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Near-Infrared Absorbing Dyes at 1064nm: Soluble Dithiolene
Nickel Complexes with Alkylated Electron-Donating Groups as

Peripheral Substituents

Yingliang Liu, Zhenru Zhang, Xuemei Chen, Shengang Xu, Shaokuii Ca
School of Materials Science and Engineering, ZhkeagaJniversity, Zhengzhou

450052, P. R. China

ABSTRACT

Soluble dithiolene nickel complexes are designedd asynthesized as
near-infrared (NIR) absorbing dyes through the odiction of strong
electron-donating groups at the molecular periph&he resulting complexes are
characterized by'H/**C-NMR, IR, ESI-MS, UV-vis-NIR, TG, DSC, XPS and
elemental analysis. The identification resultsiaraccord with the chemical structure
of designed dithiolene nickel complexes. The XPSults suggested that the
dithiolene ligands in carbazole-containing nickeimplex take a radical monoanion,
which depends on the substituent electron-donaility to a large extent. The TG
and DSC measurements indicated that the resulomgplexes have an excellent
thermal stability and take on a glassy state attemwperature. The laser transmittance
measurement suggested that the optical filters idated through static
solution-casting approach with dithiolene nickehlgdexes as NIR absorbing dyes

could be well applied to the NIR laser protectiori@4 nm.
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1. INTRODUCTION
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The near-infrared (NIR) optical filtering will beagl much more attention with
the rapid development of laser applications in dgaal medicin€ 2, free-space
optical telecommunicatiéfi, satellite remote sensifig”, night view imagin§’ and
other military field§”. Especially, the NIR optical filtering in relationith optical
attenuation and laser protection within biologioptical window of 800~1300nm,
which is derived from the total transmittance obdd and watéf, becomes an
important issu€ in the process of medical imagit®y NIR medical therapeutitd
and NIR-controlled drug reled&&'®. Additionally, the NIR optical filtering is also
specially emphasized in all kinds of military adies because many military lasers
work within the NIR wavelength range, such as tset at 1064nf{ 2.

The optical filtering, which are often applied laser protections, photographs,
precision instruments, eye-protecting glasses,, ece usually achieved from
absorbing dyd¥’, nonlinear refringence/scattering mateffals photonic crystalé*
231 interference/diffraction gratinGd, dichroic/dielectric reflectio®s" 2¢, phase
changes, and so on. One of them, the absorbingafgesne of the most promising
optical filtering materials suitable for the coniemt processing approach, for
example, static casting or injection molding, whiehll avoid the complicated
fabrication processes of high precision patternshsas gratings, photonic crystals,
etc. Currently, the well-known dye categories idelumetal complexes, cyanines,
porphyrins, phthalocyanines, quinoids, azo compepnété”. Thereamong,
dithiolene metal complexes have been applied to pHBtodetector, dye sensitized
solar cells, field effect transistor, second/thordler optical nonlinearity, Q-switch
dye lasers, antioxidants for polymers and lighbiitzers on account of high electron
mobility, superior photostability, air-stability drthermal stabilit§” 28 Due to their
tense and broad absorption in the near-infraremedithiolene metal complexes are
also a kind of quite outstanding NIR optical filtey materials. Interestingly, a certain
transmittance in visible light region of dithiolemaetal complexes affords the
potential combination of NIR laser protection andihility in the visible region.
More interestingly, the transparent region of ditbne metal complexes has the

potential to be red-shifted to the working wavekbngf low-light night view devices.



For example, the NVIS-compatible optical filterthre NIR range of 700-1000nm has
been reported with an aim to filtrate the interfeti@ light of light-emitting device in
martial application$®. However, its NIR optical filtering range is nogtyin accord
with biological optical window of 800-1300nm, elingiting the disturbance of
heterochromatic light or being used for the lasetgrtion within biological optical
window.

Soluble dithiolene nickel complexes are designedi synthesized in this work as
NIR absorbing dyes through the introduction of strelectron-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 groupgo red-shift the NIR optical
filtering range of dithiolene nickel complexes twlbgical optical window. The
introduction of N-(2-ethylhexanyl) group is to increase the dye lsiity. The
resulting complexes are characterized#§}*C-NMR, IR, ESI-MS, UV-vis-NIR and
XPS spectra, together with TG, DSC and CV. The BltRorbing filters are fabricated
through static solution-casting approach with piylsene as transparent polymeric
matrix and with dithiolene nickel complexes as NdRsorbing dyes. Their laser
transmittance measurement suggested that the dédatidNIR absorbing filters could
be applied to the NIR optical filtering in biologicoptical window, especially the

NIR laser protection at 1064nm.

2. Experimental Section

2.1. Reagents: Nickel chloride hexahydrate (Ni€bHO) is bought from AlfaAesar
Chemical Co. Ltd. 1-Bromo-2-ethylhexane, ethanddiciyloride and phosphorus
pentasulfide are purchased from Aladdin Chemicall@. Carbazole, phenothiazine
and N-bromosuccinimide are bought from Zhengzhou alphantcal Co. Ltd.
4-lodophenol is from J&K Scientific Ltd. 4-Bromoénes is from AlfaAesar. Other
reagents and solvents are from Chinese chemicapaoies. All the reagents are
directly used without further purificatioN, N-Dimethyl formamide (DMF) is dried

overnight with anhydrous magnesium sulfate and telaxed over calcium hydride



for 12 hours. Toluene and dioxane are dried ovatnigth anhydrous magnesium
sulfate and then refluxed over sodium for 4 houith Wwenzophenone as an indicator.
Dichloromethane is dried by refluxing over phosmusr pentoxide for 4 hours.

2.2. Instruments and Characterization: 'H-/*>C-NMR spectra are recorded on
Bruker DPX-400 nuclear magnetic resonance spectemmesingd-chloroform or
d-dimethylsulphoxide solution at room temperaturefrdred (IR) spectra are
measured using Nicolet Protégé 460 Infrared Speeter. ESI-MS is performed on
APEX IV fourier transform ion cyclotron resonance asa spectrameter.
Thermogravimetry (TG) is investigated on NETZSCH-Z@® Thermogravimetric
Analyzer at heating and cooling rates of °@nin under N atmosphere.
Differentionial scanning calorimetry (DSC) is cadiout with NETZSCH-DSC-204
Differential Scanning Calorimeter at heating andlitm rates of 18C/min under N
atmosphere. Ultraviolet-visible-NIR (UV-vis-NIR) segira are recorded using the
guartz cuvette with a thickness of 1cm on Agilerdary®000 Spectrophotometer.
Cyclic voltammetry is carried out on CHI600E electiemical working station at a
scanning rate of 100mv/s. The transmitted lasergpaf fabricated optical filters is
measured by an optical powermeter with the NIRr&aée80, 1064 and 1550 nm) as

an incidence light source.

