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Abstract: In view of our continuing interests in applicatiof quinoidal heterocyclic structure into
textile dyestuffs, we report here the design andlssis of four new water-soluble dy3-D4 that
based on indophenine structure and bearing allginshwith different lengths. Their properties on
geometry, electronic structure, solubility, thernsébility and absorption spectra have been well
investigated. Then, the dyeing ability Di-D4 is checked by application into dyeing of woolksil
and nylon fabrics and is compared with three cororakracid dyes. The effect of quinoidal
coplanarity of indophenine backbone and alkyl stuestts on dyeing performance has been
revealed. Our study clearly demonstrates that thieoduction of rigid quinoidal heterocyclic
structure with high coplanarity as the chromophmaekbone is an efficient method for the design of

high-performance acid dyestuffs in terms of exhaunstoloring strength and wet fastness.

Keywords Indophenine; Sulfonation; Absorption; Acid dy&sjeing properties
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1. Introduction

Conventionally, acid dyes are widely applied onidgeof wool, silk, nylon fabrics under acidic
conditions, and coloration of leather, paper, cdgmsgink, etc. as well [1, 2]. The acid dyes can be
structurally classified as azo dyes [3-8], anthmagne dyes [9, 10], triphenylmethane dyes [11, 12],
nitro dyes [13],etc. Among them, acid dyes that containing heterocyaibiety are acknowledged
with high molar extinction coefficient, high col@trength, and good dyeing performance. The
common design strategy for heterocyclic acid dyedoi construct azo chromophore by using
heterocyclic units as diazo or coupling compon€ji-16]. Direct adoption of heterocyclic
structures with large-conjugation system as chromophore meets the diffiof complex multistep

synthesis [17, 18].

Fabrics can be dyed with acid dyes through ionindbas well as Van der Waals' force and
hydrogen bond. Unfortunately, these bonds are yedsibken in hot wet conditions leading to
relatively poor wet fastness [19, 20]. The inventod acid mordant dyes apde-metalized acid dyes
indeed largely improves the wet fastness [21-23)weler, the potential heavy-metal pollution
existed in dyed fabrics and waste water has madelyeing technology limited socially, politically
and legally [24, 25]. Thus, the development of emwinentally friendly and high-performance acid

dyestuffs becomes the common goal in this resdaich

Judicious molecular design methods for acid dyeisnfrove the wet fastness include following
aspects. The first way is to decrease the dyesbdil and increase the affinity of dyes-to-fiber
through hydrophobic interaction by introductionadkyl chain [26, 27]. The sulfonic acid groups on

the dye backbone provide the possibility to forecalostatic interaction with amino groups in fibers
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but the hydrophilicity of sulfonic acid groups mitghigrate the dye molecules out of the fiber under
wet treatment. Thus, it is expected that redudmegvieight ratio of sulfonic acid groups in molecule

ought to improve the wet fastness. Introductiorcgblanar structure into dye molecule is another
efficient method. The stronger intermolecular iat#ions between dye and fiber generated by the
high molecular coplanarity are thought to be helfpdn obtaining better wet fastness. Usually, the

construction of chromophore’s structure with higiplanarity can be achieved either by directly

using the planar synthetic building block [17] oy bing closure with intramolecular weak

interactions [5].

In the effort of searching for new chromophores ligh-performance textile dyes, quinoidal
heterocyclic compounds have attracted our atterntemause of their unique characteristics [28, 29].
The quinoidal heterocyclic structure possesses ghhhirigid backbone that all atoms on the
guinoidalr-conjugation system are in the same plane [30]idBes most of the quinoidal hetercyclic
compounds are highly colored and the highest mesinction coefficient can be up to 2x10
L-mol*cm™® [31, 32]. In this context, we envisage that thaiduction of quinoidal heterocyclic
backbone should be an effective way for the designigh-performance textile dyestuffs. In 2018,
we reported the application of dicyanomethylene (alkoxy)acylcyanomethylene endcapped
quinoidal bithiophenesJBT series) into dyeing poly(ethylene terephthala®gT) fabrics [33]. As
a result, the pink/red dyed fabrics exhibited heghaustion up to 97% and good to excellent fastness
to washing, rubbing and sublimation. Very recentlie also presented the use of indophenine
derivatives for dyeing of PET fabrics and achiees@n better anti-thermomigration fastness than
conventional azo or anthraquinone dyes [34]. Asfiomed by our experimental and theoretical

studies, there existed large dye-fiber interactioetsveen these quinoidal heterocyclic molecules and
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PET fibers, which could be regarded as the reasohifh fastness level. However, the attempt of
designing hydrophilic dyestuffs with quinoidal heteyclic moiety and the study of their dyeing

application have not been reported.

