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The rapid synthesis

of 1,10-phenanthroline-5,6-diimine
(Phendiimine) and its fascinating
photo-stimulated behavior

Ghasem Marandi**“ & Ali Hassanzadeh?

Here, for the first time, we report synthesis of 1,10-phenanthroline-5,6-diimine (Phendiimine) based
on an acid catalysed SN, reaction of 1,10-phenanthroline-5,6-dione and 2-picolylamine in EtOH as

a solvent. The synthesized Phendiimine molecule showed excellent photo-sensitivity against visible
light, together with photoluminescence in both water and ethanol and also, it showed electrochemical
activity with Fe electrode in ethanol and H,SO, solution. Tauc plot also showed Phendiimine is a direct
band-gap semiconductor. The hot-point probe test also showed that it is a n-type semiconductor.

The UV-vis. absorption maximum shift in two solvents (water and ethanol) demonstrates the
solvatochromism behavior of the molecule. The practical significance of this work and its guiding
implication for future related research can be outlined as follows. Based on the results obtained, it
appears that the Phendiimine molecule could revolutionize the medical field, potentially in the design
of artificial eyes, increasing the yield of photovoltaic cells through enhanced heat transfer, improving
computers and industrial photo-cooling systems, serving as photo-controller in place of piezoelectric
devices, functioning as electronic opt couplers, controlling remote lasers, changing convection in
photothermal heaters, designing miniaturized real photo-stimulated motors, creating photo or
thermal switches through spin crossover complexes, developing electronic light-dependent resistance
(LDR) devices, constructing X-ray and gamma-ray detectors, designing intelligent clothing, creating
photo dynamic tumour therapy (PDT) complexes, singlet fission materials in solar cells and more.

Keywords 1,10-Phenanthroline-5,6-diimine (Phendiimine), 1,10-Phenanthroline-5,6-dione,
Photoluminescence, Electrochemical behavior, Light dependent resistance

One of the interesting phenomenon in chemistry world is Brownian motion of molecules'~. When the small
particles suspended in a liquid or a gas as a fluid, their collision results a random movement of this particles*. The
understanding of such dynamic behaviors can be interesting and essential in the industrial aspects. Moreover,
movements that are only horizontal or vertical in a specific direction can be very fascinating and remarkable.
There are some measurement methods and tools to develop gained information about the dynamic behavior
rather a flow®. For example, infrared cameras and thermo-chromic liquid crystals. Some of these methods require
very complex and expensive tools to observe these types of flows”®. One of the important organic compounds
with high photo active properties is 1,10-phenantroline® ! This molecule and its derivatives show distinct
properties in chemistry fields such as coordination chemistry, medicinal chemistry, industrial chemistry, etc'*-2!.

Based on our knowledge from literatures; 1,10-Phenanthroline-5,6-diimine (Phendiimine) is an organic
molecule which has not been yet directly synthesized and there isn’t any recipe for its synthesis in literatures.
But, it’s made indirectly from phendiamine oxidation using Ruthenium salt and air as reported by Fletcher et al.

In continuation of our previous works??~%*, we report a facile and direct synthesis recipe for Phendiimine
generation.

Furthermore, in this context, we observed wonderful behaviors of Phendiimine molecule in different solvents
regarding its solvatochromism, photo-sensitivity or light dependent resistance (LDR), together with photolumi-
nescence and electrochemical redox activity?®.
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A density functional theory (DFT) based study has been reported for Fe and Co complexation with 1,10-Phen-
anthroline-5,6-Diimine by Starikova et al. for using them as spin crossover complexes?. Recently, a paper regard-
ing Ruthenium complex with phendione and Phendiimine oxidation has also been reported by Ghumaan et al.
in which Phendiimine based complex has exhibited a better performance than the phendione based complex
with ruthenium?.

The main reason for less attention has been paid to direct synthesis of Phendiimine molecule is that it yields
a mixture of phendiamine, Phenmonoimine, Phendiimine, and other side reactions between reactants and
products which yields such as tetrapyrido [3,2-a:2",3"-¢:3",2"-h:2"",3""'-j] phenazine (TPPHZ) molecule and so
on which has been shown in Fig. 114162930,

Results and discussion

Synthesis and characterization

The reaction between 1,10-phenanthroline-5,6-dione and 2-Picolylamin in the presence of concentrated H,SO,
as a homogeneous catalyst in ethanol as solvent led to 1,10-phenanthroline-5,6-diimine (Phendiimine) in excel-
lent yields (Fig. 2).

