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Abstract: In this study, a series of indophenine dyB4-D6) that show high molecular planarity,
were synthesized and applied as dyeing materialspédy(ethylene terephthalate) fabrics. The
relationship between the dye molecular structucedyeing properties, such as dyeing rate and color
fastness properties, was investigated. Compardd eabventional azo or anthraquinone dyes, the
indophenine dyes had a much lower dyeing rate et good anti-thermomigration properties. This
phenomenon indicated that there exists much langemrmolecular interaction between indophenine
dye molecules, which was also confirmed by the ltesaf quantum chemical density functional
theory (DFT) calculations. The substituent effefcalyl groups and halogen atoms (F and Cl) was
also investigated. The steric hindrance of linkelylegroups could efficiently promote dyeing
performance, while halogen atoms lowered the catmuisition. As a resulfD4 with only two
N-ethyl groups incorporated on the indophenine baokbshowed the best overall dyeing
performance.
Keywords: Indophenine; Quinoidal structure; Disperse dygeiDdg property; Interaction energy;

DFT calculation.
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1. Introduction

With the polyester industry flourishing, the demdnd a variety of high-performance disperse
dyes is increasingly sought. In finishing procedurethen dyed polyester fabrics are treated at
temperatures higher than 130 °C (e.g., heat settinigaking with resin), disperse dyes inside the
fiber can migrate to the surface, resulting in p@ashing and rubbing fastness, especially in tilse ca
of deeply dyed fabrics. In addition, when dyeind &nishing polyester/spandex or polyester/viscose
blend fabrics, heavy staining occurs on spandexistcose fibers [1, 2], causing serious color
fastness problems.

In the past decades, many efforts have been devotddvelop improved high-fastness disperse
dyes [3-11]. One feasible strategy is to develogpelise dyes with increased molecular size,
including preparation of disazo disperse dyes [B, idtroduction of bulkier groups into dye
molecules [5], tethering two dye molecules withstie/diurethane groups [6, 7], and polymerizing
dyes [8]. However, large dye molecules are more&ablé for dyeing polyurethane (PU) fibers than
poly(ethylene terephthalate) (PET) fibers, since filee volume in the soft region of a PET fiber is
smaller than that of a PU fiber, making it difficéor large dye molecules to penetrate the PETr.fibe
Recently, Wang et ademonstrated that introduction of a planar ringatyo(e.g., phthalimide or
benzodifuranone) into the dye molecule is an effecapproach to restrain the thermal migration of
dye molecules [12-14]. The increased molecular axogniity brings about a larger intermolecular
interaction energy, which increases the dye-dye dyelfiber forces, leading to better fastness
properties.

In our efforts to search for new chromophores fesigning high-performance disperse dyes, we
noticed that there emerged thiophene-based quihciadapounds used in the field of opto-electronic

materials [15, 16]. In particular, quinoidal thiegste derivatives display very high rigidity and
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planarity owing to the double bond present betweach cyclic unit. Such molecular planarity is
useful for enhancing dye-dye and dye-fiber inteoas, favoring better fastness [13]. Furthermore,
quinoidal molecules usually exhibit low energy bgapols with very large molar extinction
coefficients [17, 18]. Therefore, it is promising dpply quinoidal thiophene as a chromophore into
textile dyestuffs. Very recently, we reported theucure-property relationships of quinoidal
bithiophene dyes that were end-capped with cyanester groups for dyeing PET fabric [19]. As
expected, the high planarity of these dyes produweextllent washing, rubbing, and sublimation
fastness. The challenge of forming single dye moéscin the dyeing process was overcome by
introduction of suitable alkyl groups into the quigal backbone. Hence, quinoidal thiophene
derivatives were demonstrated as potential disphres.

Indophenine, a well-known blue dyestuff based aa dlinoidal bithiophene backbone, can be
readily synthesized by isatin and thiophene in ghesence of concentrated sulfuric acid [20]. A
remarkable color change occurs, termed the “indoipleereaction”, which has mainly been used as a
visual colorimetric indicator of trace amounts biophene. However, because of its poor solubility
originated from strongt-n interaction, the direct application of indopheniwas very limited.
Recently, indophenine derivatives with long alkylams (up to 12 carbons) were designed and
synthesized, resulting in good solubility in commorganic solvents, and subsequent use as
semiconductor materials [21, 22]. On the other hamtbphenine derivatives with short alkyl chains
remain poor solubility [20], and their propertiesdaapplication have not been fully explored.

