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Near infrared absorpti

A series of novel donaaeceptor chromophores have been successfully synéuein exceller
yield by metal-free [2+2] click chemistry, which svaffective in the energigvel modulation ¢
organic ther-conjugation aniline derivatives. Meanwhile, struetiof all products were fu
characterized by NMR, IR, and MS. UV-vis spectraavenlarged with endbsorptions into tt
near infrared region in varying degrees by intraagcTCNE, TCNQ, FAFCNQ click reagen
and correspondingly electrochemical tests reveidlatthe energy levels of HOMO and LU}
were effectively tuned. The third order nonlineptical properties studieat 532/1064 nm wi
picosecond Z-scan techniques indicatbdt almost all products exhibited the high N
properties, especially, for dye, exhibiting third-order susceptibilityt®=1.83x10" esu unde
laser beam at 1064 nm.

2009 Elsevier Ltd. All rights reserved

1. Introduction

The nonlinear optical organic materials have remiwide
attention in material science due to their possigplications in
electronic and optoelectronic devices[1-11]. Thegaoic
materials, which were gaining considerable interest a
promising class of materials, were being used icaplimiting,
optical switching, electronic devices, and nonlinegptical
media[12-15], because of their large nonlinear agbtiNLO)
response, chemical stability and process abilitynddeacceptor
conjugated organic materials containing both edectich and
electron deficient moieties along the molecule backe were
known to exhibit the enhanced third-order NLO propsriiue to
the increase in effective electron delocalization. Design and
synthesis of the excellent performance of the tlmeker NLO
materials was a hot research topic in recent ydarslate, many
kinds of organic NLO materials have been synthesizadh as
D-A push-pull structure of azo compounds, squaricd,aci
heterocyclic compounds, tetrathiafulvalene derixestj schiff
base complex,
derivatives[16-26]. Among them, complexes with pasmMiLO
properties, good thermal and photochemical stgpidihd redox
switching abilities have caused considerable intereShese
studies had focused on the important role of stuestts
enhancing third-order NLO properties of such matgrial

Both increasing the light absorption intensity angbanding
the light absorption range, which were important rapriove
third-order NLO properties, were still the importardsk.
Fortunately, we found a simple and efficient mettod the
synthesis of organic benzene derivatives with graatential
applications for photoelectric materials which candchieved by
the thermal [2+2] cycloaddition followed by the ringening of
click chemistry[27-31]. This approach through limgi click
reagent to ther-conjugation bridge of the compound extending
the photo absorption to longer wavelength, and olstgihigher
molar extinction coefficients access to the betied-order NLO
properties[32-35].

Here, we designed and synthesized a family of organic

conjugated molecules with great potential applicetiofor
photoelectric materials. Meanwhile, the novel clickemistry
allowed us to efficiently modulate the HOMO-LUMO energy
band gap, leading top-conjugated molecules with Llena
electrochemical properties as well as excellentkslity, which

phthalocyanine compounds and fereocenwvas beneficial for processing. The differences of HLO

performance had also been analyzed based on thmiczie
structures of the compounds.
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2. Experimental section NC. CN

. . . NC CN i \

2.1. Instrumental characterization equipments (qng)zN@— R+NC> X <CN (C4H9)2N©— J:R

'H NMR spectra were measured on a Bruker AV 500 NMR NN
spectrometer (500 MHz) at 20 °C. Chemical shifts wepsrted o . . K F
in ppm downfield from SiMg using the solvent’s residual signal NC>:::X:;<CN . NE_ N NC>:<:>:<CN NCH/— _ KN
as an internal reference. FT-IR was recorded onrirPEImer NC CN NC CN  NC = N NC F\_F CN
LR-64912C Fourier transform infrared spectrometeXll
MALDI-TOF-MS spectra were measured on a Shimadzu TCNE TCNQ Fr TCNQ
AXIMA-CFR mass spectrometer. UV-vis spectra were réedr g ;- QN(CMM ..... QCSHH ..... QNOZ ----- — N(C,Hy),
in a quartz cuvette on a JASCO V-570 spectrophoteme€lyclic
voltammetric measurements were carried out on a atenp
controlled CHI 660C instrument at RT. Both the fiosidation by (78%) | b, (60%) | bs (70%) | ba (95%)
potentials E,) corresponding to the HOMO levels of the TCNE | ¢ (91%) | €4 (89%) | €7 (93%) | Ci0(92%)
compounds and the first reduction potentifig ) relating to the TCNQ | ¢;(92%) | ¢5(95%) | cg(83%) | ci (96%)
LUMO levels of the compounds were measured by cyclic | FA-TCNQ | c3(97%) | C5(98%) | Co(93%) | c1, (89%)

voltammetry (CV) in CHCl, solution containing 0.1 M
tetrabutylammonium hexafluorophosphate (TBAPFs the
supporting electrolyte, glassy carbon as workingctedele,
Ag/AgCI as the reference electrode, Pt as the coweléetrode
and a standard ferrocene/ferrocenium redox systemthe
internal standard. The third order NLO propertiechsias
nonlinear index of refraction ,nand nonlinear absorption

coefficient # can be measured with high accuracy by a singleai

beam Z-scan technique. Test conditions of Z scanplatform
were as follows: for the 532-band laser, DMSO actsandsird
sample and pulse width of 21 ps was applied. Theitiond of
focal length, energy and light hole diameter weré #on, 0.39
uj and 4.8 mm, respectively. Additionally, for th@®64-band
laser, the standard sample of Silicon sheet was asddpulse
energy decreases from 0.39 uj to 1.2 uj. Moreaowansmission

was reduced from 58 percent to 10 percent, which roth

parameters were not changed comparing with the 582-taser.
Elemental analyses were performed at Flash EA 11stuiment.