As the extension of our work, we report in the prgsstudy the design and synthesis of four new
water-soluble indophenine dy&xl-D4 (Fig. 1) and the feasibility of dyeing on several fibefse
following principles are considered in the designnolophenine dyes molecules. (i) The two fused
benzene rings in indophenine backbone are elecitbnmoieties, which are suitable for the
introduction of sulfonic acid groups by sulfonatioaaction. (ii) Alkyl chains can be easily
introduced at the nitrogen atoms, hence makingogsiple to easily fine-tune the intermolecular
interaction between dye molecule and fiber. (iifieTfacile synthesis of indophenine dyes by
so-called “indophenine reaction” provides the conerce for scale-up production [35], therefore
facilitating the application research. Our laboratscale tests demonstrated that these dyes had the
ability of dyeing wool, silk and nylon with deepulel shade. As predicted, the fabrics dyed with
indophenine dyes have even better wet fastneseqiep than that dyed with selected commercial
acid dyes. Subsequently, structure-property refatigps of indophenine quinoidal backbone and
alkyl substituents on dyes’ absorption, exhaustityeing rate, build-up and fastness properties have

been systematically studied.

2. Experimental section

2.1. Materials and instrumentation

The chemicals for synthesis, including isatin, ethgomide, hexyl bromide, decyl bromide,

thiophenegtc. were purchased from Adamas Reagent Co., Ltd.uaed without further purification.
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1-Ethylindoline-2,3-dione [34], 1-hexylindoline-2d3one [36], and 1-decylindoline-2,3-dione [37]
were synthesized according to reported papers. dwolg toluene for synthesis were pre-treated by
distillation and stored under nitrogen. Twilled wdabrics (200 g/rf), plain silk fabrics (40 g/f)

and knitted nylon 66 fabrics (230 ¢fywere obtained commercially. The three blue coneiaeacid
dyes,D5-D7, which represented azo, anthraguinone and trigheijane dyes respectively, were
purified by DMF-ether method [38] and used as ezfee dyes. The chemical structure®@fD4 as

well as the reference dy&%-D7 were shown irFig. L

/ \/\SO3H

— _ o NaO3S Q
sl Vs
r-N \g’igzl S ; N-R @—NNNNNH
o —
/,
S 5 Csom

D1:R=H .
D2: R = Ethyl D5 C.I. Acid Blue 113

D3: R = n-Hexyl
D4: R = n-Decyl

O NH,
J00R
NHCOCH,

SOsNa
D6 C.I. Acid Blue 40 D7 C.I. Acid Blue 7

Fig. 1 Molecular structures of designed dy2%-D4 and reference dyd35-D7

'H NMR spectra were measured with a Bruker DMX400 MNMR spectrometer at room
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temperature in DMS@k. Infrared (IR) spectra (4000-400 chhwere recorded using a Nicolet
FT-IR 170X spectrophotometer on KBr disks. Elegtray ionization mass spectra (ESI-MS) were
recorded on a Thermo Lcq Fleet mass spectrometesaan range of 200—2000 amu. Accurate mass
data were obtained by high resolution mass speetrynperformed on a SYNAPT-G2-S HDMS
spectrometer. The thermal stability of all the dgenples was investigated using TGA undgrThe
degradation temperaturéyf was obtained by determining the slope of theiponivhere the weight
percentage decreased sharply on the TGA graph. id\épectra were measured by using Shimadzu
UV-2600 dual-beam spectrophotometer. Dyeing of ved&lnylon fabrics was operated on
Chain-Lih DYE-24 adjustable dyeing machine. TI& value as well as the color parameters of the

dyed fabrics was measured by Datacolor SF 600Xtsgdmtometer.
2.2 Synthesis of compounds 5-8

Concentrated sulfuric acid (15 mL, 98wt%) was addeapwisely to a solution of isatins (20
mmol) and thiophene (40 mmol, 3.37 g) in toluer@rfl) at 0 °C. The color of the mixture became
dark blue. The mixture continued to react at 0 8 3 h until the isatin derivative was totally
consumed. For the synthesis of compotnthe transparent toluene was removed and theuesid
was poured into icy water (200 mL). After filtratipthe crude solid was washed with an excess of
water, ethanol, hexane and dichloromethane sueedgsi and dried in vacuum.
3,3-([2,2-Bithiophenylidene]-5,5diylidene)bis(indolin-2-one)s), dark blue solid [34], 3.33 g, 78%.
Mp: >300 °C. ESI-MS (100%, negative)z = 425 ([M—-H]J); ESI-HRMS (100%, positive) Calcd.

for CoaH1N20,S,: 426.0497 (M), found: 426.0497; IR (KBry = 1670 cni* (C=0).

For compound$-8, the reaction mixture was added into icy watelO(b%L) and extracted with



119 CH.CI» (100 mLx3). The organic layer was combined, andhedswith saturated brine. The crude
120 product was obtained by evaporation of the solwerder reduced pressure, and could be further

121 purified by column chromatography (eluent: petraddEtOAc = 10/1 then CCly).

122 3,3-([2,2-Bithiophenylidene]-5,5diylidene)bis(1-ethylindolin-2-one)6), dark blue solid [34],
123 3.19 g, 66%. Mp: 252-254 °C. ESI-MS (100%, negativéz =482 ([M]); ESI-HRMS (100%,
124  positive) Calcd. for GH»N,0,Sy: 482.1123 ([M]), found: 482.1132; IR (KBry =1669 cm™

125 (C=0).