In this study, we devised a PET dyeing method usig readily synthesized indophenine
derivatives as disperse dyes. There are three mea®w this molecular design. (i) The larger

quinoidal backbone of the indophenine molecule robsa the dye-dye and dye-fiber forces, which
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provides better fastness on dyed fabrics, espgcwlhted to anti-thermomigration. (ii) The nitroge
of the indolin-2-one moiety in the indophenine noolle provides a convenient site to introduce an
alkyl chain. Thus, fine-tuning intermolecular irdetions becomes possible for facilitating the dgein
process, as we previously reported [19]. (iii) Byathesis of indophenine dyes is quite facile and
scale-up is feasible, which favors disperse dyeeldgvnent for industrial dyeing applications.
Although indophenine is reported to have sig-transisomers [22], no discernable evidence of
decreased dyeing performance has been attributdek tooexistence of these isomers. Actually, our
dyeing experiments with derivatized indopheninesdgeoduced bright blue shades on PET fabrics
with excellent wet fastnessl-ethyl groups were found to promote the dyeing grenfince, while
halogens (i.e., F and CI| atoms) decreased colouisiiqn. To gain greater insight into
structure-property relationships of derivatizedopldenine dyes, the effect of quinoidal planarity on
dyeing performance and the halogen atom effect halge been studied by calculating the
intermolecular interaction energy.
2. Experimental section
2.1 Materials and instruments

Unless otherwise specified, all chemicals and sub/evere purchased commercially (Adamas
Reagent Co., Ltd.). Two commercial dy&¥7( C.l. disperse blue 2918, C.I. disperse blue 56)
were provided by Jihua Jiangdong Chemical Co., Tiekse two dyes had been purified by column
chromatography before use. All reactions were edrrout in dried glassware and nitrogen
atmosphere. Solvents were previously dried by cotimeal methods and stored under nitrogen. Air-
and water-sensitive solutions were transferred twihodermic syringes.

NMR spectra were recorded with a Bruker DMX 400 MIMNMMR spectrometer at room
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temperature in CDG@br DMSO-ds. Electrospray ionization mass spectra (ESI-MS)ewecorded on

a Thermo Lcq Fleet mass spectrometer in a scarerahg00—-2000 amu. Accurate mass data were
obtained by high resolution mass spectrometry pegd on a solanX 70 FT-MS spectrometer.
Infrared (IR) spectra (4000-400 &inwere recorded using a Nicolet FT-IR 170X spedimipmeter
on KBr disks. Melting points were measured on Metfloledo melting point apparatus and were
uncorrected. UV-Vis spectra were recorded with aim@dzu UV-2600 double-beam
spectrophotometer using a quartz glass cell wighth length of 1.0 cm. Dyeing of polyester fabrics
was operated by using DYE-24 adjustable dyeing mac{ShangHai Chain-Lih, China). The color
yield of the dyed fabrics was measured by Datac&br 600X spectrophotometer (Datacolor,
Switzerland).

2.2 Preparation of indophenine dyes

2.2.1 3,3'-([2,2'-Bithiophenylidene]-5,5'-diylideés(indolin-2-one) D1)

Concentrated sulfuric acid (15 mL) was added tolat®n of isatin (20 mmol, 2.95 g) and
thiophene (44 mmol, 3.70 g) in toluene (40 mL) &0 It was found that all colored solutes were
involved into sulfuric acid layer, and the colochene dark blue. The mixture continued to react at O
°C for 3 h. After the reaction was completed, tpament toluene solvent was removed and the
residue was poured into icy water (100 mL) cargfulhe crude product was obtained by filtration,
followed by washing with an excess of water, ethahexane and dichloromethane successively,
until each liquid became clear. Finally, a dryimpgess in vacuum gave the target compound as a
dark blue solid, 3.52 g, 82%. Mp: >350 °C. ESI-MB)0%, negative)wz = 425 ([M-HJ);
ESI-HRMS (W2) Calcd. for GsH1aN0,S: 426.0497 ([M]), found: 426.0497; IR (KBry = 1676

cm* (C=0).
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2.2.2 3,3'-([2,2'-Bithiophenylidene]-5,5'-diylidexes (5-fluoroindolin-2-one) [2)

