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Phenothiazine based Donor - Acceptor Compounds with Solid-

State Emission in the Yellow to NIR Region and their Highly 

Selective and Sensitive Detection of Cyanide Ion in ppb Level 

Elumalai Ramachandran[a], Somasundaram Anbu Anjugam Vandarkuzhali[b], Gandhi Sivaraman[c] and 

Raghavachari Dhamodharan*[a] 

Dedication ((optional)) 

Abstract: Four new novel donor-acceptor (A--D-A, A-D--D-A) 

compounds (1a, 1b, 2a and 2b) based on ethylenedioxythiophene 

(EDOT) and phenothiazine (PTz) have been rationally designed and 

synthesized towards solid state emission ranging from yellow to near 

infrared (NIR). The compounds 1b and 2b, in thin film form showed 

emission maximum at 713 nm and 696 nm, respectively with the 

corresponding absolute solid-state quantum yield of 3.3 % and 9.0 %. 

The fluorophores showed high emission in the doped state as well 

when dispersed in polystyrene (PS) matrix with emission maximum 

ranging from 536 nm to 648 nm with quantum yield in the range 

12.4 % - 64.4 %. The presence of dicyanovinyl (DCV) group in both 

the fluorophores was exploited towards cyanide sensing in DMSO 

leading to turn-on fluorescence emission with high selectivity and 

sensitivity for cyanide ion with a detection limit of as low as 0.32 µM 

(8 ppb) for 1b and 0.57 µM (14 ppb) for 2b. DFT and TTDFT 

calculations suggested that the addition of cyanide ion prevented the 

intramolecular charge transfer (ICT) from the donor (PTz or EDOT) to 

acceptor (DCV), thereby turning the fluorescence “On”. Using 

fluorescent spectral and colour switching we have explored logic 

gates with single and two input signal amplification by applying 

chemical and light inputs in the form of CN- ion and UV. 

Introduction 

Solid state emitting fluorophores have attracted a great deal of 

attention[1-3] owing to their widespread applications such as 

organic light emitting diodes[4-6], organic solid state lasers[7], flat 

panel displays[8], fluorescent sensors[9-11], etc,. Although a number 

of organic fluorophores, emitting in the entire visible region have 

been developed, those emitting in the near infrared (NIR) are still 

rare.[12] On the contrary, solution state red and NIR emitting 

organic fluorophores are very common. The fluorophores with 

NIR emission are of immense importance since they find 

numerous applications in various fields, especially in bio-imaging, 

heat absorbers, optical disks, plasma panel and laser printers.[13] 

One common method applied to make low band-gap emitters is 

to use organic molecules with planar architecture containing 

extended -conjugation as a core structure. This method yields 

fluorophores emitting in the long wavelength regimes but severely 

suffers from concentration or aggregation caused quenching 

(ACQ) owing to the planar architecture. This detrimental 

phenomenon prevents these fluorophores from real world 

applications, which primarily require high emission in the solid 

state. The limitations of ACQ can be overcome in two ways: (i) 

use of propeller type molecule as a core structure, with D-A type 

fluorophores attached to the core[14] and (ii) use of non-planar 

chromophore (-breaker) with strong donor-acceptor 

substitution.[12] With this strategy in mind, we have designed and 

synthesized four new fluorophores based on phenothiazine (PTz) 

and ethylenedioxythiophene (EDOT) (Scheme 1). To the best of 

our knowledge, there are only very few examples of small donor-

acceptor molecules based on phenothiazine, which exhibit solid 

state emission in the deep red and NIR regions.[12,18] 

PTz is a highly electron rich molecule and its butterfly-like 

structure provides steric hindrance, which should prevent self-

aggregation in the solid state.[12-15,18] EDOT, on the other hand is 

known for its high molar absorptivity and bathochromic shift of 

absorption when -linked to other chromophores. Recently we 

reported PTz and EDOT based fluorophores that exhibited 

emission in the red and NIR region in solid state[12]. In this work, 

we have designed and synthesized four fluorophores 1a, 1b, 2a 

and 2b (two A--D-A and two A-D--D-A) by varying, i) the ratio 

of the phenothiazine [(Donor and a Stacking Breaker (SB)] to 

ethylenedioxythiophene (-linker) and ii) the strength of acceptor 

(aldehyde or DCV). The non-planar srtucture of the resulting 

fluorophores prevented the molecules from close packing and 

resulted in moderate to high quantum yield in solution, thin film 

and polystyrene matrix. 

