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ABSTRACT 

The sustainable development of semiconductive C=N materials, as promising alternative 

to carbon nitride, needs low-cost, highly efficient and environmental friendly synthetic 

processes. This topic was achieved through the bulk thermal polymerizations of 

diaminomaleonitrile (DAMN) or under wet conditions, hydrothermal as well as via n-

alcohol based on solvothermal methods. Under these premises has been explored the 

changes in DAMN-based carbon extended conjugated structures with the reaction 

conditions thought FTIR and solid-state NMR spectroscopies. Complementary 

characterization methods, such as XRD, EPR and SEM were able to deepen in the effect 

of the solvent on the DAMN polymers under study. Additionally, their UV-Vis spectra 

were evaluated, and from these measurements, optical band gap energies around 2.5 eV 

were estimated. In fact, the semiconducting character of these samples was furthermore 

supported by electrochemical methods. Their morphological features were also 

examined.  The BET surfaces areas were considerably higher and the size particles were 

significant lower for the samples synthetized in wet than those synthesized in bulk. 

Finally, the potential of these 2D-materials for photocatalytic applications was explored. 

As a result, herein they are described easy one pot synthetic procedures that lead 

practically quantitative yields in semiconducting and mesoporous materials based on 

DAMN, using green solvents such as n-alcohols at middle temperatures. 
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1. INTRODUCTION 

Diaminomaleonitrile (DAMN) present an interesting reactivity due to its symmetric 

structure with amine and nitrile groups, forming a conjugated system. These DAMN 

characteristics make it a key molecule in fine synthetic chemistry [Chaudhary 2022], in 

the production of Schiff base metal complexes [see e.g. Yang et al. 2016, Paul and 

Barman 2024, Oliveri et al. 2022, Zare et al. 2019] and in the design of colorimetric 

sensors [see e.g. Ulla et al. 2024, Alharbi et al. 2022, Hanif et al. 2019]. Furthermore, 

since several years ago, our research focused on using DAMN as a monomer for creating 

C=N-based highly conjugated extended macrostructures, aiming to develop easy and 

efficient processes to reach new multifunctional materials with versatile applications 

(Ruiz-Bermejo et al. 2022, Ruiz-Bermejo et al. 2022b, Ruiz-Bermejo et al. 2019, 

Hortelano et al. 2024). Thus, the DAMN-derived polymers has emerged as a subject of 

investigation, encapsulating their fascinating synthesis, optical and electromagnetic 

characteristic, and multifaceted applications that span the realms of chemistry, physics, 

and biology. 

The thermal induced bulk polymerization of DAMN, in solid state (Mamajanov et al. 

2009, Hortelano et al. 2022) as well as in melt (Itziar et al. 2021), achieved high yields, 

around 90 %, being air-stable (Hortelano et al. 2023) and leading to really reproducible 

and very fast processes (Ruiz-Bermejo et al. 2024). From these syntheses, it is noteworthy 

the potential applications of the DAMN polymer obtained in melt (at 190 ºC) such as 

biosensor (Ruiz-Bermejo et al. 2022) and catalyst (Hortelano et al. 2024). However, the 

morphology and textural properties of these DAMN-based materials, synthetized in bulk, 

are not fit. Undefined shape, large size and low specific superficial area were observed 

for these soft particles. In order to solve these critical trouble, especially important for the 

design of catalyst or nanomaterials, as well, others syntheses were carried out under 

hydrothermal conditions assisted by microwave radiation (MWR) (Ruiz-Bermejo et al. 

2022), since it is well-known the effect of the solvothermal conditions for the modulation 

of the morphological and textural properties [Wei et al. 2012 and Taublaender et al. 2019]. 

The MWR‑driven production of DAMN polymers lead to the generation of relative 
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homogeneous submicron particles, with semiconducting behavior, tough a really fast 

synthetic method (less than 4 min). However, the yields of these reactions were markedly 

poor, around 35 %. Thus, as second step, to address the low values conversion of DAMN 

under hydrothermal conditions but sidestepping the inconvenience of the bulk 

polymerizations, alcohols were tested as solvents for the self-condensation of DAMN. 

Practically quantitative yields were attained when 1-pentanol and 1-hexanol were used 

(López-García et al. 2024).  

Based on these previous results, in the present work, the spectroscopic characteristics, the 

magnetic, optical and electrochemical properties, as well as, the morphological and 

textural features of several DAMN polymers are comparatively studied in detail. This 

comprehensive analysis would help to understand how the synthetic conditions have 

effect on the potential applications as (photo)catalyst of these new promising (but scarcely 

studied) soft materials. In concrete, four DAMN polymers will be considered for this 

comparative study: the best accurate DAMN polymer to date, which was synthetized in 

melt as it was above mentioned (from here to the end of the manuscript it will be 

referenced as MP-DP), one hydrothermal DAMN polymer synthetized under middle 

temperatures conditions (WP-DP) and the others two ones obtained using 1-pentanol and 

1-hexanol as solvents (PnP-DP and HxP-DP, respectively). Preliminary researches 

indicated that these four samples present –C=N- extended conjugated macrostructures 

within resemble features with the extensively studied carbon nitrides [ref.].  