2.3. Synthesis: All the intermediates and dithiolene nickel conxgle are synthesized
according to the synthetic routeSoheme 1.

N-(2-Ethylhexyl)-carbazole (1): A 250mL round-bottomed flask is charged with
carbazole (15.1g, 90mmol) and DMF (130mL). NaH 98,5108mmol) is slowly
added when carbazole is completely dissolved. €kelting mixture is stirred for 30
minutes. Then, 2-ethylhexylbromide20.86g 108mmoD is added under argon and
stirred overnight at room temperature. The react®muenched with 300 mL of
distilled water and extracted three times witkhexane (80mL each). Organic
combined fraction is washed with brine and drieceroanhydrous MgSQ The
solvent is removed under reduced pressure anc$igue is purified by silica column

chromatography using-hexane as eluentl-(2-Ethylhexyl)-carbazole is obtained as a



colorless viscous liquid in the yield of 90.2¥1-NMR (400MHz, CDC}, §): 8.12 (d,
J=7.76Hz, 2H), 7.47 (t)=7.32Hz, 2H), 7.42 (dJ=8.16Hz, 2H), 7.24 (t)=7.08Hz,
2H), 4.17 (d,J=4.32Hz, 2H), 2.09 (m, 1H), 1.23-1.48 (m, 8H), 0.@R, J=7.40,
7.08Hz, 6H). IR,Umax (KBr, cmi): 3054 (ArH), 2958 (Chl Uag, 2927 (CH, V4,
2857 (CH, vy, 1598, 1571, 1484, 1463 (benzene ring), 1452:(0k), 1152 (C-N),
748 (O-substitution).

1,2-BigN-(2-ethylhexyl)-car bazol-3-yl]ethane-1,2-dione (2): Compound 1 (5.03g,
18mmol) and oxalyl chloride (0.73mL, 7.5mmol) amded in turn into a 100mL
three-necked round-bottomed flask charged with drdus CHCI, (20mL). AICkL
(2.8g, 21mmol) is added slowly to the mixture &€ 0The reaction mixture is stirred
for 8 hours at ambient temperature and then quehaiite ice and concentrated HCI.
After stirring for another one hour, organic laysrseparated and aqueous layer is
extracted with dichloromethane. The combined ogéayer is washed with distilled
water and dried over anhydrous MgS@fter evaporating the solvent, the resulting
residue is purified using column chromatographljcgsigel, chloroform) to provide a
yellow solid in the yield of 43.19%8H-NMR (400 MHz, CDC}, 5): 8.80 (s, 2H), 8.21
(d, J=7.96Hz, 2H), 8.05 (d]=7.76Hz, 2H), 7.46 (t}=7.46Hz, 2H), 7.38 (})=8.92Hz,
4H), 7.24 (d,J=7.52Hz, 2H), 4.10 (dJ)=7.16Hz, 4H), 2.01 (tJ=5.96Hz, 2H),
1.20-1.38 (m, 16H), 0.87 (t)=7.32Hz, 6H), 0.83 (tJ=7.00Hz, 6H).'*C-NMR
(101MHz, CDC4, §): 195.08 (s) (carbonyl groups), 144.48 (s), 141954127.66 (s),
126.63 (s), 124.79 (s), 123.90 (s), 122.94 (s),.72qs), 120.28 (s), 109.64 (s),
109.15 (s) (carbazole), 47.53 (s), 39.29 (s), 38)3&8.69(s), 24.29(s), 22.93(s),
13.96(s), 10.81(s) (2-ethylhexanyl groups).[1Bmax (KBr, cmi*): 3053 (ArH), 2957
(CHs, Uag), 2922 (CH, va9, 2863 (CH, vs), 1669 (C=0), 1592, 1507, 1464 (benzene
ring), 1336 (CH, vg), 1157 (C-N), 833 rfrsubstitution). ESI-MS (m/z):
[M+1]=613.4.

Bis{1,2-bigN-(2-ethylhexyl)-carbazol-3-yl]ethylene-1,2-ditholate} nickel complex
(3): Compound 2 (1. 19g5mmol) is refluxed at $& with P.Ss (3.33g, 15mmol) in
20ml of dioxane for 10 hours. The reaction mixtigdiltered to remove the excess

P,Ss. A solution of NiCh-6H0 (0.58g, 2.5mmol) in distilled water (3ml) is add®



the filtrate. The mixture is refluxed at ®5for 4 hours. After cooling, the reactant is
poured into distilled water (20mL) and extractedtfoee times with dichloromethane.
The combined organic fraction is washed with band dried over anhydrous Mg&aO
The solvent is removed under reduced pressurehencesidue is purified by column
chromatography using silica gel and dichloromethaseeluent to give a blackish
green solid in the yield of 40.2%H-NMR (400MHz, CDC}, 8): 8.48 (s, 4H), 8.02 (d,
J=7.68Hz, 4H), 7.47 (t)=7.64Hz, 4H), 7.39 (t)=7.88Hz, 8H), 7.23 (tJ=7.36Hz,
4H), 7.17 (d,J=8.64Hz, 4H), 4.13 (dJ=6.92Hz, 8H), 2.05 (m, 4H), 1.21-1.36 (m,
32H), 0.88 (dt,J=7.28, 7.12Hz, 24H)*C-NMR (101MHz, CDC}, 5): 181.80 (s)
(C=C), 141.76 (s), 14161 (s), 133.77 (s), 127.321(86.32 (s), 123.47 (s), 123.42 (s),
122.01 (s), 121.06 (s), 119.73 (s), 109.60 (s),9D&s) (carbazole), 47.97 (s), 39.74
(s), 31.37 (s), 29.14 (s), 24.76 (s), 23.41 (s)414(s), 11.25 (s) (2-ethylhexanyl
groups). IRJUmax (KBr, cmi®): 3050 (ArH), 2957 (Chl La), 2922 (CH, L., 2855
(CHgp, vy, 1617, 1591, 1473 (benzene ring), 1336 {44, 1268, 1217 (C=C), 1123
(C-N), 902 (nsubstitution), 749 d-substitution). ESI-MS (m/z): [M+1]=1347.6.
Element. Anal. Calcd for §&N4SyHogNi: 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, 117mnaolyl 100mL of DMF. The
resulting mixture is stirred for 30 minutes. 2-Btiexylbromide (22.7g, 117mmol) is
then added. The mixture is stirred overnight atmro@mperature. The reaction is
guenched with distilled water and extracted fore¢hitimes withn-hexane. The
combined organic fraction is washed with brine aneéd over anhydrous MgSO
The solvent is removed under reduced pressurehencesidue is purified by column
chromatography using silica gel andh-hexane as eluent to give
N-(2-ethylhexyl)-phenothiazine as a yellow viscoiguid in the yield of 86.8%.
'H-NMR (400MHz, CDC}, 8): 7.15 (t,J=7.44Hz, 4H), 6.90 (p)=7.44Hz, 4H), 3.73
(d, J=6.72Hz, 2H), 1.95 (m, 1H), 1.27-1.47 (m, 8H), O(88 6H). IR} Umax (KBT,
cml): 3065 (ArH), 2958 (Ch Ua), 2927 (CH, L., 2857 (CH, v, 1593, 1485,
1458 (benzene ring), 1222 (C-N), 7485ubstitution).



