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ABSTRACT 

Soluble dithiolene nickel complexes are designed and synthesized as 

near-infrared (NIR) absorbing dyes through the introduction of strong 

electron-donating groups at the molecular periphery. The resulting complexes are 

characterized by 1H/13C-NMR, IR, ESI-MS, UV-vis-NIR, TG, DSC, XPS and 

elemental analysis. The identification results are in accord with the chemical structure 

of designed dithiolene nickel complexes. The XPS results suggested that the 

dithiolene ligands in carbazole-containing nickel complex take a radical monoanion, 

which depends on the substituent electron-donating ability to a large extent. The TG 

and DSC measurements indicated that the resulting complexes have an excellent 

thermal stability and take on a glassy state at low temperature. The laser transmittance 

measurement suggested that the optical filters fabricated through static 

solution-casting approach with dithiolene nickel complexes as NIR absorbing dyes 

could be well applied to the NIR laser protection at 1064 nm. 
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1. INTRODUCTION 
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The near-infrared (NIR) optical filtering will be paid much more attention with 

the rapid development of laser applications in biological medicine[1, 2], free-space 

optical telecommunication[3], satellite remote sensing[4, 5], night view imaging[6] and 

other military fields[7]. Especially, the NIR optical filtering in relation with optical 

attenuation and laser protection within biological optical window of 800~1300nm, 

which is derived from the total transmittance of blood and water[8], becomes an 

important issue[9] in the process of medical imaging[10], NIR medical therapeutics[11] 

and NIR-controlled drug release[12-16]. Additionally, the NIR optical filtering is also 

specially emphasized in all kinds of military activities because many military lasers 

work within the NIR wavelength range, such as the laser at 1064nm[17-20]. 

 The optical filtering, which are often applied in laser protections, photographs, 

precision instruments, eye-protecting glasses, etc., are usually achieved from 

absorbing dyes[19], nonlinear refringence/scattering materials[21], photonic crystals[22, 

23], interference/diffraction gratings[24], dichroic/dielectric reflections[25, 26], phase 

changes, and so on. One of them, the absorbing dyes are one of the most promising 

optical filtering materials suitable for the convenient processing approach, for 

example, static casting or injection molding, which will avoid the complicated 

fabrication processes of high precision patterns, such as gratings, photonic crystals, 

etc. Currently, the well-known dye categories include metal complexes, cyanines, 

porphyrins, phthalocyanines, quinoids, azo compounds, etc[17]. Thereamong, 

dithiolene metal complexes have been applied to NIR photodetector, dye sensitized 

solar cells, field effect transistor, second/third-order optical nonlinearity, Q-switch 

dye lasers, antioxidants for polymers and light stabilizers on account of high electron 

mobility, superior photostability, air-stability and thermal stability[27, 28]. Due to their 

tense and broad absorption in the near-infrared region, dithiolene metal complexes are 

also a kind of quite outstanding NIR optical filtering materials. Interestingly, a certain 

transmittance in visible light region of dithiolene metal complexes affords the 

potential combination of NIR laser protection and visibility in the visible region. 

More interestingly, the transparent region of dithiolene metal complexes has the 

potential to be red-shifted to the working wavelength of low-light night view devices. 
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For example, the NVIS-compatible optical filter in the NIR range of 700-1000nm has 

been reported with an aim to filtrate the interferential light of light-emitting device in 

martial applications[18]. However, its NIR optical filtering range is not yet in accord 

with biological optical window of 800-1300nm, eliminating the disturbance of 

heterochromatic light or being used for the laser protection within biological optical 

window.  

 Soluble dithiolene nickel complexes are designed and synthesized in this work as 

NIR absorbing dyes through the introduction of strong electron-donating groups at the 

molecular periphery, such as N-(2-ethylhexanyl)carbazol-3-yl, 

N-(2-ethylhexanyl)phenothiazin-3-yl and N, 

N-bis[(4-(2-ethylhexyloxy)phenyl]-anilin-4-yl groups, to red-shift the NIR optical 

filtering range of dithiolene nickel complexes to biological optical window. The 

introduction of N-(2-ethylhexanyl) group is to increase the dye solubility. The 

resulting complexes are characterized by 1H/13C-NMR, IR, ESI-MS, UV-vis-NIR and 

XPS spectra, together with TG, DSC and CV. The NIR absorbing filters are fabricated 

through static solution-casting approach with polystyrene as transparent polymeric 

matrix and with dithiolene nickel complexes as NIR absorbing dyes. Their laser 

transmittance measurement suggested that the fabricated NIR absorbing filters could 

be applied to the NIR optical filtering in biological optical window, especially the 

NIR laser protection at 1064nm. 

 

2. Experimental Section 

2.1. Reagents: Nickel chloride hexahydrate (NiCl2·6H2O) is bought from AlfaAesar 

Chemical Co. Ltd. 1-Bromo-2-ethylhexane, ethanedioyl chloride and phosphorus 

pentasulfide are purchased from Aladdin Chemical Co. Ltd. Carbazole, phenothiazine 

and N-bromosuccinimide are bought from Zhengzhou alpha chemical Co. Ltd. 

4-Iodophenol is from J&K Scientific Ltd. 4-Bromoanilines is from AlfaAesar. Other 

reagents and solvents are from Chinese chemical companies. All the reagents are 

directly used without further purification. N, N-Dimethyl formamide (DMF) is dried 

overnight with anhydrous magnesium sulfate and then refluxed over calcium hydride 
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for 12 hours. Toluene and dioxane are dried overnight with anhydrous magnesium 

sulfate and then refluxed over sodium for 4 hours with benzophenone as an indicator. 

Dichloromethane is dried by refluxing over phosphorous pentoxide for 4 hours. 

2.2. Instruments and Characterization: 1H-/13C-NMR spectra are recorded on 

Bruker DPX-400 nuclear magnetic resonance spectrometer using d-chloroform or 

d-dimethylsulphoxide solution at room temperature. Infrared (IR) spectra are 

measured using Nicolet Protégé 460 Infrared Spectrometer. ESI-MS is performed on 

APEX IV fourier transform ion cyclotron resonance mass spectrameter. 

Thermogravimetry (TG) is investigated on NETZSCH TG-209 Thermogravimetric 

Analyzer at heating and cooling rates of 10oC/min under N2 atmosphere. 

Differentionial scanning calorimetry (DSC) is carried out with NETZSCH-DSC-204 

Differential Scanning Calorimeter at heating and cooling rates of 10oC/min under N2 

atmosphere. Ultraviolet-visible-NIR (UV-vis-NIR) spectra are recorded using the 

quartz cuvette with a thickness of 1cm on Agilent Cary5000 Spectrophotometer. 

Cyclic voltammetry is carried out on CHI600E electrochemical working station at a 

scanning rate of 100mv/s. The transmitted laser power of fabricated optical filters is 

measured by an optical powermeter with the NIR lasers (780, 1064 and 1550 nm) as 

an incidence light source. 

 

2.3. Synthesis: All the intermediates and dithiolene nickel complexes are synthesized 

according to the synthetic route in Scheme 1. 