Thus, taking in mind the use of different carbonitrides for the photocatalytic production 

of H2 (Wang et al. 2009, Yang et al. 2017, Florentino-Madiedo et al. 2022, Kong et al. 

2023), for the heterogeneous organosynthesis of C-O, C-C, C-N and N-N bonds in 

photoredox processes (Yang et al. 2017), and the photocatality activity of other HCN-

derived polymer (Zhou et al. 2014) (DAMN is the formal tetramer of the HCN), the four 

DAMN polymers herein considered were tested as potential photocatalyst. As a first and 

opening approach, the photodegradation of lindane (g-hexachlorocyclohexane) were 

monitored. Lindane is a persistent and very toxic pollutant used as broad spectrum 

insecticide. Currently lindane is banned in most of the countries around the world. 

However, its presence in surface water and groundwater is still reported (see e.g. An et 

al. 2023, Brovini et al. 2023, Gandla et al. 2023 and Singh et al. 2023) and the finding of 

procedures for its photodegradation is an active research topic (Rescigno et al. 2024, 

Ghaffar et al. 2023, Radic et al. 2022). As main photocatalysts nanoparticles and surfaces 
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of TiO2 have been used, in heterocatalytic processes with the additional presence of 

radical precursors such as H2O2 and persulfate (S2O8-2) and UV or visible light sources 

(see e.g. Senthilnathan et al. 2009 and 2010 and Khan 2023, 2021, 2019, 2017).  

In this way, in the present paper, the DAMN polymers are introduced as potential 

photocatalyst due to their semiconducting properties and the possibility to modulate their 

morphological and textural properties by the synthetic conditions.  

2. MATERIALS AND METHODS 

2.1. Synthetic conditions  

The synthetic procedures for the production of the DAMN polymers herein studied were 

described in detail in López-García et al. 2024. In brief, 135 mg of DAMN were heating 

in 5 mL of water (WP-DP), 1-pentanol (PnP-DP) or 1-hexanol (HxP-DP) at 90, 130 or 

150 ºC, respectively, during 144 h. The final suspensions were filtered and the black 

solids collected were dried under reduced pressure until a constant weight was reached. 

Additionally, the DAMN polymer used as reference was synthetized in bulk as follow: 

135 mg of DAMN was heating under inert atmosphere (N2) at 190 ºC during 20 min (MP-

DP) (Ruiz-Bermejo et al. 2022).  The table 1 summarizes the synthetic conditions used 

and the yield obtained in each case.   

Table 1. Summary of the reaction conditions used in this work for the production of 

DAMN polymers. The reaction time of 144 h was chosen on the base of the results 

discussed in (López-García et al. 2024). At shorter reaction times equivalent yields were 

obtained but at 144h it was proven that the chemical composition of these samples is 

fixed. The yields [as conversion of DAMN, a (%)] were calculated from the initial 

amount of DAMN, as follow: a (%) = (135 mg of DAMN/mg of black solid 

collected)*100. The average values were calculated at least from three independent 

syntheses.  

 

 

 

 

 

2.2. Spectroscopic, morphological and textural characterization  

 Synthetic conditions Yield 

Sample Solvent T (ºC) T (h) a (%) 

MP-DP   - 190 0.33 88 ± 2 

WP-DP Water 90 144 66 ± 5 

PnP-DP Pentanol 130 144 94 ± 2 

HxP-DP Hexanol 150 144 97 ± 1 



6 
 

The DAMN polymers were characterized by elemental analysis, FT-IR spectroscopy, 13C 

nuclear magnetic resonance (13C NMR), X-ray diffraction (DRX), and scanning electron 

microscopic (SEM), as well as, their density values as it is described in (Ruiz-Bermejo et 

al. 2022). In addition, the electron spin resonance (ESR) spectra were recorded as it is 

described in (Pérez-Fernández et al. 2023). The N2 adsorption isotherms at 77 k….  

The UV-vis spectra were recorded by means of a spectrophotometer Agilent 8453, whose 

working range was from 200 to 750 nm with a resolution of 2 nm, using 1.5 mg of the 

DAMN polymers dissolved/suspended in 3 mL of different organic solvents and diluting 

the solutions/suspensions 1:10. In order to compare the different spectra recorded, they 

were normalized and then smoothed using the Savitzky-Golay algorithm.  