The same procedure as in 2.2.1 was used, excepb-theoroindoline-2,3-dione (20 mmol) was
used as starting material. Dark blue solid, 3.301§56. Mp: >350 °C. ESI-MS (100%, negativay
= 461 ([M-HJ); ESI-HRMS (/2) Calcd. for GsH1oF2N20,S,: 462.0308 ([M]), found: 462.0312; IR
(KBr) v = 1685 cm* (C=0).
2.2.3 3,3'-([2,2'-Bithiophenylidene]-5,5'-diylidexés (5-chloroindolin-2-one)3)

The same procedure as in 2.2.1 was used, excdp-ttfdoroindoline-2,3-dione (20 mmol) was
used as starting material. Dark blue solid, 2.969956. Mp: >350 °C. ESI-MS (100%, negativay
= 493 ([M-H]); ESI-HRMS (2 Calcd. for GsH1.CLN.O,S,: 516.9609 ([M+Na]), found:
516.9628; IR (KBr)y = 1681 crit (C=0).
2.2.4 1-Ethylindoline-2,3-diond

A solution of sodium hydride (22 mmol, 0.88 g, 609 in anhydrous DMF (30 mL) was added
to a solution of isatin (20 mmol, 2.94 g) in anlyas DMF (20 mL) at O °C under nitrogen
atmosphere. The solution became dark purple. Aftatng for 30 min, iodoethane (21 mmol, 3.28 g)
was added, and the reaction mixture was stirrecafmther 5 h at room temperature. Water was
added to quench the reaction and it was extraci#id dichloromethane. The organic layer was
washed with water and dried over anhydrous magnmesiuiphate. The crude product was purified
by column chromatography (petroleum ether;CH = 1:1) to afford compound as orange solid
[23]. 2.62 g, 75%. Mp: 88-89 °CH NMR (400 MHz, CDC}) 6 7.60-7.56 (m, 2H), 7.10 (3,= 7.6
Hz, 1H), 6.90 (d,J = 8.2 Hz, 1H), 3.77 (] = 7.2 Hz, 2H), 1.30 () = 7.6 Hz, 3H)X*C NMR (100
MHz, CDCk) 183.18, 157.28, 150.08, 138.08, 124.61, 123.08,9D, 109.79, 34.40, 11.98; IR (KBr)

v = 1739 (C=0), 1610 cth(C=0).
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2.2.5 3,3'-([2,2'-Bithiophenylidene]-5,5'-diylidexés (1-ethylindolin-2-one)¥4)

The same procedure as in 2.2.1 was used, excdpl-#thylindoline-2,3-dione (10 mmol) was
used as starting material. Dark blue solid, 1.18396. Mp: 252-254 °C. ESI-MS (100%, negative)
Mz = 482 ([M]); ESI-HRMS (/2) Calcd. for GgH2N-0,S,: 482.1123 ([M]), found: 482.1132; IR
(KBr) v = 1681 cm* (C=0).

2.2.6 1-Ethyl-5-fluoroindoline-2,3-dion&)(

The same procedure as in 2.2.4 was used, excepb-fheoroindoline-2,3-dione (20 mmol) was
used as starting material. Orange red solid, 3,08086. Mp: 126-128 °C*H NMR (400 MHz,
CDCls) ¢ 7.33-7.28 (m, 2H), 6.87 (dd* = 9.2 Hz,J> = 3.6 Hz, 1H), 3.78 (q] = 7.2 Hz, 2H), 1.31 (t,
J = 7.2 Hz, 3H).¥*C NMR (100 MHz, CDGJ) 6 182.90, 160.12, 157.51 (d,= 33.4 Hz), 146.49,
124.48 (d,) = 24.0 Hz), 117.85 (d, J = 6.9 Hz), 111.96)¢,24.0 Hz), 111.22 (d} = 7.1 Hz), 34.80,
12.09; IR (KBr)y = 1735 (C=0), 1618 cih(C=0).

2.2.7 3,3'-([2,2'-Bithiophenylidene]-5,5'-diylidees (1-ethyl-5-fluoroindolin-2-one)05)

The same procedure as in 2.2.1 was used, excedt-dthyl-5-fluoroindoline-2,3-dione (10 mmol)
was used as starting material. Dark blue solid9 @834%. Mp: decomposition before melting.
ESI-MS (100%, negative)Vz = 518 ([M]); ESI-HRMS (Wz) Calcd. for GgHzoF2N20,S,: 518.0934
(IM] ), found: 518.0943; IR (KBry = 1676 cr' (C=0).

