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Materials with semiconducting properties are present in every microelectronic device and form the backbone of our information society. Commonly used inorganic semiconductors are poorly modular and their production is expensive and energetically demanding. Moreover, the use of metals and critical raw materials limits the recyclability of microelectronic components based on inorganic semiconductors and makes them harmful to the environment. Thus, there is a growing importance of finding of new materials with flexible and modular architecture, and based on fully organic, and hence, more environmentally friendly building blocks. 
Porous organic π-conjugated polymers (PCPs) are among the most promising candidates and gaining tremendous attention in materials research over the last decade. Due to their fully organic and porous nature, PCPs found the use not only as organic semiconductors, but also as materials for heterogeneous catalysis, gas storage and separation and light emitting or responsive devices. However, it is very hard to predict the optical and electrochemical properties of organic polymers, and theoretical calculations very often contradict with the practical experiments. A common approach to modulate the properties of polymeric frameworks is to extend the π-conjugated system which can lead to increased flexibility and, hence, structural collapse. 
[bookmark: _GoBack]Recently, a new class of organic frameworks – sulfur and nitrogen containing porous polymers (SNPs) – was introduced by our research group. SNPs are based on the donor-acceptor polymer concept and combine in their structure electron-deficient triazine-rings (C3N3) and electron-rich thiophene-containing molecular building blocks, enabling intrinsic push-pull effects and enhanced charge-transfer properties. In the present study, it is shown that SNPs can be post-synthetically modified via a rapid and reversible protonation and deprotonation using HCl and ammonia vapors. We show how easily the optical (bandgap) and electrochemical (direct conductivity) properties of prepared materials can be modified without change in the molecular structure. The change of the optical bandgap of SNPs after protonation ranges from 1.82 to 2.09 eV (direct bandgap) and from 1.51 to 1.84 eV (indirect bandgap). Moreover, the choice of the building blocks also affects the conductivity of the resulting material. The Sulphur-only containing polymer (SNP-S-BTT) showed marked 20-time increase of conductivity after protonation due to higher degree of charge delocalization and more rigid and planar backbone. Furthermore, the synthesised SNPs can be used as naked-eye acid-base sensors because of very rapid and pronounced color change, and also as electrochemical responsive materials. 
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The control over the bandgap is one of the most critical parameters in the design of semiconducting polymeric materials with a variety of applications such as solar cells, photocatalysis, sensing and solid-state light emission.[1] Silicon is the most widespread semiconducting material in microelectronics, however, it is build up from discrete (semi-)metallic bonds that are difficult to change, and it has limitations in terms of electrical and thermal conductivity.[2] To modify the electrochemical properties of inorganic semiconductors a post-synthetic doping can be used, although, the degree of such modifications cannot be monitored precisely due to diffusion-controlled doping process. Hence, industrial and academic interest shifts to the investigation of alternatives such as organic semiconductors. Organic semiconductors can be made from a large toolbox of building blocks. However, most of the studies focus on making large π-conjugated system using different aromatic building blocks that narrow-down the optical bandgap and are accompanied by a red-shift of the UV-Vis adsorption edge.[3] However, there is a limit in terms of design of such pure-carbon polymers, since π-aromatic domains cannot be achieved in arbitrary sizes. Incorporation of heteroatoms into these aromatic building enables further tuning of the bandgap and of surface polarity via push-pull or donor-acceptor (D-A) effects without relying on ever-larger aromatic systems. By taking building blocks with electron rich and electron poor domains, charge-transfer properties are enhanced. The right combination of already existing molecular building blocks and development of new donor-acceptor fragments can lead to new, low-bandgap D-A polymers with improved physical and electrochemical properties.
Recently, a new class of organic frameworks – sulphur and nitrogen containing porous polymers (SNPs) – was introduced by our research group. [4]SNPs are based on the donor-acceptor polymer concept and combine in their structure electron-deficient triazine- ring (C3N3) and electron- rich thiophene-containing molecular building blocks, enabling intrinsic push-pull effects and enhanced charge-transfer properties.[4] Our polymers have a permanent porous structure which is beneficial for entrapment of guest molecules. In this study, we expand the SNP family by building blocks with varying basicity: benzotrithiophene- (BTT), naphtoditiophene- (NDT) and benzodithiophene-based (BDT). These building blocks are well known as promising electron-donors for efficient solar cell materials, hole-transport systems in organic field-effect transistors and π-extended networks for opto/electronic applications.[5] Moreover, we show that prepared materials can be post-synthetically modified via proton-doping using HCl vapors.[6] Protonation of basic domains in our polymers is accompanied by a fast color change from yellow- to dark red. This allows to tune the optical bandgap without changing or destroying the structure of obtained polymers. We also investigate the influence of this protonation on electrochemical properties, i.e. conductivity of SNPs. Notably, this effect is reversible (via thermal treatment or exposure to NH3 vapors) making these networks promising candidates for naked-eye acid-base sensors.

The summary of the project leads to following main research question and sub-questions:
Are we able to modify optical and electrochemical properties of selected materials via post-synthetic protonation / deprotonation? 
Sub-questions:
· Is this effect of protonation reversible??
· Does the protonation change the structure of the material?
· Mechanism of the protonation
· The trend between different polymer systems
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1. Microporous Organic Polymers (MOPs)

A developing class of functional porous materials consisting from pure organic skeletons have been widely studies in recent years. Microporous organic polymers (MOPs) are defined as materials with pore sizes smaller on average than 2 nm which are comprised of light, non-metallic elements such as C, H, O, N, and B. These materials have intrinsic, permanent pore channels thanks to the rigid building blocks from which they are comprised that prevent pore-collapse. Compared with their inorganic counterparts, such as metal oxides, silica, zeolites and metal-organic frameworks (MOFs), MOPs combine a wide synthetic diversity with reasonable thermal and chemical stability. There are main classes of MOPs, which are sub-divided into amorphous and crystalline groups. These materials have potential to be used in areas such organic light emitters,[7] polymer light emitting diodes (PLEDs) and solar cells,[8] energy storage[9] and photocatalysts.[10]Figure 1. HCP-BA (Macromol. Rapid Commun. 2013, 34, 471−484)

Figure 2. COF-5 Science, 2005, 310, 1166-1170)


Figure 4. PIM-1 (Chem. Commun, 2004, 230–231)


Figure 3.CTF -5 (Angew. Chem. Int. Ed. 2008, 47, 3450 –3453)


Figure 5. CMPs-1 (Angew. Chem. Int. Ed. 2007, 46, 8574 -8578)