126 3,3-([2,2-Bithiophenylidene]-5,5diylidene)bis(1-hexylindolin-2-oneY), dark blue solid, 5.06 g,
127  85%. Mp: 202—-204 °C. ESI-MS (100%, positivejz = 594 ([M]); ESI-HRMS (100%, positive)

128  Calcd. for GeHagN20,Sy: 594.2369 ([M]); found: 594.2370. IR (KBry = 1670 cri* (C=0).

129 3,3'-([2,2'-Bithiophenylidene]-5,5'-diylidene)bis@ecylindolin-2-one) §), dark blue solid, 6.29 g,
130  89%. Mp: 180-182 °C. ESI-MS (100%, positivajz = 706 ([M]); ESI-HRMS (100%, positive)

131  Calcd. for G4HsN2O,S,: 706.3639 ([M]); found: 706.3631. IR (KBry = 1669 cmi*(C=0).

132 2.3 Synthesis of dyes D1-D4

133 The indophenine intermediats8 (2.56 mmol) was carefully added in batch to catySO, (15.6

134  mL, 0.256 mol, 98wt%) under room temperature. Tdaction was stirred at 60 °C for 4 h. After the
135  reaction was completed, the solution was poure@ ace, and sodium chloride was added to
136 promote the precipitation of target compounds. Ifinghe precipitation was filtered, washed with

137  saturated brine and dried.

138 D1, dark blue solid, 1.44 g 96%. Mp: >300 °C. ESI-MS (100%, negativayz = 292



139 (L/2[M-2H]?), 585 ([M-H]); ESI-HRMS (100%, negative) Calcd. for,48:3N,0sSs 584.9549

140  ([M-H]"), found: 584.9630; IR (KBry = 1622 crit (C=0).

141 D2, dark blue solid, 1.60 g, 97%. Mp: >300 °C. ESI-M800%, negative)ym/z = 320
142 (1/2[M-2H]?), 641 ([M-H]); ESI-HRMS (100%, negative) Calcd. for,g8,1N,0sSs: 641.0176

143 ([M-H]"), found: 641.0232; IR (KBry = 1637 crit (C=0).

144 D3, dark blue solid, 1.87 g, 97%. Mp: >300 °C. ESI-M800%, negative)m/z = 376
145 (1/2[M-2H]?); ESI-HRMS (100%, negative) Calcd. forg8s/N.OsSs: 753.1427 ([M-HY]), found:

146 753.1487; IR (KBry = 1637 cni* (C=0).

147 D4, dark blue solid, 2.04 g, 92%. Mp: >300 °C. ESI-M800%, negative)n/z = 432
148 (1/2[M-2H]?), 887 ([M-HJ, in the form of mono sodium salt); ESI-HRMS (100%gative) Calcd.

149 for CasHsaN,OsSs: 865.2685 ([M-H]), found: 865.2855: IR (KBry = 1639 cni* (C=0).

150 2.4 Synthesis of compounds 9-12

151 Conc. HSO, (1 mL) was added to isatin derivative (2 mmol) emdoom temperature. The
152  reaction was stirred at 60 °C for 3 h. After thacteon was completed, the solution was poured onto
153  crushed ice, followed by filtration and washingwity saturated brine. The crude product could be

154  further purified by column chromatography (eluegdi,Cl, then CHCIl,/MeOH (5/1)).

155 2,3-Dioxoindoline-5-sulfonic aciddj, orange-red solid, 0.14 g, 31% [37]. Mp: >300 *8 NMR
156 (400 MHz, DMSO#) 6 11.14(br, s, 1H), 7.83 (dd" = 1.4 Hz,J? = 8.1 Hz, 1H), 7.64 (d] = 1.4 Hz,
157 1H), 6.90 (d,J = 8.1 Hz, 1H):**C NMR (100 MHz, DMSOds) J 184.64, 160.13, 151.34, 142.95,

158 136.03, 122.12, 117.45, 112.18. ESI-MS (100%, regainz = 226 ([M-H]). IR (KBr) v = 1750



159 cm* (C=0), 1621 crit (C=0).

160 1-Ethyl-2,3-dioxoindoline-5-sulfonic acidl(), orange-red solid, 0.19 g, 37%. Mp: >300 8.
161 NMR (400 MHz, DMSOes) 6 7.87 (d,J = 8.0 Hz, 1H), 7.65 (s, 1H), 7.16 @= 8.0 Hz, 1H), 3.70
162 (g, J = 6.8 Hz, 2H), 1.17 (tJ = 6.8 Hz, 3H);**C NMR (100 MHz, DMSQOd6) § 183.43, 158.11,
163  150.34, 143.34, 135.15, 121.38, 116.79, 109.991RB4.2.26. ESI-MS (100%, negativajz = 254

164 ([M-H]). IR (KBr) v = 1747 cmi* (C=0), 1612 cm* (C=0).