Cyanide ions find widespread industrial use in gold mining, 

electroplating, metallurgy, synthetic fibers, herbicides and 

resins.[19-21] Salts with cyanide as the anion are used in the 

production of organic chemicals.[22] The global production of 

cyanides is about 1.1 MMT.[23] The extensive use of cyanide 

mandates that the environment is monitored for its release in view 
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Scheme 1. Synthesis of DCV compounds 1b and 2b. a) Malononitrile, Al2O3, DCM, RT, 4 h 

of its serious threat to aquatic and human life even at low 

concentrations. The World Health Organization‘s (WHO) 

maximum permissible limit of cyanide in drinking water is lower 

than 1.9 M.[24] The permissible limit of cyanide in drinking water 

as suggested by the Environment Protection Agency (EPA) is 200 

ppb.[19,25] A number of methods have been developed to detect 

cyanide ion.[26] But all these require sophisticated instruments as 

well as time consuming procedures. This calls for the 

development of a low cost, on-site optical probe to monitor the 

presence of cyanide ion through mere color change and/or 

fluorescence intensity (or emission wavelength).[26] Many probes 

with reversible sensing nature for cyanide ion have been reported 

in literature.[27-38] It may be more advantageous if cyanide can be 

detected and scavenged in an irreversible manner through 

covalent bond formation between cyanide ion and the sensor.[39-

70] The DCV group, present in 1b and 2b was exploited for 

selective and sensitive detection of aqueous cyanide in DMSO 

solution of the probes. 

Results and Discussion 

The aldehydes, 1a and 2a, were synthesized through 

Sonogashira coupling reaction from the corresponding alkyne and 

aryl halides of PTz and EDOT (given in the supporting 

information); the DCV derivatives, 1b and 2b, were obtained by a 

simple condensation of the aldehydes with malononitrile.[12] All the 

compounds (1-2) were thoroughly characterized by 1H and 13C 

NMR spectroscopy, mass spectrometry (Figures S1-S16 in the 

supporting information), IR spectroscopy and elemental analysis. 

Photophysical properties  

The UV-Visible absorption and fluorescence (exc = max, longest 

wavelength) spectra of the aldehydes 1a and 2a and their 

corresponding DCV derivatives, 1b and 2b, in toluene, are given 

in Figure S17 in the supporitng information). The aldehydes 

showed two absorption maxima. Similarly, the DCV derivative 1b 

showed two absorption maxima along with a shoulder both in 

toluene and DCM. Compound 2b also showed two absorption 

maxima along with a shoulder band. The details of the absorption 

and emission maxima are given in Table S1 in supporting 

informatio. The emission maxima of the aldehydes in toluene, 

range from 513 nm to 519 nm (greenish yellow) while those of the 

DCV derivatives from 616 nm to 622 nm (red). The red shifted 

absorption and emission of the DCV derivatives 1b and 2b can 

be attributed to the stronger electron acceptor nature of the DCV 

group, compared to that of the aldehydes. The emission spectra 

recorded in more polar solvent, such as CH2Cl2, showed red 

shifted emission maxima (compared to those measured in 

toluene), which suggest strong ICT (Figure S17 in the supporting 

information). The emission maxima of the aldehydes appeared in 

the region ranging from 534 nm to 536 nm. Similarly, the emission 

maxima of the DCV compounds ranged from 629 nm to 637 nm. 