2.2. Synthesis routes

All solvents and reagents, unless otherwise staiente of
puriss quality and used as received. Materials wgrehesized
via the synthetic route presentedStheme 1. a,-ay, by, C3, by, Cs
were synthesized according to the correspondingatiiee
methods[27-31]. Notice: DMF: dimethyl-formamide, THF:
tetrahydrofuran, TEA: triethylamine, TMSA:
trimethylsilylacetylene, TCNE: tetracyanoethylen&NQ: 2,2'-
(cyclohexa-2,5-diene-1,4-diylidene) dimalononitrile,-TCNQ:
2,2'-(perfluoroc-yclohexa-2,5-diene-1,4-diylidene) dimalono
nitrile.

HZNOIL (C4H9)ZNOI i (C4H9)2N@%TMS
al a2 a3

(C4Ho),N Q — O N(C4Hy), b1
i, (C4H9)zN@{ v, (C4H9>2N©+QC5H11 b2
a4 _

(C4Hy )ZN‘Q%<\:>*N(C4H9 ), b4

Scheme 1. Synthesis routes of compounds, Reagents an

conditions: (i) DMF, GH¢Br, 130 °C, 20 h; (i) THF, TEA,
Pd(PPR),, Cul, TMSA, 40 °C, 12 h; (iii) THF, methanol ,€0;,

40 °C, 3 h; (iv) THF, TEA, Pd(PRRh, Cul, 80 °C, 8 h; (v)
N,N,N’,N’-tetraethylethylenediamine, toluene, CuCl, 80, 24
h.

Scheme 2. Synthesis routes of click reaction and yield, Reurg
and conditions: (i) THF, TCNE/TCNQ/HCNQ, 40 °C, 2 h.

2.3. Materials synthesis
4,4'-(Ethyne-1,2-diyl)bis(N,N-dibutylanilin€),).

a, (0.166 g, 0.5 mmolyand a, (0.137 g, 0.6 mmol) were
ssolved in the mixed solvent of TEA (150 mL) andFT (150
mL). The Pd(PP}), (20.8 mg, 0.018 mmol) and Cul (5.7 mg,
0.03 mmol) were added into the solution after flaghiwith
bubbling Ar gas for 30 min. The reaction mixture wdgn
stirred at 40°C for 10 h under Ar atmosphere. The resulting
mixture was concentrated, rediluted with £LH, and filtered
through a plug of silica gel. The solvent was rengoirevacuo,
and the product was purified by column chromatogya@iO,,
epetroleum ether/Cy€Cl,=4:1) to giveb,; (0.155 g, 78%) as a
colorless solid'H NMR (CDCk, 500 MHz):5=0.99 (m, 12H),
1.38 (m, 8H), 1.62 (m, 8H), 3.31 (m, 8H), 6.59 (d, B+&, 4H),
7.36 (d, J=8.5Hz, 4H) ppm. FT-IR (KBrp=2947, 2874, 2200,
1587, 1527, 1441, 1367, 1024, 914, 804, 621, 523 S#ALDI-
TOF-MS (dithranol): m/z: calcd for £HsN,: 432.35 g/mol,
found: 433.3 g/mo[MH]". Elemental analysis calcd (%) for
CagHaN; (432.69): C 83.28, H 10.25, N 6.47; found: C 83127,
10.26, N 6.47.

2,3-bis(4-(dibutylamino)phenyl)buta-1,3-diene-1 4;ttra
carbonitrile (c,).

b, (43.2 mg, 0.1 mmol) and click reagent TCNE (12.8 thg
mmol) were dissolved in THF (2 mL). After the reantimixture
was then stirred at 40 °C for 2 h under Ar. The sulweas
removed invacuo, and the product was purified by column
chromatograph}/ (Si9) CH,CI,) to givec, (51.0 mg, 91%) as a
black red solid.H NMR (CDCk, 500 MHz):6=0.98 (m, 12H),
1.39 (m, 8H), 1.64 (m, 8H), 3.39 (m, 8H), 6.67 (d,.049z, 4H),
7.80 (d, J=8.5 Hz, 4H) ppm. FT-IR (KBn)=2922, 2836, 2200,
1649, 1607, 1464, 1343, 1184, 914, 621'cMALDI-TOF-MS
(dithranol): m/z: calcd for gH44Ng: 560.36 g/mol, found: 561.2
g/mol [MH]". Elemental analysis calcd (%) fors8s.Ne C
77.10, H 7.91, N 14.99; found: C 77.08, H 7.92, N15.00.

2-(1,2-bis(4-(dibutylamino)phenyl)-2-(4-(dicyanoméeime)
8yc|ohexa-2,5-dien-1-ylidene)ethylidene)malonomi(rc'cb).