Compound 3 has stable structure that spectroscopic analysis confirms its structure. The FT-IR spectrum of
compound 3 shows N-H and C=N peaks at 3440 and 1570 cm™!, respectively. The "H-NMR spectrum of com-
pound 3 exhibits four distinct signals which is attributed to aromatic and imine protons. A doublet of doublet
signal at §=7.15 with /=8 and 4 Hz, a doublet at §=8.57 (J=8 Hz) and another doublet at §=8.00 (/=4 Hz).
The proton of imine resonates at § =9.47 as a broad singlet.

An illustrative mechanism for the generation of compound 3 has been shown in Fig. 3. As can be seen, the
reaction proceeds with the production of iminium ion, and then the active iminium ion is converted to the cor-
responding imine due to the attack of H,O molecules through a SN, reaction.

Photo-sensitivity against visible light

Compound 3 showed an interesting phenomenon, that after cooling the reaction mixture, there were still par-
ticles inside the hookah solution, and this continued until the moment when the ethanol solvent was present,
and its colour was light green (Fig. 4, part a). The reaction solvent was removed by slow evaporation and the
precipitate was washed with cold ether and the remaining solids were dried. After one year, ethanol was added to
the solvent solids and it was observed that the particles inside the solution started to move again and the colour
of the solution became brown (Fig. 4, part b). Then, by adding a small amount of ether to the same solution, the
colour changed again and appeared in a rich green colour, but the movement of the particles inside the solution
still continued (Fig. 4, part c).

Since the Nobel Prize in chemistry was awarded to Ben L. Feringa and his co-workers in 2016, molecular
motors have received a great deal of attention from scientists. This type of molecules is an important class of
molecular machines. Distinct properties of these molecules from macroscopic machines are working in solution
systems.!? These motors can run as long as the source of excitation (viz. light) is available. The synthesized
Phendiimine molecule also has this property and authors observed that in the experiments; this molecule in
ethanol as solvent can move forward in the path of the irradiated light and push the particles forward (see Fig. 5).

Furthermore, in this context, authors faced with many problems in determining Phendiimine molecules rota-
tional speed and gaining further insight. On one hand, molecular motors have a rotational speed ranging from
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Figure 2. Synthesis of 1,10-phenanthroline-5,6-diimine.
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Figure 4. The colour of solution of compound 3 in ethanol: (a) before removal of solvent, (b) one year after
synthesis by adding solvent, (c) after adding of 5 mL of diethyl ether to solution of compound 3.
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Figure 5. The movement of Phendiimine in the irradiated light direction in ethanol.
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micro RPM to Mega RPM?**-*. On the other hand, traditional tachometers can only measure rotational speeds
from 0.5 RPM (with contact) to 100,000 RPM (contactless), and the human eye can only perceive phenomena
with rotational speed lower than 60 Hz (approximately 3600 RPM). However, the apparent rotational movement
of some Phendiimine molecules in a solvent can be seen with the naked eye, indicating a rotational speed of about
3000 RPM. Unfortunately, the authors have not yet found a suitable technique, other than capturing a video of
its movement, to determine this low rotational speed of Phendiimine molecules under visible light irradiation.

Photo-absorption study

Figure 6 shows comparative UV-visible spectra of Phendiimine molecule in ethanol and water as solvent. As can
be seen that the maximum band in the range of 300-400 nm has been shifted to longer wavelengths (as a 22 nm
red shift) in ethanol solvent. It means that these transitions have been done in ethanol easier than water solvent
and with higher probability. The band is red-shifted, suggesting the involvement of the nitrogen atom lone pair
in electron delocalization. This behavior is consistent with the ground-state destabilization of the Phendiimine
molecule’s permanent dipole by the solvent. Spectral shifts in UV-Visible spectroscopy can result from various
factors, including changes in the electronic structure of the molecule, alterations in the molecular environment,
and instrumental factors. The red shift depends on the solvent’s polarizability, the oscillator strength (probabil-
ity of absorption or emission) of the transition, and some of the higher energy transitions. Transitions in the
200-300 nm range belong to m— n* transitions, while those in the 300-450 nm range belong to n— n* transi-
tions. Because the absorbance of the Phendiimine molecule falls within the UV and somewhat violet region of
the electromagnetic spectrum, the compound appears yellow to the human eye. The absorption maximum shift
in two solvents (water and ethanol) demonstrates the solvatochromic behavior of the Phendiimine molecule.