The fluorescence quantum yield of 1a and 2a in toluene was 

found to be 17 % and 27 %, respectively against fluorescein as 

standard.  

The DCV compounds 1b and 2b in toluene exhibited quantum 

yield of 19 % and 18 %, respectively against rhodamine 6G as 

standard. The emission spectra of both aldehydes and DCV 

derivatives had very little overlap with their corresponding 

absorption spectra, intimating that there would be a decreased 

energy transfer leading to self-quenching (detrimental 

phenomenon in many technological applications) via Förster 

mechanism.[1]  The aldehyde 1a exhibited three absorption bands 

in thin film whereas the aldehyde 2a showed two absorption 

maxima. The emission maxima of the aldehydes 1a and 2a are 

observed in the yellow region. The DCV compounds, 1b and 2b 

showed two absorption maxima. The emission maxima of the 

DCV compounds 1b and 2b appeared in the NIR and deep red 

regions, respectively (Figure 1 and Table 1). The emission 

maxima of the aldehydes in thin film form was red shifted to the 

extent of 4 to 22 nm when compared to those in DCM. Similar red 

shift was observed for the DCV compounds though the range was 

between 38 and 57 nm. The fluorescence quantum yield of the 

aldehydes and the DCV compounds in thin film ranged from 3.3 % 

to 13.4 %. 

The higher shift in the emission maximum of the DCV 

compounds in the solid state can be attributed to the stronger 

dipole–dipole interaction, which is due to the stronger electron 

withdrawing nature of the two DCV group. Moreover all the 

molecules (1-2) showed large Stokes shift, both in solution and in  
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Figure 1. Absorption and emission spectra of the aldehydes (left) and DCV compounds (right) in thin film form. The inset of figure on the left shows the aldehydes 

1a (1 and 2) and 2a (3 and 4) in thin film and powder forms. The inset of figure on the right shows the DCV compounds 1b (5 and 6) and 2b (7 and 8) in thin film 

and powder forms under UV light (excited at 365 nm). 

Table 1. Photophysical properties of the aldehydes (1a and 2a) and DCV compounds (1b and 2b) in solution, 

powder and PS film. 

Compound abs [nm][a,b] ()[c] em [nm][d](f %)[e] 

Solution[a] Thin film PS film[f] Solution[a] Thin film PS film[f] 

1a 332 (-*) 

411 (29942) 

(ICT) 

294 (-*) 

347 (-*) 

446 (ICT) 

330 (-*) 

416 (ICT) 

519 (17) 570 (5.5) 534 (12.4) 

1b 366 (-*) 

419 (50726) 

(ICT) 

295(-*) 

444 (ICT) 

366 (-*) 

420 (ICT) 

513 (27) 541 (13.4) 517 (31.5) 

2a 366 (-*) 

401 (-*) 

488 (46913) 

(ICT) 

427 (-*) 

550 (ICT) 

311 (-*) 

403 (-*) 

495 (ICT) 

616 (19) 713 (3.3) 609 (47.7) 

2b 326 (-*) 

482 (52928) 

(ICT) 

402 (-*) 

503 (ICT) 

327 (-*) 

384 (-*) 

491 (ICT) 

622 (18) 696 (9.0) 624 (65.4) 

[a] 1x10-5 M toluene. Fluorescein and rhodamine 6G were used as quantum yield standards for the aldehydes 

and DCV compounds, respectively. [b] Absorption maximum at the longest wavelength. [c] Molar absorption 

coefficient [M-1cm-1] calculated for the longest absorption maximum. [d] Emission maximum upon 

photoexcitation. [e] Absolute quantum yield determined with a calibrated integrating sphere. [f] Polystyrene 

film doped with 1-2. 

the solid state. The Stokes shift in solution ranged from 128 to 168 

and in the thin film form it was found to be in the range of 97 – 155 

nm (aldehydes) and 163 – 206 nm (DCV) (Table 1) 