165 1-Hexyl-2,3-dioxoindoline-5-sulfonic acid.]), orange-red solid, 0.37 g, 59%. Mp: >300 *B.
166 NMR (400 MHz, DMSOd) J 7.86 (dd,J* = 1.6 Hz,J? = 8.0 Hz, 1H), 7.64 (d] = 1.6 Hz, 1H), 7.15
167 (d,J=8.0 Hz, 1H), 3.64 (t] = 7.2 Hz, 2H), 1.59 (m, 2H), 1.27 (m, 6H), 0.84)(t 7.2 Hz, 3H)**C
168  NMR (100 MHz, DMSOdg) § 183.80, 158.84, 151.12, 143.95, 135.59, 121.78,1%7] 110.51,
169  31.35, 27.15, 26.32, 22.45, 14.34. ESI-MS (100%atiee)mVz = 310 ([M-HJ). IR (KBr) v = 1729

170 cm™* (C=0), 1614 crit (C=0).

171 1-Decyl-2,3-dioxoindoline-5-sulfonic acid ?), orange-red solid, 0.44 g, 60%. Mp: >300 *8.
172 NMR (400 MHz, DMSO#g) 6 7.85 (ddJ* = 1.6 Hz,J* = 8.0 Hz, 1H), 7.62 (d] = 1.6 Hz, 1H), 7.13
173 (d,J = 8.0 Hz, 1H), 3.64 (t) = 7.2 Hz, 2H), 1.58 (m, 2H), 1.27-1.24 (m, 14HBD(t,J = 7.2 Hz,
174  3H). ¥C NMR (100 MHz, DMSOdg) 6 188.56, 163.59, 155.85, 148.83, 140.32, 126.5Q,9P2
175  115.23, 36.48, 34.14, 33.89, 31.94, 31.43, 27.3016L ESI-MS (100%, negativajyz = 366

176 ([M-H]). IR (KBr) v = 1731 crit (C=0), 1614 cnt (C=0).

177 2.5 Synthesis of dyes D1'-D4' by using 9-12 as starting materials

178 Concentrated sulfuric acid (15 mL, 98wt%) was addempwisely to a solution of sulfonated

179  isatins (2 mmol) and thiophene (4 mmol, 337 md)°& and stirred for 3 h until the isatin derivative
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was totally consumed. After the reaction was coteplethe solution was poured onto ice, and
sodium chloride was added to promote the precipiatof target compounds. Finally, the

precipitation was filtered, washed with saturateddoand dried.
2.6 General procedure for dyeing of wool, silk and nylon fabrics

The fabric (1.0 g) was dyed at a liquor ratio of15@ith the dye amount at 1% owf level. Dyeing
process was started at 40 °C and heated up bymiri@ certain temperature (98 °C for wool and
nylon, 85 °C for silk). The pH value of dye bathsameontrolled by AcOH/AcONa buffer solution
(pH 4 for wool and silk, pH 6 for nylon). After diysy, fabric was picked out from the dye bath,

rinsed thoroughly with tap water and air-driedaim temperature.
2.7 Measurement for the dyeing properties
2.7.1 Dye exhaustion

The exhaustion of dyes was determined by specttopteiric techniques. The dye exhaustion was

calculated based on the following equation:

E(%)=(1- ﬁ—z) X 100
whereA, andA; are the absorbance/al.x of the dye solution before and after dyeing, retpely.
2.7.2 Color assessment

Color yield of dyed fabrics was obtained from dyaanples at maximum absorption wavelength.
Each sample was measured three times in a diffareatand an average value was used. K& “

value was calculated based on the Kubelka-Munktesua
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(1-R)’
2R

K/S =
whereK is the adsorption coefficien§ is the scattering coefficient, amlis the reflectance of the
dyed sample. The color coordinates of indopheniyesdwere determined on CE-7000A
Gretag-Macbeth computer color matching system. ddler values were expressed by using CIE
1976 Color Space method. The coordinates usedtesndime color values ard*” for lightness,

“a*” for greenness (negative value) and redness {jpesvalue), b*” for blueness (negative value)

and yellowness (positive valuel;*’ for chroma and t°” for hue angle.
2.7.3 Color fastness

The color fastnesses to washing, rubbing and kgrte measured in accordance with the ISO

105-C10: 2006, ISO 105-X12: 2016 and ISO 105-B@A:42 respectively.
3. Results and discussion
3.1 Synthesis and characterization of dyes D1-D4

The synthetic routes for water-soluble indophentyes are shown irfScheme 1 At first,
hydrophobic indophenine derivativeés8 were synthesized by “indophenine reaction”. Subsat
sulfonation of5-8 by using concentrated sulfuric acid gave the taogenpoundsD1-D4. Mass
spectra clearly showed the peak of 1/2[M-2Hjr all the four dyes, confirming the introductiof
two sulfonic acid groupsFH{gure 2). However, it is not easy to identify the exactistures of the

four dyes by NMR, because of tB& isomerization of indophenine backbone [35].

To further determine the position of sulfonic agidups in benzene rings, another synthetic route

was also carried out that the sulfonated is@#d&, prepared by sulfonation of isatihig}, were used
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as the intermediates for “indophenine reaction’nhc8ithe intermediate8-12 were structurally
characterized [39], the position of -§©in D1'-D4' was definitely confirmed at thgara-position to
the N atom. Although the mass spectral@f’'-D4' were the same as that Bfi-D4, proton NMR
spectra showed big difference betwd2h'-D4' and D1-D4 (Figure S1 andS2). Considering the
difference of ground-state electron cloud densisyrithutions Figure S4), the position of -SgH in
D1-D4 were suggested mainly located at theta-position rather thapara-position to theN atom

(detailed analysis is in S.1.).