N-(2-Ethylhexyl)-carbazole (1): A 250mL round-bottomed flask is charged with 

carbazole (15.1g, 90mmol) and DMF (130mL). NaH (2.59g, 108mmol) is slowly 

added when carbazole is completely dissolved. The resulting mixture is stirred for 30 

minutes. Then, 2-ethylhexylbromide˄20.86g̍ 108mmol˅ is added under argon and 

stirred overnight at room temperature. The reaction is quenched with 300 mL of 

distilled water and extracted three times with n-hexane (80mL each). Organic 

combined fraction is washed with brine and dried over anhydrous MgSO4. The 

solvent is removed under reduced pressure and the residue is purified by silica column 

chromatography using n-hexane as eluent. N-(2-Ethylhexyl)-carbazole is obtained as a 
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colorless viscous liquid in the yield of 90.2%. 1H-NMR (400MHz, CDCl3, δ): 8.12 (d, 

J=7.76Hz, 2H), 7.47 (t, J=7.32Hz, 2H), 7.42 (d, J=8.16Hz, 2H), 7.24 (t, J=7.08Hz, 

2H), 4.17 (d, J=4.32Hz, 2H), 2.09 (m, 1H), 1.23-1.48 (m, 8H), 0.90 (dt, J=7.40, 

7.08Hz, 6H). IR, υmax (KBr, cm-1): 3054 (ArH), 2958 (CH3, υas), 2927 (CH2, υas), 

2857 (CH2, υs), 1598, 1571, 1484, 1463 (benzene ring), 1452 (CH3, υas), 1152 (C-N), 

748 (o-substitution). 

1,2-Bis[N-(2-ethylhexyl)-carbazol-3-yl]ethane-1,2-dione (2): Compound 1 (5.03g, 

18mmol) and oxalyl chloride (0.73mL, 7.5mmol) are added in turn into a 100mL 

three-necked round-bottomed flask charged with anhydrous CH2Cl2 (20mL). AlCl3 

(2.8g, 21mmol) is added slowly to the mixture at 0oC. The reaction mixture is stirred 

for 8 hours at ambient temperature and then quenched with ice and concentrated HCl. 

After stirring for another one hour, organic layer is separated and aqueous layer is 

extracted with dichloromethane. The combined organic layer is washed with distilled 

water and dried over anhydrous MgSO4. After evaporating the solvent, the resulting 

residue is purified using column chromatography (silica gel, chloroform) to provide a 

yellow solid in the yield of 43.1%. 1H-NMR (400 MHz, CDCl3, δ): 8.80 (s, 2H), 8.21 

(d, J=7.96Hz, 2H), 8.05 (d, J=7.76Hz, 2H), 7.46 (t, J=7.46Hz, 2H), 7.38 (t, J=8.92Hz, 

4H), 7.24 (d, J=7.52Hz, 2H), 4.10 (d, J=7.16Hz, 4H), 2.01 (t, J=5.96Hz, 2H), 

1.20-1.38 (m, 16H), 0.87 (t, J=7.32Hz, 6H), 0.83 (t, J=7.00Hz, 6H). 13C-NMR 

(101MHz, CDCl3, δ): 195.08 (s) (carbonyl groups), 144.48 (s), 141.54 (s), 127.66 (s), 

126.63 (s), 124.79 (s), 123.90 (s), 122.94 (s), 120.73 (s), 120.28 (s), 109.64 (s), 

109.15 (s) (carbazole), 47.53 (s), 39.29 (s), 30.88(s), 28.69(s), 24.29(s), 22.93(s), 

13.96(s), 10.81(s) (2-ethylhexanyl groups). IR,υmax (KBr, cm-1): 3053 (ArH), 2957 

(CH3, υas), 2922 (CH2, υas), 2863 (CH2, υs), 1669 (C=O), 1592, 1507, 1464 (benzene 

ring), 1336 (CH2, υs), 1157 (C-N), 833  (m-substitution). ESI-MS (m/z): 

[M+1]=613.4. 

Bis{1,2-bis[N-(2-ethylhexyl)-carbazol-3-yl]ethylene-1,2-ditholate} nickel complex 

(3): Compound 2 (1. 19g̍5mmol) is refluxed at 95oC with P2S5 (3.33g, 15mmol) in 

20ml of dioxane for 10 hours. The reaction mixture is filtered to remove the excess 

P2S5. A solution of NiCl2·6H2O (0.58g, 2.5mmol) in distilled water (3ml) is added to 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

the filtrate. The mixture is refluxed at 85oC for 4 hours. After cooling, the reactant is 

poured into distilled water (20mL) and extracted for three times with dichloromethane. 

The combined organic fraction is washed with brine and dried over anhydrous MgSO4. 

The solvent is removed under reduced pressure and the residue is purified by column 

chromatography using silica gel and dichloromethane as eluent to give a blackish 

green solid in the yield of 40.2%. 1H-NMR (400MHz, CDCl3, δ): 8.48 (s, 4H), 8.02 (d, 

J=7.68Hz, 4H), 7.47 (t, J=7.64Hz, 4H), 7.39 (t, J=7.88Hz, 8H), 7.23 (t, J=7.36Hz, 

4H), 7.17 (d, J=8.64Hz, 4H), 4.13 (d, J=6.92Hz, 8H), 2.05 (m, 4H), 1.21-1.36 (m, 

32H), 0.88 (dt, J=7.28, 7.12Hz, 24H). 13C-NMR (101MHz, CDCl3, δ): 181.80 (s) 

(C=C), 141.76 (s), 14161 (s), 133.77 (s), 127.42 (s), 126.32 (s), 123.47 (s), 123.42 (s), 

122.01 (s), 121.06 (s), 119.73 (s), 109.60 (s), 108.93 (s) (carbazole), 47.97 (s), 39.74 

(s), 31.37 (s), 29.14 (s), 24.76 (s), 23.41 (s), 14.41 (s), 11.25 (s) (2-ethylhexanyl 

groups). IR,υmax (KBr, cm-1): 3050 (ArH), 2957 (CH3, υas), 2922 (CH2, υas), 2855 

(CH2, υs), 1617, 1591, 1473 (benzene ring), 1336 (CH2, υs), 1268, 1217 (C=C), 1123 

(C-N), 902 (m-substitution), 749 (o-substitution). ESI-MS (m/z): [M+1]=1347.6. 

Element. Anal. Calcd for C84N4S4H96Ni: C, 74.83; N, 4.16; H, 7.13. Found: C, 74.40; 

N, 3.84; H, 7.23. 

N-(2-Ethylhexyl)-phenothiazine (4): A 250 mL Schlenk flask is charged with 

phenothiazine (18.0g, 90mmol), NaH (2.81g, 117mmol) and 100mL of DMF. The 

resulting mixture is stirred for 30 minutes. 2-Ethylhexylbromide (22.7g, 117mmol) is 

then added. The mixture is stirred overnight at room temperature. The reaction is 

quenched with distilled water and extracted for three times with n-hexane. The 

combined organic fraction is washed with brine and dried over anhydrous MgSO4. 