The compounds (1-2) showed similar trend in absorption and 

emission behavior in PS film. The fluorescence maxima of all the 

compounds in polystyrene (Figure 2 and Figure S18 in the 

supporting information) were blue shifted when compared to 

those in the neat film and red shifted compared to solution (except 

1b). The absolute quantum yield of the compounds 1-2 in PS film 

ranged from 12.4 % to 65.4 %. The quantum yields of 1-2 in PS 

matrix were higher than those in the neat solid form. The higher 

quantum yield observed in the PS thin film can be attributed to the 

lower probability of the interaction between the chromophores 

and the consequent lowering of self-quenching. Surprisingly the 

quantum yield in solution was also lower than that in the PS thin 

film form (except for 1a). This might be due to the inability to obtain 

absolute quantum yield in solution where a standard is always 

used. All the compounds, when analysed by cyclic voltammetry  

exhibited reversible anodic waves whereas the cathodic waves 

were featureless (Figure S19 in the supporting inforamtion). For  
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Figure 2. Absorption and emission spectra of 1a and 1b in thin film form dispersed in polystyrene (0.1 mg/ml of PS solution of concentration 250 mg/ml in benzene). 

the aldehydes 1a and 2a and their DCV derivatives, the first 

oxidation peak was found to be reversible while the second 

oxidation peak was quasi-reversible, suggesting that the 

monocation of phenothiazine is stable while the dication is 

unstable. However, aldehyde 2a showed only one reversible 

oxidation peak while its DCV derivative 2b exhibited two anodic 

waves, of which the first one was found to be reversible whereas 

the second one was irriversible suggesting that the dication is 

either unstable or its formation is not feasible.[23] The HOMO – 

LUMO energy gap and the energy level of the compounds 1-2 

were determined by optical and electrochemical methods  

The powder XRD analysis of the aldehydes 1a and 2a showed 

very sharp peaks with narrow peak width suggesting that they are 

all crystalline in nature. On the contrary, the DCV derivatives 1b 

and 2b exhibited high degree of amorphous nature (Figure S20 in 

the supporting information). It is well known that amorpohous 

organic light emitting materials have advantage over crystalline 

compounds, when light emitting diodes are fabricated since they 

have better light emitting properties compared to their crystalline 

counterparts, in general.[71] All the compounds showed very high 

thermal stability with a decomposition temperature ranging from 

345 oC to 370 oC at 5 % weight loss. The thermal properties of the 

compounds are presented in the supporting information (Figures 

S21 and S22). 

Gas-phase density functional theory (DFT) calculations 

(B3LYP/6-31G* level) were carried out in order to get a clear 

insight into the intramolecular charge transfer character of 1-2 at 

the molecular level and time-dependent DFT (TDDFT) was 

employed to investigate ground to excited-state transitions. The 

pertinent results are provided in the Tables S2-S5 in the 

supporting information. In all these energy optimized structures 

(Figures S23 and S24 in the supporting information), 

phenothiazine adopted a puckered butterfly structure. In the case 

of compound 1a, the HOMO is primarily localized on 

phenothiazine ring and the ethynyl bond while the LUMO spreads 

over the aldehyde attached to the EDOT and ethynyl bond. In 

case of 2a the HOMO is spread on EDOT and partly over 

phenothiazine rings through the ethynyl bond. The LUMO of 2a 

has more density in the center of the molecule and spreads 

across the ethynyl bond. In the same manner, the HOMO of 1b is 

manly located on phenothiazine and ethynyl bond whereas LUMO 

is spread over EDOT and DCV unit. In the case of 2b, the HOMO 

is distributed mainly on EDOT and partly over phenothiazine rings 

while the LUMO is situated on the DCV attached phenothiazine. 