The synthesized four dyes exhibited good hydrogtyli D1-D4 could not dissolve in CHg|
Et,0O, toluenegtc., but had moderate to good solubility in water, Qi EtOH, DMSO and DMF. As
shown inTable 1, the solubility of dyes in water accorded with tiveight ratio of sulfonic acid
groups. The introduction of alkyl chains®-D4 largely decreased the weight ratio of sulfonidaci
groups. As a result, the solubility decreased fa@5 g/L forD1 to less than 20 g/L fdp4. In fact,
we found that solution oD4 in water was very instable that dyes would graguatecipitate in

several hours.
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235 Figure 2 Mass spectra dd1-D4
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Table 1 Weight ratio of -SGH in dye molecule, solubility anty data ofD1-D7

D1 D2 D3 D4 D5 D6 D7
Molecular weight/(g/mol)  586.64 642.74 754.96 86G6.2 637.68 451.45 669.21
Weight ratio of -SGH 0.28 0.25 0.21 0.19 025 0.18 0.24
Solubility/(g/L)° 135 130 85 <20 135 <50 120

T4°C 331 323 306 290 456 220 318

& commercial dyes are usually in the form of sodaatt, data here are calculated in the form of sidfacid group;

®in water at 25 °C.

The thermal stabilities of synthesized dyes werg@uated by TGA technique. Generally, planar

molecular structure enhancest stacked interaction leading to high thermal sigbfbr the dyes,

and is likely affected by electronic and stericeet§. Figure 3 shows the TGA thermograms of

D1-D4 as well as three reference dy25-D7, and the corresponding data are listedable 1 The

synthesized indophenine dyes exhibited thermal atlgion temperature within the range of

290 °C~331 °C. Théy values of the four synthesized dyes were in thikeroof D1>D2>D3>D4,

clearly indicated the important role of alkyl ch&ifhe alkyl chains could rotate out of the plahe o

the quinoidal backbone, leading to reduced tenddéoasard self-aggregation. As a result, was
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lowered accordingly, which was more obviousDi# with two decyl groups. When compared with
the commercial dyes, thi values ofD1-D4 were lower than that of C.I. Acid Blue 11B%). This
might be caused by the largefconjugation system along th#s-azo linkage possessed Dp.
Besides, the tendency to be diradicaloid state uhdgh temperature for indophenine quinoidal
heterocyclic structure might also have negativeatfbn thely values ofD1-D4 [29]. In contrast, the
higherTy values 0iD1-D4 than that of C.I. Acid Blue 4@M@) should be caused by the relatively low
molecular weight and rotatable phenyl groui®which might depress the tendency to aggregate.
Nevertheless, since the temperature in the dyewddgiaishing process was usually less than 300 °C
[2], the synthesized dyes were confirmed to havaugh thermal stability for use as textile dyes [8,

18].
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Figure 3 Thermogravimetric analysis €f1-D7
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3.2 DFT calculations

Density functional theory (DFT) calculations wererformed to further well understand the
molecular geometries and electronic structureshferfour designed dyestuffs [40]. Their optimized
ground state geometry and the energy informatiorevealculated by DFT/B3LYP method with
6-311g (d, p) basis set. To simplify the discussimmly all-trans conformation forD1-D4 was used

here. The results are shownrFigure 4 and the collected data are summarizetaible 2

The side view of the optimized ground state geoyngfiowed highly planar quinoidal backbone
for indophenine dyeP1-D4, as observed. The high coplanarity could be furto&cluded from the
calculation for the sum of associated three borglesor for the dihedral anglegaple S1). Hence,
large intermolecular interactions between dye abdrfwould generate, and better wet fastness
property for the designed dyes was expected. Tkgl ahains in D2-D4 extended outward
accompanied by a certain degree of inclination.sTImtermolecular interactions could be fine-tuned
by controlling the length of alkyl chain. The HOM@/MO electron cloud density distributions for
D1-D4 were mainly delocalized over the quinoidatonjugation system with little contribution from
alkyl chains or sulfonic acid groups, which was wermilar with non-sulfonated indophenine
backbone [34]. ForD2-D4, the HOMO/LUMO energy levels increased simultarsipuas the
extension of alkyl chains. As a result, the bandgap almost no change and the calculated

absorption maxima were the samrggre S9H.