1,2-BigN-(2-ethylhexyl)-phenothiazin-3-yl]ethane-1,2-dione (5): Aromatic
1,2-diketone derived fromN-(2-ethylhexyl)-phenothiazine, Compound 5, s
synthesized according to the same procedure as @omp?2. The product is
separated by column chromatography and chlorof@melaent to obtain a blackish
green solid in the yield of 32.3%4-NMR (400MHz, CDC}4, 3): 7.72 (d,J=8.52Hz,
2H), 7.71 (s, 2H), 7.16 (8=8.24Hz, 2H), 7.00 (d}=7.60Hz, 2H), 6.97 (t})=7.52Hz,
2H), 6.88 (dJ=7.92Hz, 4H), 3.77 (d]=7.04Hz, 4H), 1.91 (m, 2H), 1.36-1.44 (m, 8H),
1.25 (m, 8H), 0.86 (m, 12H}3C-NMR (101MHz, CDC}, §): 192.50 (s) (carbonyl
groups), 151.83 (s), 143.86 (s), 130.24 (s), 12€s)7127.81 (s), 127.51 (s), 1.27.42
(2), 126.03 (s), 124.87 (s), 123.76 (s), 116.641%5.36 (s) (phonothiazine), 51.46 (s),
36.04 (s), 30.61 (s), 28.52 (s), 23.92 (s), 239)414.01 (s), 10.45 (s) (2-ethylhexanyl
groups). IR,1Umax (KBr, cmi®): 3056 (ArH), 2966 (Chl Uag, 2922 (CH, L., 2856
(CH,, Uy, 1659 (C=0), 1592, 1570, 1547, 1459 (benzene)ribg92 (C-N), 747
(o-substitution). ESI-MS (m/z): [M+1]=677.3.
Bis{1,2-big[N-(2-ethylhexyl)-phenothiazin-3-yl]ethylene-1,2-ditholate} nickel
complex (6): Dithiolene nickel complex derived from phonothiazitCompound 6, is
synthesized according to the same procedure as @oxdB. The product is purified
by column chromatography using silica gel and diahihethane as the eluent to give
a blackish green solid in the yield of 17.6%4-NMR (400MHz, CDC}, §): 7.40 (s,
4H), 7.16 (tJ=7.08Hz, 4H), 7.12 (d]=7.64Hz, 4H), 7.01 (dJ=8.44Hz, 4H), 6.96 (t,
J=7.4 Hz, 4H), 6.89 (dJ=8.08Hz, 4H), 6.69 (d)=8.60Hz, 4H), 3.71 (dJ=6.88Hz,
8H), 1.93 (m, 4H), 1.37-1.46 (m, 32H), 1.27 (m, 24HC-NMR (101MHz, CDC},

3): 179.32 (s) (carbonyl groups), 146.52 (s), 14490135.70 (s), 128.00 (s), 127. 86
(s), 127.67 (s), 127.20 (s), 125.88 (s), 125.22 X8p.80 (s), 116.02 (s), 115.32 (s)
(phonothiazine), 51.20 (s), 35.84(s), 30.66 (s)52&s), 23.98 (s), 23.05 (s), 14.04 (s),
10.53 (s) (2-ethylhexanyl groups). [R)max (KB, cnmi'): 3068 (ArH), 2957 (Chl U4,
2915 (CH, Va9, 2854 (CH, uy), 1591, 1566, 1559, 1456 (benzene ring), 1336,(CH
Ls), 1268, 1242 (C=C), 1131 (C-N), 7400-gubstitution). ESI-MS (m/z):
[M+2]=1476.5. Element. Anal. Calcd forgflsSgHoeNi: C, 68.34; N, 3.80; H, 6.51.
Found: C, 67.82; N, 3.35; H, 6.83.



1-(2-Ethylhexyloxy)-4-iodobenzene (7): K,COs; (26.3g, 190mmol) is suspended in
DMF (100mL), followed by the addition of 4-iodopl@n(28.0g, 127mmol) and
2-ethylhexylbromide (26.6g, 135mmol). The mixtuserefluxed for 51 hours under
the protection of argon. The reaction is quenchéd distilled water and extracted
for three times witm-hexane. The combined organic fraction is washet Wiine
and dried over anhydrous MgaQ he solvent is removed under reduced pressure and
the residue is purified by column chromatographyaisilica gel andh-hexane as
eluent to give a colorless liquid in the yield & 7%.'H-NMR (400MHz, CDC}, 3):
7.51 (d,J=8.96Hz, 2H), 6.67 (d]=8.96Hz, 2H), 3.78 (d]=5.84Hz, 2H), 1.69 (m, 1H),
1.23-1.52 (m, 8H), 0.90 (m, 6H). IRYmax (KBr, cni'): 2958 (CH, a9, 2927 (CH,
Uad, 2872 (CH, vy, 1586, 1487, 1467 (benzene ring), 1283, 1244 {C}01032
(C-0), 819 p-substitution).

