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Stable poly(4-vinyl pyridine)/pyridine gels prepared by dissolving solid polymer in pyridine (the equimolar ratio of the pyridine moieties to the pyridine solvent molecules) exhibit sensor properties rapidly and reversibly increasing their conductivity upon irradiation by light in the UV-Vis and NIR ranges. Both ionic and electronic mechanisms of conductivity were detected. The gels behave as polyelectrolytes involving the positively charged pyridine moieties and negatively charged saturated chains held together by a network of hydrogen bonds between the charged and neutral species. This interpretation is corroborated by the cryo -TEM images of the gel samples resembling chains of beads and the analysis of FT-IR and 1 H-NMR spectra. Photoinduced proton transfer can thus be responsible for the observed ionic conductivity of the gels. Exposing gels to the ambient light can bring about pyridine moieties and molecules ring opening with subsequent polycondensation of the initially formed 5-amino-2,4-pentadienal. The oligomers of the latter, aza-analogs of polyacetylene, can serve as molecular wires providing the electronic component of electrical conductivity. These oligomers can also contribute to the ionic conductivity and further stabilize the gels by cross-linking of the separate polymer chains.

Introduction

Polymers exhibit a diversity of charge transfer mechanisms combining delocalization and localization of charge carriers with intra-and intermolecular interactions. [1] Different types of conductivity involving electronic, ionic and charge transfer can give rise to a variety of physical and chemical properties, especially in soft materials. [2] The conductivity phenomena within polymers can be employed in several types of devices, such as optical sensors, memory storage, energy harvesting, mechanical devices, etc.

Recently, poly(4-vinyl pyridine)/pyridine (P4VPy/Py) blends attract attention owing to their unusual sensor properties. The P4VPy/Py gels doped with a polymer, containing the ester groups, exhibit very high sensitivity to radiation in a wide range of wavelength, from UV to NIR (up to 10-12 µm). [3] Doping the same polymeric composition by polymers involving the carboxylic groups, expands the range of the gel photoelectrical sensitivity further in NIR with markedly different relaxation times. [START_REF] Vaganova | A bi-functional Bolometer with Sensitivity to IR Radiation and Hot Air Induced Temperature Variation[END_REF] These polymer blends are optimized versions of the initial two-component composition: poly(4-vinyl pyridine), dissolved in pyridine with equimolar ratio of the pyridine moieties to the solvent molecules. [5][6][7] This mixture forms a gel upon storing about one week.

Here we summarize what is known about the properties of P4VPy/Py gels, [5][6][7][8][9][10] and present some recent results that can shed light on the origins of high sensitivity of such gels to irradiation and discuss possible mechanisms of their unusually high electrical conductivity.

Our research on the P4VPy/Py gels showed that the two types of conductivity are responsible for their behavior: ionic and electronic. [10] We have demonstrated that the gel contains multiple forms of hydrogen bonding owing to the self-protonation of the pyridine moieties by protons originating from the CH group of the polymer main chain. [8] The photoinduced zwitterions formation and proton transfer by liquid pyridine molecules was proved experimentally by solid state NMR N 15 of the enriched polymer gel by the group of Prof. Limbach and rationalized by quantum mechanical calculations on the DFT level. [9] However, the origin of the electronic conductivity the enriched polymer gel by the group of Prof. Limbach and rationalized by quantum mechanical calculations on the DFT level. [9] However, to date, the origin of the electronic conductivity remained unknown, and we have been unable to adequately explain the gel's remarkably flexible response to external perturbation. [10] Indeed, even the initial two-component gel was shown to be photo/electro sensitive: the gel response by pH, luminescence, electrical conductivity upon irradiation at 385 nm was observed without any additional doping. Thus, the measured proton mobility in the P4VPy/Py gel was about 1.8 x10 -3 cm 2 V -1 s -1 , similar to proton mobility in ice, whereas the electron mobility of 25 cm 2 V - 1 s -1 was measured, [10] higher significantly higher than ~0.45-0.85 cm 2 V -1 s -1 detected in semiconducting polymer. [11 ] To gain deeper insight into the morphology of the gels and the nature of active species we studied cryo-TEM imaging, FTIR, NMR and DFT calculations. We demonstrated that the gel behaves a polyelectrolyte involving the protonated pyridine moieties (positive charge) and the negative charge [8,10] localized on a main saturated chain. In addition, magnetic susceptibility measurements on the irradiated gel shows the Curie constant corresponding to an effective magnetic moment of 0.2 µB/mol, meaning that, on average, one unpaired electron is present on one of five vinyl pyridine units. [10] Polyelectrolyte properties are shown by the morphology study with the cryo-TEM assistance. We also demonstrated that the ring opening of pyridine or/and the pyridine moieties occurs on light with the formation of 5-amino-2,4-pentadienal, polycondensation of which can afford the electron accepting and electron conductive wires in the gel. The aggregates of P4VPy/Py gel (Figure 1) exhibit strong resemblance to chains of beads. [12] The single bead diameter about 130 nm had been measured and practically does not change. (For comparison, the hydrodynamic radius of a P4VPy molecule in ethanol is about 14 nm). [7] a b

The condensation of polymer molecules in beads is a well-known property of polyelectrolytes. [12] It occurs owing to the electrostatic interaction of polycations, the protonated pyridine molecules/moieties and polyanions, the negatively charged main chain. [8] The self-protonation of P4VPy was already demonstrated earlier. [13] The Cryo-TEM images confirm the polyelectrolyte formation occurring in bulk.

IR spectra: weakly bound zwitterion/pyridine complexes.