The solvent is removed under reduced pressure and the residue is purified by column 

chromatography using silica gel and n-hexane as eluent to give 

N-(2-ethylhexyl)-phenothiazine as a yellow viscous liquid in the yield of 86.8%. 

1H-NMR (400MHz, CDCl3, δ): 7.15 (t, J=7.44Hz, 4H), 6.90 (p, J=7.44Hz, 4H), 3.73 

(d, J=6.72Hz, 2H), 1.95 (m, 1H), 1.27–1.47 (m, 8H), 0.88 (m, 6H). IR,υmax (KBr, 

cm-1): 3065 (ArH), 2958  (CH3, υas), 2927  (CH2, υas), 2857 (CH2, υs), 1593, 1485, 

1458 (benzene ring), 1222 (C-N), 749 (o-substitution). 
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1,2-Bis[N-(2-ethylhexyl)-phenothiazin-3-yl]ethane-1,2-dione (5): Aromatic 

1,2-diketone derived from N-(2-ethylhexyl)-phenothiazine, Compound 5, is 

synthesized according to the same procedure as Compound 2. The product is 

separated by column chromatography and chloroform as eluent to obtain a blackish 

green solid in the yield of 32.3%. 1H-NMR (400MHz, CDCl3, δ): 7.72 (d, J=8.52Hz, 

2H), 7.71 (s, 2H), 7.16 (t, J=8.24Hz, 2H), 7.00 (d, J=7.60Hz, 2H), 6.97 (t, J=7.52Hz, 

2H), 6.88 (d, J=7.92Hz, 4H), 3.77 (d, J=7.04Hz, 4H), 1.91 (m, 2H), 1.36-1.44 (m, 8H), 

1.25 (m, 8H), 0.86 (m, 12H). 13C-NMR (101MHz, CDCl3, δ): 192.50 (s) (carbonyl 

groups), 151.83 (s), 143.86 (s), 130.24 (s), 129.07 (s), 127.81 (s), 127.51 (s), 1.27.42 

(2), 126.03 (s), 124.87 (s), 123.76 (s), 116.64 (s), 115.36 (s) (phonothiazine), 51.46 (s), 

36.04 (s), 30.61 (s), 28.52 (s), 23.92 (s), 23.04 (s), 14.01 (s), 10.45 (s) (2-ethylhexanyl 

groups). IR,υmax (KBr, cm-1): 3056 (ArH), 2966 (CH3, υas), 2922 (CH2, υas), 2856 

(CH2, υs), 1659 (C=O), 1592, 1570, 1547, 1459 (benzene ring), 1192 (C-N), 747 

(o-substitution). ESI-MS (m/z): [M+1]=677.3. 

Bis{1,2-bis[N-(2-ethylhexyl)-phenothiazin-3-yl]ethylene-1,2-ditholate} nickel 

complex (6): Dithiolene nickel complex derived from phonothiazine, Compound 6, is 

synthesized according to the same procedure as Compound 3. The product is purified 

by column chromatography using silica gel and dichloromethane as the eluent to give 

a blackish green solid in the yield of 17.6%. 1H-NMR (400MHz, CDCl3, δ): 7.40 (s, 

4H), 7.16 (t, J=7.08Hz, 4H), 7.12 (d, J=7.64Hz, 4H), 7.01 (d, J=8.44Hz, 4H), 6.96 (t, 

J=7.4 Hz, 4H), 6.89 (d, J=8.08Hz, 4H), 6.69 (d, J=8.60Hz, 4H), 3.71 (d, J=6.88Hz, 

8H), 1.93 (m, 4H), 1.37-1.46 (m, 32H), 1.27 (m, 24H). 13C-NMR (101MHz, CDCl3, 

δ): 179.32 (s) (carbonyl groups), 146.52 (s), 144.90 (s), 135.70 (s), 128.00 (s), 127. 86 

(s), 127.67 (s), 127.20 (s), 125.88 (s), 125.22 (s), 122.80 (s), 116.02 (s), 115.32 (s) 

(phonothiazine), 51.20 (s), 35.84(s), 30.66 (s), 28.53 (s), 23.98 (s), 23.05 (s), 14.04 (s), 

10.53 (s) (2-ethylhexanyl groups). IR,υmax (KBr, cm-1): 3068 (ArH), 2957 (CH3, υas), 

2915 (CH2, υas), 2854 (CH2, υs), 1591, 1566, 1559, 1456 (benzene ring), 1336 (CH2, 

υs), 1268, 1242 (C=C), 1131 (C-N), 740 (o-substitution). ESI-MS (m/z): 

[M+2]=1476.5. Element. Anal. Calcd for C84N4S8H96Ni: C, 68.34; N, 3.80; H, 6.51. 

Found: C, 67.82; N, 3.35; H, 6.83. 
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1-(2-Ethylhexyloxy)-4-iodobenzene (7): K2CO3 (26.3g, 190mmol) is suspended in 

DMF (100mL), followed by the addition of 4-iodophenol (28.0g, 127mmol) and 

2-ethylhexylbromide (26.6g, 135mmol). The mixture is refluxed for 51 hours under 

the protection of argon. The reaction is quenched with distilled water and extracted 

for three times with n-hexane. The combined organic fraction is washed with brine 

and dried over anhydrous MgSO4. The solvent is removed under reduced pressure and 

the residue is purified by column chromatography using silica gel and n-hexane as 

eluent to give a colorless liquid in the yield of 76.7%. 1H-NMR (400MHz, CDCl3, δ): 

7.51 (d, J=8.96Hz, 2H), 6.67 (d, J=8.96Hz, 2H), 3.78 (d, J=5.84Hz, 2H), 1.69 (m, 1H), 

1.23-1.52 (m, 8H), 0.90 (m, 6H). IR,υmax (KBr, cm-1): 2958 (CH3, υas), 2927 (CH2, 

υas), 2872 (CH2, υs), 1586, 1487, 1467 (benzene ring), 1283, 1244 (C-O-C), 1032 

(C-O), 819 (p-substitution). 

N-Bis[4-(2-ethylhexyloxy)phenyl] phenylaniline (8): The reaction is carried out in a 

250mL three-neck round-bottomed flask. Toluene (150mL) is charged to the 

round-bottom flask, followed by the addition of Compound 7 (35.6g, 107mmol), CuI 

(0.35g, 1.82mmol), 1,10-phenanthroline monohydrate (0.36g, 1.82mmol), aniline 

(4.75g, 51mmol), and KOt-Bu (17.1g, 153mmol). The round-bottom flask is flushed 

with argon for three times to ensure the removal of air. Then, an argon balloon is 

attached to the condenser to maintain the argon atmosphere during the reaction. The 

mixture is stirred at 115°C for 4 hours. After cooling to room temperature, the 

reaction mixture is quenched with distilled water (150mL) and extracted with toluene 

for three times. The combined organic fraction is washed with brine and dried over 

anhydrous MgSO4. The solvent is removed under reduced pressure and the residue is 

separated by column chromatography and cyclohexane as eluent to obtain the product 

as a light yellow solid in the yield of 73.6%. 1H-NMR (400MHz, CDCl3, δ): 7.25 (d, 

J=7.48Hz, 2H), 7.13 (d, J=7.24Hz, 4H), 7.06 (d, J=7.64Hz, 2H), 6.93 (d, J=8.80Hz, 

5H), 3.93 (d, J=5.12Hz, 4H), 1.84 (m, 2H), 1.39-1.69 (m, 16H), 1.06 (m, 12H). 