N-Big[4-(2-ethylhexyloxy)phenyl] phenylaniline (8): The reaction is carried out in a
250mL three-neck round-bottomed flask. Toluene BP is charged to the
round-bottom flask, followed by the addition of Coound 7 (35.6g, 107mmol), Cul
(0.35g, 1.82mmoal), 1,10-phenanthroline monohydr@ie6g, 1.82mmol), aniline
(4.75g, 51mmol), and KOt-Bu (17.1g, 153mmol). Tband-bottom flask is flushed
with argon for three times to ensure the removahiaf Then, an argon balloon is
attached to the condenser to maintain the argoosjthere during the reaction. The
mixture is stirred at 115°C for 4 hours. After dagl to room temperature, the
reaction mixture is quenched with distilled wates@mL) and extracted with toluene
for three times. The combined organic fraction ashed with brine and dried over
anhydrous MgS® The solvent is removed under reduced pressurehencesidue is
separated by column chromatography and cycloheaamtuent to obtain the product
as a light yellow solid in the yield of 73.6%4-NMR (400MHz, CDC}, §8): 7.25 (d,
J=7.48Hz, 2H), 7.13 (dJ=7.24Hz, 4H), 7.06 (dJ=7.64Hz, 2H), 6.93 (dJ=8.80Hz,
5H), 3.93 (d,J=5.12Hz, 4H), 1.84 (m, 2H), 1.39-1.69 (m, 16H),6L.0n, 12H).
¥C-NMR (101MHz, CDC}, §): 155.68 (s), 149.01 (s), 141.07 (s), 128.99%85.52
(s), 120.93 (s), 120.50 (s), 115.35 (s) (benzer@)9 (s), 39.64 (s), 30.73 (s), 29.28
(s), 24.06 (s), 23.22 (s), 14.25 (s), 11.31 (settBAhexanyl groups). IRlUmax (KBT,



cml): 3038 (ArH), 2957 (Chl Va9, 2924 (CH, U.), 2871, 2858 (ChH vy, 1592,
1507, 1492 (benzene ring), 1271, 1239 (C-O-C), (@30®), 829 p-substitution).
1,2-Bis{N-big4-(2-ethylhexyloxy)phenyl]amino-4-phenyl}ethane-1,2-dione  (9):
Aromatic 1,2-diketone derived from triphenylamin@pmpound 9, is synthesized
according to the same procedure as Compounds 8.afe product is separated by
column chromatography and chloroform as eluenttaio a yellow solid in the yield
of 41.3%.*H-NMR (400MHz, CDC}, 8): 7.72 (d,J=7.48Hz, 4H), 7.08 (d]=8.84Hz,
8H), 6.88 (d,J=8.92Hz, 8H), 6.79 (d]=9.0Hz, 4H), 3.83 (dJ=5.68Hz, 8H), 1.72 (m,
4H), 1.30-1.55 (m, 32), 0.93 (m, 24HJC-NMR (101MHz, CDC}, §): 193.51 (s)
(carbonyl groups), 157.21 (s), 154.10 (s), 138)2131.71 (s), 128.01 (s), 124.04 (s),
116.52 (s), 115.57 (s) (triphenylamine), 70.74 39)43 (s), 30.54 (s), 29.11 (s), 23.88
(s), 23.06 (s), 14.10 (s), 11.15(s) (2-ethylhexamglps). IR, Umax (KBr, cri’): 3043
(ArH), 2966 (CH, V.9, 2931 (CH, Uag, 2864 (CH, vy, 1661 (C=0), 1592, 1499,
1464 (benzene ring), 1329 (gHuy), 1285, 1234 (C-O-C), 1029 (C-O), 825
(p-substitution). ESI-MS (m/z): [M+1]=1057.7.

Bis{1,2-bis{N-big 4-(2-ethylhexyloxy)phenyl]amino-4-phenyl}ethylene-1,2-dithola
te} nickel complex (10): Dithiolene nickel complex derived from triphenylaraj
Compound 10, is synthesized according to the sanomegure as Compounds 3 and 6.
The product is separated by column chromatograptydachloromethane as eluent to
obtain a blackish green solid in the yield of 21.3¢4NMR (400MHz, CDC}, 8):
7.23 (d,J=8.76Hz, 4H), 7.10 (dJ=8.84Hz, 8H), 6.88 (dJ=8.88Hz, 8H), 6.78 (d,
J=8.76Hz, 4H), 3.84 (d)=5.68Hz, 8H), 1.74 (m, 4H), 1.34-1.57 (m, 32H),D(®n,
24H). BC-NMR (101MHz, CDGC}, 8): 180.14 (s) (C=C), 156.72 (s), 149.83 (s),
140.17 (s), 133.96 (s), 130.21 (s), 127.75 (s),48.8s), 115.73 (s) (triphenylamine),
71.10 (s), 39.87 (s), 30.95 (s), 29.52 (s), 2428 23.46 (s), 14.50 (s), 11.55 (s)
(2-ethylhexanyl groups). IRUmax (KBr, cm®): 3043 (ArH), 2957 (Chl U9, 2922
(CH,, Ua), 2854 (CH, vy, 1584, 1498, 1456 (benzene ring), 1345 £Qk), 1293,
1233 (C-O-C), 1293, 1233 (C=C), 1038 (C-0), 8p&\(bstitution). ESI-MS (m/3z):
[M/3]=745.4. Element. Anal. Calcd forieN4SsH1840gNi: C, 75.17; N, 2.51; H, 8.23.
Found: C, 74.75; N, 2.35; H, 8.21.



Filter fabrication: The NIR optical filters are fabricated by stasiclution-casting
approach with polystyrene as transparent polynmastrix and with dithiolene nickel
complexes as NIR absorbing dyes. The specific phaeeis given below: Polystyrene
(1.0g) is firstly dissolved in chloroform and thedithiolene nickel complex
(Compounds 3, 6 and 10, 1.0mg) synthesized by wlded into the chloroform
solution of polystyrene. After stirring for 10 mim@s, the composite solution is
dropped on the glass substrate. With the solvanghlidried spontaneously, a series of
NIR optical filters are achieved respectively dedbtas 3@PS for Compound 3,
6@PS for Compound 6 and 10@PS for Compound 10.

3. Resultsand Discussion

3.1. Synthesis

Dithiolene metal complexes generally conclude h@pit complexes with a
symmetrical molecular structure and heteroleptimglexes with an unsymmetrical
molecular structur&®. Heteroleptic dithiolene metal complexes are dmved for
nonlinear optical applications due to their notldea first molecular
hyperpolarizabilitie$”, which are derived from the interligand chargensfar of
HOMO-LUMO transition in unsymmetical molecules. fs absorbing dyes without
any requirement of intramolecular hyperpolarizatioomoleptic complexes are much
more favored owing to their simple synthetic roufesn symmetrical molecular
structures. In view of DFT calculations on substitu effect for dithiolene metal
complexel® 27?9 the electron-donating group increases the electtensity of
dithiolene moiety resulting in the higher energyels of HOMO and LUMO. On
account of much more improvement of HOMO, the bgag of dithiolene metal
complexes will be decreased, i.e., the excitatioergy of electrons from ligands to
metal plane is reduced. In this case, the NIR gtiwor range of dithiolene metal
complexes has a potential to be red-shifted througke introduction of
electron-donating groups at the molecular periphBgsides, the red-shift extent of
NIR absorption range is decided by the electronating ability of substituents.