2.3. Electrochemical study 

The electrochemical study was performed with an Ecochemie BV Autolab PGSTAT 12 

with a conventional three-electrode cell at 20–21 ◦C. The working electrode was a Pt disc 

(3 mm diameter), the auxiliary electrode was a Pt wire, and an Ag/AgCl/KCl 3M 

electrode (E = 0.22 V vs. SHE) was used as reference electrode. A solution of 0.1 M 

NaClO4 in dimethyl sulfoxide (DMSO) was used as supporting electrolyte. 

2.4.Photodegradation of lindane 

Aerosols from suspensions of DAMN polymers (1 mg/mL) in 10 ppm standard solutions 

of lindane (97%, purchased from Sigma Aldrich, St. Louis, MO, USA, and used as 

received) in MeOH (HPLC Grade–Merck) were irradiated by UV light using a 

Spectroline 11SC-1 Hg vapor discharge lamp (254 nm). The solubility of the DAMN 

polymers in MeOH is negligible and therefore these reactions can be considered as 

heterogeneous photocatalytic processes. The bubble-aerosol-droplet cycle was 

established using an ultrasonic aerosol generator (BONECO model 7035). As 

supplementary information is showed the experimental set-up (video V1).    

For the quantification of lindane an Agilent 8860 series gas chromatograph interfaced 

with an Agilent 5977B GC-MSD mass selective single-axis detector was used. A 1 μL of 

the methanolic samples, previously centrifuged, was directly injected in splitless mode 

onto a 30-m DB- 5MS fused-silica column (60 m × 0.25-mm internal diameter and film 

thickness of 0.25 μm), using the following temperature ramp for the GC: 100 ºC (initial 

temperature) which was maintained for 1 min, then heated to 260 ºC at 10 ºC/min with a 

final holding time of 1 min. The injector temperature was 290 ºC. The detector 
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temperature was 350 ºC. The carrier gas flow was 1.5 mL/min of He. The MS source 

temperature was 230 ºC and the source was operated at 70 eV. Compound identification 

was performed in full-scan mode with a range of 50 to 650 amu. 

3. RESULTS AND DISCUSSION 

This section is organized in three parts. Firstly, a detailed comparative study, taking into 

account the chemical composition, spectroscopic and thermal characteristics and the 

morphological and textural properties of the four DAMN polymers chosen. In the second 

part, the semiconducting behavior of these samples is examined thought their optical and 

electrochemical properties. And finally, the potential of the DAMN polymers as 

photocalytist is researched.      

3.1. Structural and morphological comparative study 

3.1.1. Chemical composition: Elemental analysis  

In the Figure 1a are showed comparatively the data from the elemental composition of 

the four samples under study. Interestingly, the sample with a greater amount of nitrogen 

is MP-DP as well as it is the polymer with a minor content in oxygen, whereas the greater 

per cent in oxygen is observed in WP-DP.  It is important to indicate that this amount of 

oxygen in MP-DP is related with water absorbed superficially in the macrostructure, from 

the ambient moisture, due to the hydrophilicity of this polymer, since the reaction was 

carried out under anhydrous conditions and free of solvents (Ruiz-Bermejo et al. 2022); 

whereas in PnP-DP and in HxP-DP the presence of oxygen is related with solvent 

molecules embedded in the polymeric net, forming part of it (crystallization molecules)  

(López-García et al. 2024). However, in the case of WP-DP the high amount of oxygen 

can be related with absorbed water but also with structural oxygen in the macrostructure. 

Due to the especially characteristic of water, it can lead to oxidation and hydrolysis 

reactions during the polymerization processes and even to secondary co-polymerizations 

(López-García et al. 2024). Taking into account these considerations, the WP-DP is the 

sample that it seems to present greater differences respect to the other three ones. No 

significant compositional variations were observed between PnP-DP and HxP-DP except 

for the higher oxygen content of HxP-DP, likely due a greater amount of trapped solvent 

molecules in the macrostructure. Additionally, the molar relationship C/N (Figure 1b) is 

also very informative and give an overview of the notable modifications in the chemical 

compositions due to the synthetic conditions. Again, whereas between PnP-DP and HexP-
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DP are no detected significant variations in the composition of the main polymeric nets 

based on –C=N- bonds, it is noteworthy the differences found respect to MP-DP and WP-

DP where the ratio C/N is significantly lower and absolutely notable in the case of the 

MP-DP.  

 

Figure 1. a) Elemental composition of several DAMN polymers, obtained how it is indicated in 

the Table 1; b) Molar relationships C/N of the same DAMN polymers.  

3.1.2. Structural spectroscopic analysis  

The simultaneous comparative analysis of the FT-IR and 13C NMR spectra of the DAMN 

polymers herein considered (Figure 2) indicates clearly that these polymers present  

extended C=N-based macrostructures, in strong agreement with the indicated above.  