Photo-luminescence study

Figure 7 shows normalized UV-visible absorption and photo-luminescence (florescence) spectra of Phendiimine
molecule in ethanol solvent. This molecule displays an intense and broad fluorescence band centered at 415 nm
when the excitation wavelength is 200 nm at room temperature. The Fig. 8 shows that this compound emits blue
light. There is a very small overlap between the UV-visible absorption and emission spectra. Unfortunately, there
are no reports in the literature about the emission of this molecule specifically, but there are a few reports about
the fluorescence of the phendione molecule. For example, the free phendione molecule (which is the starting
material for the synthesis of the Phendiimine molecule) in DMF shows a very weak luminescence at approxi-
mately 543.9 nm which may be attributed to the intra molecular (n— 1*) emission*.

Electrochemical behavior study

In the electrochemical experiments, a three electrode system was utilized. A platinum wire electrode served
as the auxiliary electrode, while an Hg/HgO/KOH (saturated) electrode with a potential of 0.1 V against SHE
electrode. A bare Fe electrode (2 mm in diameter) was used as the working electrode. Figure 9 shows, ten cycles
of the cyclic voltammogram of the Phendiimine compound (1 x 107 M) in an ethanol solvent and H,SO, (1 M)
as the supporting electrolyte solution with a scan rate of 100 mV/s. It can be observed that this molecule is an
electroactive material that can undergo oxidation and reduction. Phendiimine exhibits an oxide peak at+0.2 V
and a reduction peak at—0.8 V versus reference electrode (blue colour). Although, Fe is a redox-active metal,
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Figure 6. UV-Visible spectra of Phendiimine molecule in ethanol and water solvents.
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Figure 7. Photo-luminescence spectra of Phendiimine molecule in ethanol solvent with excitation
wavelength =200 nm at room temperature.

Figure 8. (a) Photo-luminescence setup and sample holder cell and, (b) Phendiimine molecule in ethanol
solvent within an experimental quartz cell.

it is not well behavior in highly corrosive H,SO, solution. Due to the high rate of iron dissolution in acidic
medium, the electrode reaction is not controlled by mass diffusion (blank as red colour). Therefore, as a result,
well-defined oxidation and reduction Fe peaks cannot be observed. It appears that the reduction peak of oxygen
is seen around — 0.8 V. However, this peak is not caused by oxygen, as the solution was purged with pure Argon
gas for 15 min before each experiment was conducted.

Photo sensitivity or light dependent resistance (LDR) study

Figure 10 show light dependent behavior of Phendiimine compound in drayed saturated KOH solution. For LDR
experiments, 0.2 M of Phendiimine in 6 M of KOH aqueous solution was drayed in ambient temperature for 5 h
and then it was irradiated with xenon 18 W lamp on a quartz substrate which in turn stimulated by an electrical
AC sin signal with an amplitude of 5 V peak to peak and frequency of 50 Hz. This experiment shows that the
i-v plot exhibits a simple resistance behavior before irradiation (Fig. 10-a) which it is doubled after irradiation
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Figure 9. Cyclic voltammograms of Fe electrode in blank solution (red) and Phendiimine compound
(1x107* M) in ethanol solvent and H,SO, (1 M) as supporting electrolyte solution with Fe as working electrode
with scan rate 100 mV/s (blue).

Figure 10. light dependent behavior of Phendiimine compound in drayed saturated KOH solution shown in
oscilloscope, (a) in the absence of irradiation and (b) in the presence of irradiation.

(Fig. 10-b). It is clear that this compound resistance is light dependent. It is worth noting that in order to conduct
LDR studies, one cannot use H,SO, medium due to its corrosive properties and capacitive behavior, which can
cause further interferences. However, using dry KOH medium does not have these issues.

The reason for this optical behavior in the Phendiimine molecule can be explained as a result of the interac-
tion of light in the excitation of the electrons related to the imine double bonds of form (A) to create a nitrogen-
nitrogen single bond for the generation of a four member fused ring (B), which can be seen in the Fig. 113-%.
Light radiation can expand and strengthen the conjugated system in the carbon skeleton structure by stimulating
electrons to produce carbon-carbon double bonds and accelerate conduction. Also without the light, since the
four membered cyclic ring in form (B) is unstable due to internal tension, hence, it can turn to the stable form
(A) through the thermal collisions.