On the basis of molecular design strategy mentiorgbove, three



electron-donating groups, alkylcarbazole, alkylpitbiozine and
dialkyltriphenylamide, are introduced into the nwllr periphery of dithiolene
nickel complexes as efficient electron-donatingugpwhile the introduction of alkyl
group is to increase the dye solubility. Carbazpleenothiazine and triphenylamide,
which are usually contained in organic compoundscanjugated polymers for
organic photoelectronic semiconducting materialsniprove the hole-transporting
ability in organic light-emitting diodes, organiolar cells and organic field-effect
transistors, are used to enhance the electron4dgnability of substituents at the
molecular periphery affording the potential redfsiof NIR absorption range to
biological optical window. The specific synthetaute is shown irfscheme 1. First of
all, carbazole, phenothiazine and triphylamide akglated by 2-ethylhexylbromide
to increase the molecular solubility, affording Gmunds 1, 4 and 8. Then, three
aromatic 1,2-diketones, Compounds 2, 5 and 9, rsepted by acylation reaction of
Compounds 1, 4 and 8 with oxalyl chloride. Finalijthiolene nickel complexes,
Compounds 3, 6 and 10, are synthesized under tienaaf P.Ss and NiCh- 6H0.
The alkyl group, 2-ethylhexanyl group, is applieal ihcrease the solubility of
dithiolene nickel complexes in common solvents, cuhis a necessary issue for
solution-processible molding approaches. As we ebege the resulting dithiolene
nickel complexes have an excellent solubility iTmooon solvents such as toluene,
tetrahydrofuran, dichloromethane, chloroform and oxdne, except for
N,N-dimethylformamide.

All the intermediates and target compounds aratified by *H/**C-NMR, IR
and ESI-MS spectra. All tht#H/**C-NMR spectra is carefully assigned as shown in
Figures S1-S18 of electronic supporting information (Sl). The fmo signals of
carbazole ring ifH-NMR spectra of Compounds 1-3 are illustratéidure la.
Evidently, the singlet proton signal at 8.80 ppnhick is assigned to the protons
marked out by two astisks in the molecular skelesbi€ompound 2 irScheme 1,
appears imH-NMR spectrum of Compound 2 compared with Compodndt is
shifted again to the singlet proton signal at tighHield of 8.48 ppm inH-NMR

spectrum of Compound 3. These results indicatedstieessful introduction of



carbonyl group into Compound 2 and its transforarain dithiolene nickel molecular
core in Compound 3. The transformation of carbarglup is further confirmed by
the shift of carbon signal of carbonyl group fro®5108 ppm of Compound 2 to
181.80 ppm of Compound 3 in th&-NMR sepctra oFigure 1b. In the process of
ESI-MS measurement of Compound 2, the appearané#+df]=613.4 inFigure S19
identifies the chemical structure of 1,2-diketoiM=612.4) instead of single ketone
(M=584.4). The introduction and transformation aftwonyl group is also proved by
the appearance of absorption peak at 1669 nthe IR spectrum of Compound 2
and by its disappearance in the IR spectrum of @amg 3 inFigure 1c. Finally, the
appearance of [M+1]=1347.6 in the ESI-MS spectrumFmure S20 definitely
proved the successful preparation of Compound 3,
bis{1,2-bis|N-(2-ethylhexyl)-carbazol-3-yllethylene-1,2-ditha&t nickel complex.
The measurement results of Compounds 3, 6 andifhGacord with their calculation
values of C, N and H.

The changes of chemical shift of proton and caddjacent to carbonyl group in
aromatic 1,2-diketones are also similarly found iH/™C-NMR spectra of
Compounds 4-6'd-NMR: 7.71ppmi/singlet in Compound 5 to 7.40ppndh in
Compound 6*C-NMR: 192.50ppm in Compound 5 to 179.32ppm in Couml 6;
See. Figures $6-S10) and Compounds 8-10'H-NMR: 7.72ppm/doublet in
Compound 9 to 7.23ppm/doublet in Compound }&C-NMR: 193.51ppm in
Compound 9 to 180.14ppm in Compound 10; $egures S13-S18). The appearance
and disappearance derived from the introduction tadsformation of carbonyl
group are also revealed in the IR spectrum of Camgs 4-6 (1659 cfh in
Compound 5, Se&igure S21) and Compounds 8-10 (1661 ¢rim Compound 9, See.
Figure S22). In addition, the introduction of 1,2-diketonéarCompounds 5 and 9 is
respectively verified by the signal of [M+1]=6778d [M+1]=1057.7 in the ESI-MS
spectra of Figures S23 and S24. The successful preparation of Compound 6,
bis{1,2-bisN-(2-ethylhexyl)-phenothiazin-3-yllethylene-1,2-dithte} nickel
complex, is further proven by the signal of [M+2475.5 in the ESI-MS spectrum of

Figure S25. Due to the large molecular weight of Compounditli3, very difficult to



detect the signal of monocharged molecular ion (@$zabove. Fortunately, its signal
of triple charged molecular ion (m/3z=745.4), who#erval of isotopic ion peaks is
approaximately equal to 0.333, is found in its B83-spectrum irFigure 1d. This
result indicated the  successful preparation of  Cmmp 10,
bis{1,2-bis{N-bis[4-(2-ethylhexyloxy)phenyl]amino-4-phenyl}etleyle-1,2-ditholate}
nickel complex. The identification results of alhet intermediates and target

complexes are entirely in accord with the chemstalctures irScheme 1.

3.2. Thermal property

The thermal property of dithiolene nickel complexés investigated by
thermogravimetric analysis (TG) and differentiabisging calorimetry (DSC). The
TG curves inFigure 2a suggested that the onset degradation temperature o
Compounds 3, 6 and 10 is respectively 41°€1 339.7°C and 391.3C, which is
defined as the crosspoint temperature of two taiggdriines at the onset degradation
stage of TG curves as shown kigure 2a. Evidently, dithiolene nickel complex
derived from carbazole, Compound 3, bear the Iestrtal stability compared with
Compounds 6 and 10. Except for that, TG curve ahfaund 6 takes on an evident
three-step degradation compared with Compoundsd31@n This point is derived
from the introduction of phenothiazine ring, in whithe sulphur atom is a main
origination of thermal instability. The instableafare of sulphur atom in the
phenothiazine ring is also shown in the lowest brisgradation temperature of
Compound 6.