Side view HOMO orbital LUMO orbital
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284 Figure 4 Optimized molecular geometries and HOMO/LUMO #let cloud density distributions f@1-D4
285
286 Table 2 Summarized calculated data fot-D4
Dye E/a.u. Dipole moment/Debye = HOMO/eV LUMO/eV Bgag/eV' Ama/n’
D1 -3227.3174 0.0006 -6.2028 -4.2548 1.9480 615
D2  -3384.6046 0.0006 -6.1133 -4.1579 1.9554 601
D3  -3699.2111 0.0004 -6.0891 -4.1343 1.9591 601
D4  -4013.7909 0.0004 -6.0795 -4.1250 1.9545 601
287  #Bandgap = LUMO - HOMO?” in vacuum.
288
289 3.3 Absorption properties
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The absorption spectra Bfl-D4 were recorded in DMSO, DMF, EtOH, MeOH angCHat room
temperature. As shown iRigure 5, only one major absorption peak was recognizetheénvisible
region with full width at half maximum (FWHM) valgeof 127-178 nm for all dye3dble 3). The
absorption maxima ob1-D4 were in the range of 634~652 nm and were veryeclosthe same
organic solvent, evidently proving that the quiradit-conjugation backbone played a leading role in
UV-vis absorption properties. Moreover, the absorpspectra in water for dyd31-D4 displayed
large hypsochromic shift with respect to that igasic solvents, associated with their purplish blue
color in water other than pure blue in organic ealv Besides, the molar extinction coefficient in
water was relatively lower than that in organicveol. This result indicated that these dyes might
aggregate in water, similar with the situation otsed for D5 with relatively larger-conjugation
system among the three reference dyledble S2 [5, 6]. The alkyl chains had little effect on the
absorption maxima dD1-D4 in organic solvents which matched the theoretiedtudation results.
However, it was found that the absorption maximaater blue-shifted from 569 nm to 554 nm as
the increase of the alkyl chain length from ethyldecyl, as a result of the increased aggregation

tendency.

As shown inFigure S7, the absorption spectra Bfl-D4 in water with different pH values were
also measured. It was found that the four indopteniyes showed good stability at weak acid to
basic conditions, thus making them suitable forimtyeof fabrics under acid or neutral conditions.
The decreased absorbance and slightly blue-shifimum absorption wavelength for1-D3 at
strong acid condition (pH < 2) might be caused unyhier aggregation resulted from the protonation

of nitrogen atoms.
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314 Figure 5 Absorption spectra of dyé&xl (a),D2 (b), D3 (c) andD4 (d)
315
316
317
318 Table 3 Summarized absorption data f2t-D4
Dye? Entry DMSO DMF EtOH MeOH MeOH/p0" H,O
Amadnm® 652 648 638 635 627 569

D1 e/(L-mol*cm™)° 24384 19735 22604 24511 - 18788



FWHM/nm® 158 148 143 143 160 127

Amax{nm 652 648 638 634 624 569
D2 el(L-mol*cm®) 29873 35563 32010 34735 - 24935
FWHM/nm 163 161 146 149 163 121
AmaxNM 651 648 639 634 629 567
D3 el(L-mol*cm®) 30559 35308 38014 36437 - 25634
FWHM/nm 161 168 153 152 160 134
AmaxNM 649 647 638 636 631 554
D4 el(L-mol*cm®) 30577 35208 38827 40420 - 25717
FWHM/nm 160 162 151 146 178 145

319  the concentration of the dye solution is 2 % bol/L; P 1/1 in volume ratio® maximum absorption Wavelengfh;

320 molar extinction coefficienf full widths at half maximum.

321

322 3.4 Dyeing properties

323  3.4.1 Dye exhaustion and color assessment

324 The synthesized dyé31-D4 were applied to colorate wool, silk and nylon fadraccording to the
325 procedure depicted in experimental section and emetpwith the three reference dy@5-D7. To

326 obtain the best dyeing performance, several dypergmeters including dyeing temperature, pH



327 value of dye bath, liquor ratio and salt effect li@en screened at firdaple S3-S1). It was found
328 that the dyeing temperature and pH value of dyk fmatthese dyes were mainly decided by the fiber
329 other than dyestuffs. And the variation of liquati®o and addition of salt seemed to have littlecff
330 on the dyeing performance DfLl-D3. ForD4, however, the low liquor ratio value and the additof

331  salt would bring about several problems, such asedsed levelness, low exhaustion, which might

332  be caused by its low solubility.

333
334 Table 4 Dye exhaustion and color parameters of dyeddatfar dyedD1-D7%
E/%  Amadnm® KIS L* a* b* C* he
D1 >99 590 8.1 35.53 -4.93 -11.29 12.32 246.39
D2 >99 590 20.0 26.78 4.06 -25.14 25.47 279.16
D3 >99 590 19.7 26.29 6.10 -27.66 28.33 282.44
Wool D4 >99 590 13.8 25.39 4.81 -22.10 22.62 282.28
D5 >99 590 20.4 18.66 3.82 -13.88 14.40 285.38
D6 >99 630 17.1 32.28 -12.55 -26.22 29.07 244.42
D7 >99 640 26.5 47.09 -38.28 -21.42 43.87 209.23
D1 >99 590 8.8 37.82 3.68 -22.95 23.25 279.11
D2 >99 600 12.7 32.19 10.88 -35.22 36.87 287.17
D3 98.5 620 10.2 31.16 6.25 -35.25 35.80 280.06
Silk
D4 98.7 610 10.8 32.42 6.15 -33.96 34.51 280.26
D5 97.1 590 8.3 33.45 2.88 -24.84 25.00 276.62

