of P2-run2 partially 
reduces the anomalous disagreement in the position of this band as computed for 
the perfectly alternating tetramer and that observed in the experimental one (502 
vs. 460 nm, respectively).

Fig. 8 Absorption spectra in CH2Cl2 at room temperature of (a) P1 (solid line) 
and the corresponding ReP1 (dotted line); (b) P2 (solid line) and the corresponding 
ReP2 (dotted line); (c) normalized absorption spectra of P2-run2 (solid line), P2-
run3 (dashed line) and P2-run4 (dotted line). All spectra were measured in 
dichloromethane solution at room temperature.

Fig. 9 Isodensity surface plot of the (PCM)TD-PBE0/SVP frontier orbitals of 
tetramers (Cbz-Phdz)4 (a), (Cbz-Thdz)4 (b), (Cbz-RePhdz)4 (c) and (Cbz-ReThdz)4 
(d), mainly involved in the lower energy transitions (isosurface values: 0.02).

Differently from P2, polymer P1 shows in its UV spectrum only one broad 
absorption band centered at about 370 nm (Fig. 8a) due to CT transition involving 
the π-delocalized system of the backbone and the π* orbitals localized on the Phdz 
moiety (Fig. 9). Similar to P2, the CT character is provided by the D-A nature of the 
constituting units, with the pyridazinic nitrogen atoms acting as strong electron-



withdrawing group (Fig. S13 in the supplementary material for the electrostatic 
potential map of Cbz-Phdz-Cbz, having dipole moment equal to 6.57 D). The 
observed blue-shift of the CT band in P1 compared to the same band in P2 can be 
explained by analyzing the frontier orbitals of the two compounds. According to DFT 
calculations (Table S6 in the supplementary material), the LUMO and the HOMO 
of (Cbz-Phdz)4 are respectively higher and lower in energy than those of (Cbz-
Thdz)4, so that a larger HOMO-LUMO energy gap is computed for the former (ΔE = 
3.87 eV) than the latter (ΔE = 3.04 eV). The energy decrease of the HOMO is due to 
the stronger electron-donating character of the thienylene unit in Thdz compared to 
that of the phenylene unit in Phdz. The thieno[3,4-b]pyrazine ambipolar character 
reported by Rasmussen and coworkers[7, 57] leads to the hypothesis that in the P2 
backbone only the pyridazine ring in Thdz moiety behaves as an acceptor unit.

The spectra of both P1 and P2 are significantly perturbed upon metal 
coordination, although in different ways. In the ReP2 spectrum, a significant 
bathochromic shift of the CT bands (from 461 and 344 in P2 to 554 and 362 nm in 
ReP2, Fig. 8b) is observed, due to the stabilization of the LUMO level upon 
coordination to metal centers. Moreover, the presence of the “Re(µ-Cl)2Re” moiety 
introduces a further electronic transition giving rise to a partial metal-to-ligand 
charge transfer (MLCT) character to the higher energy ligand centered or to the 
intraligand charge transfer (ILCT) transition. The mere MLCT transition from the 
dπ(Re) orbitals of the metal center to the Thdz π* orbital is instead observed as a 
shoulder at 388 nm. The same MLCT absorption band is observed also in the ReP1 
spectrum (385 nm), while the mixed MLCT/ILCT and the ILCT absorption bands lie 
at 312 and 424 nm, respectively. From these results, we can conclude that the band 
gap of the metal free conjugated polymer P2 can be significantly reduced by 
introducing the rhenium(I) moieties into the polymer backbone, making this 
metallopolymer a promising photosensitizer for OPV cells. Hence, according to Fig. 
8, the absorption range is extended by 100 nm into the red down to 640 nm, like 
that of the extensively-used poly(3-hexylthiophene-2,5-diyl) (P3HT) polymer.