2.2.8 5-Chloro-1-ethylindoline-2,3-dion6)(

The same procedure as in 2.2.4 was used, excdp-ttfdoroindoline-2,3-dione (20 mmol) was
used as starting material [24]. Orange red soli&3 8, 77%. Mp: 130-132 °GH NMR (400 MHz,
CDCls) § 7.56-7.53 (m, 2H), 6.87 (dd* = 4.8 Hz,J* = 4.0 Hz, 1H), 3.78 (q] = 7.2 Hz, 2H), 1.30 (t,

J = 7.2 Hz, 3H).**C NMR (100 MHz, CDGCJ) ¢ 182.45, 157.05, 148.70, 137.52, 129.02, 124.84,
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118.09, 111.34, 34.89, 12.16; IR (KBr¥ 1735 (C=0), 1608 cih(C=0).
2.2.9 3,3'-([2,2'-Bithiophenylidene]-5,5'-diylideés (5-chloro-1-ethylindolin-2-one PE)

The same procedure as in 2.2.1 was used, excepd-thdoro-1-ethylindoline-2,3-dione (10 mmol)
was used as starting material. Dark blue solidg §,088%. Mp: >350 °C. ESI-MS (100%, negative)
Mz = 550 ([M); ESI-HRMS (n/2) Calcd. for GgHo0ClLN20,S,: 550.0343 ([M]), found: 550.0335;
IR (KBr) v = 1678 cm' (C=0).

2.3 Dyeing procedure

Dye dispersion solution was prepared by grinding thixture of indophenine dye (0.5 g),
dispersant NNO (Naphthalenesulfonic acid/formaldighgondensation product, 1.0 g), Zirconium
beads ¢ 0.2 mm, 50 g) and water (50 mL) in a laboratoryiature quartz tube equipped with
mechanical stirrer. After the average particle sieereased to lower than 500 nm checked by laser
particle size analyzer (zetasizer Nano S, UK),ntlveture was filtered into volumetric flask. Then, a
solution with certain concentration was preparedrafdditional water was added.

The polyester fabric (PET 100%, 188 dtex, 2/2 ywias dyed with dye amount of 1.0% owf
(weight of dye to fabric), kept at a liquor ratib1050 and pH at 5.0 (using acetic acid). The dgein
temperature started at 30 °C, then raised to 13@ifiCheating rate of 2.0 °C/min and maintained at
130 °C for 1 h. After cooling, the dyed fabric waisked out and treated with a solution of sodium
dithionite (2 g/L) and sodium hydroxide (2 g/L) &2 °C for 5 min. Finally, the fabric was rinsed
with clean water and dried at 60 °C.

2.4 Color assessment
Color depths of dyed PET fabrics were obtained frdyed samples at maximum absorption

wavelength. Each sample was measured three tingedifferent area and an average value was used.
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The “K/S’ value was calculated based on the Kubelka-Munlaggn:

(1-R)?

K/S =
/ 2R

whereK is the adsorption coefficien§ is the scattering coefficient, amlis the reflectance of the
dyed sample.

In the study of dyeing rate curve, the color msigy (%) was calculated as follows [13]:

Color depthpatch sample

Color depthstandard sample

Color intensity (%) =

700 nm

Color depth = j f () sdx

400 nm

The color coordinates of indophenine dyes were rdeted on CE-7000A Gretag-Macbeth
computer color matching system. The color valuesevexpressed by using CIE 1976 Color Space
method. The coordinates used to determine colaregabre L*” for lightness, ‘a*” for redness
(positive value) and greenness (negative valuay, for yellowness (positive value) and blueness
(negative value),C*” for chroma and h°” for hue angle.

2.5 Measurement of migration degree

A piece of dyed PET fabric (sample A) at 1% owfazathade was sewed with another piece of
un-dyed PET fabric (sample B) having equal weidtme combined fabrics were put into a dyeing
bath (liquor ratio 1:30, pH 5.0), then heated frdth°C to 130 °C with heating rate of 2.0 °C/min
and maintained at 130 °C for 1 h. After coolinge tiwo samples were picked up and dried. The

migration degree (%) was calculated as follows:

(K/S)B
(K/S)a

where K/9a is theK/Svalue of sample A after treatmerk/$)s is theK/S value of sample B after

Migration degree (%) = %X 100

treatment.
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2.6 Colorfastness

