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Abstract

A series of second-order nonlinear optical chronoops containing an identicalbridge and electron acceptor but

different, aromatic amine electron-donating grohpse been synthesized and systematically investigathe

donors studied here include traditional donors azoke, triphenylamine and,N-diethylaniline and novel donor

phenothiazine, phenoxazine ahB(4-methoxyphenyl)phenoxazine. The ultraviolet ap#on, solvatochromic,

redox properties, density functional theory caltales, thermal stabilities and electro-optic atigd of these

chromophores were systematically studied to comptue strength of the donors and illustrate the

structure-performance relationships within six chophores. The results show that the new donors $taweger

electron-donating ability than traditional dondworeover, they show reduced energy gap, much largdgecular



quadratic hyperpolarizability (1) and g; value. Exemplified by theN-(4-methoxyphenyl)phenoxazine

chromophore, it showed nearly three times higheapd more than four times higheg value than that of the

N-hexylcarbazole containing chromophore.

Keywor ds: Nonlinear optical materials; Chromophore; SecondnrBlectro-optic; Donor; Heteroatom;

1. Introduction

Organic electro-optic (OEO) materials have attrhogeeat attention in recent years due to their rgcte

applications in optical switches, optical sensorfrmation processors, and telecommunications][ITFBe OEO

materials have many advantages over inorganic fatdncluding lower cost, ease of processing, dargO

coefficients and so on [4-6]. The second-order inear optical (NLO) chromophores are the key cartsion

blocks for OEO materials [7]. One of the most cdtichallenges in developing these materials idetsign and

synthesize chromophores with a large molecular g@chyperpolarizability (f), excellent thermal and chemical

stabilities, good transparency as well as easyhegess [8-10]. In addition, organic NLO chromophpespecially

those demonstrating highpuvalues, typically have large ground state dipolemants. The strong inter

chromophore dipole-dipole interactions may leadimdavorable antiparallel packing of the chromopkpthus

reducing the optical nonlinearities [11], so, waaklecular electrostatic interaction in the polynmeatrix is

needed to effectively translate these larfevalues into bulk EO activities [12, 13].

In general, these chromophores have been construdtie a typical electron donox-bridge—electron acceptor

(D—-n—A) configuration [14, 15]. When considering thesid@ of second-order nonlinear optical materials,

optimization ofz-conjugated bridge, electron-donor and electrorepitr characteristics of the substituents are

needed to obtain maximum nonlinearity at the mdéeclevel [16]. Many studies on NLO chromophorewéha



mainly focused on the design of electron bridges electron acceptors [17-19]. The electron donets) also

play a crucial role in determining the performanédLO chromophores, have received relativelyditittention

[16]. Donors derived from 4-(dialkylamino)phenybgips or triphenylamine were used in most case20-

Many different amine-based donors have been usedrganic materials chemistry such as second-order

NLO,[23] third-order NLO [24], two-photon absorpti¢25] and hole-transport materials [26]. PreviguMarder

et al. have systematically compared the strengthlesftron donors in a series of aminoaryl systemsir{ly the

aminophenyl ones) using density functional the@¥T) calculations which provides a valuable guidelfor the

design of NLO chromophores [27]. However, aparirira few works, very little experimental or theoteti

research has been focused on the comparison ddretiff aromatic amine electron-donating groups & th

performance of NLO chromophores [16, 28].

Chart 1

Fig.1

So, in this study we would like to compare the dtree—property relationship between the secondrorde

chromophores with six different donors. The doremes traditional carbazole (CBZ) [29], triphenylamifTdPA)

[20] andN,N-diethylaniline (FTC) [30] which is often used ircead-order chromophore and phenothiazine (PTZ),

phenoxazine (POZ) and amd(4-methoxcyphenyl)phenoxazine (PPZ) which is ofemployed in dye-sensitized

solar cells (DSSCs) [31, 32[he k3 values of traditional aryl amine chromophore angcimlower than those

obtained from their alkyl DA analogues [33]. Recent studies showed that dotimg additional heteroatoms

into the benzene ring moiety of donor could provigleundant opportunities for further modificationf o



chromophores thus influence nonlinear optical pridge of chromophores [34-36]. So, aryl donors PR®Z and

PPZ units were introduced to the second-order Nhé@rmophores due to its additional electron-richfusubr

oxygen heteroatom.

The electronic and spatial structures of the domoesquite different. The CBZ and TPA is both typiaayl

donor with one electron-rich nitrogen heteroatone, geometry of CBZ is totally planar, while the thpgeenyl

rings of TPA are symmetrically twisted from the wah plane. The PTZ, POZ and PPZ units have strong

electron-donating ability with its additional elem-rich nitrogen and sulfur or oxygen heteroatomie geometry

of PTZ and POZ are not totally planar but are natfightly bent in the middle to give a butterflgape [37]. As

for PPZ, the two benzene rings exhibited almostgiatructures, thi-(4-methoxyphenyl) substituent located on

the nitrogen atom almost perpendicular with averagee (Figure 1).

In this study, we have designed and synthesizedtsixmophores containing an identical thiophenddariand

tricyanovinyldinydrofuran (TCF) acceptor but diffatearomatic amine electron-donating groups (CharfThe

synthesis, UV-Vis, solvatochromic behaviour, reqorperties, DFT quantum mechanical calculationsrrial

stabilities and EO activities of these chromophomese systematically studied and compared to iustthe

influence of electron-donating groups on rationaO\chromophore designs.

2. Experimental
2.1 Materialsand instrument

All chemicals are commercially available and aredusithout further purification unless otherwisatst.N,
N-dimethylformamide (DMF), Phosphorusoxychloride E¢), tetrahydrofuran (THF) and ether were distilled
over calcium hydride and stored over molecular esefpore size 3A).10-HexyloH-phenoxazine (2b) and

10-Hexyl-10H-phenoxazine-3-carbaldehyde  (3b) were synthesizedcording to literature [38].



10-Hexyl-10H-phenothiazine (2c) and 10-HexiOH-phenothiazine-3-carbaldehyde (3c) were synthesized

according to  previous publication  [12]. 10-(4-Methiphenyl)10H-phenoxazine  (2d) and

10-(4-methoxyphenyl}OH-phenoxazine-3-carbaldehyde (3d) were synthesizezbrding to literature [39].