IR spectra of P4VPy solutions in different solvents are presented in Figure 2. In all solvents and in a solid film a broad band about 3400 cm -1 is observed and it is the most intense in pyridine and DMSO solutions. In chloroform and methylene chloride solutions this band is relatively less intense and an additional band about 2970 cm -1 appeared in the spectra. This band can be assigned to the stretching mode of chloroform and methylene chloride C-H bonds forming the hydrogen bond with pyridine nitrogen of P4VPy. All new results confirm our previous assumption [13] that the band at 3400 cm -1 belongs to the stretching proton mode of the P4VPy side chain cation PyH + , which is formed after self-protonation of P4VPy, i.e. after a part of C-H protons transfers onto the pyridine nitrogen atom without doping by an acid. The same position of the band around 3400 cm -1 in solid film, methylene chloride and chloroform supports its assignment to the PyH + species. In pyridine and DMSO solution the band position is shifted and appears at about 3280 cm -1 . [14] From the red shift of this band the H-bond energy between PyH + •••Py can be estimated as 12.4 kJ.mol -1 . [15] The band at 3400 cm -1 is always present in the spectra of P4VPy (and P2VPy) when both polymers are of an acid or the polymer was recrystallized from any solvent. [14 -18] It should be stressed that although this band in methylene chloride and chloroform solutions is relatively weak, the solid film of P4VPy after precipitation from methylene chloride exhibits considerably higher intensity band (Figure 2, trace 1). sample is a resonance observed in this spectral range. The additional new signals observed in P4VPy/Py and gel P4VPy/Py(1:1)/DMSO) solutions shift downfield and become narrower on decreasing the temperature (Figure 4). Photoinduced pyridine oligomerization. Whereas photochemistry of P4VPy films exposed to UV irradiation at 250 -270 nm has been studied, the spectroscopic changes observed during irradiation were poorly documented, [19] the second component of the gels, pyridine itself and its solutions, may behave differently. The instability of pyridine upon storing on ambient light indicated by appearance of yellow to brownish coloration is well known. Pyridine was shown to produce 5-amino-2,4-pentadienal upon irradiation at 254 nm. [20][21] This compound is unstable and reverts slowly to pyridine in the dark and cannot be responsible to pyridine coloration. We found that irradiation of neat pyridine leads to the formation of the ring-opened product also at higher wavelengths (e.g. at 312 or 405 nm) and is not fully reversible. Thus, whereas the absorption of 5-amino-2,4-pentadienal at about 360 nm disappears in dark, noticeable, albeit weak, absorption in the visible range persists.

Scheme 1. Pyridine photochemical ring opening and polycondensation.

Freshly distilled pyridine samples, which still contain some water that is difficult to completely remove owing to the hygroscopicity of pyridine, are especially sensitive to irradiation.

Monitoring the reaction by fluorescence showed rapid appearance of several fluorescence bands or shoulders at about 450, 505, 530, 560 and 620 nm, depending on the excitation wavelengths. (Figure 5). Samples absorption extends up to 600 nm and both absorption and fluorescence of the irradiated samples does not change upon storing in dark for several weeks. The fluorescence spectra strongly resemble emission observed from irradiated P4VPy/Py gel. [22] N hν, 
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 1 Figure 1. The cryo-TEM images of P4VPy/Py gel aggregates: low electron dose (a) and the same area at a high electron does (b) irradiation. (S) is only a support film.

Figure 1

 1 Figure 1 presents typical cryo-TEM image of P4VPy/Py gel aggregates. The black arrow in micrograph (a) indicates a part of the aggregate that is embedded in the vitreous ice, while the part indicated by a white arrow is out of the ice matrix, (S) marked a support film. In frame (b) we see damage to the support film (arrow), but non-visible on the aggregate, which indicates that it's not surface contaminations.

Figure 2 .

 2 Figure 2. IR spectra of pure P4VPy: 1. a film from CD2Cl2; solutions in 2. CD2Cl2; 3. CDCl3; 4. (CD3)2SO; 5. C5D5N.

1 H-

 1 NMR spectra of pure P4VPy solutions: singlet resonance signal at 10.5 ppm inherent property of a gel.

Figure 3 .

 3 Figure 3. 1 H-NMR spectra of pure P4VPy powder in solvents: 1 -CDCl3; 2-CD2Cl2; 3 -CD3CN ; 4 -(CD3)2SO; 5 -C5D5N; 6 -Gel P4VP/ C5D5N /(CD3)2SO. The signals of H-solvents and watersolvent complexes are labeled with crosses. The 1 H-NMR spectra of P4VPy in different solvents are shown in Figure 3. A narrow singlet signal is observed in methylene chloride-d2 (2.45 ppm), acetonitrile-d3 (4.45 ppm), and pyridine-d5 (5.82 ppm) solutions of P4VPy. In DMSO-d6 solution the new doublet signals at 4.38/4.36 ppm (4), 4.49/4.48 ppm (6) doublet, and signal methine proton signal at 3.78 ppm are observed. 1 H-NMR spectrum of the gel, dissolved in DMSO-d6, reveals a new singlet at 10.5 ppm. For no other P4VPy

Figure 4 .

 4 Figure 4. Temperature dependence of the 1 H-NMR signals of P4VPy: 1: solution in pyridine-d5, 2 and 3: gel P4VPy/ C5D5N in DMSO-d6.

Figure 5 .

 5 Figure 5. Normalized fluorescence spectra of pyridine irradiated at 312 nm during 10 min. Excitation wavelengths: 1) 405 nm; 2) 450 nm; 3) 505 nm; 4) 525 nm. Dashed curve: absorption spectrum.
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