b, (43.2 mg, 0.1 mmol) and click reagent TCNQ (20.4 éng),
mmol) were dissolved in THF (2 mL). After the reantimixture
was then stirred at 40 °C for 2 h under Ar. The sulweas
removed invacuq and the product was purified by column
chromatograph}/ (Si9) CH,CI,) to givec, (58.3 mg, 92%) as a
black red solid.H NMR (CDCk, 500 MHz):=0.99 (m, 12H),
1.42 (m, 8H), 1.63 (m, 8H), 3.38 (m, 8H), 6.61 (d,.049z, 2H),
6.72 (d, J=9.0 Hz, 2H), 6.98 (d, J=9.0 Hz, 1H), 7.12&9.5 Hz,
1H), 7.27 (d, J=9.5 Hz, 1H), 7.35 (d, J=9.0 Hz, 2H)87(#8,
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J=9.5 Hz, 1H), 7.75 (d, J=8.5 Hz, 2H) ppm. FT-IR (KBr): b, (37.5 mg, 0.1 mmol) and click reagent TCNQ (20.4 mg,
v=2922, 2833, 1575, 1477, 1391, 1331, 1160, 890, BI1® cn7. 0.1 mmol) were dissolved in THF (2 mL). After the ctan
MALDI-TOF-MS (dithranol): m/z: calcd for &HugNg: 636.39  mixture was then stirred at 40 °C for 2 h under Are Bolvent
g/mol, found: 636.0 g/m¢M]. Elemental analysis calcd (%) for was removed irvacuo,and the product was purified by column
CyoHagNg: C 79.21, H 7.60, N 13.20; found: C 79.20, H 7H2, chromatography (Si©) CH,Cl,) to give cs (55.0 mg, 95%) as a
13.18. black red solid."H NMR (CDCk, 500 MHz):5=0.92 (m, 3H),

) ) ) 1.02 (m, 6H), 1.37 (m, 4H), 1.43 (m, 4H), 1.67 (m, 6%E6 (M,
2-(2-(4-(Dibutylamino)phenyl)-2-(4-(dicyanomethyle@¢3:5,6-  2H), 3.40 (m, 4H), 6.71 (d, J=9.0 Hz, 2H), 6.94 (d,.3=9z,
tetrafluorocyclohexa-2,5-dien-1-ylidene)-1-(4- 2H), 7.14 (d, J=9.5 Hz, 2H), 7.30 (d, J=7.0 Hz, 2H)A7(8,
nitrophenyl)ethylidene)malononitriles). J=9.5 Hz, 2H), 7.63 (d, J=7.0 Hz, 2H) ppm. FT-IR r$1rl<Br):

=2910, 2850, 2187, 1575, 1391, 1331, 1172, 914,649 cnT.
b, (120 mg, 0.361 mmol) and-AFCNQ (0.090 g, 0.360 mmol) v . y ! N g’ ' i .
were dissolved in THF (2 mL). After the reaction miet was MALDI-TOF-MS (dithranol): m/z: calcd for &HaNe: 579.34

. g/mol, found: 579.60 g/mol [M]. Elemental analysialcd (%)
then stirred at 40C for 2 h under Ar atmosphgr.e. The solventfor CaoHaiNe: C 80.79, H 7.13, N 12.08: found: C 80.77, H 7.14,
was removed irvacuo,and the product was purified by column

chromatograph¥ (Si9) CH,CI,) to givec; (0.213 g, 97%) as a N 12.09.

black red solid.H NMR (CDCk, 500 MHz):5=0.94 (m, 6H),  2.(2-(4-(Dibutylamino)phenyl)-2-(4-(dicyanomethylef€3;5,6-
1.00 (m, 6H), 1.44 (m, 4H), 1.51 (m, 4H), 1.66 (m, 4HY8 (M, tetrafluorocyclohexa-2,5-dien-1-ylidene)-1-(4-

4H), 3.57 (m, 4H), 3.61 (m, 4H), 6.62 (d, J=9.0 Hz, 383 (d,  pentylphenyl)ethylidene)malononitriley).

J=9.5 Hz, 2H), 7.41 (d, J=9.0 Hz, 2H), 7.56 (d, J=9.0 2H)

ppm. FT-IR (KBr):v=2947, 2874, 2187, 1587, 1527, 1441, 1367, b, (112 mg, 0.3 mmol) and,ACNQ (0.082 g, 0.30 mmol)
1024, 914, 804, 621, 523 ZmMALDI-TOF-MS (dithranol): m/z:  were dissolved in THF (2 mL). After the reaction rube was
caled for GH.NgF4: 708.84 g/mol, found: 709.6 g/midiH]*. then stirred at 40 °C for 2 h under Ar atmosphetee $olvent
Elemental analysis calcd (%) for,8,NgF, (708.84): C 71.17, was removed ivacuo,and the product was purified by column

H 6.26, N 11.86; found: C 71.19, H 6.28, N 11.87. chromatography (Si§) CH,Cl,) to give ¢s (0.19 g, 98%) as a
_ - black red solid."H NMR (CDCk, 500 MHz):$=0.92 (m, 3H),
N,N-dibutyl-4-((4-pentylphenyl)ethynyl)aniliie,). 1.04 (m, 6H), 1.36 (m, 4H), 1.48 (m, 4H), 1.67 (m, 2HY5 (m,

4H), 3.68 (m, 2H), 3.60 (m, 4H), 6.86 (d, J=9 Hz, 2H337(d,
J=8 Hz, 2H), 7.38 (d, J=9 Hz, 2H), 7.53 (d, J=8 Hz, 2pthp
FT-IR (KBr): v=2935, 2850, 2200, 1601, 1379, 1012, 816, 645,
559 cm'. MALDI-TOF-MS (dithranol): m/z: calcd for
CsoH37F4Ns: 651.30 g/mol, found: 652.4 g/mol [MH]Elemental

. s :
then stirred at 80C for 10 h under Ar atmosphere. The resultinganaIySIS caled (%) for &Hs;FaNs (651.30): C 71.87, H 5.72, N

mixture was concentratedediluted with CHCI,, and filtered 10.75; found: C 71.89, H5.71, N 10.74.

through a plug of silica gel. The solvent was rentbirevacuo, N N-dibutyl-4-((4-nitrophenyl)ethynyl)anilir(®@s).