The DSC measurement iRigure 2b illustrated that the glass transition
temperature of dithiolene nickel complexes is retipely 74.5°C for Compound 3,
67.3°C for Compound 6 and 93°8 for Compound 10. Except for the glass transition
in the DSC curves dfigure 2b, Compound 3 has a recrystallization process at3148
°C with the enthalpy change of -26.45 J/g and aintettansition at 243.3C with the
enthalpy change of 56.82 J/g and Compound 10 hasrtelting processes with the
enthalpy changes of -4.315 J/g at 1245and -5.114 J/g at 142°C. These results

indicated that the resulting dithiolene nickel cdexes bear a poor crystallinity, even



taking on a glassy state at low temperature duéhéointroduction of nonplane

substituents such as phenothiazine, triphenylaadie2-ethylhexanyl group.

XPS spectra

The chemical state of nickel, sulfur, nitrogen aagbon elements in dithiolene
nickel complexes, Compounds 3, 6 and 10, is chanized in detail by X-ray
photoelectron spectroscopy (XPS) with binding esrgalibrated by that of Gl
which is an excellent tool to describe the chemsgtate of elements in organic or
inorganic compounds and to provide the basic ddautachemical bonds for
theoretical calculatioli® %Y. The full-scale XPS spectrum of Compound Figure
3a obviously showed the signals of (5@L63 eV), N (400 eV), Nid (855 eV) and
Cls (285 eV). These signals are also found in the-dcdlle XPS spectra of
Compounds 6 and 10 (Sdegures S26 andS27). The high-resolved XPS spectra of
Ni2p in Compounds 3, 6 and 10 kigure 3b showed that there is almost no change
for chemical state of nickel in three dithioleneka@l complexes, suggesting that the
stable binding energies of spin orbit splitting ke#Ni2p1>» and Nidg,) with the
approximate intensity ratio ofpil2lpz=1:2. It is speculated that the change of
chemical states might happen in other elementsithiotene nickel complexes.
Therefore, the high-resolved XPS spectra of sutfilrogen and carbon elements are
also recorded to investigate their specific chetrstates, which are involved in the
change of electronic structure of dithiolene nicl@mplexes caused by the
introduction of electron-donating groups at the esalar periphery.

The high-resolved XPS spectra ofpSid Figure 3c clearly indicated that the
sulphur element in the molecular core of dithiolemekel complexes takes on two
chemical states at binding energies of 162.6 eV16R18 eV, without regard for the
sulphur on phenothiazine ring at binding energy 166.0 eV. By fitting their
high-resolved XPS spectra (Séegures S28-S30), the peak of S2belonging to the
molecular core is respectively divided into twodmnt individual peaks with different
ratios (Compound 3: 50.7%@163.8eV, 49.3%@162.6eVpm@dund 6:
86.7%@163.8eV, 13.3%@162.6eV; Compound 10: 65.092D eV,



35.0%@162.3eV. Seelable S1). This kind of dual-peak phenomenon was also
discovered in other dithiolene nickel complexesragimately at 169 eV and 164
eVi* even in Langmuir-Blodgett films of dithiolene kit complex approximately
at 168 eV and 163 &%7. The reference [33] thought the high binding eperty168
eV is caused by the sulfur oxidation, i.e. S-O. theo explanation is that the
existence of high binding energy at 169 eV is adkei characteristic “satellite”
feature of SE™?, which is attributed to high oxidization degreel aonjugation of
anion moiety in the partially oxidized or chargansition species. The higher the
degree of oxidation or conjugation, the higher I® tdegree oftrelectron
delocalization over the ligand through tmed interaction, resulting in the more
obvious “satellite” feature. Additionally, the sblr in the molecular core of
dithiolene nickel complex is proved to a mixture @fand -1 by different C-S
stretching bands (1029 ¢hand 1099 cif) in IR spectra of original complex and by
the deconvolution of high-resolved XPS spectrumS@$ in reduced complex at
binding energy of 228 ¥/,

Our XPS result of high-resolved ®2s different from the outcoming in the
references [32-34] although the coexistence of E8id [S]' in dithiolene nickel
complex is also confirmed. The dual-peak phenomexppear approximately at low
binding energies of 163.8 eV and 162.6 eV, whicghtibe derived from the strong
electron-donating ability of carbazole, phenothiezand triphenylamide. Due to the
stronger electron-donating ability of triphenylamjidhe binding energies of fSand
[S]™* are respectively decreased about 0.3 eV from Comg®3 and 6 to Compound
10. In our case, the sulfur oxidation is definitekcluded due to the absence os@i
binding energy of 531 eV irfrigure 3a. Simultaneously, the binding energy of
high-resolved N4 in Figure 3d has a minor shift on account of different
electron-donating ability of carbazole, phenotmaziand triphenylamide in
Compounds 3, 6 and 10. Besides, the binding enedgycarbon element is
unchangeable in the high-resolved sCaf Figure 3f, in which the shoulder
appearance of C-O in Compound 10 with the contédt 9o is also resolved out at

binding energy of 286.5 eV by fitting its high-réged C1s spectrum as showkigure



S31. The data inTable S1 showed a positive relationship between the coruefs]*
and the binding energy of Nlindicating that the charge on [S$hould come from
nitrogen element on carbazole, phenothiazine apteanylamide through electron
Tedelocalization. This point told us that the intwoton of electron-donating groups
has an extraordinary potential to modulate thetelatc structure of dithiolene nickel
complexes.

To the best of our knowledge, the chemical statdithiolene ligand in metal
complexes is still under debate to &te® ** such as neutral dithioketone (L),
radical monoanion (L) or dianionic dithiolate (£) as shown inScheme 2. Our
XPS results related with the chemical state gb B2the molecular core support the
existence of radical monoanion [form d] in singléhiblene ligand. In consideration
of unchangeable binding energy at 855.0 eV of hegwlved Nip in Figure 3b, the
potential existence of neutral dithioketone (forhaad dianionic dithiolate (form b) is
excluded since the single chemical state ofpNaRd the dual-peak phenomenon of
S2p show the existence of the Niinstead of the coexistence of?Niand NP/Ni**.
According to the ratio of [$]S]'=1.03 in Compound 3, we know that the molecular
core of dithiolene nickel complex derived from dtigrbazole only take a radical
monoanion (form d). Compound 6 takes a majority @ferall Teelectron
delocalization (form c) owing to its ratio of fgj5]*=6.52. The molecular core of
Compound 10 takes a part of radical monoanion duistratio of [S}:[S]"=1.86.
These results told us that the chemical state pfi®2lithiolene ligand depends to a