The color fastnesses to washing, rubbing, sublonaaind light were measured in accordance with
the ISO 105-C06: 2010 (C1S), ISO 105-X16: 2016, BI3-X11: 1994 andSO 105-B02: 2014,
respectively.
2.7 Density functional theory calculation
All theoretical calculations were performed withuSaian09 programs [13, 25]. Optimized ground
state geometry of the lowest energy conformatiorDib-D6 were calculated at the B3LYP/6-311G
(d, p) level. HOMO/LUMO energy and electron densitystribution were calculated at
B3LYP/6-311G ++ (d, p) level. Intermolecular intetian energy was computed by DieB97XD
method with 6-311G (d, p) basis set for indophenipesD1-D3. To simplify the calculation, only
transisomer E,E,E isomerization) of indophenine dyes was computed.
3. Resultsand discussion
3.1 Synthesis and photophysical properties

The six indophenine dyes were synthesized accotdiageported method [20], with the synthetic
route shown irscheme 1. Among the derivatived)1, D2, andD3 could easily be obtained by the
“indophenine reaction” using isatin, 5-fluoroisatior 5-chloroisatin as starting materials,
respectively. ForD4-D6, ethyl groups were firstly introduced biX-alkylation (of isatin,
5-fluoroisatin, or 5-chloroisatin) to givd-ethyl isatin derivatives, which subsequently umdgest the
“indophenine reaction” to afford the desired pradusmoothly D4, D5, andD6, respectively). As
expected, all six dyes exhibited very poor soltypiin common organic solvents (e.g., chloroform,
toluene, and tetrahydrofuran). Thus, we purified fynthesized dyes by washing with plenty of

water, ethanol, hexane, and dichloromethane to vemesidual sulfuric acid, thiophene, and other
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possible soluble byproducts. The poor solubilitpoabrought serious complications for structural
characterization, in which only mass spectral ofter&ation of the six dyes was possible.
Indophenine dyes are reported to have six structorsformations due tois-transisomerism [22].

Nevertheless, our previous results demonstratadatingixture of isomers had a negligible effect on
dye effectiveness [19]. In addition, the propertdéswo purified commercial blue disperse dyes,

namely C.I. disperse blue 29D7) and C.I. disperse blue 5B§; Fig. 1), are also presented here for

comparison.
0]

H-N o 1-R=H D1:R=H
2:R=F D2:R=F
3:R=Cl D3:R=Cl

R
|®
0]
O 4R= D4:R=H
N 4. R=H
@ 5:R=F @ D5:R=F
6:R=Cl D6: R =Cl
R
(a) thiophene, conc. H,SO,, toluene, rt
(b) i. NaH, DMF, 0 °C, ii. iodoethane

Scheme 1. Molecular structures and synthetic route for indaphe dye®1-D6.

-0 O,N OH O NH,
— Cl
e L)
—/ o)
HN‘< Br NH, O OH
D7 (C.I. disperse blue 291) D8 (C.I. disperse blue 56)

Fig. 1. Structures of two commercially available blue dige dyes.
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The UV-vis absorption spectra of both indophenigesdand commercial dyes were measured in
order to understand their optical properties. Tlsatk their moderate solubility in DMF, dilute
absorption spectra of indophenine dyes could berded, as shown ifig. 2. All the quinoidal
molecules D1-D6 exhibited broad absorption bands from 400 nm t® 80n with Anax Of
approximately 631 nm to 642 nm, similar to convemil dye<D7 andD8. The maximum absorption
wavelengths of indophenine dyB4-D3 were slightly red-shifted compared wiii-D6, while the

lattershowed higher extinction coefficients.

1.0q —D1—D2
—D3—D4
084 —D5——D6
——D7—D8

0.6

0.4

Normalized absorption

0.24

0.0 T
300 400

600 700 800 900

Alnm

500

Fig. 2. UV-vis spectra of indophenine dyB4-D8 in DMF.

Table 1. UV-vis absorption data of dyé&x1-D8 in DMF.

D1 D2 D3 D4 D5 D6 D7 D8

Amax{nm 636 640 642 633 631 632 598 636

¢/lL-mol'cm® 26434 23303 33095 39021 40497 52665 39048 18509

Avyplnm? 141 171 151 150 173 172 123 100

2 half-band width.