and the product was purified by column chromatogya@iO,,

petroleum ether/C}CI,=7:1) to giveb, (0.135 mg, 60%) as a a, (229.2 mg, 1.0 mmoland 1-bromo-4-nitrobenzene (200.9
yellow oil liquid. '"H NMR (CDCk, 500 MHz):5=0.94 (m, 3H), mg, 1.0 mmol) were dissolved in the mixed solvent26fmL
1.00 (m, 6H), 1.39 (m, 8H), 1.68 (m, 6H), 2.65 (m, 2833 (m, TEA and 25 mL THF. After the solution was flushed with
4H), 6.62 (d, J=9.0 Hz, 2H), 7.17 (d, J=7.5 Hz, 2H)07(d,  bubbling Ar for 30 min, Pd(PRhx (23.1 mg, 0.02 mmol) and Cul
J=9.0 Hz, 2H), 7.45 (d, J=7.5 Hz, 2H) ppm. FT-IR (KBr): (7.6 mg, 0.04 mmol) were added. The reaction mixwae then
v=2935, 2850, 2200, 1601, 1503, 136184, 112, 792, 731, 535 stirred at 80 °C for 12 h under an Ar atmosphere fEsulting
cm'. MALDI-TOF-MS (dithranol): m/z: calcd for GHs/N: mixture was concentrated, rediluted with £, and filtered
375.29 g/mol, found: 376.2 g/m@MH]*. Elemental analysis through a plug of silica gel. The solvent was rentbirevacuo
calcd (%) for G;Hs/N (375.29): C 86.34, H 9.93, N 3.73; found: and the product was purified by column chromatogya(3iO,,

a, (0.137 g, 0.6 mmoland 1-bromo-4-pentylbenzene (0.113 g,
0.5 mmol) were dissolved in the mixed solvent of TEEAO mL)
and THF (150 mL). The solution was flushed with birgplAr
gas for 30 min. Then the Pd(RRh(20.8 mg, 0.018 mmol) and
Cul (5.7 mg, 0.03 mmol) were added. The reactiontuméxwas

C 86.35, H9.94, N 3.74. petroleum ether/C§Cl,=4:1) to giveb; (245.0 mg, 70%) as a red
) ) . solid. '"H NMR (CDCk, 500 MHz): 3=0.97 (m, 6H), 1.37 (m,

2-(4-(dibutylamino)phenyl)-3-(4pentylphenyl)buta-tijane- 4H), 1.56 (m, 4H), 3.29 (m, 4H), 6.58 (d, J=11.0 Hz, 2H}8

1,1,44tetracar-bonitril€c,). (d, 3=11.0 Hz, 2H), 7.58 (d, J=11.0 Hz, 2H), 8.17 1,110 Hz,

2H) ppm. FT-IR (KBr):v=2960, 2850, 2187, 1587, 1489, 1331,
1190, 809, 731, 509 chMALDI-TOF-MS (dithranol): m/z:
caled for G,H,0,N,: 350.20 g/mol, found: 351.1 g/midlH] ™.

b, (37.5 mg, 0.1 mmol) and click reagent TCNE (12.8 thg
mmol) were dissolved in THF (2 mL). After the reantimixture
was then stirred at 40 °C for 2 h under Ar. The euiwas . o .
removed invacuo, and the product was purified by column Elggigﬁdqng%sggcﬂcg ég))lzogzgésozl\lz' C7540,H748 N
chromatography (Si§) CH,Cl,) to givec, (44.8 mg, 89%) asa '~ ' e e T
black red solid.-H NMR (CDCk, 500 MH2):5=0.92 (m, 3H),  2-(4-(dibutylamino)phenyl)-3-(4-nitrophenyl)buta-ij&ne-

1.04 (m, 6H), 1.36 (m, 4H), 1.43 (m, 4H), 1.63 (m, 2HB7 (M, 1 1 4 4-tetr-acarbonitrildc,).

4H), 2.70 (m, 2H), 3.40 (m, 4H), 6.69 (d, J=9.0 Hz, ZH35 (d,

J=8.0 Hz, 2H), 7.70 (d, J=8.0 Hz, 2H), 7.80 (d, J=9.0 2H) b; (35.0 mg, 0.1 mmol) and click reagent TCNE (12.8 thg
ppm. FT-IR (KBr):v=2935, 2850, 2187, 1613, 1477, 1343, 1184, mmol) were dissolved in THF (2 mL). After the reantimixture
816 cm®. MALDI-TOF-MS (dithranol): m/z: calcd for §Hs/Ns: was then stirred at 4% for 2 h under Ar. The solvent was
503.30 g/mol, found: 504.2 g/mol [MH] Elemental analysis removed invacug and the product was purified by column
calcd (%) for GsHzNs: C 78.69, H 7.40, N 13.90; found: C chromatography (Si§) CH,Cl,) to give ¢c; (44.5 mg, 93%) as a

78.68, H 7.43, N 13.89. black red solidH NMR (CDCk, 500 MHz):8=1.02 (m, 6H),

, , , 1.43 (m, 4H), 1.66 (m, 4H), 3.45 (m, 4H), 6.74 (d,.049z, 2H),
2-(2-(4-(dibutylamino)phenyl)-2-(4-(dicyanomethylene) 7.79 (d, J=9.0 Hz, 2H), 7.89 (d, J=8.5 Hz, 2H), 8.398.5 Hz,
cyclohexa-2,5-dien-1-ylidene)-1-(4-pentylphenyl) 2H) ppm. FT-IR (KBr):v=2922, 2862, 2200, 1587, 1477, 1331,
ethylidene)malononitrilécs). 1172, 902, 719 cth MALDI-TOF-MS (dithranol): m/z: calcd

for CygHxs NgOo: 478.21 g/mol, found: 478.9 g/mol [MH]
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Elemental analysis calcd (%) fordE,6NeO,: C 70.28, H 5.48,
N 17.56; found: C 70.25, H5.49, N 17.53.