The FT-IR spectra of the four samples present four regions centered about 3300, 2200, 

1630 and 700 cm-1 (Figure 2a), which were discussed in detail elsewhere (Ruiz-Bermejo 

et al. 2019). Briefly, the three first broad bands are related with functional groups 

containing nitrogen, such as amines (-NH2, -NH, ~ 3300 cm-1), nitriles (-C≡N, ~ 2200 

cm-1) and imines plus double bonds –C=C- (-C=N- and –C=C-, 1630 cm-1), respectively, 

and the last feature may be related with ??.  

The 13CNMR spectrum of the WP-DP shows the same profile that analogous samples 

synthetized under others hydrothermal conditions (Ruiz-Bermejo et al. 2019) (Figure 

2d), and resonances at 167 ppm, 161-152 ppm, 145-125 ppm and 120-100 ppm were 

observed. These NMR signals can be related, respectively, with carbon atoms associated 

to nitrogen but also with oxygen (amide and carboxylic groups, -CONH-, -COO-), with 

iminic carbons (>C=N-), with double bounds (>C=C<) and finally with cyano functional 
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groups (-C≡N). The same resonances are observed in the other three polymeric samples 

except the signal at 167 ppm.  

Thus, in order to obtain a better view of the structural differences between all the samples, 

several spectral subtractions were made. The subtractions of the FT-IR and 13CNMR 

spectra from the WP-DP and those using n-alcohols show that the WP-DP present C=O 

groups, likely esters and/or amide bonds (from the feature at 1725 cm-1 related with C=O 

stretch in carbonyl compounds and from a resonance at 167 ppm assigned to C=O in ester 

and amides, deep blue and orange lines in Figures 2b and 2e, respectively). In addition, 

in agreement with the presence of functional groups containing oxygen in WP-DP, the 

band at 3565 cm-1 is related with –OH bonds (green and orange lines in Figure 2b). These 

results about the observation of spectroscopic fingerprints related with the presence of 

oxygenated functional groups in the WP-DP sample is in strong agreement with the 

elemental analysis data commented above. On the other hand, the subtractions of the FT-

IR and 13CNMR spectra from the DAMN polymers synthetized using n-alcohols reflect 

that there are no relevant structural differences between them (green lines in Figure 2b 

and 2e). However, the subtraction profiles of the spectra from the MP-DP and the others 

ones, mainly indicates that the contribution of the nitrile groups in MP-DP is higher than 

in the others three DAMN polymers, inferred by the intense band at 2183 cm-1 (Figure 

2c) and by the broad resonance at 145 ppm (Figure 2f). Moreover, note that this 

resonance can also be assigned with C=N heteroaromatic bonds, indicating, likely, a 

greater conjugation of the macromolecular systems when the DAMN polymers are 

synthetized in bulk. Finally, point out that the use of no-dried and anhydrous solvents 

lead to secondary hydrolysis/oxidation processes, as it can be seen by the features at 1725 

cm-1 in the FT-IR spectra subtractions related to C=O groups (green and red lines, Figure 

2c) and by the resonances of the 13C NMR spectra subtractions peaks around 165 ppm, 

green and red lines, Figure 2f) which show functional groups related with the 

incorporation of oxygen in the main structure.   

Therefore, all the DAMN polymers considered in this comparative spectroscopic study 

present a main macrostructure based on a C=N conjugated system. The principal 

differences found are due to hydrolysis/oxidation processes caused by the synthetic 

procedures.  
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Figure 2. FTIR and 13C NMR Spectra of several DAMN polymers, synthetized as it is indicated in 

the Table 1.  a) Normalized FTIR spectra; b) Substractions of the normalized FT-IR spectra, 
between the DAMN polymer synthetized in water and those prepared using n-alcohols; and c) 

between the DAMN polymer produced by bulk polymerization and those generated by heating 

using different solvents; d) Normalized 13C NMR spectra, registered in solid state and at room 

temperature. A scale from 200 to 100 ppm was choose for details. The full spectra from 250 to 0 

ppm can be see in (López-García et al. 2024); e) Substractions of normalized 13C NMR spectra, 

between the DAMN polymer synthetized in water and those prepared using n-alcohols; and f) 

between the DAMN polymer produced by bulk polymerization and those generated by heating 

using different solvents.  

3.1.3. Magnetic and morphological properties 

Figure 3a shows the EPR spectra of three representative DAMN polymers. All spectra 

display a single and symmetric signal center at g = 2.008, which can be related to radicals 

with only one unpaired electron (S = 1/2) (Delpoux et al. 2011). These results are in strong 
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agreement with the paramagnetic nature of others HCN-derived polymers (Eastman et al. 