Upon optical excitation, all the polymers and the corresponding 
metallopolymers are luminescent in the visible range of the electromagnetic 
spectrum. The photophysical data are reported in Table 3. It is interesting to note 
that emission of P1 is strongly blue-shifted with respect to the emission of P2, in 
agreement with the higher energy gap obtained from the DFT calculations. The 
coordination to the metal center strongly quenches the emission intensity and 
causes a bathochromic shift of the emission maximum of more than 100 nm for both 
the polymers. This behavior is attributable to the occurrence of a low energy 3MLCT 
excited state, which decays in a radiative way as usually observed in closely related 
dinuclear rhenium complexes.[35, 36]

Energy levels are crucial for the selection of appropriate materials acting as 
electron donors in bulk heterojunction solar cells. The HOMO and the LUMO energy 
levels of the polymers and their corresponding metallopolymers were evaluated by 
CV carried out in nitrogen-saturated acetonitrile, as reported in the supplementary 
material,[58] and the calculated HOMO and LUMO energy values are reported in 
Table 4.

Table 4 First reduction and oxidation peak potentials, electrochemical (ΔEe) 
and spectroscopic (ΔEs) energy gaps and energy levels of the frontier orbitals of the 
polymers P1, P2, ReP1 and ReP2.a



sample Ered
[V]

Eox
[V]

λabs
[nm]

ELUMO
[eV]

EHOMO
[eV]

Ee
[eV]

Es
[eV]

P1 -1.86b 1. 77b 376 -2.54 -6.17 3.63 3.30

P2 -1.56
(-1.90)

1.62
(1.47 

onset)
460 -2.87 -5.87onset 3.00 2.70

ReP1 -1.20
1.65
(1.47 

onset)

385-
430 -3.20 -5.87onset 2.67 2.88

ReP2 -0.85
(-1.32)

1.68
(1.44 

onset)
554 -3.55 -5.84onset 2.29 2.24

a Potentials are referred to the SCE electrode in the operating medium 
(CH2Cl2 + 0.1 M [NBu4][PF6]). Scan rate 0.2 V s-1. b Scan rate 50 mVs-1

As shown in Fig. 10, P1 exhibits a reversible monoelectronic reduction wave, 
which is located on the Phdz ligand, as indicated by the modulation of the peak 
potential. P1 displays a more negative reduction potential than that observed for P2 
(-1.86 V vs -1.53 V), in agreement with the lower aromatic delocalization between 
the benzene ring and the two lateral carbazole rings. The presence of a partial 
delocalization shifts the reduction peak of P1 at slightly higher potential than that 
observed for the bare Phdz ligand (2.07 V vs SCE).[27]

The coordination to the metal centers provides a further shift of the reduction 
potential to more positive values as already observed in analogous complexes.[35] 
Therefore, the reduction peak shifts to -1.20 V (reversible) and -0.85 V for ReP1 and 
ReP2, respectively. Moreover, ReP2 displays a second reduction peak at -1.32 V 
(partially reversible) whose intensity depends on the sample run. It prevails in the 
metallopolymer obtained from P2-run2, whilst for the metallopolymer obtained 
from P2-run4 the two reduction peaks are comparable in intensity in the CV trace. 
These double reduction peaks could be related to the presence, along the polymer 
backbone, of two different diazine moieties. In particular, those bounded to Cbz 
units display a reduction peak at -0.85 V, whose intensity increases in the CV trace 
of the polymer characterized by Cbz-Cbz homocouplings such as in P2-run2, as 
revealed from MALDI-MS analysis. On the contrary, the Re-diazine units bounded 
to Thdz units display a more negative reduction peak (-1.32 V) whose intensity 
increases in the polymers affected by large Thdz-Thdz homocoupling, as in P2-
run4.

In the anodic part of the CV scan, a bi-electronic oxidation peak is observed 
at about 1.6 V for ReP1 and ReP2. This peak is attributed to the oxidation of the 
metal center, in agreement with that observed for analogous complexes. The intense 
oxidation of the metals partially covers the oxidation peak of the polymeric 
backbone, which is observed at lower potential. The more conjugated (Cbz-Thdz) 
moiety in P2 displays a lower oxidation potential than that observed for the (Cbz-
Phdz) unit in P1 (1.77 V vs 1.44 V for the onsets).  The modulation of the potential of 
the first oxidation peak, upon changing the size of the central aromatic ring, 
supports this hypothesis.