Figure 1-5. Common classes of organic porous polymers 
There are several classes of porous polymers (Figure 1-5). Example of amorphous are hypercrosslinked polymers (HCPs), polymers of intrinsic microporosity (PIMs), conjugated microporous polymers (CMPs), and crystalline such as covalent triazine framework (CTFs), covalent organic frameworks (COFs). 
Hypercrosslinked polymers (HCPs) are currently receiving great interest due to their high chemical and thermal stability and easy preparation, and low cost. Combined with high surface area and lightweight properties HCPs can be considered as promising materials for separation, catalysis and gas storage, and heavy metal ions removal in wastewater treatment (Figure 1).[11] 
Covalent organic framework (COF) is comprehension materials which creates through molecular building blocks covalent frameworks that could be functionalized into lightweight materials optimized for catalytic applications, photonic, gas storage, and photonic. COFs are polymers with non-ordered structures or densely packed linear polymers that have one dimensional crystalline structures. (Figure 2.)[12] 
Covalent triazine framework (CTF) have a crystalline structure with hexagonal packing of pores. The triazine unit is a versatile, C3 symmetric tecton, which can combine with other two- and threefold symmetric building blocks. In practice, a triazine unit is formed via the cyclotrimerization of aromatic nitrile groups using a Brønstedt acid (like triflic acid) or Lewis acids like ZnCl2 (Figure 3).[13] 
	Polymer of intrinsic microporosity (PIMs), are polymer-based organic microporous whose microporosity is not capability to organize polymer chains into densely packed structure due to size and steric effects of main chain units. Polymer of intrinsic microporosity can be prepared in two ways, as soluble polymers or insoluble networks. One application of soluble PIMs is highly selective gas separation through membranes, for this application we need to process it to thin film. PIMs have potential to be used also in membrane separation processes, heterogeneous catalysis or hydrogen storage (Figure 4).[14] 

2. Conjugated microporous polymers (CMPs)

CMPs are commonly prepared by established transition metal catalyzed coupling chemistry. The unique feature of CMPs materials is that they combine microporosity and high surface areas with extended conjugation. CMPs find versatile uses as supports for metal nanoparticles, metal doped materials with remarkable H2 sorption properties, light harvesting, and heterogonous catalysis.[15] 1, 3, 5-Triazine containing materials have been used in industry because of their high thermal stability, derived from the structural symmetry of 1, 3, 5- triazine units. Lately, much attention has been paid to 1, 3, 5- triazine containing π-conjugated systems because of unique properties such as high electron deficiency. Introduction of these stable and electron-withdrawing triazine units into CMP systems is  advantageous for chemical and thermal stability and in terms of electronic state  and manipulation of the polymers.[16]Thiophene, a sulfur-containing aromatic heterocycle, holds remarkable optoelectrical and electrochemical properties. Thanks to their various potential applications in a wide range of the organic electronic devices, thiophene derivatives are basis of most conductive polymers.[17] Thiophene-based motifs serve as electron-donors (Figure 5).[18] 

3. Bandgap

3.1 What is the bandgap?

The bandgap of a material is the energy difference between its valence and conduction band. The bandgap represents the minimum energy that is required to excite an electron up to a state in the conduction band where it can participate in conduction. Figure 6 illustrates the difference in position of the bandgap for insulators, conductors and semiconductors. In insulators, the electrons in the valence band are separated by a large bandgap from the conduction band - there is a large gap in energy preventing electrons from the valence band from jumping up into the conduction band and thus participating in conduction. 
In contrast, in conductors, the valence band overlaps with the conduction band. This overlap causes the valence electrons to be free to move into the conduction band and participate in conduction.  In semiconductors, the gap is small enough that it can be bridged by some sort of excitation- for example from the sun or from heat-source. A finite number of electrons are able to reach the conduction band and conduct electricity.[19] 
[image: ]
Figure 6. A bandgap diagram showing the different sizes of bandgaps for conductors, semiconductors, and insulators
3.2 Direct and indirect bandgap

Figure 7 represents a schematic plot of energy (Y-axis) vs crystal momentum (X-axis) in an arbitrary semiconductor. An excited electron ca shift from the highest energy state in the valence band to the lowest energy state in the conduction band without a change in crystal momentum. In case of indirect bandgap semiconductors, the band diagram shows that an electron cannot shift from the highest- energy state in the valence band to the lowest energy state in the conduction band without a change in momentum. Almost all energy comes from a photon while almost all of the momentum comes from a phonon.[19-20] 
[image: ]Figure 7. Difference between direct and indirect bandgaps in semiconductors



3.3 Bandgap tuning

The electronic and optical properties of a conjugated compounds is governed by their energy gap, which is the energy separation between the HOMO and LUMO. In conjugated polymers generate states of the HOMO and LUMO can give rise to quasi- continuous conduction and valence bands.[21] This bandgap determines photoluminescence, optical absorption and other photophysical properties of the resulting polymer.[22] Therefore, bandgap engineering may alter all these properties and can be performed at molecular level by change to the composition of the polymer. There are more factors that contributes to the bandgap of polymers such as conjugation length and donor- acceptor charge transfer.
3.3.1 Bond length alternation: 
In a π-conjugated system, the effect of bond length alternation originates from Peierls gap, which indicates that the smaller the length of the bond is, the lower the energy gap of the conjugated system.[23] As an example, is Peierls prediction of polyacetylene, where the polymer would have metallic characteristics if the distance between all carbons in the structure were theoretically the same. Meaning, that by minimizing the bond length alternation, which in turn would decrease the bandgap of the conjugated system.[24]
3.3.2 Aromatic resonance energy
Aromatic resonance energy plays also an important role and contributes to the bandgap. Resonance energy correlates with the stability of a conjugated system compared to isolated double bonds. Conjugation of π-electrons in polymer backbones gives rise to aromatic structures. This principle was first described by August Kekule. He realized that electrons are free to rotate around the benzene structure altering single and double bonds within the structure.[25]
3.3.3 Effects of substitution
Substitution influences the bandgap as well as electronic parameters such as electron affinity and ionization potential.[26] The HOMO and LUMO levels of a molecular building block can be influenced by electron donating or electron withdrawing substituents, which in turn will influence the bandgap of the polymer. Since we can synthetically change the heteroatom content of molecular building blocks, we have a useful tool to synthesize polymers with tunable bandgaps.[27] It has been reported that branched alkyl chains are more effective for inducing solubility in a comparison to their linear chain counterpart. Nevertheless, a balance needs to be taken since bulky side chain can affect π-π interaction by lengthening π-π stacking distance, and thus reducing charge carrier.[28] 
3.3.4 Interchain coupling in the solid-state
Molecular packing depends on π-π interaction between polymer chains and layers. It influences intermolecular charge transfer and plays a crucial role not only in the bandgap tuning but also in charge mobility. Polymers in a solution have a blue shift in UV-Vis absorption spectra relative to the solid-state. This is thanks to interchain interaction in the solid-state and π-stacked aggregation, which can contribute to a bandgap decrease. Bulky groups in a polymer can hinder solid-state packing and intermolecular interaction resulting in an increase of the bandgap. [29]
3.3.5 Effect of conjugation length
Extension of the conjugation length can lead to a decrease of the bandgap. This can be achieved by covalently linking or fusing a π-conjugated monomer either in two dimensionally or a linear fashion. Energy level can vary with different repeating units of thiophene. More thiophene units in the structure, more significant decrease in bandgap will be.[30] 
3.3.6 Effect of donor-acceptor charge transfer
One of the most useful strategies to lower bandgap is introduction of electron-donors (D) coupled with an electron-acceptor (A). Donor-acceptor compounds can exhibit two forms of resonance, one with increased double- bond characteristics, reducing bond length alteration, similarly, decreasing the Peierls gap. Furthermore, hybridization of the energy levels of the donor and acceptor can raise the HOMO level of the donor and lower the LUMO level of the acceptor molecules. This leads to smaller HOMO and LUMO separation.[31] 