13C-NMR (101MHz, CDCl3, δ): 155.68 (s), 149.01 (s), 141.07 (s), 128.99 (s), 126.52 

(s), 120.93 (s), 120.50 (s), 115.35 (s) (benzene), 70.79 (s), 39.64 (s), 30.73 (s), 29.28 

(s), 24.06 (s), 23.22 (s), 14.25 (s), 11.31 (s) (2-ethylhexanyl groups). IR,υmax (KBr, 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

cm-1): 3038 (ArH), 2957 (CH3, υas), 2924 (CH2, υas), 2871, 2858 (CH2, υs), 1592, 

1507, 1492 (benzene ring), 1271, 1239 (C-O-C), 1034 (C-O), 829 (p-substitution). 

1,2-Bis{N-bis[4-(2-ethylhexyloxy)phenyl]amino-4-phenyl}ethane-1,2-dione (9): 

Aromatic 1,2-diketone derived from triphenylamine, Compound 9, is synthesized 

according to the same procedure as Compounds 2 and 5. The product is separated by 

column chromatography and chloroform as eluent to obtain a yellow solid in the yield 

of 41.3%. 1H-NMR (400MHz, CDCl3, δ): 7.72 (d, J=7.48Hz, 4H), 7.08 (d, J=8.84Hz, 

8H), 6.88 (d, J=8.92Hz, 8H), 6.79 (d, J=9.0Hz, 4H), 3.83 (d, J=5.68Hz, 8H), 1.72 (m, 

4H), 1.30-1.55 (m, 32), 0.93 (m, 24H). 13C-NMR (101MHz, CDCl3, δ): 193.51 (s) 

(carbonyl groups), 157.21 (s), 154.10 (s), 138.42 (s), 131.71 (s), 128.01 (s), 124.04 (s), 

116.52 (s), 115.57 (s) (triphenylamine), 70.74 (s), 39.43 (s), 30.54 (s), 29.11 (s), 23.88 

(s), 23.06 (s), 14.10 (s), 11.15(s) (2-ethylhexanyl groups). IR,υmax (KBr, cm-1): 3043 

(ArH), 2966 (CH3, υas), 2931 (CH2, υas), 2864  (CH2, υs), 1661 (C=O), 1592, 1499, 

1464 (benzene ring), 1329 (CH2, υs), 1285, 1234 (C-O-C), 1029 (C-O), 825  

(p-substitution). ESI-MS (m/z): [M+1]=1057.7. 

Bis{1,2-bis{N-bis[4-(2-ethylhexyloxy)phenyl]amino-4-phenyl}ethylene-1,2-dithola

te} nickel complex (10): Dithiolene nickel complex derived from triphenylamine, 

Compound 10, is synthesized according to the same procedure as Compounds 3 and 6. 

The product is separated by column chromatography and dichloromethane as eluent to 

obtain a blackish green solid in the yield of 21.3%. 1H-NMR (400MHz, CDCl3, δ): 

7.23 (d, J=8.76Hz, 4H), 7.10 (d, J=8.84Hz, 8H), 6.88 (d, J=8.88Hz, 8H), 6.78 (d, 

J=8.76Hz, 4H), 3.84 (d, J=5.68Hz, 8H), 1.74 (m, 4H), 1.34-1.57 (m, 32H), 0.94 (m, 

24H). 13C-NMR (101MHz, CDCl3, δ): 180.14 (s) (C=C), 156.72 (s), 149.83 (s), 

140.17 (s), 133.96 (s), 130.21 (s), 127.75 (s), 118.48 (s), 115.73 (s) (triphenylamine), 

71.10 (s), 39.87 (s), 30.95 (s), 29.52 (s), 24.28 (s), 23.46 (s), 14.50 (s), 11.55 (s) 

(2-ethylhexanyl groups). IR,υmax (KBr, cm-1): 3043 (ArH), 2957 (CH3, υas), 2922 

(CH2, υas), 2854 (CH2, υs), 1584, 1498, 1456 (benzene ring), 1345 (CH2, υs), 1293, 

1233 (C-O-C), 1293, 1233 (C=C), 1038 (C-O), 816 (p-substitution). ESI-MS (m/3z): 

[M/3]=745.4. Element. Anal. Calcd for C140N4S4H184O8Ni: C, 75.17; N, 2.51; H, 8.23. 

Found: C, 74.75; N, 2.35; H, 8.21. 
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Filter fabrication: The NIR optical filters are fabricated by static solution-casting 

approach with polystyrene as transparent polymeric matrix and with dithiolene nickel 

complexes as NIR absorbing dyes. The specific procedure is given below: Polystyrene 

(1.0g) is firstly dissolved in chloroform and then dithiolene nickel complex 

(Compounds 3, 6 and 10, 1.0mg) synthesized by us is added into the chloroform 

solution of polystyrene. After stirring for 10 minutes, the composite solution is 

dropped on the glass substrate. With the solvent being dried spontaneously, a series of 

NIR optical filters are achieved respectively denoted as 3@PS for Compound 3, 

6@PS for Compound 6 and 10@PS for Compound 10. 

 

3. Results and Discussion 

3.1. Synthesis 

Dithiolene metal complexes generally conclude homoleptic complexes with a 

symmetrical molecular structure and heteroleptic complexes with an unsymmetrical 

molecular structure [28]. Heteroleptic dithiolene metal complexes are developed for 

nonlinear optical applications due to their noticeable first molecular 

hyperpolarizabilities[27], which are derived from the interligand charge transfer of 

HOMO-LUMO transition in unsymmetical molecules. As for absorbing dyes without 

any requirement of intramolecular hyperpolarization, homoleptic complexes are much 

more favored owing to their simple synthetic routes from symmetrical molecular 

structures. In view of DFT calculations on substituent effect for dithiolene metal 

complexes[18, 27-29], the electron-donating group increases the electron density of 

dithiolene moiety resulting in the higher energy levels of HOMO and LUMO. On 

account of much more improvement of HOMO, the band gap of dithiolene metal 

complexes will be decreased, i.e., the excitation energy of electrons from ligands to 

metal plane is reduced. In this case, the NIR absorption range of dithiolene metal 

complexes has a potential to be red-shifted through the introduction of 

electron-donating groups at the molecular periphery. Besides, the red-shift extent of 

NIR absorption range is decided by the electron-donating ability of substituents. 