2-Dicyanomethylene-3-cyano-4-methyl-2,5-dihydrof(fECF) acceptor was prepared according to the titeza

[40]. Triphenylamine based chromophore TPA was ssgized according to literature [20y,N-diethylaniline

based chromophore FTC was synthesized accordirigetature [30]. TLC analyses were carried out or50rZn

thick precoated silica plates and spots were \ize@dlunder UV light. Chromatography on silica gelsicarried

out on Kieselgel (200-300 mesh).

'HNMR spectra were determined on an Advance Bruker MAO@I00 MHz) NMR spectrometer

(tetramethylsilane as internalreference). The M&sp were obtained on MALDI-TOF (Matrix Assistedder

Desorption/lonization of Flight) on BIFLEXIII (Brokeinc.,) spectrometer. The UV-Vis spectra were entxl

on Cary 5000 photo spectrometer. The TGA was deteminby TA5000-2950TGA (TA co) with a heating rafe o

10 °C min® under the protection of nitrogen. Cyclic voltamrieetdata were measured on a BAS CV-50W

voltammetric analyzer using a conventional thresstebde cell with Pt metal as the working electrd®tegauze as

the counter-electrode, and Ag/Agh@s the reference electrode at a scan rate of 100st The 0.1 M

tetrabutylammonium hexa-fluorophosphate (TBAPF)detanitrile is the electrolyte. The elemental asafywere

measured on Flash EA 1112 Elemental Analyzer. Thi points were obtained by TA DSC Q10 underdila

heating rate of 10 °C mih

2.2 Syntheses
2.2.1 Synthesis of 9-hexyl-9H-car bazole (Compound 2a)

Under a N atmosphere, potassium tert-butylate (5.07 g, 4%hmas added to a solution of compound 1a



(5.02 g 30.0mmob and n-hexylbromidé€9.06g, 60.0mmol in THF (60ml).The mixture was stirred at 48 °C for
12 h and then poured into water. The organic phaseextracted by Ci&l,, washed with brine and dried over
MgSQ,. After removal of the solvent under reduced pressuhe crude product was purified by silica
chromatography, eluting with (Acetone: Hexane=11b0jive compound 2a as a yellow oil in 93.4% yi@d4 g,
28.02 mmol). MS, m/z: 251.17. (Y1 *H NMR (400 MHz, CDCYJ)  8.09 (d,J = 7.6 Hz,2H), 7.44 (d) = 7.7 Hz,
2H), 7.38 (dJ = 7.9 Hz, 2H), 7.20 (d] = 5.7 Hz, 2H), 4.26 (] = 7.1 Hz, 2H), 1.88 — 1.75 (m, 2H), 1.33 (m, 6H),
0.85 (t, J=8.6Hz, 3H}*C NMR (100 MHz, CDGJ) 5 140.41, 125.58, 122.85, 120.23, 118.58, 108.605431.57,
28.79, 26.96, 22.45, 13.99. Anal. Calcd (%) fegHziN: C, 86.01; H, 8.42; N, 5.57; found: C, 86.13; HiB.N,

5.53;

2.2.2 Synthesis of 9-hexyl-9H-car bazole-3-car baldehyde (Compound 3a)

DMF (1.64 g, 22.50 mmol) was added to freshly HéstiPOC} (2.30 g, 15.00 mmol) under an atmosphere of
N, nitrogen at 0 °C, and the resultant solution wasestiuntil its complete conversion into a glassjds@\fter the
addition of 2a (2.51 g, 10.00 mmol) in 1,2-dichletlane (60 mL) dropwise, the mixture was stirredoaimn
temperature overnight, then poured into a saturatigueous solution of sodiumacetate (300 mL). Aztdrour
stirring at room temperature, the mixture extractéith chloroform (5 x 30 mL), and the organic fiacs were
collected and dried over anhydrous MgS®he crude product was purified through a silieh @hromatography
eluting with (Acetone: Hexane = 1:5) to afford dlge oil 3a in 75.6% yield (2.11 g, 7.56mmol). Mi®/z: 279.16.
(M+). *H NMR (400 MHz, CDCJ) § 9.85 (s, 1H), 8.30 (s, 1H), 7.88 (= 7.8 Hz, 1H), 7.75 (d] = 8.5 Hz, 1H),
7.32 (m, 1H,ArH), 7.19 (d] = 8.2 Hz, 1H), 7.15 (d] = 8.5 Hz, 1H), 7.10 (m, 1H), 3.97 {t= 7.2 Hz, 2H), 1.68 —
1.47 (m, 2H), 1.20 — 0.95 (m, 6H), 0.68J& 5.9 Hz, 3H)**C NMR (100 MHz, CDGJ) § 191.18, 143.71, 140.91,

128.33, 126.73, 126.42, 123.47, 122.78, 122.73,382019.98, 109.12, 108.59, 42.51, 31.21, 28.67,72 21.89,



13.51. Anal. Calcd (%) for {gH,,NO: C, 81.68; H, 7.58; N, 5.01; found: C, 81.73;4H2; N, 5.12;

2.2.3 Synthesis of (E)-9-hexyl-3-(2-(thiophen-2-yl) vinyl)-9H-car bazole (Compound 4a)

NaH (0.59 g, 25.00 mmol) was added to a stirredtsni of compound 3a (1.26 g, 5.00 mmol) and 3473,

6.00 mmol) in ether (100 mL) under nitrogen. Thiuson was stirred for 24 h and then poured intdenalhe

organic phase was extracted by AcOEt, washed witieand dried over MgSQOAfter removal of the solvent

under reduced pressure, the crude product wadqulbiy silica chromatography, eluting with (Acetohkexane =

1:20) to give compound 4a as yellow solid in 84.y#4d (1.51 g, 4.21 mmol). m.p. : 104.6 °C. MS, n829.17

(M*). 'H NMR (400 MHz, CDC}) § 8.07 (s, 1H), 7.91 (dl = 7.6 Hz, 1H), 7.38 (d] = 8.3 Hz, 1H), 7.35 — 7.28 (m,