4. Donor-acceptor systems

The concept of donor and acceptor small polymers and molecules was first introduced in 1992. By using condensation polymerization, donor molecules can be coupled with acceptor units, ranging with different bandgaps from 0.45 eV to 1.2 eV. Donor-acceptor systems have been the main tool for bandgap engineering. The combination of different donors and different acceptors can thus lead to polymers that can concurrently exhibit ionization potential and high electron affinities, which can further lead to facile mobility and electron changes. By using different strength of donor/acceptor units, polymers can be tuned to absorb at different spectral wavelengths. Moreover, by having the right donor-acceptor units, we can achieve a cancellation of bond length alternations, efficient push-pull interactions between the donor and the acceptor and planarization of the polymer backbone. Proper selection of suitable donors, acceptors and spacers have to be chosen. Thiophene is a commonly used unit in donor- acceptor polymers due to several advantages. Thiophene is small, flat, it has good thermal and photochemical stability and has reactive sites for addition of halogens for further functionalization and alkyl groups, to increase the solubility of the polymer. Alternatively, addition of a pyrrole spacer as an electron withdrawing group can further alter charge transfer in donor-acceptor dyads and thus lower the bandgap due to the hydrogen bonding between N-H proton.[32] 

5. Sulfur- and Nitrogen-Containing Porous Donor-Acceptor Polymers

Sulfur- and nitrogen-containing porous donor-acceptor polymers (SNPs) combine two key features for organic semiconductors: a porous and modular π-conjugated backbone, and intrinsic push-pull effect caused by donor-acceptor interaction between electron-poor triazine-ring and electron-rich thiophene-containing moieties. In specific, the modularity of the bridge-units enables us to vary the heteroatom content in a very controlled way, and hence to produce materials with a range of optical bandgaps (from 1.67 to 2.58 eV) that are suitable for the visible light driven hydrogen evolution from water. In our previous study,[4] the triazine-ring-bearing (tris-ethynylphenyl)triazine (EPT) moiety was coupled with three different S- containing and two phenyl-based linkers using Sonogashira–Hagihara cross-coupling conditions (Figure 8). 

[image: ][image: ]

Figure 8. Synthetic route to SNPs. (D. Schwarz, Y. S. Kochergin, A. Acharjya, A. Ichangi, M. V. Opanasenko, J. Čejka, U. Lappan, P. Arki, J. He, J. Schmidt, P. Nachtigall, A. Thomas, J. Tarábek and M. J. Bojdys, Chem. - Eur. J., 2017, 23, 13023-13027)
The modularity of these networks enables fine-tuning of the optical bandgap between 1.6 and 2.6 eV - a useful and important range for photocatalytic water-splitting. 
The obtained SNPs show one of the highest-to-date reported hydrogen evolution rates without addition of the noble metal co-catalyst (Pt). It was found that materials with a certain optical bandgap (in this case – 2.3 eV) would have the highest photocatalytic activity (Figure 9). 
[image: ]Figure 9. Hydrogen evolution test of SNPs. (D. Schwarz, Y. S. Kochergin, A. Acharjya, A. Ichangi, M. V. Opanasenko, J. Čejka, U. Lappan, P. Arki, J. He, J. Schmidt, P. Nachtigall, A. Thomas, J. Tarábek and M. J. Bojdys, Chem. - Eur. J., 2017, 23, 13023-13027)

6. UV/Vis Kubelka Munk´s equation

Energy gap (Eg) as already mentioned, is an important feature of semiconductors which can determine their potential application in optoelectronics. UV-Vis spectroscopy is commonly used to characterize the bandgap of semiconductors.
In solid films, energy gap value from their absorbance spectra provided that the sample thickness is known and light scattering is low. However, in colloidal samples, the scattering effect is enhanced since more superficial area is exposed to the light beam. In common incidence approach, dispersed light is known as absorbed light and the optical absorption does not distinguish between the two phenomena. 
Optical properties of powdery, un-supported nanostructures are analyzed via UV-Vis absorption spectroscopy as dispersions. Nevertheless, the position of the peak of the absorption band semiconductor nanostructures could be defined from this measurement. Bandgap can be calculated by applying Kubelka- Munk’s equation of the diffuse reflectance spectra.[33]
Kubelka-Munk’s equation is described as follows:
α= (1-R) ^2/2R
R and α represent the reflectivity and the absorption coefficient, respectively. This conversion is obtained to estimate the bandgap from powder diffuse reflection spectra. In most of the cases, the bandgap energies of indirect transition should be considered and calculated. However indirect bandgap has following equation:
α1/2 ~ℎ𝑣-Eg
where, Eg describes the bandgap for indirect transition. Therefore, the bandgap of the indirect transition can be derived from the dependence of the square root of on the photon energy h.[34]


7. Protonation and deprotonation effect

It has been reported that the structure of graphitic carbon nitride (g-C3N4) can be protonated.[35] In a case of polymer semiconductors such as polyaniline, protonation is used in order to tune the electronic structure. Furthermore, polyamidoamine dendrides were protonated to increase photoluminescence properties as well as increase proton conductivity. It was found that carbon nitride can be reversibly protonated by strong acid, thus modifying dispersability/solubility, surface area and electronic structure. It was tested, that protonation with strong acid does not chemically disintegrate g-C3N4. Protonation was performed in HCl (37%) solution while stirring for 3 hours at room temperature. Further investigation showed at IR spectra typical C-N heterocycle stretches in the range between 1100 and 1600 cm -1 which are related to the extended network. Moreover, another evidence of the protonation came from the enhanced hydrogen content of protonated C3N4 as determined by elemental analysis. Controllable and reversible protonation is only a task of acid strength. On the other hand, HCl in the protonated g-C3N4 could also be eliminated by heating at different temperatures. After the protonation UV-Vis spectra shows a shift in absorption edge from 481 to 424 nm which indicates decreasing of optical bandgap and thereby the semiconductors properties.[35]

8. Acid-base polymer sensors 

In the study done by Wang et. al. there is a  focus on a toxic gas detection in environment, security protection and in industrial safety and how to detect them.[6] Nevertheless, it is challenging to synthesize and design sensors for selective, highly sensitive and provide detection to the naked eye. Strong acid HCl gas is harmful and arises from many sources, such as industrial chloride processes and burning of halogenated polymers. Thus, its concentration should be controlled and eliminated because of its corrosiveness and toxicity. The recent sensing methods of HCl gas, such as optical and electrochemical approaches and gas chromatography are expensive, time consuming and thus it is important to develop HCl sensors with high selectivity and sensitivity which can be detected by the naked eyes. The authors propose the study of exposing organic porous materials to HCl vapors where after this protonation, powder turned to red color, but when it was quenched by ammonia, the color turned back to yellow. Thus, they speculate this could be used for the naked-eye detection of acid gas. The procedure was the following: yellow polymer powder was placed in the chamber followed by the additional of hydrochloric acid vapors to the solution. After a definite period of time, the polymer was removed and optical images were taken. When exposed to HCl gas the yellow polymer changed to red color. The shift of the UV-Vis towards the red region was induced by a change of the chemical environment within the polymer. 