D6 98.7 630 53 50.71 -15.22 -27.18 31.15 240.74
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338

339
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341

342

343

344

345

346

347

348

D7 99.0 640 13.0 59.61 -37.02 -26.23 45.37 215.31

D1 93.4 650 21.3 25.48 -1.40 -21.57 21.61 266.29
D2 >99 650 24.9 24.66 5.17 -29.23 29.68 280.02
D3 >99 650 25.0 26.65 8.08 -35.68 36.58 282.76
Nylon D4 >99 650 25.9 24.89 7.21 -33.55 34.31 282.12
D5 98.3 620 21.9 22.66 0.85 -22.06 22.08 272.21
D6 87.8 640 15.2 37.21 -14.08 -30.21 33.33 245.00
D7 >99 630 25.4 47.25 -31.26 -31.93 44.69 225.61

& Dyeing condition: for wool, 1% owf, pH 4, 98 °Qrfsilk, 1% owf, pH 4, 85 °C; for nylon, 1% owf, p#} 98 °C;

® Exhaustion® Data collected froni/S curves; Dyeing at pH 5.

As shown inTable 5 most of the fabrics dyed with1-D4 at the optimized dyeing conditions
displayed blue shade with satisfactory levelnessegt for the dull gray wool fabric dyed wifhl.
The data for the dye exhaustions and color paramefedyed fabrics were collected Table 4. In
term of dye exhaustion, all the indophenine dyeswsldl good to excellent exhaustion values,
indicated that the synthesized dyes based on iredophd backbone had good affinity with wool, silk
and nylon fibers. However, there existed remarkalifierences in color depth value for the dyed
fabrics. Generally, fabrics dyed withl showed the lowed(/S values, which might due to the low
coloring strength oD1, as demonstrated in th&S curves(Figure S8. Fabrics dyed witlD4 also
showed relatively loweK/S values than that dyed with2 andD3, probably due to the aggregation
of D4 on fibers. This meant that suitable alkyl chairsevsignificant for improving the color depth.

OutstandinglyK/Svalues of fabrics dyed with2 andD3 were as high as that dyed with commercial



349  dyes, indicating their potential practical applicatas acid dyes.

350
351 Table 5 Images of fabric samples dyed witli-D7 at 1% owf level
D1 D2 D3 D4 D5 D6 D7
- - - - . . - -
. - - - - . . -
352

353 3.4.2Dyeingrate

354 As shown inFigure 6, the dyeing rate curves of indophenine dy@kD4 as well as the
355 commercial dye®5-D7 for dyeing of wool, silk and nylon fabrics weresdabed by collecting the
356 exhaustion data at certain dyeing time. In all safee synthesized indophenine digsD4 showed

357 much lower dyeing rates than the commercial dy&sD7. This meant that the high molecular
358 planarity of indophenine backbone might cause lalggdye interactions so that more energy was
359 needed to permit the dye molecules transfer ta foeface and inside. The relatively low dyeing
360 rate allowed the good levelness performance witlaalglition of extra leveling agents [2]. Among

361 the four indophenine dye§1 and D4 showed lower dyeing rates th&®?® and D3. For dyeD1
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372

373

without substituents, this dyestuff might form imsalt because of the coexistence of secondary
amino groups and sulfonic acid groups. And B4, the too long alkyl chains resulting in low
water-solubility should be responsible for the Idyeing rate. Combined with aforementioned data
of dyeing performance, alkyl chains with suitaldeadth seemed to be necessary to fine tune the
dye-dye and dye-fiber interaction. SpecificalD3 with two hexyl groups exhibited the highest

dyeing rate among the four synthesized dyes.
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Dyeing condition: for wool, pH 4, 98 °C; for silgH 4, 85 °C; for nylon, pH 6, 98 °©{, pH 5)

Figure 6 Dyeing rate curves for wool (a), silk (b) and nyl@) withD1-D7 at 1% owf level

3.4.3 Effect of dye concentration

The effects of dye concentration on ##& values at the maximum absorption wavelength ard dy
exhaustions were studied and the results were showigure 7 andTable S11S13 Generally, the
dyes exhibited good build-up properties with lovedpncentration of less than 1% owf. As the dye
concentration increasing, the dye exhaustion cbaldbserved with a gradual decline, indicating the
saturation of dye molecules on the fibers. As alte&/S values no longer continued to increase
substantially. In all casef)2 and D3 displayed much better build-up properties tiitsh and D4,
especially in dyeing of wool fabrics whef2l and D4 showed low coloring strength and dye
exhaustions. To our delighD2 andD3 also showed good build-up properties that wereparable
with commercial dyes. In case of dyeing of nylaahrics dyed witiD2 andD3 could have higher

K/Svalues than that dyed with5-D7, making it possible for deep dyeing with indopmendyes.
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Figure 7 Effect of dye concentration df/Svalue forD1-D7 dyeing of wool (a), silk (b) and nylon (c) fabrics