Thus, HOMO  LUMO transition, which corresponds to the 

absorption edge in all the compounds, involves considerable 

intramolecular charge transition (ICT).[72] 

Naked eye sensing of cyanide ion 

The two DCV probes (1b and 2b) in DMSO were employed in 

naked eye sensing of cyanide ion from aqueous solution. Since 

the probes were insoluble either in water or any water/organic 

mixed solvents owing to the presence of long hydrophobic alkyl 

group, we carried out the sensing experiments in DMSO. A rapid 

decolorization was observed, within a minute, when an aqueous 

solution of cyanide was added. In both the cases, the solution of 

the probe with no or little emissive property was found to exhibit 

enhanced emission upon the addition of cyanide ions. 

In the case of probe 1b, a very weak yellowish fluorescence 

turned into a bright green fluorescence and for probe 2b the 

solution with weak yellow orange fluorescence exhibited bright 

yellow fluorescence upon the addition of cyanide. This clearly 

shows that the compounds 1b and 2b operate as “turn-on” 

fluorescent probes towards CN- ion. The sensitivity, as estimated 

from the emission spectral changes, has been found to be 8 and 

14 ppb for compounds 1b and 2b, respectively. These values are 

much lower than the limit set by EPA for drinking water.[7, 19, 24, 25] 

The probes were found to be highly selective to cyanide ion. The 

color of the probes in DMSO solution remained unaltered upon 

the addition of other ions such as F-, Cl-, Br-, I-, HCO3
-, NO2

-, N3
-, 

AcO-, H2PO4
-, and their mixture under day and UV light whereas 

an enhanced fluorescence was observed in the presence of 

aqueous CN- ion. The above experiments suggest that the probes 

can sense CN- ion very efficiently even in the presence of other 

interfering ions (Figure 3). 
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Figure 3. Color change observed for probes 1b and 2b (10 µM, DMSO) upon 

addition of aqueous CN- and other ion (20 equivalents). (In each case, top row: 

under day light and bottom row: UV light, 365 nm). 

UV-visible and fluorescence spectroscopy studies for 

selectivity and sensitivity 

In order to evaluate the selectivity of these probes towards 

cyanide ion, UV-Visible and fluorescence measurements were 

carried out in the presence of other ions (Figure S25 in the 

supporting information). The probes were dissolved in DMSO and 

aqueous solution of various ions was added before recording the 

absorption and emission spectra. Both the probes (1b and 2b) 

exhibited very high selectivity for cyanide ion while showing 

virtually no change in both the UV and fluorescence spectra in the 

presence of other ions such as F-, Cl-, Br-, I-, HCO3
-, NO2

-, N3
-, 

OAc-, and H2PO4
-. The probe 1b showed two absorbance 

maxima, one centered around 406 nm and the other around 494 

nm; the former peak corresponds to -* transition and the latter 

is ascribed to the charge transfer transition [43]. Upon addition of 

other ions these two peaks were found to be intact whereas the 

addition of cyanide resulted in the vanishing of the peaks with a 

concomitant appearance of two new peaks at 377 nm and 322 nm 

(Figure 4). The compound 2b showed similar results (Figure S26 

in the supporting information). 

The emission behavior was also similar; the compound 1b 

showed a very weak emission at 539 nm, which was turned on by 

the addition of cyanide ion into a bright green emission at 510 nm. 

Similarly, a weak emission of 2b at 544 nm was turned on into a 

bright yellow emission at 548 nm upon the addition of cyanide ion. 

It is well known that the DCV group, present in these fluorophores, 

is prone to nucleophilic attack specifically by cyanide ion.[39,44,45,54]  

The strong electronic coupling between the donors 

(phenothiazine and EDOT) and acceptor DCV groups, formed 

through the donor-acceptor interaction is eliminated when 

cyanide ion attacks the double bond of the DCV group; this 

causes the disappearance of the charge transfer peak originally 

present at 494 nm. The emission spectrum of probes 1b and 2b 

also showed similar high selectivity towards cyanide ion as 

opposed to other ions. The emission spectra of probe 1b upon 

addition of other ions showed literally no change. However, the 

emission intensity increased sharply upon the addition of cyanide 

with an associated blue shift in the emission maximum to 510 nm, 

which showed green fluorescence (Figure 5). For both the probes 

the absorption and emission spectra showed a clear change even 

in the presence of other ions.  