9. Conductivity measurement
 
Electrical conductivity is a property of materials that determines how good material can conduct electricity. A conductor is a material which gives very little resistance to the flow of a thermal energy or electric current. Materials can be classified as metals, semiconductors, and insulators. Metals are the most conductive and insulators (plastics, wood, and ceramics) are the least conductive. 
Electrical conductivity is related to resistivity (which is used more often):

where  is the conductivity (in m/Ohm) and  is the resistivity (in Ohm/m). In order to determine the resistance of a wire (which could be made of almost anything: aluminum, copper), the equation is following:
R = l/A
where R is the electrical resistance and depends on the intrinsic resistivity  of the material and on the geometry (where A is a cross-sectional area of the wire measured in m2 and l stays for the length in m.
Electrical conductivity can be defined as how much voltage is required to get an amount of electric current to flow. This is determined by the number of electrons in the furthest shell; these electrons determine the ease with which mobile electrons are produced. Another factor- but less important is the number of atoms per unit volume, which determines the number of electrons that would willingly move in response to an electric field. 
Usually, most metals have high conductivity (which is another way of saying metals tend to be conductors), because the electrons in their furthest shell can move easily. Non-metals tend to have low conductivity.[36] 

10.  X-ray Powder Diffraction (PXRD) 

X-ray powder diffraction is a quick analytical technique commonly used for phase identification of a crystalline material and can provide information on the crystallinity of a gives sample. The analyzed material has to be finely homogenized, grounded, and average bulk composition is determined.
Fundamental Principles of X-ray Powder Diffraction (XRD)
Max von Laue, in 1912, discovered that crystalline substances act as three-dimensional diffraction gratings for X-ray wavelengths like the spacing of planes in a crystal lattice. X-ray diffraction is now a commonly used technique for the study of crystal structures and atomic spacing.
X-ray diffraction is based on positive interference of a crystalline sample and monochromatic X-rays. These X-rays are produced by a cathode ray tube, filtered to produce monochromatic radiation, collimated to concentrate, and directed toward to the sample. The interface of the incident rays with the sample produces positive interference (and a diffracted ray) when conditions satisfy Bragg's Law:
n*λ=2*d sin θ
This law states that the relationship between the diffraction angle and the lattice spacing in a crystal. The diffracted X-rays are then detected, processed and counted. By scanning the sample through a range of 2θ angles, all probable diffraction directions of the lattice should be attained thanks to the random orientation of the powdered material. Change of the diffraction peaks to d-spacing enables identification of the mineral because each mineral has a set of exclusive d-spacing. Characteristically, this is achieved by comparison of d-spacing with standard reference outlines.
All diffraction approaches are based on generation of X-rays in an X-ray tube. These X-rays are directed at the sample, and the diffracted by crystalline domains within the sample. A key component of all diffraction is the angle between the diffracted and incident beams.[37]

11. Thermogravimetric Analysis (TGA)

Thermogravimetry measures the amount of weight change of a material, under isothermal conditions as a function of time or as a function temperature, in an atmosphere of air, helium, vacuum or other gas.
TGA can be combined with a mass spectrometer residual gas analyzer (RGA) to identify and measure the vapors generated, though there is much greater sensitivity when the mass spectroscopy heating is performed in an ultrahigh vacuum system.
What can be analyzed: metals, ceramics, inorganic materials, polymers, glasses and composite materials. Temperature range from 25°C to 900°C routinely and up to the maximum temperature of 1500°C. 
Sample weight can range from 1 mg to 150 mg. Sample weights of more than 10 mg are favored, however, excellent results are sometimes obtainable on 1 mg of material. TGA has weight change sensitivity of 0.01 mg. Samples can be analyzed in the form of small pieces or powder, so the inner sample temperature remains close to the measured gas temperature [36].

[image: Image result for TGA schematic from articles]
Figure 10. TGA scheme. Hui Zhou. (Yanqiu Long, Aihong Meng, Shen Chen, Qinghai Li and Yanguo Zhang,  Royal Society of Chemistry, 2015,5, 26509-26516)
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Chlorobenzene, toluene, and tetrahydrofuran were bought from VWR. 1, 3, 5- trihydroxybenzene, 2-mercaptoehatnol, and 1.6 M n-butyllithium solution were purchased from Acros Organics. 2, 6-Dihydroxynaphtalene, trifluoromethanesulfonic acid (TFMSA), and 1 M trimethyltin chloride solution were purchased from ABCR. Tetrakis (triphenylphosphine) palladium (0) and 2, 5- bis (trimethylstannyl) thieno [3, 2-b] thiophene were obtained from Sigma-Aldrich. 1, 3, 5-trichlorotriazine was bought from Alfa Aesar. Chlorobenzene was dried with 3Å molecular sieves overnight. All other chemicals and solvents were used without any further purification. Completion of reactions was determined by TLC using silica gel (Merck 60, F-254) covered aluminum plates and visualized by UV detection. Column chromatography purification was performed using silica gel (0.063–0.2 mm, 100 mesh ASTM) from Acros Organics.

[bookmark: _Toc515963902]Methods

Crystal structure of polymers was characterized via powder X-ray diffraction using Bruker AXS D8 Advanced SWAX diffractometer with Cu Kα (λ = 0.15406 nm) as a radiation source.
NMR spectra of monomers were recorded on Bruker Advance 400 MHz spectrometer with CDCl3 as internal standard, which was set at δH = 7.26 ppm. 
Infrared (IR) spectra were recorded on Nicolet 6700FT-IR spectrometer (Thermo Scietific, Waltham, MA USA) equipped with DTGS detector and using ATR-MIRacl™ – the three reflection ZnSe horizontal ATR prism (Pike Technologies, USA) attachment with resolution 4cm-1as result of 126 scans. The final spectra were obtained after careful subtraction of water vapors.
Fluorescence spectra are measured a Fluorolog FL3-22 fluorometer (Horiba- Jobin Yvon, France). The sample is first pour to a glass plate and spread to cover the middle part in order to fit to the system and it could be correctly analyzed.
Powder Y-ray (PXRD) measurements were carried out using a PANanalytical X´pert Pro diffractometer.  Using Cu Kα1.2 (λ= 0.18415 nm) radiation with secondary graphite monochromator and PIXcel detector. 
Solid- state UV/ Vis and bandgap Optical properties of obtained polymers were characterized by solid-state UV/Vis measurements on Cary 6000i UV-Vis-NIR spectrometer from Agilent, and solid-state fluorescence measurements recorded on Fluorolog FL3-22 fluorometer (Horiba – Jobin Yvon).
Thermogravimetric analysis (TGA). The thermal stability was examined by Setsys, Evolution, Setaram instrumentation. The catalysts were detected with 10-12 mg sample under air and inert conditions under a flow from 35 to 1000 C.
Elemental analysis (EA). Elemental analyses (C, H and N) were performed using a PE 2400 Series II CHN Analyzer. The mass percentage of halogens, Pd, and Sn were determined by optical emission spectrometry (OES) with radial observation of inductively coupled plasma (ICP) using SPECTRO Arcos spectrometer.
Conductivity measurements. Conductivity was measured using Keithley 2612A source meter (Figure 11a). The sample in a form of powder was placed between two stainless steel rods 4 mm in diameter and fixed with a to Teflon sleeve (Figure 11b). Afterwards the sample was hand-tight pressed, and the measuring cell was connected to the source meter with two-probe contacts. Then after applying voltage of 10 V, the current was found. Length of the pellet was measured by Intraco Micro optical microscope (Figure 11c,d). Conductivity was calculated according the equation mentioned in theoretical background, section conductivity. Moreover, all measurements were repeated three times and averaged. 
b)
a)
d)
c)