Fig. 10 CV features obtained for P2 (purple) and the metallopolymers ReP1 (red) 
and ReP2 (blue) at 0.2 V∙s-1 scan rate, in acetonitrile, with 0.1 M TBAPF6 as 
supporting electrolyte, at 298 K, with GC as working electrode. For P1 (green) the 
CV characteristic is obtained at 50 mV/s in order to observe the oxidation peak in 
the available potential window. All the curves are normalized for the scan rate.

Device Fabrication and characterization. Polymer solar cells were fabricated 
using [6,6]-phenyl-C61-butyric acid methyl ester (hereafter PCBM) as acceptor 
material, blended with the different molecules synthesized in this work as donor 
materials of the active layer (with a blend ratio of PCBM:donor=2:1). Taking into 
account the structural characterization of the materials, P1-run4 and P2-run3 
were used for the preparation of the device, as they showed a lower number of 
defects in the alternation of the electron donor/acceptor monomers along the 
polymeric backbone. The ReP1 and ReP2 metallopolymers used for the device 
fabrication were prepared from P1-run4 and P2-run4, respectively.  The latter was 
chosen to investigate the effect of a large presence in the donor material of Thdz-
Thdz homosequences. The solar cells were prepared in a single layer direct 
architecture using PEDOT:PSS as hole transport layer and calcium as top contact 
selected for their charge-collecting properties[59, 60], with different donor 
polymers and their rhenium complexes for the photoactive layer (thickness of 200 
nm) annealed at 120 °C. No  addictives, such as 1,8-diiodooctane for example, were 
used during the fabrication of the devices.[61] The current density-voltage curves of 
PCBM:donor solar cells with the different donor materials under 1 sun irradiation, 
and the corresponding curves in the dark were reported in Fig. S18 in the 
supplementary material. The PV parameters of the cells for different donor 
polymers, P1, ReP1 and P2, ReP2, annealed at 120 °C are reported in Table 5 and 
Table S7, respectively.

Table 5 Averagesa of the PV parameters of direct architecture solar cells annealed 
at 120 °C.

Device b
Jsc

[mA/cm2]

VOC

[V]

FF

[%]

PCE

[%]

P1 0.02 ± 0.265 ± 39.64 ± 0.002 ± 



0.002 0.046 10.6 0.0001

ReP1 0.06 ± 
0.005

0.557 ± 
0.011

33.11 ± 
5.40

0.011 ± 
0.0001

a six devices were tested; bactive layer: blend PCBM:donor=1:2. Reference blend 
PCBM:P3HT=1:1 in direct solar cell devices, annealed 130 °C, Jsc=7.87±0.75 
mA/cm2; Voc=565±5 mV; FF=48.19±0.07%; PCE=2.14±0.18 %.

Whereas the performance is extremely low for both P1 and P2 polymers, 
performance improves an order of magnitude at the same processing conditions 
when metallopolymers ReP1 and ReP2 are used. This improvement is not only due 
to higher photocurrents consistent with lower energy gaps but also to larger VOC 
values.

It is possible to compare these data with those reported in literature[42-44] 
and obtained from the measurement with poly[N-(9-heptadecanyl)carbazole-2,7-
diyl-alt-benzo-2,1,3-thiadiazole-4,7-diyl) (PCbzBT), a copolymer bearing a 2,1,3-
benzothiadiazole unit in place of the diazine monomers used in this work, performed 
on a direct architecture PV cell fabricated in comparable conditions. It is possible to 
observe a higher photocurrent and power conversion efficiency with respect to the 
values obtained for P1 and P2, respectively (PCE = 1.5% vs 1.1x10-2% for P1 and 
0.2x10-2% for P2).[42, 62]