3.2 Dyeing properties

3.2.1 Color assessment
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The synthesized indophenine dyes were applid®ED fabrics at 1.0% owf color shade by using
the high temperature exhaustion dyeing method &t °3 [19]. The dye exhaustion and color
parameters of dyed PET fabrics are summarizebabie 2. Our initial dyeing attempt of polyester
fabrics resulted in blue shades with excellent calaformity (Fig. 3). It can be seen that the six
indophenine dyes exhibited large differences iiir tthgeing performance in terms of dye exhaustion
and color depth. Among the®4 showed acceptable dye exhaustion and color defticating the
positive effect olN-ethyl groups. The introduction of halogen atomg,(D3, D5 andD6) was found
to give a negative influence on the overall dygiegormance. The low exhaustion and precipitation
of some dye particles at the bottom of the batbrafyeing suggest difficulty in formation of single
indophenine dye molecules, indicating the existeridarge dye-dye interactions.

Table 2. Dye exhaustion and color parameters of dyed Phric&for dyeD1-D8.

Exhaustio% Ima/nm?  K/S L* a* b* C* he
D1 74.4 650 11.7 34.81 -0.84 -25.89 2591 268.15
D2 61.6 650 7.8 37.28 1.19 -23.64  23.67 272.87
D3 54.2 650 8.8 34.76 2.58 -22.73  22.87 276.28
D4 85.0 650 17.7 30.13 6.89 -33.11 33.82 281.76
D5 44.3 650 9.8 35.03 5.99 -34.06 3458 279.98
D6 55.6 650 4.8 44.41 2.77 -29.00 29.13 275.46
D7 97.7 610 19.5 23.08 -1.91 -21.65 21.73 264.95
D8 93.3 630 20.3 28.94 8.01 -39.66 40.46 281.41

2 Data collected fronk/S curves.
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D1

3.2.2 Dyeing rate curve

D4 D7 D8

Fig. 3. Digital photos of the dyed PET fabrics undeg Muminant.

D2 D3 D5 D6

As shown inFig. 4, the dyeing rate curves for indophenine dipdsD6 as well as commercial
dyesD7-D8 are depicted by collecting/S data every 10 min during the dyeing process. krged
that the indophenine dy&xl-D6 started dyeing at 100-110 °C, but most of thendegenuch more
time thanD7 andD8 to reach dyeing equilibrium. The dyeing rate oftegsized indophenine dyes
was much lower than that of conventional azo ohmgjuinone dyes. This suggests that there are
much larger dye-dye interactions between indopleedye molecules and more energy necessary to
weaken the intermolecular forces compared to carmweal dyes. Specificallyp4, with two N-ethyl
groups, reduced the dye-dye interactions such ithathibited a comparable dyeing rate 3.
Halogen atom substituted dyes (suchD&s D5, and D6) showed much lower dyeing rates. This

suggests that halogen atoms provide larger intercotdr interactions.
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275 Fig. 4. Dyeing rate curves for indophenine dy&kD6 and commercial dyd37-D8.

276  3.2.3 Effect of dyeing temperature

277 We examined the effect of dyeing temperature ugMg(Fig. 5). The dyeing procedure was
278  similar to that described 2.3, except that the temperatures were set at 12323C°C, 135 °C and
279 138 °C. The resulting/Svalues in one batch experiment were 11.4, 16.3, 49d 19.6, respectively.
280 Compared wittD7 andDS8, it is encouraging that a competitive color dep$ing indophenine dyes
281 could be obtained at higher temperature. The faat theK/S value increases remarkably with

282  increasing temperature confirmed the predictiolaje dye-dye interactions for indophenine dyes.

20-— %
£15_— %
10_— %

285 3.2.3 Color fastness



286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

The results of color fastness testing for PET tabdyed with indophenine dy&sl-D6 at 1.0%
owf color shade are shown ifable 3. All these indophenine dyes exhibited excellenshuag,
rubbing, and sublimation fastness on PET fabricshbuld be noted that the tested samples had
undergone a reductive cleaning process with sodiitinonite (2 g/L) and sodium hydroxide (2 g/L)
at 80 °C for 5 min before testing. On one hand réukeicing conditions might convert the quinoidal
structure into the colorless aromatic state [15].tke other hand, amide bonds in indophenine dyes
are presumably hydrolyzed to soluble groups. Tlhiyes on the fabric surface could be readily
removed and good wet fastness properties werenaotaBecause of the good thermal stability at
high temperature [16], indophenine dyes showeddeks staining of PET or cotton th&v or D8,
as well as better sublimation fastness. We atwilibese effects to strong dye-dye and dye-fiber
interaction energies, which can prevent the dyenfitwoth transferring to an un-dyed fabric and
undergoing sublimation upon heating. However, thktIfastness of indophenine dyes is generally
poor, likely due to their ease of decay to col@lasomatic states under a Xenon light source (see
Fig. S1) [26].