Figure. 11 a-d) equipment for conductivity measuring method
[bookmark: _Toc515963903]Synthesis

All reactions were carried out under argon atmosphere on a Schlenk line. There are two parts of the synthesis. First of them is a monomer synthesis, where three different monomers are made: Benzotrithiophene (BTT), nadptoditiophene (NDT), and benzodithiophene (BDT) (Scheme 1). The second step is a polymerization where monomers containing sulphur react with monomers containing nitrogen. Cyanuric chloride and Tris- bromophenyltriazine which create final polymers. This step is also called still coupling reaction where palladium is use as catalysts. In this project, there are seven final polymers (Scheme 2). For better visual explanation, see Table 1 which shows the S- monomer and N- containing monomers and the final products named accordingly. The BTT and NDT monomer synthesis was done according to  following procedure.[38] The BDT monomer synthesis was done according different procedure.[5c]
I) Monomer syntheses
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Scheme 1. Synthesis of monomers:  4a) Benzotrithiophene (BTT), 4b) Nadhtoditiophene (NDT) 4c) Benzodithiophene (BDT)
Benzotrithiophene (BTT) monomer synthesis
1, 3, 5-Trihydroxybenzene (1a) (0.30 g, 2.38 mmol) as starting material was mixed with 2-mercaptoethanol (1.50 mL, 21.41 mmol) and then dry chlorobenzene added (10 mL). Trifluoromethanesulfonic acid (1.25 mL, 14.27 mmol) was added dropwise under room temperature and the reaction mixture was heated up to 140 °C and refluxed for 6 hours. A solid started to appear in the reaction flask during the increase of temperature, but afterwards it was slowly dissolved.  The reaction was cooled down to room temperature and neutralized with 5% Sodium hydroxide (10 mL) and then liquid- liquid extraction performed by using dichloromethane (3x 10 mL). Combined extracts were washed with distilled water (3x 10 mL) and dried over anhydrous Sodium sulfate and evaporated to dryness. Crude product was purified by silica gel column chromatography using Hexane: Dichloromethane 5:1 as an eluent to provide compound (2b) as a white solid (0.06 g, 10% yield). 1H NMR (400 MHz, CDCl3, δ/ppm): 3.11 (t, J = 7.8 Hz, 6H, CH2), 3.40 (t, J = 7.8 Hz, 6H, CH2); 13C NMR (101 MHz, CDCl3, δ /ppm): 33.6, 33.2, 129.1, 136.3. 
Chloranil and respective dihydrothiophene derivative were mixed in toluene and refluxed for 2 days under normal atmosphere. Subsequently the reaction mixture was filtered from the excess of chloranil, solvent was evaporated under vacuum, and the crude product was purified by silica gel column chromatography using hexane: dichloromethane in a 10:1 as an eluent to achieve the desired product.
2,3,5,6,8,9-hexahydrobenzo[1,2-b:3,4-b':5,6-b'‘]trithiophene (2a) (0.5 g, 1,98 mmol) and chloranil (2.92 g, 11.88 mmol) are refluxed in toluene (50 mL). After purification product (3a) was obtained as an off-white solid (0.24 g, 50% yield). 1H NMR (400 MHz, CDCl3, δ/ppm): 7.56 (d, J = 5.4 Hz, 3H, Ar-H), 7.66 (d, J = 5.4 Hz, 3H, Ar-H); 13C NMR (101 MHz, CDCl3, δ /ppm): 122.4, 124.9, 131.5, 131.8.
Benzo[1,2-b:3,4-b':5,6-b'‘]trithiophene (3a) (0.2 g, 0.81 mmol) was dissolved in anhydrous tetrahydrofuran (10 mL) under inert atmosphere. This solution was cooled to 0 °C using water/ice bath and solution of n-BuLi (1.6 M, 3 mL, 4.86 mmol) was added dropwise. The reaction mixture was brought to room temperature and stirred for 6 h. Afterwards, the reaction was again cooled down to 0 °C and solution of Trimethyltin chloride (1M, 2.67 mL, 2.67 mmol) added dropwise. Then, the cooling bath was removed, and the reaction mixture stirred overnight. The reaction was quenched with dist. water (10 ml), extracted with Dichloromethane (3x 10 mL), washed with brine (3x 10 mL), and dried over anhydrous Magnesium sulphate. The solvent was removed under reduced pressure, and the crude solid subjected for recrystallization from acetonitrile to provide pure product as an off-white powder (0.45 g, 75% yield). 1H NMR (400 MHz, CDCl3, δ/ppm) 0.57 (s, J = 5.3 Hz, 18H, CH3), 7.72 (s, J = 8.1 Hz, 3H, Ar-H). 13C NMR (101 MHz, CDCl3, δ /ppm): -8.14, 130.41, 132.73, 135.81, 137.96.
Nadhtoditiophene (NDT) monomer synthesis
2,6-dihydroxynaphthalene (1b) (1.0 g, 6.25 mmol) and 2-mercaptoethanol (5.27 mL, 75 mmol) were mixed in dry chlorobenzene (50 mL). Trifluoromethanesulfonic acid (2.76 mL, 31.25 mmol) was added dropwise under room temperature and the reaction mixture was refluxed than for 6 h. A solid started to appear in the reaction flask while the temperature was increasing, but afterwards it was gradually dissolved. The reaction was cooled down to room temperature meanwhile the product started to precipitate out from the reaction mixture. Afterward the solid was filtered and washed 3 times with cold methanol to provide desired product (2b) as a pale green solid (0.54 g, 36% yield). 1H NMR (400 MHz, CDCl3, δ/ppm): 3.55 (t, J = 7.3 Hz, 4H, CH2), 3.64 (t, J = 7.3 Hz, 4H, CH2), 7.37 (d, J = 8.7 Hz, 2H, Ar-H), 7.53 (d, J = 8.7 Hz, 2H, Ar-H); 13C NMR (101 MHz, CDCl3, δ ppm): 32.7, 34.9, 121.6, 123.8, 128.2, 134.8, 137.1.
Chloranil and respective dihydrothiophene derivative were mixed in toluene and refluxed for 2 days under normal atmosphere. Subsequently the reaction mixture was filtered from the excess of chloranil, solvent was evaporated under vacuum, and the crude product was purified by silica gel column chromatography using hexane: dichloromethane in a 10:1 mixture as an eluent to achieve the desired product.
2, 3, 7, 8-tetrahydronaphtho[2, 1-b: 6, 5-b’]dithiophene (2b) (0.61 g, 2.5 mmol) and Chloranil (2.46 g, 10 mmol) were refluxed in toluene (50 mL). After purification product (3b) was obtained as a white solid (0.27g, 45% yield). 1H NMR (400 MHz, CDCl3, and δ/ppm): 7.64 (d, J = 5.3 Hz, 2H, and Ar-H), 8.04–8.06 (m, 4H, Ar-H), 8.31 (d, J = 8.8 Hz, 2H, and Ar-H); 13C NMR (101 MHz, CDCl3, δ /ppm): 120.7, 121.1, 122.2, 126.3, 126.6, 136.6, and 136.9.
Naphtho [2, 1-b:6,5-b’] dithiophene (3b) (0.2 g, 0.83 mmol) was dissolved in anhydrous tetrahydrofuran (20 mL) under inert atmosphere. The solution was cooled to -78 °C using dry ice/acetone bath and solution of n-BuLi (1.6M, 1.82 mL, 2.91 mmol) was added dropwise. The reaction mixture was stirred at this temperature for 30 min and then 1, 5 h at room temperature. The reaction was again cooled down to -78 °C and solution of Trimethyltin chloride (1M, 3.3 mL, 3.3 mmol) was added dropwise. After 30 min, the cooling bath was removed, and the reaction mixture was stirred overnight at room temperature. The reaction was quenched with dist. water (20 ml), extracted with Dichloromethane (3x 20 mL), washed with brine (3x 20 mL), and dried over anhydrous Magnesium sulphate. The solvent was removed under reduced pressure, and the crude solid was subjected for recrystallization from acetone to provide pure product as an off-white powder (0.27 g, 60% yield). 1H NMR (400 MHz, CDCl3, δ/ppm) 0.53 (s, 18H, CH3), 8.08 (d, J = 8.7 Hz, 2H, Ar-H), 8.15 (s, 2H, Ar-H); 8.34 (d, J = 8.7 Hz, 2H, Ar-H). 13C NMR (101 MHz, CDCl3, δ /ppm): -8.12, 120.2, 120.9, 126.1, 130.1, 137.9, 140.1, 141.5.
Benzodithiophene (BDT) monomer synthesis
As a starting material Benzodithiophene (3c) was used (1 g, 5.26 mmol) and dissolved in anhydrous tetrahydrofuran (90 mL) under inert atmosphere. The solution was cooled to -78 °C using dry ice/acetone bath and solution of n-BuLi (1.6M, 8.3 mL, 13.15 mmol) was added dropwise. The reaction mixture was stirred at this temperature for 30 min and then 1, 5 h at room temperature. The reaction was again cooled down to -78 °C and solution of Trimethyltin chloride (1M, 15.78 mL, 15.78 mmol) was added dropwise. After 30 min, the cooling bath was removed, and the reaction mixture was stirred overnight at room temperature. The reaction was quenched with dist. water (20 mL), extracted with Dichloromethane (3x 20 mL), washed with brine (3x 20 mL), and dried over anhydrous Magnesium sulphate. The solvent was removed under reduced pressure, and the crude solid was subjected for recrystallization from acetone to provide pure product as an off-white powder (2.37 g, 87% yield). 1H NMR (400 MHz, CDCl3): 0.28-0.60 (m, 18 H), 7.42 (s, 2H), 8.28 (s, 2H).