2-(2-(4-(dibutylamino)phenyl)-2-(4-(dicyanomethylayejohexa
-2,5-dien-1-ylidene)-1-(4-nitrophenyl)ethylidene)oranitrile
(Ce).

b; (35.0 mg, 0.1 mmol) and click reagent TCNQ (20.4 éng),
mmol) were dissolved in THF (2 mL). After the reantimixture
was then stirred at 48 for 2 h under Ar. The solvent was
removed invacuo, and the product was purified by column
chromatography (Si&) CH,Cl,) to givecs (47.1 mg, 83%) as a
black red solid."H NMR (CDCk, 500 MHz):8=1.00 (m, 6H),
1.43 (m, 4H), 1.63 (m, 4H), 3.39 (m, 4H), 6.69 (d, 348z, 2H),
6.98 (d, J=10.0 Hz, 2H), 7.22 (d, J=9.0 Hz, 2H), 7@4JE7.0
Hz, 2H), 7.32 (d, J=9.5 Hz, 2H), 7.51 (d, J=10.0 Hz,,ZAH1 (d,
J=8.5 Hz, 2H), 8.32 (d, J=8.5 Hz, 2H) ppm. FT-IR (KBr):
v=2922, 2850, 2187, 1575, 1503, 1379, 1331, 890, ata.
MALDI-TOF-MS (dithranol): m/z: calcd for GH3gNgO,: 554.24
g/mol, found: 555.1 g/mol [MH] Elemental analysis calcd (%)
for CaHsoNgO, (555.1): C 73.63, H 5.45, N 15.15; found: C
73.60, H5.47, N 15.14.

2-(2-(4-(dibutylamino)phenyl)-2-(4-(dicyanomethyle¢3,5,6-
tetrafluorocy-clohexa-2,5-dien-1-ylidene)-1-(4-ojphenyl)
ethylidene)malononitrilécg).

b; (35.0 mg, 0.1 mmol) and click reagentTFCNQ (27.6 mg,
0.1 mmol) were dissolved in THF (2 mL). After the cten
mixture was then stirred at 4G for 2 h under Ar. The solvent
was removed irvacuo,and the product was purified by column
chromatography (Si) CH,CIl,) to give ¢y (58.2 mg, 93%) as a
black red solid."H NMR (CDCk, 500 MHz):$=1.02 (m, 6H),
1.44 (m, 4H), 1.73 (m, 4H), 3.59 (m, 4H), 6.85 (d, 2+lz, 2H),
7.31 (d, J=11.5 Hz, 2H), 7.77 (d, J=10.5 Hz, 2H), §83=11.0
Hz, 2H) ppm. FT-IR (KBr):v=2935, 2850, 2175, 1379, 1330,
1170, 1024, 950, 840, 755 ¢mMALDI-TOF-MS (dithranol):
m/z: calcd for GH2eFNgO,: 626.21 g/mol, found: 627.10 g/mol
[MH]". Elemental analysis calcd (%) fog8,6F4 NgO,: C 65.17,
H 4.18, N 13.41; found: C 65.15, H 4.18, N 13.40.

4,4'-(buta-1,3-diyne-1,4-diyl)bis(N,N-dibutylaniéij(b,).

To a solution ofa, (458.4 mg, 2.0 mmol) in toluene (3 mL),
CuCl (979 mg, 1.0 mmol) and N, N, N, N-
tetramethylethylenediamine (0.8 mL, 5.5 mmol) wadeal] and
the mixture was stirred at 6@ for 24 h. The mixture was
concentrated, rediluted with GEll,, and filtered through a plug
of silica gel. The solvent was removedviarcuo,and the resulting
product was purified by column chromatography SiO
petroleum ether/C}Cl,=4:1) to giveb, (424.4 mg, 93%) as a
yellow solid."H NMR (CDC}L, 500 MHz):5=0.98 (m, 12H), 1.38
(m, 8H), 1.58 (m, 8H), 3.29 (m, 8H), 6.55 (d, J=6.5 #H4), 7.36
(d, J=9.0 Hz, 4H) ppm. FT-IR (KBn)i=2972, 2862, 2187, 2139,
1601, 1539, 1367, 1184, 1098, 926, 719, 743.ddALDI-TOF-
MS (dithranol): m/z: calcd for £H4N,: 456.35 g/mol, found:
457.6 g/mo[MH]". Elemental analysis calcd (%) fog8.N,: C
84.16, H 9.71, N 6.13; found: C 84.17, H 9.70, N 6.14.

2-(4-(dibutylamino)phenyl)-3-((4-(dibutylamino)phexghynyl)
buta-1,3diene-1,1,4,4-tetracarbonitri(e,o).

b, (45.6 mg, 0.1 mmol) and click reagent TCNE (12.8 thg
mmol) were dissolved in THF (2 mL). After the reantimixture
was then stirred at 48 for 2 h under Ar. The solvent was
removed invacuq and the product was purified by column
chromatography (Si§) CH,Cl,) to givecy, (53.7 mg, 92%) as a
black solid."H NMR (CDCk, 500 MHz):5=0.99 (m, 12H), 1.42
(m, 8H), 1.67 (m, 8H), 3.41 (m, 8H), 6.62 (d, J=9.0 ##), 6.69
(d, J=9.0 Hz, 4H), 7.47 (d, J=8.5 Hz, 4H), 7.82 (d,.0+4%9z, 4H)
ppm. FT-IR (KBr):v=2922, 2836, 2223, 2127, 1587, 1515, 1343,
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1160, 1184, 1098, 926, 790, 523 tmMALDI-TOF-MS
(dithranol): m/z: calcd for gH4Ng: 584.36 g/mol, found: 584.6
g/mol[M]. Elemental analysis calcd (%) forsg1,Ng: C 78.05,
H 7.58, N 14.37; found: C 78.06, H 7.59, N 14.35.