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

3.4. Electrochemical and optical properties

Cyclic voltammetry (CV) is carried out at a scampirate of 100mv/s to
investigate the electronic structure of dithiolemekel complexes, especially the
energy level of HOMO and LUMO, with theBuNPF; acetonitrile solution (0.1mol)
as an electrolyte, with platinum carbon electrodssworking electrodes and with
Ag/AgCI as reference electrode. The results indidghat Compounds 3, 6 and 10

exhibit an evident reversible reduction peak amgeak irreversible oxidation peak as



shown in the CV curve of Compound 10 feigure 4 (Compound 3Figure S32;
Compound 6Figure S33). Based on the fact of reproduced CV curve inedght
loops, we deemed that the CV behavior of Compo®dsand 10 is reversible as a
whole, i.e., the balance of gain and loss electBmall irreversible oxidation wave is
derived from the electron transportation througiogjugated bridge (-C=C-) from the
donating-electron group at the molecular peripherthe molecular core. The ability
of electron transportation results in the area mwfls oxidation wave, which is
seemingly different for Compounds 3, 6 and 10 duthé different electron-donating

ability of substituents at the molecular periphesych as carbazole, phenothiazine
and triphenylamine. The onset reduction potentigl{ ) of Compounds 3, 6 and 10
is respectively -0.73 V, -0.75 V and -0.79 V, whoseergy level of LUMO is

calculated with the formuld,,,, =-(E%:** +4.44) eV to be -3.71 eV for Compound 3,

red

-3.69 eV for Compound 6 and -3.65 eV for Compourd Similarly, the onset
oxidation potential °**') of Compounds 3, 6 and 10 is respectively 0.58.85 V
and 0.60 V, whose energy level of HOMO is calcdat&ith the formula

E oo =-(ESX* +4.44) eV to be -4.99 eV for Compound 3, -5.29 e¥ €ompound 6
and -5.04 eV for Compound 10. Therefore, their tetehemical band gapEgl) is

calculated with the formul' =E, ,-E,,, to be 1.26 eV for Compound 3, 1.60 eV

for Compound 6 and 1.39 eV for Compound 10. Ithsiously that the as-prepared
dithiolene nickel complexes bear the typical chemastics of low band gap,
suggesting their potentially excellent NIR absamptperformance. All the CV data
are summarized ifiable 1.

The optical absorption property of dithiolene mtckomplexes is measured using
the dichloromethane solution with a concentratiér0.®2 mg/mL as shown in the
UV-vis-NIR spectra ofigure 5a. The results suggested that the absorption maximum

(A._..) of Compounds 3, 6 and 10 is respectively 1021 bd88 nm and 1168 nm,

max

where the molar extinction coefficient is calcuthteith the formulas=A/bc to be



5.23x10@ L-mol™*-cm?® for Compound 3, 3.86x%a.- mol™*- cm* for Compound 6 and
5.81x1¢ L-molt.-cni* for Compound 10. Here,is denoted to be the molar

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

molar concentration. The absorption onsel, () wavelength is 1167 nm for

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

the optical band gapE;™) is calculated with the formuld;”=1240/1, eV to be

1.06 eV for Compound 3, 0.96 eV for Compound 6 ar&9 eV for Compound 10.
All these results showed that the resulting di#gme nickel complexes have an
excellent NIR absorption performance as menthiatem/e. All the UV-vis-NIR data
are listed inTable 1.

Evidently, the optical band gap is different frone electrochemical band gap as
shown in Table 1, which is caused by different measurement mecheamisThe
electrochemical energy level is determined throdlgd electron achievement at
LUMO and the losing at HOMO while the optical enetgvel stems from the photon
excitation/recombination between HOMO and LUMO.f&isCompounds 3, 6 and 10,
the photons are basically excitated from aromatigs; which is proved by the
existence of ¢ Auger electron peak at binding energy of 1225 s\$l@own in the
inset ofFigure 3a because the Auger electron peak is usually caogéde relaxation
of atoms in excited state with photogenerated holethe atomic internal electron
shelPY. Additionally, the dithiolene nickel complex deei¥ from phenothiazine has
the lowest of molar extinction coefficient as showiable 1, similarly to the lowest
content of [s}, the lowest binding energy of N&nd the lowest HOMO level. The
reason is that the electrons are excitated from KONt only in electrochemical
measurement but also in the XPS measurement, evefectrontr-delocalization.
Therefore, the content of [$]n the molecular core has a direct relationshithwbth
the binding energy of Nsland the oxidation potential, even the molar eximomc
coefficient. In addition, Compounds 3, 6 and 10ehavstrong absorption property in
the near-infrared region between 900 nm and 1300wimch is basically in accord

with biological optical window (800~1300nm). Thisature can be well applied to the



NIR optical filtering in biological optical windowgven the NIR laser protection at

1064nm.

3.5. Near-infrared optical filter

In light of high molar extinction coefficient inhé near-infrared region of
dithiolene nickel complexes, a series of optic#efs are fabricated on the glass
substrate by solution-casting the concentratedtisol of polystyrene (PS) and
Compounds 3, 6 and 10 in chloroform. The opticiérfs are denoted as 3@PS for
Compound 3, 6@PS for Compound 6 and 10@PS for Congpd0. Here, PS is
applied as polymeric matrix with an excellent ogkictransparency, whose
transmittance is more than 90% in the visible agar+#infrared light region as shown
in Figure 5b. Notably, the optical filters are impossibly ached with
polymethylmethacrylate (PMMA) as a matrix, whichaisother universal transparent
polymeric matrix for a variety of optical devicedue to the serious fading of
Compounds 3, 6 and 10 in the near-infrared regoshwn inFigure S34. This
might be resulted from the degradation action abaeayl groups in PMMA on
dithiolene nickel complexes, which is found througihe poor solubility of
Compounds 3, 6 and 10 in DMF and the considerdbkehift of absorption maxima
in the DMF solution, for example, the large bluétsbf absorption maximum of
Compound 10 from 1168 nm in dichloromethane to 192b6in DMF inFigure S35
while the molar extinction coefficient at the alygan maximum is decreased about
one order of magnitude from 5.81%10 mol™*-cmi’ in dichloromethane to 4.53x10
L-mol*-cm® in DMF. Simultaneously, we also make an attempffaoricate the
optical filters throughn-situ bulk polymerization with styrene as a monomer aatti
azodiisobutyronitrile (AIBN) as an initiator. Untonately, this experiment is also
ended in failure owing to the rapid fading of dilene nickel complexes, which
might be derived from the polymerization inhibitioof sulphur-containing
compounds on free radicals or the coordinatioroaadf vinyl groups with dithiolene
nickel complexes having been applied to the imtstof polymerization reaction of

vinyl monomer§® %7 and the purification of olelifit®. Fortunately, the static



solution-casting approach is successful appliedabyicate the NIR optical filters
from Compounds 3, 6 and 10 with PS as polymerigimalhe transmittance spectra
of optical filters are investigated and illustratedFigure 5b. The results indicated
that all the optical filters have an extraordinarigraviolet absorption property,
together with an NIR filtering region (Se&able S2, 885-1135 nm for 3@PS,
947-1214 nm for 6@PS and 986-1305 nm for 10@PShartichnsparent region (See.
Table S2, 472-848 nm for 3@PS, 522-896 nm for 6@PS and 9%8%/+m for
10@PS). These results suggested that 3@PS, 6@PE@ES have the potential
application in the NIR optical filtering performamwvithin biological optical window,

especially the NIR laser protection at 1064 nm.