1H), 7.17 (dd,) = 14.0, 8.4 Hz, 2H), 7.13 — 7.07 (m, 1H), 6.91 {iH), 6.83 (d,J = 4.5 Hz, 1H), 6.76 — 6.70 (m,

1H), 6.65 (d,J = 11.9 Hz, 1H), 6.58 (dl = 11.8 Hz, 1H), 3.97 (1l = 6.8 Hz, 2H), 1.63 (m, 2H), 1.13 (m, 6H), 0.76

(t, J=6.8 Hz,3H)**C NMR (100 MHz, CDGJ)) 5 140.58, 140.28, 139.84, 129.88, 127.62, 127.5%5,56, 126.15,

12552 , 124.73, 122.84, 122.80, 121.92, 120.68,262 118.79, 108.61, 108.50, 42.80, 31.17 , 28.28.54 ,

22.36, 13.85. Anal. Calcd (%) forE,sNS: C, 80.18; H, 7.01; N, 3.90; found: C, 80.23; 97 N, 3.85;

2.2.4 Synthesis of (E)-10-hexyl-3-(2-(thiophen-2-yl) vinyl)-10H-phenothiazine (Compound 4b)

The procedure for compound 4a was followed to peegh from 3b and 3e as orange oil in 85.7% yi6la4 g,

0.86 mmol). MS, m/z: 391.14 () 'H NMR (400 MHz, CDCJ)  7.36 (s 1H), 7.17 (m, 2H), 7.13 (d, J = 7.8 Hz,

2H), 7.02 (d, J = 3.4 Hz, 1H), 6.92 (dd, J = 8.B,Mz, 2H), 6.87 (d, J = 8.1 Hz, 1H), 6.81 (d, 8.2 Hz, 1H), 6.63

(d, J = 11.9 Hz, 1H), 6.44 (d, J = 11.9 Hz, 1HP53- 3.81 (m, 2H), 1.84 (m, 2H), 1.54 — 1.41 (m)2H34 (m,

4H), 0.91 (t, J = 6.7 Hz, 3H}*C NMR (100 MHz, CDGCJ) 5 143.88, 143.51, 142.12, 138.79, 132.80, 132.56,

130.17, 127.06, 126.45, 126.13, 125.47, 124.35,512321.66, 121.17, 114.15, 46.50, 30.44, 25.3 4% 21.56,



12.98. Anal. Calcd (%) for £H,sNS,: C, 73.61; H, 6.43; N, 3.58; found: C, 73.71; HI&.N, 3.63;

2.2.5 Synthesis of (E)-10-hexyl-3-(2-(thiophen-2-yl)vinyl)-10H-phenoxazine (Compound 4c)

The procedure for compound 4a was followed to peega from 3c and 3e as orange oil with 87.3% y{6183

g, 0.87 mmol). MS, m/z: 375.27 (Y1'H NMR (400 MHz, CDCJ) § 7.15 (d, J = 4.8 Hz, 1H), 7.02 (m, ArH, 2H),

6.98 (d, J = 3.8 Hz, 1H), 6.85 (d, J = 8.4 Hz, 16481 (m, 2H), 6.74 (d, J = 16.0 Hz, 1H), 6.65 H), 6.48 (d, J

= 7.9 Hz, 1H), 6.41 (d, J = 8.2 Hz, 1H), 3.51 -53(th, 2H), 1.67 (m, 2H), 1.43 (m, 6H), 0.94 (t, 5.8 Hz, 3H).

13C NMR (100 MHz, CDG)) & 145.1, 144.69, 143.28 , 132.82 , 132.54, 129.98,48 , 125.29 , 123.54 , 122.77,

120.78, 119.35, 115.40, 112.00, 111.36 , 11144106 , 31.64 , 26.59 , 24.99, 22.67 , 14.02. ABalcd (%) for

C,H2NOS: C, 76.76; H, 6.71; N, 3.73; found: C, 76.836H2; N, 3.67;

2.2.6 Synthesis of (E)-10-(4-methoxyphenyl)-3-(2-(thiophen-2-yl)vinyl)-10H-phenoxazine (Compound 4d)

The procedure for compound 4a was followed to peeda from 3d and 3e as yellow solid with 82.1%d/ie

(1.63 g, 4.10 mmol). m.p. : 146.8 °C. MS, m/z: 337W"*). 'H NMR (400 MHz, CDCJ) & 7.23 (d,J = 8.8 Hz,

2H), 7.11 (dJ = 5.0 Hz, 1H), 7.07 (d] = 8.8 Hz, 2H), 6.99 (d] = 3.4 Hz, 1H), 6.89 (d] = 4.6 Hz, 1H), 6.71 (s,

1H), 6.62 (d,J = 9.6 Hz, 2H), 6.58 (d] = 7.6 Hz, 2H), 6.52 (d] = 11.9 Hz, 1H), 6.30 (dl = 11.9 Hz, 1H), 5.92 (d,

J = 7.6 Hz, 1H), 5.87 (d] = 8.2 Hz, 1H), 3.85 (s, 3H'C NMR (100 MHz, CDGJ) § 159.16, 143.67, 143.53,

139.61, 134.18, 133.82, 131.24, 129.82, 128.09,5827126.33, 125.00, 123.87, 123.04, 121.78, 121103.99,

115.43, 115.15, 113.0, 112.72, 55.00. Anal. Calcpif¢¥C,sH,:oNO,S: C, 75.54; H, 4.82; N, 3.52; found: C, 75.61;

H, 4.93; N, 3.49;

2.2.7 Synthesis of (E)-5-(2-(9-hexyl-9H-car bazol-3-yl) vinyl) thiophene-2-car baldehyde (Compound 5a)



Under a N atmosphere, 4a (0.72 g, 2.00 mmol) was dissolmetbD mL freshly distilled THF and cooled to

-78 °C. Approximately 2 equivalents of BuLi in hexand6 mL, 4 mmol) was added drop wise over 20 min.