II) Polymer Synthesis
Firstly, stannylated thiophene-based derivative, triazine-containing monomer and Pd(PPh3)4 (3:2:5% mol ratio; in case of benzo[1,2-b:3,4-b':5,6-b'‘] trithiophene (3a) – 1:1:5% mol ratio) were dissolved in anhydrous toluene under inert atmosphere and refluxed for 3 days (Scheme 2). In a short time period (1-2 h) the precipitate of polymer starts to appear in the reaction flask. After completion of the reaction the precipitate was filtered and washed with hot toluene, dimethylformamid, chloroform, tetrahydrofuran and methanol (three times each solvent). Then Soxhlet extraction was performed by using chloroform, tetrahydrofuran and methanol. Afterwards the solid was dried in the vacuum drying oven at 120 °C for 24 hours. Overview of all prepared materials can be found on scheme 1. SNP-S-BTT polymer was prepared under the same conditions. The brominated BTT monomer as an halogenated reactant for Stille coupling polymerization was prepared by reported protocol (Scheme 3).[5a]

Scheme 2. Synthesis of polymer. There are three S-monomers- BTT, NDT and BDT which are coupled with monomer 1-cynuric acid and monomer 2- tris- bromophenyl triazine resulting in six SNPs materials. Polymerization is called Stille coupling. 



Scheme 3. Synthesis of SNP-S-BTT polymer. 

Table 1. Detailed polymerization conditions. Pd(PPh3)4 was used in 5% molar ration according to S-monomer content.
	Name of polymer
	S- monomer, mmol
	N- monomer, mmol
	Toluene (mL)
	Yield (%)*

	SNP-BTT1
	0.43
	0.43
	25
	78

	SNP-BTT2
	0.71
	0.71
	55
	102

	SNP-NDT1
	1.53
	1.02
	90
	96

	SNP-NDT2
	0.62
	0.41
	35
	94

	SNP-BDT1
	0.96
	0.65
	50
	89

	SNP-BDT2
	0.56
	0.64
	60
	104

	S-BTT
	0.31
	0.31
	25
	107


*Yields more than 100% can be attributed to Pd- and Sn-species, trapped in the polymer matrix, which is corroborated by elemental analysis and EDX (for more information, see results section). 











[bookmark: _Toc515963904]Results and discussion

In this project, the family of sulphur and nitrogen containing porous polymers was expanded by further members based on three thiophene- containing aromatic systems: benzotrithiophene (BTT), naphthodithiophene (NDT) and benzodithiophene (BDT) which are with monomers containing triazine-ring- cyanuric chloride and tris-bromophenyl triazine via Pd- catalyzed Stille coupling. The synthetic protocols can be found in the Experimental section. Non-protonated SNPs and SNP-S-BTT polymers are exposed to HCl vapors and were characterized with the following methods: solid-state UV-Vis, solid-state fluorescence, FTIR, and direct conductivity measurements. In the following, the results for the network SNP-NDT1 are presented as an example. Results for other polymers can be found in the Appendix.
Solid-state diffuse reflectance UV-Vis measurements reveal similar absorption patterns for all prepared SNPs with absorption edges around 500-550 nm (Figure 12a). According to the Kubelka-Munk’s equation these values correspond to direct optical bandgaps between 2.36 and 2.62 eV and indirect bandgaps between 2.00 and 2.42 eV for SNP-NDT1 (Table 2 and Figure 12b). After the treatment with HCl vapour we observe the marked red-shift of UV-Vis absorbance and, hence, the change of optical bandgap. The difference in optical bandgap between pristine samples and HCl treated samples is in the range between 0.42 and 0.76 eV (Table 2). The protonation effect is clearly visible by the samples colour change (towards red spectral region). Moreover, this effect is reversible, and after exposing to NH3 vapours prepared SNPs turn back to a pristine state, what is also confirmed by solid-state UV-Vis study (Figure 12a). However, in the case of the S-BTT polymer, the effect of colour change was not observed, and hence, there was no change in optical bandgap value (Figure 13). With this we can conclude, that most probably the triazine-ring in N-containing SNPs is responsible for the proton adsorption, which changes the donor-acceptor interactions within the network and leads to the red-shift in UV-Vis absorption. 
[image: ]a)
b)