2003 + las de Matthews, Pérez-Fernández et al. 2023, Ruiz-Bermejo et al. 2024). 

Moreover, the paramagnetic behavior of these samples also can explain the broad 

resonances observed in the NMR spectra discussed above. Qualitatively, the signal 

intensity of the MP-DP is higher, which would indicate a higher presence of net electronic 

spin moments in this sample. This behavior may be explain tough the greater p-

conjugated C=N based macrostructure of this bulk polymer than the others two ones, as 

it was discussed for carbon nitrides (Yang et al. 2018), and also may be due to a greater 

amount of cross-linked structures improving the charge delocalization. Indeed, the 

intensity of EPR signal decreases with the increasing of the oxygen in the 

macrostructures, being the EPR signal from the WP-DP the lowest herein observed.  

On the other hand, the EPR band symmetry, in turn, could be related to the isotropic 

nature of these polymers, i.e. their properties do not depend on the direction in which they 

are measured. Isotropy, at the paramagnetic level, can be present in both amorphous solids 

and those with spherical particles (Kim et al. 2022). Thus, the symmetry and 

rearrangement of the samples as well as their morphologies were comparatively analyses 

by XRD and SEM. The X-ray diffractograms of the DAMN polymeric samples are 

showed in the Figure 3b. All of them show a diffraction centered at 2q ~ 27º. This single 

peak, with an interplanar distance around 3.2 Ǻ, for all the cases, is generally related to 

the (002) diffraction shown by graphitic layered materials (ref.). However, it is important 

to note that any system containing discotic constituents stacked in a nearly planar 

organisation, or ordered polymeric structures with approximately regular spacing, would 

also give rise to a similar XRD peak (Miller et al. 2017). Significantly, the XRD patterns 

of the two DAMN polymers synthetized using n-alcohols are practically equal than the 

diffractograms recorded for formamidium salts derived carbon nitrides (Ciria-Ramos et 

al. 2019), i.e., these DAMN polymeric samples present amorphous and disordered in-

plane and out-of-plane structures, with a nanoscopic rank order only by stacking of the 

main structure motif, due to the lack of peaks at the bottom of the diffractograms (below 

20°). By the contrary, the MP-DP present an additional diffraction at 2q ~ 13 º that would 

indicate a more ordered structure. In the particular case of the WP-DP, the same 

diffraction peaks are observed that those discussed for analogous polymers synthetized at 

a lower temperature (80 ºC) (Ruiz-Bermejo et al. 2019). Thus, for the WP-DP two 

different blocks of 2D-structures might be considered. In addition, the crystallinity of 
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these samples is also specified in the Figure 3b, indicating that the HxP-DP sample seems 

to present the more disordered macrostructure. As a result, the experimental synthetic 

conditions have a remarkable influence in the arrangements of these DAMN polymers. 

The use of n-alcohols, as solvents, appears to improve the generation of carbonaceous 

amorphous structures. 

 

 

 

 

 

 

 

 
Figure 3. a) EPR spectra of representative DAMN polymers synthetized under different 

conditions; b) Powder X-ray diffractograms of several DAMN polymers. SEM imagines of the 

polymeric samples c-d) MP-DP; e-f) WP-DP; g-h) PnP-DP and i-j) HxP-DP.  

 

The SEM imagines (Figures 3c-j) show clear differences between the morphologies of 

the all polymeric samples, in a direct relationship with the synthetic conditions. MP-DP 

(Figures 3c-d) presents irregular and no well-defined shape microparticles whereas in 

the case of WP-DP several morphologies are observed (Figures 3e-f). For this sample, a 

heterogeneous set of particles are observed: microfibres, laminar structures and sphere-

like nanoparticles.  A relative morphological resemblance between WP-DP and PnP-DP 
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is also detected. Again, fibers, laminar microparticles and spherical submicrometric 

particles are identified in PnP-DP (Figures 3g-h). However, HxP-DP is the most 

homogeneous sample, only nanospheres are observed (Figures 3i-j).  Therefore, the 

solvothermal conditions in the synthetic processes for the production of DAMN polymers 

modulate clearly the size and shape of the particles obtained.  

As summary of this section, one can say that there is no a direct relationship between the 

paramagnetic properties of the DAMN polymers and their morphological characteristics. 

In any cases, the DAMN polymers have the capacity to retain stable radicals in their 

structures, which seems to be related with the C=N conjugation of their macrostructures. 

Moreover, the heating of DAMN in 1-hexanol lead to the generation of a homogeneous 

solid constituted by spherical nanoparticles. These are the best synthetic conditions found 

to date, to the design of potential DAMN-based nanocatalysts, taking into account the 

morphology of the polymer. 