3.6. Near-infrared laser protection

The performance of NIR laser protection is dethylanvestigated by the laser
transmittance measurement of NIR optical filterbrifzated from dithiolene nickel
complexes at the wavelength of common NIR lasersh sis 780, 1064 and 1550 nm.
Their curves of transmitted laser powersus incidence laser power are illustrated in
Figure 6 and the laser transmittances are summarizetiaille S3. The results in
Figure 6a showed that the transmitted laser powers at 780hB@PS, 6@PS and
10@PS are respectively 67.5%, 25.8% and 46.0%, hwiaie less than their
transmittances of 78.5%, 71.8% and 62.2% in thevi$\NIR spectra ofigure 5a.
The measurement of transmitted laser power at b@64n Figure 6b indicated that
all the NIR optical filters have a low optical lageansmittance, which is respectively
5.7% for 3@PS, 9.7% for 6@PS and 8.3% for 10@P8ir Tptical densities (OD)
are calculated with the formula OD=Ig{}/to be 1.24 for 3@PS, 1.01 for 6@PS and
1.08 for 10@PS, herd, is the laser power transmittance. It is believiedt ttheir
optical density at 1064nm has a large potentiabéofurther improved with the
increase of dye-doping concentration. In addititheir transmitted laser powers at
1550nm are more than 80% as shown in the insdtigire 6b. Obviously, the
resulting dithiolene nickel complexes possess aceleent NIR laser protection

performance at 1064nm. Other applications of tHéB® absorbing dyes are under



research in our laboratory.

4. Conclusion

Soluble dithiolene nickel complexes are designed aynthesized as NIR
absorbing dyes through the introduction of strotgrteon-donating groups at the
molecular periphery. The resulting complexes amratterized byH/**C-NMR, IR,
ESI-MS, UV-vis-NIR and XPS spectra, together witlis, TDSC and CV. The
identification results are in accord with their otieal structures. The TG and DSC
measurement indicated that the dithiolene nickelexes have an excellent thermal
stability, even taking on a glassy state at lowperature. The XPS results suggested
that the dithiolene ligands in carbazole-containmgkel complex take a radical
monoanion, depending to a large extent on the relectonating ability of
substituents at the molecular periphery. The cariefsS]* in the molecular core has
a direct relationship with both the binding eneadyN1s and the oxidation potential,
even the molar extinction coefficient because eetmns are excitated from HOMO
not only in electrochemical measurement but alsthenXPS measurement, even in
electrontedelocalization. The NIR optical filters could babficated through static
solution-casting approach with polystyrene as parent polymeric matrix and with
dithiolene nickel complexes as NIR absorbing dy&ke laser transmittance
measurement suggested that the fabricated NIR l@bgofilters bear a good NIR

optical protection performance at 1064 nm.

Acknowledgements. This work is supported by the National Natural eéBce
Foundation of China (NSFC, U1304212 and 21274133 the Development
Foundation for Distinguished Junior ResearcherZla@ngzhou University (No.

1421320043).

Supporting Information: *H/**C-NMR spectra of Compounds 1-10 Figures
S1-S18; ESI-MS spectra of Compounds 2, 3, 5, 9 andEigures S19, S20, S23-S25;
Full-scale XPS spectra of Compounds 6 and 1Bigure S26 and S27; Fitted XPS



spectra of high-resolved §&f Compounds 3, 6 and 10 kingure S28-S30; XPS data
of fitted core-level SR, N2s and CX in Table S1; Fitted high resolution XPS spectra
of Cls of Compound 10 idrigure S31; CV curves of Compounds 3 and 6 in Figure
S32 and S33; Transmittance spectra of Compounds &d 10 with PMMA as a
matrix in Figure S34; UV-vis-NIR spectra of Compound 10 with a concatitm of
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Scheme 1. Synthetic route of dithiolene nickel complexes.
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Figure 1. a) Proton signals of carbazole ring'iftNMR spectra of Compounds 1-3;
b) Carbon signals of carbazole and ethylen€@NMR spectra of Compounds 2 and
3; ¢) IR spectra of Compounds 1-3; d) Signalsipfaércharged molecular ion in the

ESI-MS spectra of Compound 10.
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Figure 3. a) Full-scale XPS spectrum of Compound 3; b) Higgplved XPS
spectra of Nip in Compounds 3, 6 and 10; c) High-resolved XPStspef S in
Compounds 3, 6 and 10; d) High-resolved XPS spettils in Compounds 3, 6 and
10; e) High-resolved XPS spectra ofgd@ Compounds 3, 6 and 10.
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Table 1. CV and UV-vis-NIR data of dithiolene nickel comypdes

Com E™® LUMO E™ HOMO E/ A/ €10'L-mol Ayl E/
PS v fev v eV nm e nm eV
3 -0.73 -3.71 055 -499 128 1021 5.23 1167 1.06
6 -075 -369 085 -529 1.60 1088 3.86 1295 0.96
10 -0.79 -365 060 -5.04 1239 1168 5.81 1287 0.89

Note: EX"is the onset reduction potentialy"*‘is the onset oxidation potential;

E:'is the electrochemical band gaps the molar extinction coefficient,, is the

absorption onset wavelengtit,” is the optical band gap.
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Figure5. a) UV-vis-NIR spectra of Compounds 3, 6 and 1CkCl,; b)

Transmittance spectra of Compounds 3, 6 and 10R&tlas matrix.
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Figure 6. Transmitted power of optical filters at 780nm E)64nm (b) and
1550nm (inset in b).



HIGHLIGHTS

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

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

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

. Theresulting complexes take on a glassy state at low temperature.

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