3.4.4 Color fastness

The color fastnesses of fabrics dyed with the imdopne dyesD1-D4 were evaluated and
compared with the commercial dyB&-D7. The fastness data were summarizedable 6. All
fabrics dyed with the indophenine dye&-D4 showed moderate to excellent washing and rubbing
fastnesses, exactly indicating the positive infaeerof the quinoidal coplanarity of indophenine
backbone. Fabrics dyed wib¥ were found to have relatively lower washing anobing fastnesses
than that dyed with the other three indopheninesdyéis might be due to the large dye molecular
size and low ratio of sulfonic acid groups o4 that making massive dye molecules aggregated on
the surface of fiber. Besides, it was noted thatdfaining on cotton could be remarkably eliminated
by increasing the alkyl chain length. The substaytiof indophenine dyes to cotton fiber also
promoted us to investigate the dyeing performantecatton fabrics. However, all the low dye
exhaustions, lowK/S values and wet fastness of dyed fabrics indicatesl unfeasibility of

indophenine dyes as the dyeing materials for cdtbrics Table S14andS15. This phenomenon



406 was similar with triphendioxazine-based phospharostaining acid dye that also had large and
407  planarn-conjugation system, as reported in literature [Anhong the four indophenine dyd32 and
408 D3 exhibited the best fastness properties, and eg#arldfastness level than the commercial dyes in
409 term of washing fastness. The light fastness ofidabdyed with the indophenine dyes showed
410 relatively poor degrees, which were equal to thelldor the triphenylmethane dy@7 [41]. The
411 poor light fastnesses for indophenine dyes musiiuseto the instability of indophenine backbone

412  under irradiation [34].

413
414 Table 6 Color fastness data of wool/silk/nylon fabrics diyeth D1-D7
Washing Rubbing
Dye Staining Light
Change Dry Wet
Cotton Wool/Silk/Nylon

D1 4/3/5 3-4/2-3/4-5 5/5/5 4-5/4/5 4/3/5 3/2-3/1-2
D2 4-5/3-4/5 3-4/3/5 5/5/5 4-5/4/5 4/3/5 2-3/2-3/1-2
D3 5/4/5 5/4/5 5/4-5/4-5 4-5/4-5/5 4/3-4/5 2-3/2/1-2
D3 5/4-5/5 5/5/5 5/4-5/5 4-5/5/5 3-4/4-5/5 2/2/1-2
D3° 4-5/3/4-5 3-4/3-41/4 5/3/3-4 3-4/4-5/3 2/3/2 4/2-4/
D4 4/3-4/4-5 5/5/5 5/4/5 3/4/3 2-3/4/3 2-3/2/1
D5 4-5/3/4 4/2-3/5 5/2-3/3 4-5/5/5 4/4/5 6-7/5-6/6-7
D6 1-2/1/2-3 2/3/4 1-2/2-3/2 4-5/4-5/5 4/4/4-5 6-7l6-7
D7 3/1/4 3/4/3-4 2-3/1/3-4 4/5/4-5 3/3-4/4 1-2/2/1

415 % The data listed in table are in the order of wsiilhylon; ® Fabrics dyed wittD3 at 0.5% owf levelf Fabrics



416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

dyed withD3 at 2% owf level.

4. Conclusion

In summary, we have designed and synthesized furwater-soluble indophenine dye4-D4

that bearing two alkyl chains with different lengtby sulfonation of hydrophobic indophenine
derivatives. The sulfonic acid groups on indophertiackbone were confirmed to mainly locate at
the meta-position to theN atom. The introduction of sulfonic acid groups éiavade the indophenine
dyes dissolve well in water with solubility values the range of 20~135 g/L. Besides, the good
thermal and acid-base stabilities have made thgsg slitable for coloration of textiles under acid
or neutral conditions. UV-vis absorption spectrah#se blue dyes showed the maximum absorption
wavelength in the range of 634~652 nm in organicesd and rather blue-shifted values in the range

of 554~569 nm in water.

The synthesized four indophenine dyes have bedmappglied into dyeing of wool, silk and nylon
fabrics under weak acid or neutral conditions, eating their good affinity with these fibers. In
some cases, the designed indophenine dyes exhibited better dyeing performance than the
mentioned commercial dyes, in terms of exhaustibuild-up and wet fastness. Study of
structure-property relationship indicated that sl alkyl chains were significant to fine-tune the
dye-dye and dye-fiber intermolecular interactioks.a resultD3 with two hexyl groups showed the
best overall dyeing performance among the four ph@mine dyes. Therefore, the above results
demonstrated that the introduction of rigid quiraitleterocyclic structure with high coplanarity as

chromophore backbone is an efficient method for dbsign of high-performance acid dyestuffs.



437  Further rational molecular design for this family imdophenine dyes to improve the dyeing

438  performance is on going now in our group.
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Highlights

Water-soluble indophenine dyes were designedsgnthesized.

» Sulfonic acid group was mainly located at theta-position to theN atom.

* The dyes showed good thermal stability and aeisk stability.

* The dyes could offer dark blue shade on wotK,aid nylon fabrics with high exhaustion.

» Fabrics dyed with indophenine dyes displayedcehlsnt wet fastness.
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