3.1.4.  Textural characterization 

The morphological differences were also reflected in the textural properties of these 

DAMN polymers (Table 2). As it was expected, the HxP-DP present the highest BET 

surface area, which is comparable with the values obtained from several carbon nitrides 

(Florentino-Madievo et al. 2022); whereas WP-DP and Pn-DP show similar values to 

those previously reported for others hydrothermal DAMN polymers (Ruiz-Bermejo et al. 

2022). In any case, the use of solvents for the production of DAMN polymers increasing 

significantly the BET surface area respect to the DAMN polymers synthetized in bulk.  

The N2 adsorption-desorption isotherms of the solvothermal samples present type-IV 

isotherm profiles related with mesoporous substances (Figure 4).  

 

Table 2. Textural parameters for different DAMN polymers. a Data from (Hortelano et 

al. 2024); * One single point BET surface area, the other three values are from multiple 

points BET surface area.   
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Figure 4. Provisional. La única isoterma que se corresponde con los estándares de material 
mesoporoso, en esta primera gráfica, es la del PentOH.  

3.1.5.  Thermal characterization 

The DTG curve profiles for the DAMN polymers here described are very similar to the 

previously reported for hydrothermal DAMN polymers synthetized at 80 ºC (Ruiz-

Bermejo et al. 2019) (compare the Figure 6d of the bibliographic reference with the 

present Figure 5a). After the volatilization of some components of low molecular weight 

at temperatures below 200 ºC, four main thermal degradation steps are observed (Figure 

5a), in 

agreement with the decomposition endothermic peaks showed by the DSC curves (Figure 

5b). Only a thermal peak observed at ~ 330 ºC in the hydrothermal series at 80 ºC here 

Sample Density 
(g/cm3) 

SBET 
(m2/g) 

Total pore 
volume (cm3/g) 

Peak pore 
size (nm) 

MP-DP 1.64a 2.1a*   

WP-DP 1.89 30.7   

PnP-DP 1.57 37.3   

HxP-DP 1.58 58.4   
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is absence. The lack of this peak might be related with a minor presence of pedant groups 

in the DAMN polymers here discussed. This result may be due to the higher synthetic 

temperatures which could improve annelation processes. It is especially significant the 

resemblance between the DTG profile of the HXP-DP with the DTG curves of the 

hydrothermal DAMN polymers obtained by assisted microwave radiation) (Ruiz-Bermejo 

et al. 2022). In fact, in the MP-DP sample only three thermal peak above 200 ºC are 

observed in its DTG curve (Ruiz-Bermejo et al. 2022b). ESTE TEXTO ES 

PROVISIONAL.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Provisional. Faltan las curvas del MP-DP para que la comparativa sea consistente 

con el resto de las figuras del trabajo.  

3.2. Semiconducting characteristics 

The semiconducting properties of MP-DP were described and discussed elsewhere (Ruiz-

Bermejo et al. 2022 and 2024 and Hortelano et al. 2024). Due to the very low solubility 
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of this sample, its optical properties were measured by diffuse reflectance spectroscopy 

(Ruiz-Bermejo et al. 2024) and it is re-dox properties by the modification of solid 

electrodes (Ruiz-Bermejo et al. 2024). By the contrary, the partial solubility of the WP-

DP, PnP-DP and HxP-DP samples in DMSO made possible to record their cyclic 

voltamograms in solution. Therefore, in this section only the three solvothermal samples 

will be considered to be study comparatively thought spectroscopic and electrochemical 

standard measurements in solution.  

3.2.1. Optical properties 

The UV-vis spectra of the three samples under study were recorded using several solvents 

with different polarities (Figure 6). Note that the cut-off for each solvent is different and 

therefore the UV-vis spectra were measurement in different wavelength ranges. Also, 

indicate that the solubility of the DAMN polymers depend on the solvent used and only 

in some cases their solutions take color. Indeed, these differences in the coloration are 

clearly observed in the UV-vis spectra, where presumable only a portion of the full sample 

is able to absorb in the wavelength range considered. Moreover, this heterogeneity in the 

profile of the UV-vis spectra seems to point out the own heterogeneity of the DAMN 

polymers. In this sense, it is complex to determinate if these samples present 

solvatochromism since a no clear and direct shift of the UV-vis absorptions with the 

polarity of the solvents are observed, despite of the spectral variations showed. However, 

the three samples display coloration in DMSO and THF. The UV-vis spectra in these 

solvents present absorbance at ~ 450 nm. Thus, from these spectra were estimated the 

band gap energy as was previously described for organic semiconductors materials (Costa 

et al. 2016) (Figure 7). The values found around 2.5 eV indicate the semiconductor nature 

of these DAMN polymers. These optical band gap energies are comparable to several p-

conjugated systems such as tetracene (Costa et al. 2016) and numerous carbonitrides 