Figure 12. Acid base response of SNPs-NDT1: a)UV-Vis study a) Theoretical direct and indirect bandgap graph

	SNP
	Direct bandgap (eV)
	Indirect bandgap (eV)

	
	Pristine
	HCl
	Difference
	Pristine
	HCl
	Difference

	BTT1
	2.54
	2.09
	0.45
	2.25
	1.83
	0.42

	BTT2
	2.62
	2.08
	0.54
	2.42
	1.84
	0.58

	NDT1
	2.55
	1.98
	0.57
	2.26
	1.75
	0.51

	NDT2
	2.51
	1.85
	0.66
	2.34
	1.58
	0.76

	BDT1
	2.36
	1.82
	0.54
	2
	1.53
	0.47

	BDT2
	2.38
	1.82
	0.56
	2.19
	1.51
	0.68


Table 2. Summary of Direct and Indirect bandgap of Pristine and HCl treated samples

[image: ] Figure 13. Acid base response of SNPs-S-BTT a) UV-Vis study a) Theoretical direct and indirect bandgap graphb)
a)


Fluorescence results show a similar trend as observed in the UV-Vis study. After protonation, the maximum of fluorescence emission switched towards the red region, to higher wavelength, which corresponds to a new, lower energy bandgap transition. (Figure 14). Table 3 shows a summary of the differences between wavelength peak maximum of pristine sample and HCl treated ones. The differences ranges between 131 nm for SNP-NDT1 up to 221 nm for SNP-BTT2. 

[image: ]Figure 14. Fluoresce of pristine (black line) with maximum peak of 649 nm and the HCl treated sample (red line) with wavelength maximum of 681 nm.

	Sample
	Max peak wavelength (nm) Pristine
	Max peak wavelength (nm) HCl treated
	Difference in wavelength (nm)

	SNP-BTT1
	544
	686
	142

	SNP-BTT2
	525
	746
	221 

	SNP-NDT1
	549
	681
	132

	SNP-NDT2
	548
	714
	166

	SNP-BDT1
	587
	750
	163

	SNP-BDT2
	557
	740
	183 

	S-BTT
	524
	531
	7


Table 3. Summary of the fluorescence study showcasing the changes in emission between protonated and pristine samples. 
Infrared measurements before and after HCl adsorption were collected in order to confirm that the polymers were not permanently chemically altered during the HCl treatment. The triazine-ring is visible and identified with IR spectra as a signal around 800-820 cm-1 and vibration mode at1360-1370 and 1480- 1500 cm-1.[4] The other peaks correspond to phenyl C=C bond and the thiophene-ring which is visible also at 800 cm-1.[39] There is a small shift after exposing to HCl of 1-2 cm-1 in signals, which belong to triazine or thiophene, confirming that the protonation occurred. Furthermore, no significant different after exposing to HCl was found in the region around 3000 cm-1 which correspond to OH- or NH-stretching, meaning that the polymer skeleton was not hydrolysed (Figure 15). b)[image: ])
a)[image: ])

Figure 15. FTIR spectra of SNP-NDT1 in pristine and HCl treated form: a) region between 700-1650 cm-1; b) area from 750- 3300 cm-1

Elemental composition was determined by combustion elemental analysis (EA), inductively coupled plasma optical emission spectrometry (ICP-OES), energy dispersive X-ray spectroscopy (EDX), and X-ray photoelectron spectroscopy (XPS). After protonation, there is clearly noticeable increase of Cl which confirms that Cl is absorbed in the polymer. Elemental analysis was performed for all pristine samples (Table 4, Appendix) and also HCl treated ones (Table 5, Appendix). Furthermore, thermogravimetric analysis (TGA) was performed under air and inert atmosphere (Figure 16) to determine the thermal stability of SNPs and verify the quality of any residual inorganic content. In summary, SNPs are very thermally sable up to 500 to 600 °C under air (Figure 16a) with maximum of 5-10 % residual mass which corresponds to palladium and tin left over from the network- forming reaction (these results are confirmed by elemental analysis). Under inert atmosphere (Figure 16b) SNPs show higher stability and even after exposing to 1000 °C, polymers retain 50-69% mass of the material. This confirms high thermal stability of SNPs and formation of π-conjugated network. a)[image: ])
b)[image: ])

Figure 16. a) TGA under air condition and b) TGA under inert conditions

SNPs are amorphous with some glassy ordering. This is common for conjugated polymers synthesised via transition-metal catalysed, such as Stille coupling, due to the irreversible formation of carbon-carbon bonds and kinetic reaction section. Polymer SNP-NDT2 and SNP-BTT2 show very broad peaks, meaning that they have more amorphous structure compared to rest of the polymers, which feature narrower peaks in the low- angle regions (Figure 17). 


Figure 17. Powder X-ray diffraction patterns for obtained SNPs 
	
Furthermore, we wanted to see whether the protonation will affect the direct conductivity of prepared SNPs. First, we estimated the voltage for all measurement to be 10 V for pristine and HCl-treated samples (Figure 18a-b) Moreover, it was confirmed, that the higher the voltage is applied, the higher the current will be. Current was measured for all pristine and HCl-treated samples three times with three cycles in each measurement, and an average was calculated. There was no significant enhancement of conductivity in HCl-treated SNPs (Figure 19). Nevertheless, after protonation SNP-S-BTT network showed about 20-times increase of conductivity compared to pristine sample (Figure 20). This can be explained by the rigidity of the framework due to small size and planarity of the BTT-building block. There is less degree of freedom for rotation of linking units around each other compared to triazine-containing SNPs, and hence, electrons can easily flow through the whole network. However, this also confirms that thiophene-containing part of SNPs is also participating in the protonation, and this problem needs more thorough investigation. Moreover, pKa of conjugated acid of pyridine is 5.2 whereas pKa of conjugated acid of thiophene is 33, meaning that thiophene has higher acidity and triazine has higher affinity to protons, keeping them tighter. This results in higher charge localisation. However, localised charge is not beneficial for conductivity. In contrast, pyridine has lower affinity to protons, thus they are not tightly bounded, resulting in more delocalised charge, which enhances the conductivity.b)
a)

Figure 18. Estimation of voltage applied between 1-40 V a) pristine sample b) HCl treated sample

[image: ]Figure 19. Differences in conductivity between non-protonated-( N/P) and protonated-(P) SNP samples