The effect of cyanide ion on the absorption and the emission 

spectra of 2b is found to be similar to that of 1b. That is, three 

absorption maxima were observed (327 nm, 385 nm and 493 nm). 

These peaks were also unaffected in the presence of other ions, 

whereas the addition of cyanide led to the formation of two new 

peaks at 409 nm and 346 nm (Figure S26 in the supporting 

information). The emission characteristics of the probes 1b and 

2b were also changed only by the presence of cyanide ion. The 

emission spectra remained unaltered upon the addition of other 

ions, while a sharp increase in fluorescence was observed when 

cyanide ion was added. The probe 1b exhibited a green 

fluorescence with an emission maximum at 510 nm whereas 

probe 2b showed yellow emission with an emission maximum at 

550 nm (Figure 5 and Figure S26 in the supporting information, 

respectively). These studies suggested, clearly, that the designed 

probes are highly selective for cyanide ion and are able to sense 

cyanide even in the presence of other competing ions. Therefore, 

these probes could be potentially used in order to test the 

presence of cyanide ion and could be possibly scavenged easily. 

 

 

Figure 4. Effect of cyanide addition on the absorption spectra and selectivity towards cyanide ion for 1b. The concentration of the probe is 10 µM. 
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Figure 5. Emission spectra of 1b (10 µM) in presence of cyanide and other ions (a) and increasing concentration of cyanide ion (b), respectively. 

.

The sensitivity of these probes towards cyanide ion detection 

was deduced by treating the DMSO solution of the fluorophores 

with varying concentrations of cyanide ion in water. The 

concentration of cyanide and its limit of detection were calculated 

from the emission spectral changes (Figure S28 in the supporting 

information). The fluorescence detection limits for 1b and 2b were 

estimated to be 0.32 µM (8 ppb) and 0.57 µM (14 ppb) at S/N = 

3[39]. Wang et al have reported a polymer-based cyanide sensor 

with a detection limit of 14 ppb and in the same work the monomer 

was also used for sensing cyanide with a detection limit of 70 

ppb.73 Sulfonium boranes-based sensors have been reported, by 

Gabbai et al for the selective capture of cyanide ion, with a 

detection limit of 50 ppb.74 The results of our work are comparable 

to those of literature with cyanide detection limits well below EPA 

suggested value, 200 ppb and WHO permissible level, 50 ppb. 

Mechanism of cyanide addition onto the DCV group – NMR 

titration 

In order to get insight into the nature of interaction between 

the probes and cyanide ion, 1H NMR titration was performed in 

CDCl3 using tetrabutylammonium cyanide as the cyanide source. 

In the 1H NMR spectrum of probe 1b, the two different vinyl 

protons, designated as Ha and Hb appeared at  = 7.83 ppm and 

7.5 ppm, respectively before cyanide addition. Upon the addition 

of cyanide, the vinyl carbon attached to Ha (or Hb) undergoes 

nucleophilic attack; this converts the double bond into a single 

bond and the vinyl protons are no longer in the deshielding region 

and hence they start to appear in the up-field portion of the NMR 

spectrum. The newly formed protons, represented as Ha’ and Hb’ 

appear at  = 4.52 ppm and 4.2 ppm, respectively. As the 

concentration of cyanide ion is increased, the intensity of peaks 

at  = 7.83 ppm and 7.5 ppm decreases with a concomitant 

increase in the intensity of the peaks at  = 4.52 ppm and 4.2 ppm 

(Figure 6). In a similar way, for probe 2b, a chemical shift from  

= 7.48 ppm to  = 4.26 was observed upon addition of cyanide ion 

(Figure S29 in the supporting information). These studies clearly 

imply that the nucleophilic addition of cyanide ion onto the vinyl 

carbon leads to a new redistributed electronic configuration. 