2-(1,4-bis(4-(dibutylamino)phenyl)-1-(4-(dicyanoméeime)
cyclohexa-2,5-dien-1-ylidene)but-3-yn-2-ylidene)maldatrile
(C1).

b, (45.6 mg, 0.1 mmol) and click reagent TCNQ (20.4 énd),
mmol) were dissolved in THF (2 mL). After the reantimixture
was then stirred at 48 for 2 h under Ar. The solvent was
removed invacuo, and the product was purified by column
chromatography (Si§) CH,CI,) to give cy; (63.4 mg, 96%) as a
black solid."H NMR (CDCk, 500 MHz):5=0.99 (m, 12H), 1.43
(m, 8H), 1.60 (m, 4H), 1.65 (m, 4H), 3.36 (m, 4H), 3(434H),
6.60 (d, J=8.5 Hz, 2H), 6.74 (d, J=9.0 Hz, 2H), 7.26 2H),
7.41 (d, J=9.0 Hz, 4H), 7.41 (m, 2H) ppm. FT-IR (KBr¥2919,
2850, 2187, 2120, 1575, 1391, 1331, 1172, 1098, @40
MALDI-TOF-MS (dithranol): m/z: calcd for &HssNs: 660.39
g/mol, found: 660.1 g/m¢M]. Elemental analysis calcd (%) for
CaHigNg: C 79.96, H 7.32, N 12.72. found: C 79.98, H 7.32, N
12.70.

2-(1,4-bis(4-(dibutylamino)phenyl)-1-(4-(dicyanoméddime)-
2,3,5,6-tetrafluor-ocyclohexa-2,5-dien-1-ylidend}Beyn-2-
ylidene)malononitrilgcy,).

b, (45.6 mg, 0.1 mmol) and click reagentTFCNQ (27.6 mg,
0.1 mmol) were dissolved in THF (2 mL). After the ctan
mixture was then stirred at 4G for 2 h under Ar. The solvent
was removed irvacug and the product was purified by column
chromatography (Si§) CH,Cl,) to givec,, (64.4 mg, 89%) as a
black solid."H NMR (CDCk, 500 MHz):5=0.99 (m, 6H), 1.04
(m, 6H), 1.40 (m, 4H), 1.46 (m, 4H), 1.61 (m, 4H), 1(#§ 4H),
3.37 (m, 4H), 3.59 (m, 4H), 6.61 (d, J=9.0 Hz, 2H),26(8,
J=8.5 Hz, 2H), 7.36 (d, J=8.5 Hz, 2H), 7.45 (d, J=6 24, ppm.
FT-IR (KBr): v=2972, 2862, 2187, 2139, 1601, 1539, 1367,
1184, 1098, 926, 719, 743 ¢mMALDI-TOF-MS (dithranol):
m/z: calcd for GH4FNg: 732.36 g/mol, found: 733.5 g/mol
[MH]". Elemental analysis calcd (%) fos84F:Ng: C 72.11, H
6.05, N 11.47; found: C 72.09, H 6.06, N 11.46.

3. Results and discussion

The reacting aromalkyne moleculds-b, were shown in
Scheme 1, were synthesized according to the literatu
methods[27]. All the compounds were fully characestizby
NMR, IR, and MS spectra from which the chemical dtres
were verified. Compoundsb4{-b,) have good solubility in
common organic solvents. Synthesis of donor-accepto
chromophores;-c;, was achieved through introducing in amine-
substituted aromatic precursors by the high-yigd2+2] click
reactions using TCNE, TCNQ, and,-FCNQ as acceptor
molecules. As it was shown in Scheme 2, the clicktieaavas
high yield from 83% to 95%, could be fulfilled urrdambient
temperature, and enhancement of temperature t&€ 40a% just
for higher efficiency. In the previous studies[33}3it has been
proved that the [2+2] click reaction has high yieldd near to
100%. In this paper, the equimolar mixtures of aiyand click
reagent were used, but a certain kind of compourmildhbe
residual. Here we selected the column chromatogréplpyrify
the products and to remove the trace amount ofduaki
compounds. However, losing parts of products in adif
process influence on the data of yields, and allyiields would
be lower than 100%. In additiob, has the diacetylene and it
was difference fronb; — bs. In the reference [36-43], it was
proved that only one alkyne in the diacetylene benreacted
with the electron-withdrawing click reagents. In thpsper,
because it was symmetrical chemical structure forabg one of



alkyne groups was reacted with the click reagents pttoducts
would be same. All the newly prepared products weraig

5

significantly to larger value. In addition, therimduction of the
strong electron-withdrawing group (-MOmanaged to extend

purity, which was confirmed by NMR, IR, and MS spectra photo absorption to a longer wavelength region ahd t

Moreover, they were stable at ambient temperatodeuair and
reasonably soluble in common organic solvents, sisc@HCI,,

acetone, and acetonitrile, which was beneficial farcpssing.
Furthermore, no special purification process wasessary
because of the absence of byproducts. Therefoig,kthd of
reaction satisfied most of the requirements ofkclibemistry,
and it could be classified as a new metal-free dioimistry that
further improved optoelectronic properties of oliganaterials.