Reaction continued at -78 °C for 1 h at which time .29 g, 4.00 mmol) was added over 1 min. Thetiea

was allowed to reach RT while the solution stiff@dlh. The organic phase was extracted by AcOBsh&d with

brine and dried over MgSQOAfter removal of the solvent under reduced pressine crude product was purified

by silica chromatography, eluting with (Acetone:xdee = 1:5) to give compound 6c as an orange 86iid76.7%

yield (0.59 g, 1.53 mmol). m.p. : 115.8 °C. MS, n887.17 (M). 'H NMR (400 MHz, CDCJ) § 9.78 (s, 1H), 8.12

(s, 1H), 8.06 (dJ = 7.7 Hz, 1H), 7.56 (d] = 3.9 Hz, 1H), 7.54 — 7.41 (m, 2H), 7.35 {d= 8.2 Hz, 1H), 7.29 —

7.25 (m, 2H), 7.22 (d] = 8.9 Hz, 1H), 7.14 (d] = 16.0 Hz, 1H), 7.03 (dl = 3.9 Hz, 1H), 4.18 (] = 7.3 Hz, 2H),

1.76-1.83(m,2H), 1.38 — 1.29 (m, 2H), 1.26-1.28 4i), 0.84 (tJ = 7.0 Hz, 3H)'3C NMR (100 MHz, CDC))

182.33, 153.53, 140.75, 140.40, 137.44, 134.06,7828.25.96, 125.36, 124.58, 123.14, 122.60, 12.29.38,

119.22, 117.76, 108.81, 43.04, 31.43, 28.81, 262843, 13.92. Anal. Calcd (%) for,£,sNOS: C, 77.48; H,

6.50; N, 3.61; found: C, 77.52; H, 6.46; N, 3.65;

2.2.8 Synthesis of (E)-5-(2-(10-hexyl-10H-phenothiazin-3-yl)vinyl)thiophene-2-car baldehyde (Compound 5b)

The procedure for compound 5a was followed to peepa from 4b as a red solid in 73.2% vyield (0.26.63

mmol). m.p. : 126.48 °Q4S, m/z: 419.64 (N). 'H NMR (400 MHz, CDCJ) & 9.81 (s, 1H), 7.59 (d, J = 3.8 Hz,

1H), 7.20 (d, J = 8.0 Hz, 2H), 7.13 (m, 2H), 7.650 = 3.9 Hz, 1H), 6.99 (d, J = 5.5 Hz, 2H), 602 = 7.5 Hz,

1H), 6.84 (d, J = 8.2 Hz, 1H), 6.77 (d, J = 8.2 Hd), 3.81 (t, J = 7.2 Hz, 2H), 1.83 — 1.70 (m, 2H}6 — 1.35 (m,

2H), 1.33 — 1.23 (m, 4H), 0.88 (t, J = 6.6 Hz, 38}, NMR (100 MHz, CDGJ) § 182.31, 152.72, 145.52 , 144.32 ,

140.96, 137.23 , 131.66, 130.07 , 127.29 , 127.2%6,51, 125.96 , 125.03 , 124.96, 123.80, 122.588,79 ,

115.35, 115.14 , 47.52 , 31.32, 26.67 , 26.4748213.89. Anal. Calcd (%) for,g8H,sNOS;: C, 71.56; H, 6.01; N,



3.34; found: C, 71.63; H, 6.11; N, 3.27;

2.2.9 Synthesis of (E)-5-(2-(10-hexyl-10H-phenothiazin-3-yl)vinyl)thiophene-2-car baldehyde (Compound 5c)

The procedure for compound 5a was followed to peepa from 4c as as a red solid with 75.6% yiel@7Q,

0.66 mmol). m.p. : 126.90 °C. MS, m/z: 403.56'{MH NMR (400 MHz, CDC}) 5 9.81 (s, 1H), 7.61 (d, J = 3.9

Hz, 1H), 7.05 (d, J = 3.9 Hz, 1H), 6.93 (d, J = BZ 2H), 6.86 (dd, J = 8.3, 1.5 Hz, 1H), 6.82 Z66(m, 2H),

6.69 — 6.59 (M, 2H), 6.47 (d, J = 8.3 Hz, 1H), §d0J = 8.3 Hz, 1H), 3.49 — 3.43 (m, 2H), 1.65 ), 1.38 (m,

6H), 0.92 (t, J = 6.7 Hz, 3H}*C NMR (100 MHz, CDG)) 5 182.23, 153.17 , 145.22 , 144.74 , 140.95 , 137.14

134.22 ,132.46 , 132.15, 128.81 , 125.66 , 1241353.69, 121.31, 118.09, 115.45, 112.31, 111192 .11, 44.20,

31.53, 26.56 , 25.10, 22.60, 13.94. Anal. Calcd f®6)CsHsNO,S: C, 74.41; H, 6.24; N, 3.47; found: C, 74.49;

H, 6.19; N, 3.53;

2.2.10 Synthesis of (E)-5-(2-(10-(4-methoxyphenyl)-10H-phenoxazin-3-yl)vinyl) thiophene-2-carbaldehyde

(Compound 5d)

The procedure for compound 5a was followed to peepd from 4d as yellow solid with 73.1% yield (.6,

1.46 mmol). m.p. : 158.5 °C. MS, m/z: 425.11{MH NMR (400 MHz, CDCJ) & 9.78 (s, 1H), 7.59 (d] = 3.9

Hz, 1H), 7.24 — 7.19 (m, 2H), 7.12 — 7.07 (m, 2HP4 (d,J = 3.9 Hz, 1H), 6.93 (d] = 16.0 Hz, 1H), 6.87 (dl =

16.0 Hz, 1H), 6.83 (d] = 1.9 Hz, 1H), 6.69 — 6.66 (M, 2H), 6.65 (s, 1614 — 6.54 (m, 1H), 5.97 — 5.91 (m, 1H),

5.88 (d,J = 8.3 Hz, 1H), 3.88 (s, 3H°C NMR (100 MHz, CDCJ) 5 182.29, 159.41, 153.02, 144.06, 143.59,

140.71, 137.34, 135.31, 133.74, 132.01, 131.38,4P329.08, 125.74, 123.50, 123.29, 121.46, 118.08.18,

115.31, 113.39, 112.98, 112.31, 55.44. Anal. Calé)l for CeH1gNO3S: C, 73.39; H, 4.50; N, 3.29; found: C,

73.42; H, 4.53; N, 3.26;