Computational analysis of the cyanide addition to the DCV 

group. 

The nucleophilic attack of cyanide ion onto the DCV group, as 

established by the UV-Visible, fluorescence and NMR analyses 

was further supported by the DFT analyses of the flurophores 

before and after the addition of cyanide. The gas phase density 

functional theory (DFT) analysis performed using B3LYP/6-31G* 

basis set shows, for probe 1b, that the highest occupied molecular 

orbital (HOMO) is primarily located on the phenothiazine ring 

while the lowest unoccupied molecular orbital (LUMO) is 

concentrated on the DCV part of the molecule.[44] Upon the 

addition of cyanide ion, the HOMO is still located on 

phenothiazine ring as before, but the LUMO is now localized 

mainly on the ethynyl bond and EDOT molecule, leaving no 

distribution of LUMO on the cyano groups. The energy levels of 

the HOMO (-5.5941 eV and -5.4118 eV) are not altered much 

before and after the addition of cyanide ion but those of LUMO (- 

3.0583 eV and -2.0378 eV) differ very much after cyanide ions 

were added, which is consistent with the experimental results. 

 

Figure 6. 1H NMR (partial) spectral changes seen upon the addition of 

increasing concentration of cyanide ion as its tetrabutylammonium salt to probe 

1b (20 mM) in CDCl3. 
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Figure 7. Schematic representation of logic gate for probe 1b and 2b. a) NOT, b) YES and c) AND gate, d) truth table of logic gate with single input and e) truth 

table of logic gate with two inputs. 

Similar results were obtained for probes 2b as well (Figures S30 

and S31 in the supporting information).  

 

In the case of 1b, the two DCV groups are attached to two 

different aromatic rings, namely EDOT and phenothiazine. Hence, 

we analyzed their reactivity difference using Mulliken charge 

analysis. The electrostatic potential surfaces of 1b and its cyanide 

adduct are shown in Figure S30 in the supporting information. The 

Mulliken charge on the -carbon of the DCV group attached to the 

phenothiazine ring has been estimated to be +0.276 while that 

attached to EDOT is +0.201. This implies that the reactivity of the 

-carbons towards the nucleophilic cyanide is nearly the same, 

which was supported by the 1H NMR analysis as well. The 

intensities of the peaks corresponding to the vinyl protons of the 

DCV groups at   = 7.83 and 7.5 ppm started to diminish 

simultaneously with a concurrent appearance of two new peaks 

at  = 4.5 and  = 4.2 ppm. These studies clearly show that the 

addition of cyanide to the two different DCV groups is rather 

simultaneous than stepwise. On the other hand, the probe 2b has 

only one kind of DCV group and so the addition of cyanide is 

indistinguishable. 

Design of molecular logic gate 

Generally, molecular logic gates mimic the electronic circuits via 

physicochemical changes. These types of logic gates can be 

designed using the changes in the fluorescence response of the 

probe with the analyte. Based on the fluorescent spectral and 

color switching in our system, we have explored individual logic 

gate with single and two input signal amplification using various 

combinations of chemical and light inputs in the form CN- and UV. 

The input and output signals were coded in binary units “0” and 

“1” for “OFF” and “ON” states, respectively. The interaction of CN- 

with the probes 1b and 2b creates NOT and YES or IDENTITY 

function; the absorption and fluorescence spectra exhibit NOT 

function for the inputs A409, A494 and F527, whereas appearance of 

new peaks exhibits YES function with respect to the outputs A374, 

A321 and F510 (Figure 7a-c). 