Hot point probe test

This is a simple, accurate and quick test for determining whether a semiconductor sample (or its thin film) is
n-type or p-type**=*2. In this test, the hot probe is connected to the positive terminal of the multi-meter while
the cold probe of the multi-meter is connected to the negative terminal with a distance of approximately 1 cm
from the hot probe. When the cold and hot probes are applied to an n-type semiconductor thin film, a positive
voltage readout is obtained in the multi-meter. Conversely, whereas for a p-type semiconductor, a negative volt-
age is obtained. As shown in Fig. 12, the Phendiimine thin film exhibits a positive voltage of 0.022 V, indicating
that it is an n-type semiconductor.
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(A) (B)

Figure 11. A proposed mechanism for the semiconductor behavior of Phendiimine in the presence and
absence of the light.

Figure 12. Hot point test of Phendiimine molecule thin film.

Tauc plot
A Tauc plot based on the following equation is used to determine the optical bandgap value of either amorphous
or disordered semiconductors.

(o - hv)'? = B(hv — Ey)

For a y factor equal to 0.5 viz. or 1/y=2, it denotes a direct band gap semiconductor. For a y factor equal to
2 viz. or 1/y=0.5, it denotes an indirect band gap semiconductor. Here, a represents the absorption coefficient
and B is a constant*>*,

Figure 13 shows the Tauc plot for direct band-gap of Phendiimine molecule along with its linear region of
this plot. As can be seen from the fitted linear region, the direct band gap is 3.23 eV. Figure 14 shows the Tauc
plot for indirect band-gap of Phendiimine molecule along with its linear region of this plot the linear region of
this plot. As can be seen from the fitted linear region, the indirect band gap is 2.92 eV. By comparing Figs. 13
and 14, it is clear that the linear region is pronounced in Fig. 13. Therefore, it seems that Phendiimine molecule
is a direct band-gap semiconductor.

Experimental

The melting point of synthesized compound 3 (1,10-phenanthroline-5,6-diimine) was measured using the Barn-
stead Electrothermal 9200 apparatus and the IR spectrum was obtained using the Thermo-Nicolet Nexus 670
FT-IR spectrometer. Additionally, the 'H and *CNMR spectra for compound 3 were recorded on a BRUKER
DRX-250 AVANCE instrument using DMSO-d, as the solvent and TMS as the internal standard at 250 MHz.
1,10-phenanthroline-5,6-dione was synthesized according to the previously reported procedure'*****, The chemi-
cals 2-Picolylamine, Sulfuric acid and solvents were purchased from Merck and Sigma-Aldrich companies and
used without further purification.

General procedure

The mixture of 1,10-phenanthroline-,6-dione (phendione) (0.22 g, 2 mmol) was dissolved in 20 mL of ethanol
and was then added 2-Picolylamine (0.43 g, 4 mmol) in 10 mL EtOH at room temperature. Then 2 drops of con-
centrated sulfuric acid were added to the reaction medium, slowly. The reaction mixture was stirred under reflux
condition for 1.5 h. After cooling to room temperature, ethanol was removed by slow evaporation manner. After
removal of solvent the crude product were washed with cold diethyl ether (2 x 3 mL) to give the corresponding
product as greenish-yellow solid.
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Figure 13. Tauc plot for direct band-gap along with its linear region.
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Figure 14. Tauc plot for indirect band-gap along with its linear region.

Yield: 94%, 0.21 g. m.p. 273 °C (decomposed). IR (KBr) (v, cm™): 3440 (NH) and 1570 (C=N). '"H NMR
(250 MHz, DMSO-dy): 6 7.15 (dd, J, =8.0, ],=4.0 Hz, 2H, CH), 8.57 (d, J=8.0 Hz, 2H, CH), 8.00 (d, J=4.0 Hz,
2H, CH), 9.47 (br s, 2H, NH).

Conclusion

Here, one facile method for direct synthesis of 1,10-Phenanthroline-5,6-diimine (Phendiimine) compound
introduced. This molecule showed solvatochromic behavior in two solvents and also showed photo-sensitivity
against visible light, together with photoluminescence behavior in both water and ethanol. Finally, it showed
electrochemical redox activity with Fe electrode in ethanol and H,SO, solution. Based on our findings, it appears
that the Phendiimine molecule has an impact on various fields such as medicine, the construction of photovoltaic
cells with high yield, photo-controllers, miniaturized real photostimulated motors, photoswitches, electronic
light-dependent resistance (LDR) elements, singlet fission materials in solar cells and more.

Data availability
All data generated or analysed during this study are included in this published article [and its supplementary

information files].
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