10



2211 Synthesis of 2-(3-cyano-4-((E)-2-(5-((E)-2-(9-hexyl-9H-carbazol-3-yl)  vinyl) thiophen-2-yl)
vinyl)-5,5-dimethylfuran-2(5H)-ylidene)malononitrile (Chromophore CBZ)

To a solution of 5a (0.19 g, 0.50mmol) and the @homethylene-3-cyano-4,5,5-dimethyl-2,5-dihydrafu
(TCF) acceptor (0.12 g, 0.60 mmol) in MeOH (60 mlgsmadded several drops of triethylamine. The reaatias
stirred at 78 °C for 5 h. The reaction mixture wasled. After removal of the solvent under reducessgure, the
crude product was purified by silica chromatogramyting with (AcOEt: Hexane = 1:5) to give chrophore A
as a purple solid in 61.9% yield (0.18 g, 0.31mmui)p. : 197.7 °C. MS, m/z: 568.23 {M'H NMR (400 MHz,
de-acetone) 8.45 (s, 1H), 8.16 (dl = 15.9 Hz, 2H), 7.80 (dd), = 8.6, 1.5 Hz, 1H), 7.70 (d,= 4.0 Hz, 1H), 7.64
—7.57 (m, 2H), 7.51 (dl = 6.1 Hz, 2H), 7.48 (dd] = 8.2, 0.9 Hz, 1H), 7.31 (d,= 4.0 Hz, 1H), 7.27 — 7.22 (m,
1H), 6.87 (dJ = 15.9 Hz, 1H), 4.44 (t] = 7.2 Hz, 2H), 1.70 (s, 6H), 1.43 — 1.36 (m, 2HB3 — 1.25 (M, 6H),
0.86(t, J=8.5Hz,3HY3C NMR (100 MHz, g-acetone)s 186.12, 178.19, 153.92, 142.51, 141.35, 139.89,053
135.99, 129.65, 128.97, 127.77, 126.65, 124.76,1124.22.09, 121.28, 120.87, 119.94, 113.11, 11250.96,
105.84, 102.34, 99.76, 57.49, 44.40, 32.98, 282#H84, 24.63, 23.67, 15.08 14.86. Anal. Calcd (%) fo

CaeHaN,OS: C, 76.03; H, 5.67; N, 9.85; found: C, 76.13; H® K, 9.79;

2212 Synthesis of 2-(3-cyano-4-((E)-2-(5-((E)-2-(10-hexyl-10H-phenothiazin-3-yl)
vinyl)thiophen-2-yl)vinyl)-5,5-dimethylfuran-2(5H)-ylidene)mal ononitrile (Chromophore PTZ)

The procedure for chromophore CBZ was followed tgpare chromophore PTZ from 5b as a purple solid in
63.2% vyield (0.19 g, 0.32 mmol). m.p. : 200.23 °CS,Nh/z: 600.20 (V). *H NMR (400 MHz, ¢-acetone 8.15
(d, J = 15.9 Hz, 1H), 7.68 (d, J = 3.9 Hz, 1H)47(dd, J = 11.7, 4.4 Hz, 3H), 7.29 (d, J = 3.9 H4), 7.21 (d, J =
4.4 Hz, 1H), 7.18 (d, J = 3.2 Hz, 1H), 7.15 (d, 3.5 Hz, 1H), 7.05 (d, J = 8.4 Hz, 2H), 6.96 (& 3.5 Hz, 1H),
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6.88 (d, J = 15.9 Hz, 1H), 3.98 (t, J = 6.9 Hz, 2HB9 (s, 6H), 1.52 — 1.39 (m, 2H), 1.27 (m, 6BIB6 (t, J = 6.6
Hz, 3H). ®C NMR (100 MHz, ¢-acetone) 177.22, 174.73, 152.18, 146.43, 145.17, 140.439,71 , 138.06,
132.40, 131.53 , 129.13 , 128.31 , 127.92, 127126,76 , 125.76 , 124.56 , 123.52 , 120.22 , 116.716.52,
113.84, 113.04, 112.41 , 111.42 , 99.06, 47.79.08227.43 , 26.88, 26.05, 22.89, 14.10. Anal. C#¥6) for

CaH2N,0S,: C, 71.97; H, 5.37; N, 9.33; found: C, 72.04; H% R, 9.29;

2213 Synthesis of 2-(3-cyano-4-((E)-2-(5-((E)-2-(10-hexyl-10H-phenoxazin-3-yl)
vinyl)thiophen-2-yl)vinyl)-5,5-dimethylfuran-2(5H)-ylidene)malononitrile (Chromophore POZ)

The procedure for chromophore CBZ was followed tgare chromophore POZ from 5¢ as a green solid in in
65.3% vyield (0.19 g, 0.33 mmol). m.p. : 201.13 °CS,Nh/z: 585.02 (M. *H NMR (400 MHz, ¢-acetone) 8.13
(d, J = 15.9 Hz, 1H), 7.66 (d, J = 3.9 Hz, 1H)97(@, J = 16.1 Hz, 1H), 7.25 (d, J = 3.9 Hz, 1H)97(d, J = 15.8
Hz, 2H), 6.96 (s, 1H), 6.84 (dd, J = 11.7, 4.2 BH), 6.76 — 6.62 (m, 4H), 3.66 (t, J=7.6Hz, 2HBAL(s, 6H),
1.74 — 1.64 (m, 2H), 1.49 (m, 2H), 1.43 — 1.34 4ir), 0.91 (t, J = 6.8 Hz, 3H’C NMR (100 MHz, g-acetone)
6 177.23 , 175.04, 152.61, 145.76, 145.31 , 140.439,43, 138.24, 134.93, 133.08, 132.93 , 130.028,93,
125.51, 124.81, 122.14, 119.33 , 115.92 , 113.68,0B, 112.96, 112.91, 112.57, 112.42, 111.52Q19%44.05,
32.15, 26.83, 26.11, 25.50, 23.21 , 14.8hal. Calcd (%) for GH3,N,O,S: C, 73.95; H, 5.52; N, 9.58; found: C,

74.03; H, 5.58; N, 9.55;

2214 Synthesis of 2-(3-cyano-4-((E)-2-(5-((E)-2-(10-(4-methoxyphenyl)-10H-phenoxazin-3-yl)  vinyl)
thiophen-2-yl)vinyl)-5,5-dimethylfuran-2(5H)-ylidene)malononitrile (Chromophore PPZ)
The procedure for chromophore CBZ was followed tqare chromophore PPZ from 5d as a green solid in