Interpretation of logic gate with single input: 

In single input operation, probes 1b and 2b act as gate and CN- 

as chemical input. Boolean operations “1” and “0” represent the 

presence and absence of the analyte. Emission intensity at 527 

and 510 nm was considered as the output signal for analyzing the 

“ON” and “OFF” states, respectively. Chemical inputs with two 

different combinations (1,0; 0,1) were analyzed. Upon addition of 

the analyte CN-, the emission maxima corresponding to the probe 

blue shifts to 17 nm and thereby exhibits NOT and YES functions 

with respect to F527 and F510, respectively. This is due to the 

formation of new cyano complex as confirmed from the blue 

shifted emission, which correlates with the “YES” gate i.e. “ON” 

state (Figure 7d). 

Interpretation of logic gate with two inputs: 

Since the emission of probes 1b and 2b can be stimulated by UV 

light, a combinatorial logic circuit was constructed using analyte 

(CN-) and UV as chemical and light input. The emission maxima 

NOT

AND
CN-

UV

NOT

CN-

YES
CN-

a)

b)

c)

INPUT

OUTPUT (nm)

Absorbance

Emission

CN-

-* ICT New peaks

A409 A494

 -* n-*

F527 F510
A374 A321

0 1 1 0 0 1 0

1 0 0 1 1 0 1

Functions NOT YES NOT YES

INPUT OUTPUT – Emission (nm)

UV CN- F527 F510

0 0 0 0

1 0 1 0

0 1 0 0

1 1 0 1

Functions INHIBIT AND

d) e)
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of probe 1b at 527 nm were considered as initial value. The truth 

table was generated by the combination of Boolean values ‘0’ and 

‘1’, and the switching behavior (“off-on” state) was observed with 

different possibilities of inputs. Since UV is the main trigger for the 

fluorescence, absence of all inputs (0,0) and presence of CN-, 

(0,1) as single input shows an “off” state, i.e. no fluorescence is 

observed. Combination of UV+ CN- (1,1) doesn’t seem to show 

any fluorescence, which indicates that system is in “off” state. The 

presence of UV (1,0) alone favors the fluorescence in the system 

i.e. “on’ state. Thus, an IMP function has been observed with 

respect to the emission of the probe at 527 nm i.e., F527. Whereas, 

combination of UV+ CN- (1,1) favors “on” state in the system, due 

to the formation of the DCV compound as evidenced from the blue 

shift in the emission spectra. Thus, AND function is obtained from 

the truth table with respect to the emission of the probe at 510 nm 

i.e. F510. The truth table confirms the switching behavior of the 

system in the presence of light and analyte (Figure 7e). 

Conclusions 

In conclusion, we have designed and synthesized four new 

phenothiazine based donor-acceptor molecules. They exhibit 

solid-state emission in thin film and in PS matrix. The emission in 

the solid state range from yellow to NIR whereas the PS films 

exhibit green to orange emission. The fluorophores (1-2) may be 

applied to fabricate OLEDs owing to their high solid-state 

emission. The two DCV derivatives, 1b and 2b in DMSO were 

employed as probes in sensing the presence of cyanide ion in 

aqueous solution. A very rapid response was observed for both 

the probes with a vivid colour change upon the addition of 

aqueous cyanide solution to the DMSO solution of the dyes. The 

limit of detection through fluorescence results has been found to 

be 8 and 14 ppb, for the probes 1b and 2b, respectively. Since 

the probes react with the cyanide ion and form a permanent 

covalent bond, the toxic cyanide ions are removed from the 

cyanide containing solution, which is an advantage. These 

molecules may serve as a simple probe in order to detect and 

scavenge cyanide ions from the medium suspected to have been 

contaminated with cyanide. Though the present probes can be 

used to detect cyanide ion, they have limitation since they cannot 

be used for bio-sensing owing to the presence of long alkyl chain, 

which impedes their water solubility. The mechanism of cyanide 

addition was confirmed by 1H NMR analysis. Theoretical 

calculations furnish insight into the electronic energy levels and 

the band gap of the probes before and after the cyanide addition. 

Finally, using fluorescent spectral and color switching we have 

explored logic gates with single and two input signal amplification 

by applying chemical and light inputs in the form of CN- ion and 

UV. 
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