3.1. UV-vis absorption

The normalized UV-vis absorption spectra were showrign
1. The spectral shapes and positions were very aintil the
reported click products[27-35]. Most of the prephigroducts
showed intense CT bands with end-absorptions readhioghe
near infrared region. Aromoalkyrt®-b, reacting with different
click reagents TCNE, TCNQ, and,FCNQ yielded click

compoundsc;-c,, respectively (Scheme 2). Throughout the click

reaction, the colors of compounds were changedtlaimages
of solution samples were shown in Fig. 1. For exantple color
was nearly colorless fdr; solution, was red fot, solution (with
TCNE moiety), was black red foc, solution (with TCNQ
moiety), and was black brown fag solution (with B-TCNQ
moiety). The color got darker frotm, c,, c,, andcs, and it was
suggested that the UV-vis absorption spectra woulditierent
obviously. For example, the maximum absorptiorbpvas 341
nm, and was red-shifted significantly to 480 nm, 68 and 830

nm forcy, ¢,, andcs. For the other series, the similar phenomena

were observed and the results were shown in Fig.l).(Btk
reasons were dramatically facilitated by the eloiogatof
conjugation lengths of molecular backbones and megraent of
electron affinities via introduction of strong ef@m-withdrawing
substitutes[31].

Table 1. Optical properties of all products
b

a € c a € c
N ?ﬁfﬁ) (2o (53/) o ?ﬁfﬁ) oM Xy
Tenid) Ienid)
b, 341 18 316 b, 430 16 213
¢, 480 31 195 ¢ 469 25 164
c, 68 32 133 ¢ 723 29 113
¢, 832 35 106 ¢ 890 36 091
b, 342 12 323 b, 357 21 293
¢, 480 14 193 ¢, 534 22 160
. 696 16 124 ¢y 706 24 120
. 83 33 100 ¢, 856 26 095

Absorption spectra were measured in,CH solution (5x10
M).

®s was the molar extinction coefficient at the absorppeak of
Amax With maximum wavelength).

‘Band gap estimated from the onset wavelength ofcalpti

absorption in CKCI, solution.

For thecs, cs Co, andcy,, the same click reagent £FCNQ)
was used, and the main difference was the substityitedp,

such as R The UV-vis absorption spectra were shown in Fig. 1
(e), and it can be proved that the spectra weraenfied by the

substituted group. The red-shifted order wegscy,, Cs andce.

Although the substituted group was similar fgr and ¢y, the
conjugation length ofc;, was larger than that af;, and the
intramolecular charge transferred over a longerjugation
length along the molecular backbones, so the Ctdarere red
shifted form 832 nm to 856 nm. The introductiontioé weak

electron donating group (s8:,) broke molecular symmetry and
make electronic adjacent circulating ability easg&r compared

maximum absorption was red-shifted significantlyaiger value
comparing with other compounds under the same dondit

213 =
b Ci C2 C3
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0.04 T T — T T T T —
300 400 500 600 700 800 900 1000 1100 1200
Wavelength/nm
1.2 -
b) .
b: ¢4 Cs Ce |
1.04 b Kl
a3 . |
éu.s-
@
2 0.6-
2o
2
1
S04
2
<
0.2
0'0- T T T T T
400 600 800 1000 1200
Wavelength/nm
1.2
ci) 2
3 C7 Cs Co
1.0
=
o 0.84
&
<
=
ﬁl].6-
2
P
20.44
=
<
0.2
0.0 —

400 600 800 1000 1200 1400
Wavelength/nm

15
bs €Co c¢u ci2 W"
1.0 ]

Absorbance/a.u.

L ————— ]
400 600 800 1000 1200 1400
Wavelength/nm

Absorbance/a.u.

400 600 800 1000 1200
Wavelength/nm

with ¢, the maximum absorption peak of were red-shifted Fig. 1. UV-vis absorption spectra of compounds in CH at RT

(the inset photographs were the images of solutions)
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3.2. Electrochemical Properties C3 0.35 -0.45 -5.15 -4.35 0.80

To evaluate the possibility of electron transfdre tCV of cj 0.78 %29% 558 335872 176
compounds were tested, and some CV curves were shadwg. in c 0.31 065 511 415 0.96
2 (a). The data were listed in Table 1, such as tonse C. 0.4 -0.33 520 447 0.73
oxidation/reduction potentials, band gaps, LUMO and H®DM b N _1'25 a 3 '55 -
levels. According to the data, it was clear thatlihed gaps and ca 0.84 0 7 564 4 0 154
energy levels were affected by the chemical strestusuch as 7 0'31 0.6 5-11 4-20 0-91
the substituted groups and clicked moieties. It stagyested that Ce : -~ - -4 .
the parental choice would be increased, such adadhd gaps Co 0.4 -0.27 -5.20 -4.53 0.67
(from 0.9 to 3.1). For the band gaps, some interggthenomena b, - -1.23 - -3.57 -
can also be observed from Fig. 2 (b). If the conmgisuhave the Ci0 09  -0.75 -5.70 -4.05 1.65
same substituted groups and different clicked rmesethe band Cn 0.31 -0.58 -5.11 -4.22 0.89
gaps became smaller with the introduction of cligdagent Ci2 0.4 -0.3 -5.20 -4.50 0.70

(TCNE, TCNQ, F-TCNQ) for all the series. The reasons were Onset potentials determined from cyclic voltammogsam
dramatically facilitated by the elongation of caggtion lengths  CH,Cl,/Bu,NPF; at a scan rate of 40 mV/s.

of molecular backbones and enhancement of electffimites  °Band gap calculated from the energy level of cyclic

via introduction of strong electron-withdrawing sutwes[31].  voltammograms.