 On the basis of molecular design strategy mentioned above, three 
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electron-donating groups, alkylcarbazole, alkylphenothiozine and 

dialkyltriphenylamide, are introduced into the molecular periphery of dithiolene 

nickel complexes as efficient electron-donating groups while the introduction of alkyl 

group is to increase the dye solubility. Carbazole, phenothiazine and triphenylamide, 

which are usually contained in organic compounds or conjugated polymers for 

organic photoelectronic semiconducting materials to improve the hole-transporting 

ability in organic light-emitting diodes, organic solar cells and organic field-effect 

transistors, are used to enhance the electron-donating ability of substituents at the 

molecular periphery affording the potential red-shift of NIR absorption range to 

biological optical window. The specific synthetic route is shown in Scheme 1. First of 

all, carbazole, phenothiazine and triphylamide are alkylated by 2-ethylhexylbromide 

to increase the molecular solubility, affording Compounds 1, 4 and 8. Then, three 

aromatic 1,2-diketones, Compounds 2, 5 and 9, are presented by acylation reaction of 

Compounds 1, 4 and 8 with oxalyl chloride. Finally, dithiolene nickel complexes, 

Compounds 3, 6 and 10, are synthesized under the action of P2S5 and NiCl2·6H2O. 

The alkyl group, 2-ethylhexanyl group, is applied to increase the solubility of 

dithiolene nickel complexes in common solvents, which is a necessary issue for 

solution-processible molding approaches. As we expected, the resulting dithiolene 

nickel complexes have an excellent solubility in common solvents such as toluene, 

tetrahydrofuran, dichloromethane, chloroform and dioxane, except for 

N,N-dimethylformamide. 

 All the intermediates and target compounds are identified by 1H/13C-NMR, IR 

and ESI-MS spectra. All the 1H/13C-NMR spectra is carefully assigned as shown in 

Figures S1-S18 of electronic supporting information (SI). The proton signals of 

carbazole ring in 1H-NMR spectra of Compounds 1-3 are illustrated Figure 1a. 

Evidently, the singlet proton signal at 8.80 ppm, which is assigned to the protons 

marked out by two astisks in the molecular skeleton of Compound 2 in Scheme 1, 

appears in 1H-NMR spectrum of Compound 2 compared with Compound 1. It is 

shifted again to the singlet proton signal at the high field of 8.48 ppm in 1H-NMR 

spectrum of Compound 3. These results indicated the successful introduction of 
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carbonyl group into Compound 2 and its transformation in dithiolene nickel molecular 

core in Compound 3. The transformation of carbonyl group is further confirmed by 

the shift of carbon signal of carbonyl group from 195.08 ppm of Compound 2 to 

181.80 ppm of Compound 3 in the 13C-NMR sepctra of Figure 1b. In the process of 

ESI-MS measurement of Compound 2, the appearance of [M+1]=613.4 in Figure S19 

identifies the chemical structure of 1,2-diketone (M=612.4) instead of single ketone 

(M=584.4). The introduction and transformation of carbonyl group is also proved by 

the appearance of absorption peak at 1669 cm-1 in the IR spectrum of Compound 2 

and by its disappearance in the IR spectrum of Compound 3 in Figure 1c. Finally, the 

appearance of [M+1]=1347.6 in the ESI-MS spectrum of Figure S20 definitely 

proved the successful preparation of Compound 3, 

bis{1,2-bis[N-(2-ethylhexyl)-carbazol-3-yl]ethylene-1,2-ditholate} nickel complex. 

The measurement results of Compounds 3, 6 and 10 is in accord with their calculation 

values of C, N and H. 

 The changes of chemical shift of proton and carbon adjacent to carbonyl group in 

aromatic 1,2-diketones are also similarly found in 1H/13C-NMR spectra of 

Compounds 4-6 (1H-NMR: 7.71ppm/singlet in Compound 5 to 7.40ppm/singlet in 

Compound 6; 13C-NMR: 192.50ppm in Compound 5 to 179.32ppm in Compound 6; 

See. Figures S6-S10) and Compounds 8-10 (1H-NMR: 7.72ppm/doublet in 

Compound 9 to 7.23ppm/doublet in Compound 10; 13C-NMR: 193.51ppm in 

Compound 9 to 180.14ppm in Compound 10; See. Figures S13-S18). The appearance 

and disappearance derived from the introduction and transformation of carbonyl 

group are also revealed in the IR spectrum of Compounds 4-6 (1659 cm-1 in 

Compound 5, See. Figure S21) and Compounds 8-10 (1661 cm-1 in Compound 9, See. 

Figure S22). In addition, the introduction of 1,2-diketone into Compounds 5 and 9 is 

respectively verified by the signal of [M+1]=677.3 and [M+1]=1057.7 in the ESI-MS 

spectra of Figures S23 and S24. The successful preparation of Compound 6, 

bis{1,2-bis[N-(2-ethylhexyl)-phenothiazin-3-yl]ethylene-1,2-ditholate} nickel 

complex, is further proven by the signal of [M+2]=1476.5 in the ESI-MS spectrum of 

Figure S25. Due to the large molecular weight of Compound 10, it is very difficult to 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

detect the signal of monocharged molecular ion (m/z) as above. Fortunately, its signal 

of triple charged molecular ion (m/3z=745.4), whose interval of isotopic ion peaks is 

approaximately equal to 0.333, is found in its ESI-MS spectrum in Figure 1d. This 

result indicated the successful preparation of Compound 10, 

bis{1,2-bis{N-bis[4-(2-ethylhexyloxy)phenyl]amino-4-phenyl}ethylene-1,2-ditholate} 

nickel complex. The identification results of all the intermediates and target 

complexes are entirely in accord with the chemical structures in Scheme 1. 

 

3.2. Thermal property 

 The thermal property of dithiolene nickel complexes is investigated by 

thermogravimetric analysis (TG) and differential scanning calorimetry (DSC). The 

TG curves in Figure 2a suggested that the onset degradation temperature of 

Compounds 3, 6 and 10 is respectively 413.1 oC, 339.7 oC and 391.3 oC, which is 

defined as the crosspoint temperature of two tangenthial lines at the onset degradation 

stage of TG curves as shown in Figure 2a. Evidently, dithiolene nickel complex 

derived from carbazole, Compound 3, bear the best thermal stability compared with 

Compounds 6 and 10. Except for that, TG curve of Compound 6 takes on an evident 

three-step degradation compared with Compounds 3 and 10. This point is derived 

from the introduction of phenothiazine ring, in which the sulphur atom is a main 

origination of thermal instability. The instable feature of sulphur atom in the 

phenothiazine ring is also shown in the lowest onset degradation temperature of 

Compound 6.  

The DSC measurement in Figure 2b illustrated that the glass transition 

temperature of dithiolene nickel complexes is respectively 74.5 oC for Compound 3, 

67.3 oC for Compound 6 and 93.8 oC for Compound 10. Except for the glass transition 

in the DSC curves of Figure 2b, Compound 3 has a recrystallization process at 148.3 

oC with the enthalpy change of -26.45 J/g and a melting transition at 243.3 oC with the 

enthalpy change of 56.82 J/g and Compound 10 has two melting processes with the 

enthalpy changes of -4.315 J/g at 124.5 oC and -5.114 J/g at 142.7 oC. These results 

indicated that the resulting dithiolene nickel complexes bear a poor crystallinity, even 
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taking on a glassy state at low temperature due to the introduction of nonplane 

substituents such as phenothiazine, triphenylamide and 2-ethylhexanyl group. 