60.8% yield (0.18 g, 0.30 mmol). m.p. : 203.8 °C.,Mfz: 606.17 (M). *H NMR (400 MHz, ¢-acetone) 8.13
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(d,J = 15.9 Hz, 1H), 7.66 (d] = 4.0 Hz, 1H), 7.33 (m, 3H), 7.25 (@ = 4.0 Hz, 1H), 7.22 (d] = 8.9 Hz, 2H),

7.09 (d,J = 16.0 Hz, 1H), 7.03 (s, 1H), 6.92 (= 9.9 Hz, 1H), 6.84 (d] = 15.9 Hz, 1H), 6.67 (m, 3H), 5.93 {,

= 7.9 Hz, 2H), 3.90 (s, 3H), 1.88 (s, 6EC NMR (100 MHz, CDGJ) 5 181.98, 159.75, 152.81, 144.34, 143.82,

139.20, 138.10, 136.84, 136.02, 133.78, 132.99,4431130.67, 129.29, 127.52, 124.09, 123.39, 121188.01,

116.40, 115.48, 113.64, 113.27, 112.34, 110.96,1810.08.81, 105.03, 99.33, 96.92, 55.57, 29.6647, 24.26.

Anal. Calcd (%) for GH,N4O5S: C, 73.25; H, 4.32; N, 9.23; found: C, 73.36; H&34 R, 9.17;

Scheme 1

3. Results and discussion

3.1 Synthesisand characterization

Scheme 1 shows the synthetic approach to the chploones CBZ, PTZ, POZ and PPZ. Starting from the amine

donor intermediates compourd-c, chromophores CBZ, PTZ, POZ and PPZ were synthesizgdod overall

yields through simple five step reactions: The fieél group on the donors was protected by the adkyaryl

group to improve either the solubility or stabilifireatment of compounga-d with POCk and DMF gave an

aldehydes3a-d. After introduction of the thiophene bridge by attly condensation, compound&-d were

prepared with a high yield. Treatment of compodaed with n-BuLi and DMF gave aldehydga-d, the final

condensations with the TCF acceptor give chromophGBZ, PTZ as purple solids and chromophores POZ, PPZ

as green solids. All of the chromophores were fuharacterized byH-NMR and **C-NMR spectroscopy;,

elemental analysis and mass spectrometry. Thesemoiphores possess good solubility in common organic

solvents, such as dichloromethane, chloromethadaegione.
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Fig. 2

3.2 Thermal stability

The thermal stability of the chromophores was itigaged using thermogravimetric analysis (TGA) heven

in Figure 2 and Table 1. All the chromophores eitbib good thermal stabilities with the decompositio

temperatures (@ higher than 210 °C (216 °C-298 °C). Chromophore TR& the highest decomposition

temperature (298 °C) [41], followed by PPZ (252 EJC (242 °C) [30] , PTZ (232 °C), POZ (223 °C) and CBZ

(216 °C). The enhanced thermal stability of the ofophores TPA and PPZ over PTZ, POZ, CBZ and FTCés du

to the replacement of alkyl chain to benzene rimgtloe donor nitrogen. All the thermal stabilitiet five

chromophores were high enough for the applicatioB® device preparation [36].

Fig. 3

Table1

3.3 Optical properties

In order to reveal the effect of different electdonors on the charge-transfer (CT) absorption ptigseof the

six chromophores, UV-Vis absorption spectra of she chromophores were measured in a series soivight

different dielectric constants as shown in Figurari®l 4. The spectral data are summarized in Tabl€hé&

absorption maximalf,,,) of chromophores CBZ, TPA, PTZ, POZ, PPZ and FTC68& 620, 610, 665, 660 and

675 nm, respectively. The five aryl chromophores CBRA, PTZ, POZ and PPZ were blue-shifted in their

absorption spectra, compared to the alkyl chrommpR@C, probably due to delocalization of the rg&o lone
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pair into the other phenyl rings of the donor. Altigh chromophore POZ showed a slight 10 nm blue-sts

charge-transfer band is slightly broader than dfi@hromophore FTC (Figure 3), which extends tou8®0 nm.

This could indicate that the CT state is populateer @ wide range of energy levels, suggesting gngagsAE

(optical) of chromophore POZ is still smaller thtwat of chromophore FTC. Chromophores POZ and P&2 w

red-shifted in their absorption spectra, compacethé other three aryl chromophores CBZ, TPA and RIT&, to

the gradually increaseddonor strength which induced by additional electdonor O atom. The S atom is quite a

weak electron donor, so thg,, of chromophore PTZ is similar to chromophores CBZ ami. Although

chromophore PTZ showed a slight blue-shift, itsrghdransfer band is slightly broader than thattdbmophore

TPA. This could also indicate thAE (optical) of chromophore PTZ is still smaller ththat of chromophore TPA.

Chromophore PPZ including the-(4-methoxyphenyl) substituent showed a slight {shift in its absorption

spectrum, compared to chromophore POZ including Mbutylchain. This may be ascribed to the

N-(4-methoxyphenyl) substituent, which is particularthe average plane of the chromophore, gavdidiesft

conjugation as showed by the following theorettzdtulations (section 3.4).

The solvatochromic behavior was also an importapeet to investigate the polarity of chromophoitesias

found that chromophores POZ, PPZ and FTC showedlaegg bathochromic shifts of 49 nm, 50 nm and 54nm

respectively, on moving from dioxane to chlorofot@hromophores CBZ, TPA and PTZ showed slightly smaller

bathochromic shift of 40 nm, 43 nm and 36 nm retpely, from dioxane to chloroform. This confirmbat

chromophores POZ, PPZ and FTC are more easilyipaltde than chromophores CBZ, TPA and PTZ [42, 43].