(Tian et al. 2023, Fawaz et al. 2023, Junjiang et al. 2014 and Yang et al. 2017).  The peaks 

at ~ 450 nm were also observed in the DAMN polymers synthetized using microwave 

radiation (Ruiz-Bermejo et al. 2022b) and in carbonitrides (Yang et al. 2017). This 

absorbance can be related con p-p* transitions along the polymeric networks (Yamamoto 

et al. 2002). In addition, the absorptions at ~ 330 nm, ~ 260 nm, ~ 230 and ~ 210 nm can 

be assigned to aromatic fragments (Wait et al. 1966) and p-extended conjugated systems 

on N-heterocycles macromolecular chains (Toba et al. 2009), to N-heterocycles such as 

pyrimidines, to lactams and amides and a,b-unsaturated nitriles,  and to conjugated bonds 
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such as –C=C- and –C=C-C=N-, respectively. Therefore, despite of the partial solubility 

of the DAMN polymers, the UV-vis spectra showed in the Figure 6 allow to corroborate 

that these substances are really high conjugated systems with semiconductive properties. 

However, the optical band gap energies for the solvothermal samples are really higher 

than that obtained for the MP-DP (0.76 eV) (Ruiz-Bermejo et al. 2024).  

 

Figure 6. Normalized UV-vis spectra of DAMN polymers in the indicated solvents. e = dielectric 

constant of the solvent. In blue lines WP-DP; in green lines PnP-DP; and in red lines HxP-DP. In 

the insert photographs: solutions/suspensions of DAMN polymers (1.5 mg of polymer/3 mL of 

solvent). From left to right for each images: HxP-DP, PnP-DP and WP-DP. In order to record the 
UV-vis spectra, the solutions/suspensions were centrifuged before the measurement. 
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Figura 7. Estimation of the optical band gap energy of several DAMN polymers dissolved in a) 

DMSO and b) THF.  

3.2.2. Electrochemical study 

With the purpose of complete the characterization of these new DAMN polymers, their 

electrochemical behaviour has been studied. Figure 8 shows the cyclic voltammograms 

(CV) obtained from DMSO solutions (about 0.1 g L-1) of WP-DP, PnP-DP and HxP-DP 

polymers. As it can be seen, the polymer obtained in water show different CV to those 

obtained in non-aqueous media. The WP-DP polymer presents two redox systems well 

defined, one reversible system around 0.7 V, and other quasi-reversible around -0.7 V.  

The PnP-DP and HxP-DP also show two systems, but poorly defined. Furthermore, unlike 

the WP-DP polymer, the system that now appears around 0.5 V is irreversible. 
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Figure 8. Cyclic voltammogram of DAMN polymers in 0.1 M NaClO4/DMSO. Scan rate 

100 mV s-1. 

The formal potentials, as well as the onset of peaks, calculated from the 
voltammograms, also can be used to estimate the highest occupied molecular orbital 
(HOMO), the lowest unoccupied molecular orbital (LUMO), and the band gap (gap 
between the HOMO and the LUMO) (Admassie et al.2006) (Johansson et al. 2003). The 
formal potentials are calculated as the average of the anodic and cathodic peak 
potentials and the onset values usually are estimated by the intersection between the 
tangent line drawn to the rising current and the baseline. For all these calculations, the 
values of the absolute potential for the standard hydrogen electrode (SHE) and the 
potential difference between the Ag/AgCl and SHE of 4.43 eV and 0.22 V were used. 
Table 3 shows the results obtained by both methods.  
As it can be seen, all the polymers showed similar Eg values, with a somewhat higher 
average value of 1.38 eV for the WP-DP polymer, and very similar values of 1.22 eV 
and 1.20 eV for the PnP-DP and HxP-DP polymers, respectively. Nothe than in all 
cases, the Eg values were higher than CON CUAL HAY QUE COMPARAR? 
 
 
Table 3. Electrochemical data obtained from the peak potential and from the onset 
values 
 

Sample E0
ox 

(V) 

E0
red 

(V) 
HOMO 
(eV) 

LUMO 
(eV) 

Eg 
(eV) 

Eon
ox 

(V) 
Eon

red 
(V) 

HOMO 
(eV) 

LUMO 
(eV) 

Eg  
(eV) 