 

XPS spectra 

 The chemical state of nickel, sulfur, nitrogen and carbon elements in dithiolene 

nickel complexes, Compounds 3, 6 and 10, is characterized in detail by X-ray 

photoelectron spectroscopy (XPS) with binding energies calibrated by that of C1s, 

which is an excellent tool to describe the chemical state of elements in organic or 

inorganic compounds and to provide the basic data about chemical bonds for 

theoretical calculation [30, 31]. The full-scale XPS spectrum of Compound 3 in Figure 

3a obviously showed the signals of S2p (163 eV), N1s (400 eV), Ni2p (855 eV) and 

C1s (285 eV). These signals are also found in the full-scale XPS spectra of 

Compounds 6 and 10 (See. Figures S26 and S27). The high-resolved XPS spectra of 

Ni2p in Compounds 3, 6 and 10 in Figure 3b showed that there is almost no change 

for chemical state of nickel in three dithiolene nickel complexes, suggesting that the 

stable binding energies of spin orbit splitting peaks (Ni2p1/2 and Ni2p3/2) with the 

approximate intensity ratio of Ip1/2:Ip3/2=1:2. It is speculated that the change of 

chemical states might happen in other elements of dithiolene nickel complexes. 

Therefore, the high-resolved XPS spectra of sulfur, nitrogen and carbon elements are 

also recorded to investigate their specific chemical states, which are involved in the 

change of electronic structure of dithiolene nickel complexes caused by the 

introduction of electron-donating groups at the molecular periphery. 

 The high-resolved XPS spectra of S2p in Figure 3c clearly indicated that the 

sulphur element in the molecular core of dithiolene nickel complexes takes on two 

chemical states at binding energies of 162.6 eV and 163.8 eV, without regard for the 

sulphur on phenothiazine ring at binding energy of 165.0 eV. By fitting their 

high-resolved XPS spectra (See. Figures S28-S30), the peak of S2p belonging to the 

molecular core is respectively divided into two evident individual peaks with different 

ratios (Compound 3: 50.7%@163.8eV, 49.3%@162.6eV; Compound 6: 

86.7%@163.8eV, 13.3%@162.6eV; Compound 10: 65.0%@163.5eV; 
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35.0%@162.3eV. See. Table S1). This kind of dual-peak phenomenon was also 

discovered in other dithiolene nickel complexes approximately at 169 eV and 164 

eV[32], even in Langmuir-Blodgett films of dithiolene nickel complex approximately 

at 168 eV and 163 eV[33]. The reference [33] thought the high binding energy at 168 

eV is caused by the sulfur oxidation, i.e. S-O. Another explanation is that the 

existence of high binding energy at 169 eV is a kind of characteristic “satellite” 

feature of S2p[32], which is attributed to high oxidization degree and conjugation of 

anion moiety in the partially oxidized or charge transition species. The higher the 

degree of oxidation or conjugation, the higher is the degree of π-electron 

delocalization over the ligand through the π-d interaction, resulting in the more 

obvious “satellite” feature. Additionally, the sulphur in the molecular core of 

dithiolene nickel complex is proved to a mixture of 0 and -1 by different C-S 

stretching bands (1029 cm-1 and 1099 cm-1) in IR spectra of original complex and by 

the deconvolution of high-resolved XPS spectrum of S2s in reduced complex at 

binding energy of 228 eV[34]. 

 Our XPS result of high-resolved S2p is different from the outcoming in the 

references [32-34] although the coexistence of [S]0 and [S]-1 in dithiolene nickel 

complex is also confirmed. The dual-peak phenomenon appear approximately at low 

binding energies of 163.8 eV and 162.6 eV, which might be derived from the strong 

electron-donating ability of carbazole, phenothiozine and triphenylamide. Due to the 

stronger electron-donating ability of triphenylamide, the binding energies of [S]0 and 

[S]-1 are respectively decreased about 0.3 eV from Compounds 3 and 6 to Compound 

10. In our case, the sulfur oxidation is definitely excluded due to the absence of O1s at 

binding energy of 531 eV in Figure 3a. Simultaneously, the binding energy of 

high-resolved N1s in Figure 3d has a minor shift on account of different 

electron-donating ability of carbazole, phenothiazine and triphenylamide in 

Compounds 3, 6 and 10. Besides, the binding energy of carbon element is 

unchangeable in the high-resolved C1s of Figure 3f, in which the shoulder 

appearance of C-O in Compound 10 with the content of 4.1% is also resolved out at 

binding energy of 286.5 eV by fitting its high-resolved C1s spectrum as shown Figure 
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S31. The data in Table S1 showed a positive relationship between the content of [S]-1 

and the binding energy of N1s, indicating that the charge on [S]-1 should come from 

nitrogen element on carbazole, phenothiazine and triphenylamide through electron 

π-delocalization. This point told us that the introduction of electron-donating groups 

has an extraordinary potential to modulate the electronic structure of dithiolene nickel 

complexes. 

 To the best of our knowledge, the chemical state of dithiolene ligand in metal 

complexes is still under debate to date[27, 28, 35], such as neutral dithioketone (L), 

radical monoanion (L•-) or dianionic dithiolate (L2-) as shown in Scheme 2.  Our 

XPS results related with the chemical state of S2p in the molecular core support the 

existence of radical monoanion [form d] in single dithiolene ligand. In consideration 

of unchangeable binding energy at 855.0 eV of high-resolved Ni2p in Figure 3b, the 

potential existence of neutral dithioketone (form a) and dianionic dithiolate (form b) is 

excluded since the single chemical state of Ni2p and the dual-peak phenomenon of 

S2p show the existence of the Ni2+ instead of the coexistence of Ni2+ and Ni0/Ni4+. 

According to the ratio of [S]0:[S]-1=1.03 in Compound 3, we know that the molecular 

core of dithiolene nickel complex derived from alkylcarbazole only take a radical 

monoanion (form d). Compound 6 takes a majority of overall π-electron 

delocalization (form c) owing to its ratio of [S]0:[S]-1=6.52. The molecular core of 

Compound 10 takes a part of radical monoanion due to its ratio of [S]0:[S]-1=1.86. 

These results told us that the chemical state of S2p in dithiolene ligand depends to a 

large extent on the electron-donating ability of substituents at the molecular periphery. 