A further comparison is possible with the copolymer poly(N-(2-
ethylhexyl)carbazole-3,6-diyl-alt-(2,3-dimethyl)thieno[3,4-b]pyrazine-5,7-diyl) 
(PCTP) containing N-(2-ethylhexyl)carbazole and 2,3-dimethylthieno[3,4-
b]pyrazine as comonomers for which VOC = 0.33 V, JSC = 0.48 mA/cm2, FF = 0.37, 
and PCE = 0.06% were reported.[63] 2,1,3-benzothiadiazole and 2,3-
dimethylthieno[3,4-b]pyrazine have a higher electron affinity than those of 
phthalazine and thieno[4,5-d]pyridazine used in this work that lead to the 
fabrication of devices with higher VOC totally justifying the observed results. The low 
PCE values of the polymer-based devices may be due to low absorptivity of the ILCT 
transition in the visible range compared to the π-π* transition in the ultraviolet 
region (2.27x104 vs 1.05x104 for P2, both  low around 1.5x104 for P1) well below 105 
value considering the minimum for good performance.[64] The absorptivity 
increases by complexation with rhenium and device performance increases too. 
Overall low efficiency could also be related to the high energy LUMOs of materials 
containing weak withdrawing 1,2-diazine moiety which strongly affect light 
harvesting capability (due to an overly large gap) as well as charge photogeneration 
and dissociation resulting in very low JSC.[64, 65] What is noteworthy is that the 
absorptivity increases upon complexation, which was not observed for the 
mononuclear rhenium octahedral complexes already used for photovoltaic 
applications.[66] The absorptivity increase in the visible region together with a 
reduction of the energy band gap can explain the increase of JSC in the devices with 
metallopolymers while the higher energies of the HOMO levels of the complexes 
make these values nearer to the optimal value of 5.4 eV.[64] Unfortunately, the 
difficulty in dissolving the metallopolymers into the halogenated solvents used for 
the deposition of the active layer justify the low value observed for the FF. This 
observation suggests that charge transport is hindered as well as recombination 
increased in the devices, probably due to the formation of large aggregates 
decreasing film homogeneity, that increases phase separation between the donor 
materials and PCBM, thus leading to low efficiency.[34] Maybe a compromise 



related to the amount of the rhenium complex introduced in the materials could be 
useful to improve performance.

3. Conclusions 

The synthesis of two copolymers of 9-(heptadecan-9-yl)-2,7-bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-carbazole with two different dibromo-1,2-
diazines was here reported. Their molecular structure was investigated in depth 
using 1H-NMR and MALDI-MS techniques. The latter one contributes significantly 
to determine the enchainment defects in the backbone of both poly[N-(9-
heptadecanyl)carbazole-2,7-diyl-alt-phthalazine-5,8-diyl] and poly[N-(9-
heptadecanyl)carbazole-2,7-diyl-alt-thieno[3,4-d]pyridazine-5,7-diyl], P1 and P2 
respectively. While P1 shows, substantially, regular enchainment, both carbazole-
carbazole and diazine-diazine homocouplings were revealed in P2 even if a different 
catalytic system and a larger range of reaction temperatures were explored.  The best 
result (the lowest amount of Cbz-Cbz and no Diaz-Diaz homocoupling detected by 
MALDI-MS) was obtained using Pd(PPh3)4 in toluene at 100 °C.  As already 
observed for other carbazole-based copolymers, for example the well-known 
copolymer PCDTBT, these defects have serious consequences on the electronic 
properties of the materials as underlined by the spectroscopic and 
cyclovoltammetric characterizations, corroborated by DFT and TD-DFT 
calculations. The photoluminescence quantum yield of both P1 and P2 is low (11% 
and 10% respectively), as well as the performance of the materials measured in 
single layer organic photovoltaic cells due to low absorptivity in the visible range. 
The increase of the absorbance after the preparation of the corresponding dinuclear 
rhenium-based metallopolymers ReP1 and ReP2 (whose deep characterization is 
reported), contributes to improved efficiency of the corresponding solar cells. 
Unfortunately, the two metallopolymers are scarcely soluble causing difficult charge 
transport to the electrodes and an increased recombination in the active layer.
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