If the compounds have the same clicked moieties difiierent ) ) .

substituted groups, a broadly decreasing trenddad gap was — 3-3. Nonlinear optics Properties

N(C;Hg),, —GH11, -NO,. The introduction of the weak electron
donating group (-6Hi;) broke molecular symmetry and make
electronic adjacent circulating ability easier, dahd introduction
of the strong electron-withdrawing group (-BjyOmanaged to
decrease the band gaps too. In short, dependitigeodifference
click reagent and the difference of the terminalugr, both the

HOMO levels and the LUMO levels were regulated in &gy ; . S . o
degrees, which was in result of the (_anlargementenﬁtisorption méh;?gk%lgl;ﬁg C?g{;‘;ﬁ'%se%%ggt t?]);hgtm%ngu':ésomg tﬁlf:gr
Egﬁfct)rcuhnr]omiig(ljly tgiifte(zjorreviipt)r? ndlgrg]; ;L-agsgr%?ionﬁro:r%%rder.NLO properti_es through modification_ of thefeliént click
_photoelectric properties of organic materials farthwas ;C)gﬁ[r:(lasrtsrr)w/| D ST r\:ﬁthth(':rhdeﬁ]rgg S’\tlrbgtufé?(w;?: n rj:ii% g&gzg,
improved. materials, having end group of the amyl {HG), showed a
prominent nonlinear properties comparing with  other
compounds, which non-linear absorption coefficiehtoshows
higher magnitude of 18 and nonlinear index value was 100
times that of other materials under the same camdit To our
surprise, the NLO properties &f derivatives were better than
those of other compounds. Comparingbto b, lacks a strong
electron donating group. Comparing ltg, b, lacks a strong
electron withdrawing group. Comparing ltig, b, has the shorter
conjugated  structure.  Usually, the strong electron
donating/withdrawing and the conjugated structumesthae key
factors for enhancing NLO properties. We suspect that
unusual phenomenon may be due to electronic claidbdition.
— T T T The abilities of n-electron delocalization and intramolecular
L5 1‘“P“t'5 t.“‘l'}v‘“'s 0 1S charge transfer are the foundation for enhancing Idtdperties.
35 otential(V) The strong electron donating/withdrawing could inyerabilities
(b) « b1 of n-electron delocalization, but hinder transfer diei. WWhen
3.0 e—b2 using 1064 pulses, it was attractive thHiese material,
-a-b3 functionalized by click reagent of-FCNQ, had pretty high non-
v b4 linear absorption coefficient (1P and nonlinear index(19),
and that of these numbers were obviously larger than of
these irradiated by 532 pulses. Automatically, caingawith
using 532 pulses, these materials also showed agakird-
- order nonlinear susceptibility when using 1064 paildgom the
10 e i UV-vis absorption spectra, the products withiTENQ moieties
. . were potentially facilitated at long wavelength. Itsnsuggested
1 2 3 4 that the existence of strong electron-withdrawing ssitiutes
Samples caused that the negative charge located on the rligeties, and

Fig. 2.R(':I'yde voltammograms of clicked derivativ@scs, ¢;and  the products were easier excitated using 1064 pulses
Cp at RT.

Z-scan experiments were utilized to evaluate thdicgimns
of NLO enhancements via fictionalization of click geats and
the results were shown in Fig. 3. The NLO parametessew
summarized in Table 2, which included with nonlinear
absorption coefficientf), nonlinear index ) and third-order
nonlinear susceptibility. The study indicated ttrege compounds

(a)

2.5

2.0

Band Gap

1.5

. . Table 3. NLO properties of all the products
Table 2. Electrochemical properties of all products

a a Energy level b NLO (532 nm NLO (1064 nm
Material E°\X/ E"\*}j 3 e a E%/ Mate B N ) 7 p N )X(S)
V) V) Eromo Evumo (eV) rial  10™ 10® 108 10" 10’ 10’
by - -1.28 - -3.52 - mw  miwW esu  mW m/W esu
& 0.72 -1.08  -552 372 180 —p - = - . - -

c 029 -071  -5.09 409 100 o 48 70 402 - - -
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Fig. 3. Z-scan results in Ci&l,. The half-open circles represent
the Z-scan experimental data, and the solid linesewhbe
theoretical fitting curves: (a)/(c)/(e) data cotet under the
open-aperture configuration; (b)/(d)/(f) data coléel under the
closed-aperture configuration; (a)/(b) NLO propextidc, under
condition of 532 pulses; (c)/(d) NLO properties @f under
condition of 532 pulses; (e)/(f) NLO properties of under

condition of 1064 pulses.
4, Conclusions

We addressed the significance of third-order NLOpprtes
in the compounds obtained by click chemistry. It vicasnd that
the introduction of the click reagents improved icgdt
performance can make the electron cloud arrangewably,
which UV-vis spectra were enlarged with end-absorptions
the near infrared region in varying degrees andgnkevel has
been adjusted appropriately. Z-scan measuremeeistoate the
third-order NLO properties found that that almost @il the
derivative compounds modulated by click reagente lexcellent
NLO properties. It was the most wonderful result thia¢
excellent NLO properties at 1064 nm were proved, thabe
findings should inspire a new approach toward theréutlesign
of the third-order NLO materials.
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