 

3.4. Electrochemical and optical properties 

 Cyclic voltammetry (CV) is carried out at a scanning rate of 100mv/s to 

investigate the electronic structure of dithiolene nickel complexes, especially the 

energy level of HOMO and LUMO, with the n-BuNPF6 acetonitrile solution (0.1mol) 

as an electrolyte, with platinum carbon electrodes as working electrodes and with 

Ag/AgCl as reference electrode. The results indicated that Compounds 3, 6 and 10 

exhibit an evident reversible reduction peak and a weak irreversible oxidation peak as 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

shown in the CV curve of Compound 10 of Figure 4 (Compound 3: Figure S32; 

Compound 6: Figure S33). Based on the fact of reproduced CV curve in different 

loops, we deemed that the CV behavior of Compounds 3, 6 and 10 is reversible as a 

whole, i.e., the balance of gain and loss electron. Small irreversible oxidation wave is 

derived from the electron transportation through a conjugated bridge (-C=C-) from the 

donating-electron group at the molecular periphery to the molecular core. The ability 

of electron transportation results in the area of small oxidation wave, which is 

seemingly different for Compounds 3, 6 and 10 due to the different electron-donating 

ability of substituents at the molecular periphery, such as carbazole, phenothiazine 

and triphenylamine. The onset reduction potential (onset

red

E ) of Compounds 3, 6 and 10 

is respectively -0.73 V, -0.75 V and -0.79 V, whose energy level of LUMO is 

calculated with the formula 
LUMO

E =-( onset

red

E +4.44) eV to be -3.71 eV for Compound 3, 

-3.69 eV for Compound 6 and -3.65 eV for Compound 10. Similarly, the onset 

oxidation potential (onset
ox

E ) of Compounds 3, 6 and 10 is respectively 0.55 V, 0.85 V 

and 0.60 V, whose energy level of HOMO is calculated with the formula 

HOMO

E =-( onset

ox

E +4.44) eV to be -4.99 eV for Compound 3, -5.29 eV for Compound 6 

and -5.04 eV for Compound 10. Therefore, their electrochemical band gap (el
g

E ) is 

calculated with the formula el
g

E =
LUMO

E -
HOMO

E  to be 1.26 eV for Compound 3, 1.60 eV 

for Compound 6 and 1.39 eV for Compound 10. It is obviously that the as-prepared 

dithiolene nickel complexes bear the typical characteristics of low band gap, 

suggesting their potentially excellent NIR absorption performance. All the CV data 

are summarized in Table 1. 

 The optical absorption property of dithiolene nickel complexes is measured using 

the dichloromethane solution with a concentration of 0.02 mg/mL as shown in the 

UV-vis-NIR spectra of Figure 5a. The results suggested that the absorption maximum 

( maxλ ) of Compounds 3, 6 and 10 is respectively 1021 nm, 1088 nm and 1168 nm, 

where the molar extinction coefficient is calculated with the formula ε=A/bc to be 
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5.23×104 L·mol-1·cm-1 for Compound 3, 3.86×104 L·mol-1·cm-1 for Compound 6 and 

5.81×104 L·mol-1·cm-1 for Compound 10. Here, ε is denoted to be the molar 

extinction coefficient; A is the absorbance; b is the thickness of quartz cuvette; c is the 

molar concentration. The absorption onset (onsetλ ) wavelength is 1167 nm for 

Compound 3, 1295 nm for Compound 6 and 1387 nm for Compound 10. As a result, 

the optical band gap ( .op
gE ) is calculated with the formula .op

gE =1240/ onsetλ eV to be 

1.06 eV for Compound 3, 0.96 eV for Compound 6 and 0.89 eV for Compound 10. 

All these results showed that the resulting dithiolene nickel complexes have an 

excellent NIR absorption performance as menthioned above. All the UV-vis-NIR data 

are listed in Table 1. 

 Evidently, the optical band gap is different from the electrochemical band gap as 

shown in Table 1, which is caused by different measurement mechanisms. The 

electrochemical energy level is determined through the electron achievement at 

LUMO and the losing at HOMO while the optical energy level stems from the photon 

excitation/recombination between HOMO and LUMO. As for Compounds 3, 6 and 10, 

the photons are basically excitated from aromatic rings, which is proved by the 

existence of CKLL  Auger electron peak at binding energy of 1225 eV as shown in the 

inset of Figure 3a because the Auger electron peak is usually caused by the relaxation 

of atoms in excited state with photogenerated holes in the atomic internal electron 

shell[31]. Additionally, the dithiolene nickel complex derived from phenothiazine has 

the lowest of molar extinction coefficient as shown in Table 1, similarly to the lowest 

content of [s]-1, the lowest binding energy of N1s and the lowest HOMO level. The 

reason is that the electrons are excitated from HOMO not only in electrochemical 

measurement but also in the XPS measurement, even in electron π-delocalization. 

Therefore, the content of [S]-1 in the molecular core has a direct relationship with both 

the binding energy of N1s and the oxidation potential, even the molar extinction 

coefficient. In addition, Compounds 3, 6 and 10 have a strong absorption property in 

the near-infrared region between 900 nm and 1300 nm, which is basically in accord 

with biological optical window (800~1300nm). This feature can be well applied to the 
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NIR optical filtering in biological optical window, even the NIR laser protection at 

1064nm. 

 

3.5. Near-infrared optical filter 

 In light of high molar extinction coefficient in the near-infrared region of 

dithiolene nickel complexes, a series of optical filters are fabricated on the glass 

substrate by solution-casting the concentrated solutions of polystyrene (PS) and 

Compounds 3, 6 and 10 in chloroform. The optical filters are denoted as 3@PS for 

Compound 3, 6@PS for Compound 6 and 10@PS for Compound 10. Here, PS is 

applied as polymeric matrix with an excellent optical transparency, whose 

transmittance is more than 90% in the visible and near-infrared light region as shown 

in Figure 5b. Notably, the optical filters are impossibly achieved with 

polymethylmethacrylate (PMMA) as a matrix, which is another universal transparent 

polymeric matrix for a variety of optical devices, due to the serious fading of 

Compounds 3, 6 and 10 in the near-infrared region as shown in Figure S34. This 

might be resulted from the degradation action of carbonyl groups in PMMA on 

dithiolene nickel complexes, which is found through the poor solubility of 

Compounds 3, 6 and 10 in DMF and the considerable blue-shift of absorption maxima 

in the DMF solution, for example, the large blue-shift of absorption maximum of 

Compound 10 from 1168 nm in dichloromethane to 1025 nm in DMF in Figure S35 

while the molar extinction coefficient at the absorption maximum is decreased about 

one order of magnitude from 5.81×104 L·mol-1·cm-1 in dichloromethane to 4.53×103 

L·mol-1·cm-1 in DMF. Simultaneously, we also make an attempt to fabricate the 

optical filters through in-situ bulk polymerization with styrene as a monomer and with 

azodiisobutyronitrile (AIBN) as an initiator. Unfortunately, this experiment is also 

ended in failure owing to the rapid fading of dithiolene nickel complexes, which 

might be derived from the polymerization inhibition of sulphur-containing 

compounds on free radicals or the coordination action of vinyl groups with dithiolene 

nickel complexes having been applied to the initiators of polymerization reaction of 

vinyl monomers[36, 37] and the purification of olelifins[38]. Fortunately, the static 
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solution-casting approach is successful applied to fabricate the NIR optical filters 

from Compounds 3, 6 and 10 with PS as polymeric matrix. The transmittance spectra 

of optical filters are investigated and illustrated in Figure 5b. The results indicated 

that all the optical filters have an extraordinary ultraviolet absorption property, 

together with an NIR filtering region (See. Table S2, 885-1135 nm for 3@PS, 

947-1214 nm for 6@PS and 986-1305 nm for 10@PS) and an transparent region (See. 