Fig. 4

Table 2
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3.4 Redox propertiesand Theoretical calculations

In order to determine the electrochemical properti# the six chromophores, cyclicvoltammetry (CV)

measurements were conducted in degassed anhydraesonitrile solutions containing 0.1mol/L

tetrabutylammonium hexafluorophosphate (TBAPF) as shpporting electrolyte. The relative data of %10

mol/L chromophore were recorded, as shown in Tabknd Fig. 6. The HOMO and LUMO levels of the six

chromophores can be calculated from their corredipgnoxidation and reduction potentials [47]. Th#fedence

between these two values provides the HOMO-LUMOrgnelifferenceAE (CV). The calculation results are

summarized in Table 2. The energy gaps betweei@&O and LUMO energy for chromophores CBZ, TPA,

PTZ, POZ, PPZ and FTC were 1.83 eV, 1.72 eV, 1\bA &0 eV, 1.48eV and 1.43eV, respectively.

From the calculated values reported in Table 2caih be concluded that the LUMO energy levels are

approximately the same for all the compounds. Caahgrchromophores CBZ, TPA, PTZ, POZ, PPZ and FTC

showed oxidation potential versus ferrocene/femaga at 0.65 V, 0.59 V, 0.41 V, 0.30 V, 0.37 V ab@32 V,

respectively. The gradual decrease of the oxidgi@entials were dictated by the progressivelygased strength

of the donor group. The HOMO energy levels areesystically lowered with an increase in the donoersjth

which influences the HOMO to a greater extent tties LUMO level. From the..,,, the cutoff wavelengthi(

atof) @and the energy gap between the HOMO and LUMOgnef the six chromophores, we could assign the

order of electron donor strength under the sameptitrg strength from TCF as follows: CBZ < TPA< TPRPRZ

<FTC < POZ.

The DFT calculations were carried out at the hylB8LYP level by employing the split valence 6-311 [f)

basis set [44, 45] to understand the ground-stal@ipation of the chromophores with different dgofations.

All molecules were assumed to be trans-configurations. The geometrically optimized stures of the

molecules were investigated by calculating the diialeangles of the donor moieties as shown in bigThe
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geometries of the six chromophores are totallyedéffit. The geometry of chromophore CBZ is planaeatsvthe

aromatic character of the central CBZ heterocycldéchvfacilitates the delocalization of the nitrogene pair into

the other phenyl rings. So, the CBZ based chroma@phghibits reducedfjt The three benzene rings of the TPA

are not in the same plane, the dihedral angle teetilee other two benzene rings on the N atom oT Bemoiety

and the average plane of the average plane ofttoenophores was ca. 66.40° and 67.39°, respectiaelghown

in picture 1 and 5. The twisted structure may samehttenuate the delocalization of the nitrogerelpair into

two phenyl rings.

The geometry of PTZ and POZ moieties are not totafinar but are rather slightly bent in the midadigive a

butterfly shape. In the optimized structures, thgl@between the non-planar phenyl ring of the PH@Z moiety

and the average plane of the chromophores was32°%nd 25.98 °, respectively. As for chromopheRZ, the

two benzene rings exhibited almost planar strustwith small torsion angles (1.34°), tNe(4-methoxyphenyl)

substituent located on the nitrogen atom made ge laihedral angle of about 90° with average plah¢he

chromophore. This large dihedral angle caused |atgeic hindrance that suppressed aggregations gmon

molecules.

Fig.5

Fig. 6

The frontier molecular orbitals are often usedtitam information about the optical and electrisadperties of

molecules [46]. Fig. 5 depicts the electron densiistribution of the HOMO and LUMO structures which

indicated the density of the ground and excitedestdectron is asymmetrical along the dipolar afisthe

chromophores.
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The molecular quadratic hyperpolarizabilityB)pof the chromophores obtained from DFT calculati@me

calculated as shown in Table 2. When used caredultl consistently, this method of DFT has been showgive

relatively consistent descriptions of first-ordssplrpolarizability for a number of similar chromayhs [8, 45,

47].

The | value of chromophore CBZ and TPA was smaller than dfi chromophore FTC, due to delocalization

of the nitrogen lone pair into the other phenylgenThe geometry of chromophore CBZ is planar, reveas th

aromatic character of the central CBZ heterocyclachvfacilitate the delocalization of the nitrogemé pair into

the other phenyl rings. So, the CBZ based chromopkahébit reduced i compared to chromophore FTC

although they both contain one donor N atom dofee. delocalization of the nitrogen lone pair irfte bther two

phenyl rings of chromophore TPA could also resuismaller |8 than that of chromophore FTC. Thg yalue of

chromophore TPA was larger than that of chromopl@B& due to a narrower energy gap between HOMO and

LUMO. With additional electron-rich sulfur heteroats into the benzene ring moiety of donor, the Bfidw a

little stronger donor strength than TPA. The POz with electron-rich nitrogen and oxygen hetermasohas

stronger electron-donating ability than PTZ becabseom is a much stronger donor than S atom sadhse thus

results in larger p. With two additional oxygen heteroatoms into thenitene ring moiety of donor, the

chromophore PPZ showed an even larger This indicates that by introducing additionaldreatoms into the

donor could provide abundant opportunities forHartmodifications of chromophores thus influencalimear

optical properties of chromophores

3.5 Electro-Optic performance

In order to investigate the translation of the w&oopic hyperpolarizability into a macroscopic E3ponse,

the polymer films doped with 25wt% chromophore® iatmorphous polycarbonate (APC) were prepared using
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dibromomethane as solvent. The resulting solutivese filtered through a 0.2m PTFE filter and spin-coated

onto indium tin oxide (ITO) glass substrates. Filoisdoped polymers were baked at 80 °C in a vacuuem o

overnight. The corona poling process was carrietl atua temperature of 10 °C above the glass transiti

temperature (J) of the polymer. Thesg values of poled films were measured by Teng—Manpk reflection

method at a wavelength of 1310 nm using a carefdlgcted thin ITO electrode with low reflectivigmd good

transparency in order to minimize the contributimm multiple reflections [48, 49].

The i3 values were calculated by the following equat®]{

3m (PP-sinfg)? 1
47Nwlen® (N? - 2sin’ @) sirfd

Where g3 is the EO coefficient of the poled polymeris the optical wavelength, h is the incidence anglis

the output beam intensity,, lis the amplitude of the modulation,,\is the modulating voltage, and n is the

refractive indices of the polymer films.