[image: ]SNP-S-BTT

Figure 20. SNP-B-BTT polymer with 20x enhancement after exposing to HCl vapors





[bookmark: _Toc515963905]Conclusion 

The optical and electrochemical properties of synthesised SNPs can be modified via post-synthetic protonation/deprotonation. We found that the bandgap of all six SNPs containing triazine and thiophene domains was decreased after exposing the polymer of 37% HCl vapours by UV-Vis spectroscopy. We were able to tune the bandgaps between 1.51-2.09 eV for protonated samples compared to the range 2.0 to 2.62 eV for pristine ones. Moreover, all the SNPs show a rapid colour-change from yellow to red within a few seconds upon exposure to Cl vapours. This suggests immediate applications of SNPs in the sensing of corrosive acid vapours. It was also found that this protonation step is fully reversible via exposure of the protonated samples to NH3 gas. In contrast, the polymer without a triazine moiety (S-BTT) did not show any significant colour change in the acid- base response study. The differences between protonated and pristine samples in direct and indirect bandgap differs in a range of 0.42 eV and 0.76 eV. This trend of the curve shift towards red region was confirmed by Fluorescence study as well. According to results from infrared spectroscopy the protonation does not change the structure of the polymers permanently. 
Our results suggest that both the nitrogen- and sulphur heterocycles can be protonated at their available lone pairs. We assume that in the case of SNPs, only the nitrogen atoms in the triazine ring get protonated because of their stronger electronegativity, and because they are better bases than the thiophene moieties. The S-BBT polymer did not show a significant change in the UV/Vis spectrum upon protonation. Here, rapid proton exchange between the weakly-basic S-atoms promotes overall charge delocalization. We assume that protonation of SNPs generates additional states within the bandgap that enables lower- energy optical transitions- presumably, because of the pronounced charge transfer between the donor and acceptor moieties. However, S-BTT shows a significantly enhanced conductivity in its protonated state- unlike its SNP counterparts. S-BTT is more homogeneous in its composition, and hence, protonation leads to immediate charge delocalization and enhanced conductivity. This is a significant result on two fronts: (1) SNPs are immediately useful as colour indicators for sensing of corrosive acids, and (2) S-BBT behaves like an organic, low bandgap semiconductor with electron motilities upon protonation and converting wavelength to energy gap. 

[bookmark: _Toc515963906]Future plans and recommendations

· Further investigation of S-BTT polymer conductivity 
· Study relation between change conductivity and optical bandgap of S-BTT polymer
· HCl concentration and time-dependent study.
· Analysis of another acids 
· Ionic conductivity measurements 
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1. Acid- base response
a) SNP-BTT1














b) SNP-BTT2

















[image: ]c) SNP-BDT1
d) SNP-NDT2

















[image: ]Figure 21.UV-Vis study and Kubelka-Munk plots for a) SNP-BTT1, b) SNP-BTT2, c) SNP-NDT2, d) SNP-BDT1, e) SNP-BDT2e)SNP-BDT2
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Figure 22. a-f) represents Fluorescence study, wavelength (nm) vs normalized intensity 
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[image: ][image: ][image: ][image: ]Figure 23. IR study of pristine and protonated SNPs
4. Elemental analysis
	[bookmark: _Hlk515824779]Sample
	Composition
	C
(%)
	H
(%)
	N
(%)
	S
(%)
	C:N
	C:S
	Cl (%)
	Br
(%)

	SNP-BTT1
	Theoretical
	55.02
	2.77
	12.83
	29.37
	4.3
	1.9
	3.72
	n.a.

	
	Found
	54.93
	2.59
	7.26
	17.40
	7.6
	3.2
	
	

	SNP-BTT2
	Theoretical
	72.11
	2.75
	7.64
	17.50
	9.4
	4.1
	0.94
	5.74

	
	Found
	62.23
	2.89
	5.99
	13.1
	10.4
	4.7
	
	

	SNP-NDT1
	Theoretical
	66.19
	2.08
	9.65
	22.08
	6.9
	3.0
	1.04
	n.a.

	
	Found
	51.28
	2.04
	8.78
	22.38
	5.8
	2.3
	
	

	SNP-NDT2
	Theoretical
	75.99
	3.19
	6.33
	14.49
	12.0
	5.2
	0.80
	5.36

	
	Found
	67.77
	2.98
	5.05
	13.07
	13.4
	5.2
	
	

	SNP-BDT1
	Theoretical
	59.98
	1.68
	11.66
	26.68
	5.1
	2.2
	1.16
	n.a.

	
	Found
	56.01
	2.11
	8.93
	24.16
	6.3
	2.3
	
	

	SNP-BDT2
	Theoretical
	73.44
	3.08
	7.14
	16.34
	10.3
	4.5
	0.86
	2.25

	
	Found
	66.42
	3.03
	5.79
	10.27
	11.5
	6.5
	
	

	SNP-S-BTT
	Theoretical
	59.23
	1.24
	n.a.
	39.53
	n.a.
	1.5
	0.57
	5.19

	
	Found
	50.04
	1.90
	n.a.
	28.97
	n.a.
	1.7
	
	



















 `






Table 4. Elemental analysis of pristine SNPs





	Sample
	Composition
	C
(%)
	H
(%)
	N
(%)
	S
(%)
	C:N
	C:S
	Cl
(%)
	Br
(%)

	SNP-BTT1
	Theoretical
	55.02
	2.77
	12.83
	29.37
	4.3
	1.9
	8.92
	0.04

	
	Found
	50.58
	2.55
	6.58
	16.52
	7.7
	3.1
	
	

	SNP-BTT2
	Theoretical
	72.11
	2.75
	7.64
	17.50
	9.4
	4.1
	9.76
	5.11

	
	Found
	53.48
	2.85
	5.12
	10.81
	10.4
	4.9
	
	

	SNP-NDT1
	Theoretical
	66.19
	2.08
	9.65
	22.08
	6.9
	3.0
	13.28
	n.a.

	
	Found
	41.15
	2.41
	7.39
	19.52
	5.6
	2.1
	
	

	SNP-NDT2
	Theoretical
	75.99
	3.19
	6.33
	14.49
	12.0
	5.2
	5.86
	4.33

	
	Found
	62.90
	2.65
	4.79
	11.70
	13.1
	5.4
	
	

	SNP-BDT1
	Theoretical
	59.98
	1.68
	11.66
	26.68
	5.1
	2.2
	9.46
	n.a.

	
	Found
	49.07
	2.32
	7.83
	19.98
	6.3
	2.5
	
	

	SNP-BDT2
	Theoretical
	73.44
	3.08
	7.14
	16.34
	10.3
	4.5
	6.17
	2.79

	
	Found
	61.33
	2.85
	5.52
	12.90
	11.1
	4.8
	
	

	SNP-S-BTT
	Theoretical
	59.23
	1.24
	n.a.
	39.53
	n.a.
	1.5
	5.29
	4.93

	
	Found
	47.70
	1.68
	n.a.
	28.26
	n.a.
	1.7
	
	


























Table 5.  Elemental analysis of protonated SNPs
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