Table S2, 472-848 nm for 3@PS, 522-896 nm for 6@PS and 497-925 nm for 

10@PS). These results suggested that 3@PS, 6@PS and 10@PS have the potential 

application in the NIR optical filtering performance within biological optical window, 

especially the NIR laser protection at 1064 nm. 

 

3.6. Near-infrared laser protection 

 The performance of NIR laser protection is detailedly investigated by the laser 

transmittance measurement of NIR optical filters fabricated from dithiolene nickel 

complexes at the wavelength of common NIR lasers, such as 780, 1064 and 1550 nm. 

Their curves of transmitted laser power versus incidence laser power are illustrated in 

Figure 6 and the laser transmittances are summarized in Table S3. The results in 

Figure 6a showed that the transmitted laser powers at 780nm of 3@PS, 6@PS and 

10@PS are respectively 67.5%, 25.8% and 46.0%, which are less than their 

transmittances of 78.5%, 71.8% and 62.2% in the UV-vis-NIR spectra of Figure 5a. 

The measurement of transmitted laser power at 1064 nm in Figure 6b indicated that 

all the NIR optical filters have a low optical laser transmittance, which is respectively 

5.7% for 3@PS, 9.7% for 6@PS and 8.3% for 10@PS. Their optical densities (OD) 

are calculated with the formula OD=lg(1/T) to be 1.24 for 3@PS, 1.01 for 6@PS and 

1.08 for 10@PS, here, T is the laser power transmittance. It is believed that their 

optical density at 1064nm has a large potential to be further improved with the 

increase of dye-doping concentration. In addition, their transmitted laser powers at 

1550nm are more than 80% as shown in the inset of Figure 6b. Obviously, the 

resulting dithiolene nickel complexes possess an excellent NIR laser protection 

performance at 1064nm. Other applications of these NIR absorbing dyes are under 
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research in our laboratory. 

 

4. Conclusion 

 Soluble dithiolene nickel complexes are designed and synthesized as NIR 

absorbing dyes through the introduction of strong electron-donating groups at the 

molecular periphery. The resulting complexes are characterized by 1H/13C-NMR, IR, 

ESI-MS, UV-vis-NIR and XPS spectra, together with TG, DSC and CV. The 

identification results are in accord with their chemical structures. The TG and DSC 

measurement indicated that the dithiolene nickel complexes have an excellent thermal 

stability, even taking on a glassy state at low temperature. The XPS results suggested 

that the dithiolene ligands in carbazole-containing nickel complex take a radical 

monoanion, depending to a large extent on the electron-donating ability of 

substituents at the molecular periphery. The content of [S]-1 in the molecular core has 

a direct relationship with both the binding energy of N1s and the oxidation potential, 

even the molar extinction coefficient because the electrons are excitated from HOMO 

not only in electrochemical measurement but also in the XPS measurement, even in 

electron π-delocalization. The NIR optical filters could be fabricated through static 

solution-casting approach with polystyrene as transparent polymeric matrix and with 

dithiolene nickel complexes as NIR absorbing dyes. The laser transmittance 

measurement suggested that the fabricated NIR absorbing filters bear a good NIR 

optical protection performance at 1064 nm. 
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spectra of high-resolved S2p of Compounds 3, 6 and 10 in Figure S28-S30; XPS data 

of fitted core-level S2p, N2s and C1s in Table S1; Fitted high resolution XPS spectra 

of C1s of Compound 10 in Figure S31; CV curves of Compounds 3 and 6 in Figure 

S32 and S33; Transmittance spectra of Compounds 3, 6 and 10 with PMMA as a 

matrix in Figure S34; UV-vis-NIR spectra of Compound 10 with a concentration of 

0.02mg/mL in dichloromethane and DMF in Figure S35; Filtering and transparent 

regions of optical filters in Table S2; Laser transmittance of optical filters at 780nm, 

1064nm and 1550nm in Table S3. 
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Scheme 1. Synthetic route of dithiolene nickel complexes. 
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Figure 1. a) Proton signals of carbazole ring in 1H-NMR spectra of Compounds 1-3; 

b) Carbon signals of carbazole and ethylene in 13C-NMR spectra of Compounds 2 and 

3; c) IR spectra of Compounds 1-3; d) Signals of triple charged molecular ion in the 

ESI-MS spectra of Compound 10. 
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Figure 2. TG (a) and DSC (b) curves of Compounds 3, 6 and 10. 
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Figure 3. a) Full-scale XPS spectrum of Compound 3; b) High-resolved XPS 

spectra of Ni2p in Compounds 3, 6 and 10; c) High-resolved XPS spectra of S2p in 

Compounds 3, 6 and 10; d) High-resolved XPS spectra of N1s in Compounds 3, 6 and 

10; e) High-resolved XPS spectra of C2p in Compounds 3, 6 and 10. 

 

Scheme 2. Proposed chemical states of symmetrical dithiolene ligand (L, L•-, L2-). 
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Figure 4. CV curve of Compound 10. 
 

Table 1. CV and UV-vis-NIR data of dithiolene nickel complexes 

Com
p.s 

onset

red

E

/V 

LUMO
/eV 

onset

ox

E

/V 

HOMO
/eV 

el

g

E /

eV 

maxλ /

nm 

ε/104L·mol-
1·cm-1 

onsetλ /

nm 

op

g

E /

eV 

3 -0.73 -3.71 0.55 -4.99 1.28 1021 5.23 1167 1.06 

6 -0.75 -3.69 0.85 -5.29 1.60 1088 3.86 1295 0.96 

10 -0.79 -3.65 0.60 -5.04 1.39 1168 5.81 1387 0.89 

Note: onset

red

E is the onset reduction potential; onset
ox

E is the onset oxidation potential; 

el

g

E is the electrochemical band gap; ε is the molar extinction coefficient; onsetλ  is the 

absorption onset wavelength; op
g

E is the optical band gap. 
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Figure 5. a) UV-vis-NIR spectra of Compounds 3, 6 and 10 in CH2Cl2; b) 

Transmittance spectra of Compounds 3, 6 and 10 with PS as matrix. 
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Figure 6. Transmitted power of optical filters at 780nm (a), 1064nm (b) and 

1550nm (inset in b). 
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HIGHLIGHTS 

1. Soluble dithiolene nickel complexes are synthesized as NIR absorbing dyes. 

2. Dithiolene ligands in carbazole-containing nickel complex take radical 

monoanion. 

3. Substituent electron-donating ability changes chemical state of molecular core. 

4. The resulting complexes take on a glassy state at low temperature. 

5. Dithiolene nickel complexes could be applied to NIR laser protection at 1064 nm. 

 