WP-DP 0.76 -0.61 5.41 4.04 1.37 0.75 -0.65 5.40 4.00 1.40 
PnP-DP 0.72 -0.46 5.37 4.19 1.18 0.65 -0.61 5.30 4.04 1.26 
HxP-DP 0.59 -0.64 5.24 4.01 1.23 0.54 -0.63 5.19 4.02 1.17 
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3.3. Potential application in photocatalysis. First assay: photodegradation of 

lindane 

Herein, standard methanol solutions of lindane were prepared. These one were irradiated 

using UV-light during 24 h in the presence of the four DAMN polymers. A clear 

diminution of the chromatographic peak of lindane were observed (Figure 9). Although 

in any case the photodegradation of lindane was full, all DAMN polymers showed 

catalytic activity and their effectiveness as photocatalysts was really different. This fact 

is totally points out when the kinetic of the processes is monitored as was previously 

reported by Senthilnathan et al. 2009 and 2010. In the Figure 10a is showed the 

relationship C0/C (C and C0 are the concentration of lindane at time “t” and at time = 0, 

respectively). For photodegradation experiments using TiO2 a modified Langmuir-

Hinshelwood kinetic equation was used, ln[C0/C] = kt, being k a pseudo-first order rate  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. GC-MS chromatograms showing the photodegration of lindane in presence of several 

DAMN polymers. Note that for clarity in the interpretation of the data, only it is showed the 

retention time interval where the chromatophic peak of lindane is detected.  

constant. In the present case, the use of this expression seems to be only useful to describe 

properly the kinetic for the  sample MP-DP taking into account the clear lineal decreasing 

!"#$% !"#$& !"#D( !"#$% !"#$& !"#D(

)*H,-.H*/M
-"
-!
-%
-1
-2
-D
-&
-%(

P4R64

T
,8
9W
*;
,-
9<
=/
>9
/?
,-
.9
#=
#M

)*H,-.@M
-"
-!
-%
-1
-2
-D
-&
-%(

4/4R64

T
,8
9W
*;
,-
9<
=/
>9
/?
,-
.9
#=
M

)*H,-.H*/M

)*H,-.H*/M
-"
-!
-%
-1
-2
-D
-&
-%(

AB4R64

)*H,-.H*/M

)*H,-.H*/M
-"
-!
-%
-1
-2
-$
-&
-%(

C4R64



21 
 

of the lindane concentration against time and the values of the R2 calculated for a linear 

fit with a reaction rate of 0.047 h-1 (Figure 10b). On the other hand, although for the 

polymer HxP-DP a good R2 is found for a linear fit (Figure 10b), it is evident that the 

kinetic of this process cannot be adequately adjusted to a first order reaction since in the 

first hour of reaction a sudden reduction of the lindane concentration is observed (Figure 

9c, Figure 10a). The same effect is observed for the other two polymers, WP-DP and 

PnP-DP (Figures 9 and 10a). However, after eight hours, no photocatalytic effect is 

observed for the WP-DP sample, since the C/C0 seems to remain constant, but the best 

catalyst appears to be the PnP-DP with a photodegradation of lindane from 10 ppm to 1.7 

ppm.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. a) Effect of the UV light-activate DAMN polymers photocatalysis of lyndane. [Lindane]0 

= 10 ppm in MeOH. The DAMN polymers were suspended in aerosols from lindane solutions in 

MeOH; b) Approach to a first order kinetic for the photodegradation of lindane using DAMN 

polymers as catalysts. The lindane only in presence of UV light (wavelength 254 nm) does not 
undergo photodegradation (Khan et al. 2021 and 2017b).  
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Note that the main goal of the present study is show the solvothermal effect in the 

properties of the DAMN polymers obtained. At this moment, no develop efficient and 

useful photocatalyzers. Thus, as key point, it is important to underline that for the first 

time the photocatalytic activity of the DAMN polymers has been demonstrated 

univocally. Herein, no optimal conditions were used for the total degradation of lindane 

such as the presence of radical precursors but the results here discussed are really useful 

as starting point for further improvement. Highlight that the use of n-alcohols as solvents 

for the production of DAMN polymers increases very significantly their surface area and 

the same time leads to solids with lower density. These properties may be the responsible 

of the better catalytic activity observed for the PnP-DP and HxP-DP samples under the 

specific conditions herein assayed. In any case, it is demonstrated that synthetic 

conditions have a significant impact on the catalytic properties of DAMN polymers.  

 

4. CONCLUSIONS AND OUTLOOKS 

In order to reach effective and high yield web syntheses of DAMN polymers are 

necessary a thermal activation of the system and polar protic solvents. In this sense, n-

alcohols, such as n-pentanol and n-hexanol, have been shown as excellent solvents for 

the DAMN polymerization, leading to the production of paramagnetic C=N conjugated 

macrostructures, with semiconductive properties and relative high surface areas. This 

characteristic have revealed the potential of the DAMN polymers for the development of 

a new class of photocatalyzers.  

From the starting point herein showed, and the good results in the modification of the 

HCN-derived polymers using microwave assisted reactions (Hortal et al. 2020), further 

works are in progress to obtain new DAMN polymers from this methodologies using 

alcohols are solvents.  
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