The poled films of CBZ/APC, TPA/APC, PTZ/APC, POZ/APRPZ/APC and FTC/APC affordegs values of

13, 19, 23, 49, 61 and 39 prf\at 1310 nm, respectively. In these chromophotes ktvalues were gradually

improved from 13 pm/V to 61 pm/V, illustrating th#lte increases donor strength of the chromophores

significantly increase their macroscopic EO adtgt The additional donor oxygen or sulfur hetesoatmay

strengthen the electron-donating power of the dofloe stronger the electron-donating power of tbeod leads

to higherima, MB, and gavalues [51]. Besides, solvatochromic behaviour iatid that chromophores POZ, PPZ

and FTC are more easily polarizable than chromaghd@BZ, TPA and PTZ. Therefore, in corona poling,

chromophores POZ, PPZ and FTC may obtain oriemtatiore easily in contrast with chromophore CBZ, TPA

and PTZ. Except for largerfithe much largerssvalue of films POZ/APC and PPZ/APC over film FTC/APC

may also be explained by favourable poling efficiemhich related to chromophore property, chromapHuwst

compatibility and so on. The long alkyl chain inr@mophores POZ can provides effective site isalatio
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decrease the strong electrostatic interactions gmehromophores. As for chromophores PPZ, the

N-(4-methoxyphenyl) substituent located on the gi#m atom at the donor which almost perpendiculathéo

average plane of the chromophore was intended éwept the strong electrostatic interactions between

chromophores. The undesired antiparallel packintyvden chromophores is expected to decrease dunieg t

poling process [51]. Although the8value of chromophore PPZ is only 19% larger thet of chromophore POZ,

the pavalue is almost 25% larger due to a better isafagiffect. Moreover, the chromophore PPZ showedlyear

three times higher fuand more than four times higheg value than that of chromophore CBZ. Besides, the

ravalues of this new aryl chromophore can even badrighan those obtained from their alkyltBA analogue

chromophore FTC. So the chromophore PPZ has ngteolarger 8 but also advantages in translatingjipto the

macroscopic EO activity due to additional donor gety heteroatom and isolation effecthd{4-methoxyphenyl)

substituent.

4. Conclusion

Six second-order nonlinear optical chromophoregainimg an identicak-bridge and electron acceptors but

different, aromatic amine electron-donating grobpse been synthesized and systematically charaeterilo

further study the effect of different electron dting groups of second-order nonlinear optical clophores on

nonlinearity performance, three chromophores basedovel donors (PTZ, POZ, and PPZ) were synthddize

compare with chromophores based on traditional do@BZ, TPA and FTC). Theoretical and experimental

investigations suggest that donor group's efficacPTZ, POZ, and PPZ chromophore was higher thah dh

structurally similar CBZ and TPA chromophore. Cyclitasmmetry (CV) measurements and DFT calculations

show that chromophores PTZ, POZ, and PPZ have eedenergy gap, much larger molecular quadratic

hyperpolarizability (j8) than that of chromophores CBZ and TPA. The higheawhr hyperpolarizability of these
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chromophores can be effectively translated intatedeoptic (EO) coefficients £§) in poled polymers. Thesys

value of chromophores PTZ and POZ were even hitjizar their alkyl Dz-A analogue chromophores FTC. These

two chromophores showed excellent thermal stabilitth an onset decomposition temperatures highan th

220 °C. High savalues, high thermal stability, together with gadubility, showed that the novel donors which

contain nitrogen and oxygen heteroatoms show pingigpplications in nonlinear optical (NLO) chronmape

devices.
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Table 1 Thermal and optical properties data of the chrormogdh

Cmpd  Ti(C)  Amad (MM)  Ama (NM) AL (NM)

CBz 216 606 566 40
TPA 298 620 577 43
PTZ 232 610 574 36
POz 223 665 615 50
PPz 252 660 611 49
FTC 242 675 621 54

2 )max Was measured in chloroforfiz,., was measured in dioxanear was the difference betwe@,,,, and®

xmax.

Table 2 Summary of DFT, electro-chemical data and EO dciefits of chromophores

Cmpd  AE(CV)¥eV) Eo(V) ErwdV) HBY10%esu)  sy(pm/V)

CBz 1.83 0.653 -1.185 3805.75 13
TPA 1.72 0.590 -1.136 6776.72 19
PTZ 1.52 0.408 -1.115 7075.97 23
POz 1.40 0.304 -1.099 8523.60 49
PPZ 1.48 0.372 -1.113 10167.05 61
FTC 1.43 0.321 -1.109 7737.78 39

AE(CV)? was calculated from their corresponding oxidatiml reduction potentials.” Referenced to ferrocene
standard. © Referenced to ferrocene standargi®jis calculated from DFT quantum mechanical methods.



Captions
Chart 1 Chemical structure for chromophores CBZ, TPA, PTZ, PRZZ and FTC.
Scheme 1 Chemical structures and synthetic routes for chrdroogs CBZ, PTZ, POZ and PPZ.
Fig. 1 Optimized structures of the six donors.
Fig. 2 TGA curves of chromophores CBZ, PTZ, POZ and PPZ witheating rate of 10 °C miin nitrogen
atmosphere.
Fig. 3 UV-Vis absorption spectra of chromophores CBZ, TPRZFPOZ, PPZ and FTC in chloroform.
Fig. 4 UV-Vis absorption spectra of chromophores CBZ, TPAZPPOZ, PPZ and FTC in five kinds of aprotic
solvents with varying dielectric constants. (
Fig. 5 Optimized structures and frontier molecular orkitdOMO and LUMO of chromophores CBZ, TPA, PTZ,
POZ, PPZ and FTC calculated by DF&alculationsat the hybrid B3LYP level by employing the split eate
6-311g (d, p) basis set.
Fig. 6 Cyclic voltammograms of chromophores CBZ, TPA, PTQ)ZP PPZ and FTC recorded in gEN
solutions containing 0.1 M BNPFR;supporting electrolyte at a scan rate of 100 MV s
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Fig. 6
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Highlight

Six chromophores with different donors had been synthesized and systematically investigated.
The donor strength and structure-nonlinearity relationship were systematically investigated.
The ryzvalue of the film from the N-(4-methoxyphenyl)phenoxazine is four times higher than that of

the carbazol e derived chromophore.