The anti-thermomigration properties of indophenityes on PET fabrics were also investigated.
After the dyed PET fabrics (1% owf color shade) evéneated with un-dyed fabrics under high
temperature and pressure, the degree of migratescalculated and shown kg. 6. Compared
with D7 and D8, the indophenine dyes showed remarkably reducednaigration properties. This
result clearly indicates that larger dye-fiber mations exist in fabrics dyed with indophenine slye
F/CI substituted dyes had relatively lower degreesnigration, again suggesting that F/Cl atoms

assist in increasing intermolecular interactions.



308 Table 3. Fastness properties of dy2%-D8 on PET fabrics.

Rubbing
Wash fastness Sublimation fastness
fastness Light
Dye
Stain Stain fastness
Changeg—— Dry  Wet Change
PET Cotton PET Cotton
D1 5 5 5 5 4-5 5 4-5 5 2
D2 5 5 5 4-5 45 5 5 5 3
D3 5 5 5 4-4 4 5 5 5 3
D4 5 5 5 4-5 4 5 4-5 5 2-3
D5 5 5 5 4-5 45 5 5 5 3
D6 5 5 5 4 4 5 5 5 2-3
D7 5 5 5 4 4 4-5 4 3-4 6-7
D8 5 5 5 4-5 4 4-5 3-4 3 6-7
309
100
., 80r 7
S 60t %
% %
S 4ol % %
% I 77 % %
2 | ] |
I n
310 DI D2 D3 D4 D5 D6 D7 DS
311 Fig. 6. Migration of dyedD1-D8 from dyed PET fabrics to un-dyed PET fabrics.
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3.3 Quantum chemical calculations
3.3.1 Molecular geometry and energy

To better understand the structure-property retati@s of indophenine dyes, density functional
theory (DFT) calculations were carried out basedhenindophenine backbone. The six indophenine
dye molecules were firstly optimized at B3LYP/6-&L1d, p) level. Then, energy information of
these dyes was calculated at B3LYP/6-311G++ (d|epgl based on the optimized molecular
geometry configuration. The results are showRign 7 and summarized ihable 4.

Side views of the six molecular geometry configiorag intuitively showed a very planar
quinoidal backbone; this planarity is the origin lafge n-n stacking interactions, which lead to
formation of strong dye-dye and dye-fiber forcesr B4-D6, the N-ethyl groups are found above
and below the quinoidal plane due to rotation ef@C single bond. In this case, steric hindrarice o
N-ethyl groups should favor the generation of mangle dye molecules by disruptingr stacking
interactions, as demonstrated in our previous sflflj; For all studied indophenine dyes, both the
HOMO (highest occupied molecular orbital) and LUM@west unoccupied molecular orbital)
electron cloud densities were evenly distributeghss the entire conjugated indophenine backbone,

which presumably influences intermolecular ele¢ats interactions.
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Table 4. Energy information of optimized molecular geometonfiguration for indophenine dyes.

Dipole moment

E (a.u.) LUMO (eV) HOMO (eV) AE (eV)
(Debye)
D1 -1979.67294 0.0001 -3.4287 -5.2948 1.8661
D2 -2178.19876 0.0001 -3.6168 -5.4757 1.8589
D3 -2898.91476 0.0001 -3.6815 -5.5342 1.8527
D4 -2136.97061 0.0055 -3.3773 -5.2428 1.8655
D5 -2335.49527 0.0011 -3.5577 -5.4170 1.8593
D6 -3056.21168 0.0001 -3.6192 -5.4869 1.8677

3.3.2 Interaction energy

The inter-ring interaction from-n stacking between two dye molecules and the varels'
forces between dye molecules and PET fibers werastx on to determine interaction energies.
When PET fabrics are dyed with conventional monoayes, benzene-benzene interactions
represent both dye-dye and dye-fiber forces. Folophenine dyes, the dye-fiber force is an
indophenine-benzene interaction while the dye-dyee is an indophenine-indophenine interaction.
As reported by Wang et al., face-to-face configoret are more stable than edge-to-face or
point-to-face configurations [12, 13]. Here, facefdce configurations of indophenine dyes, in
which the dashed line indicates the ring overlaptere were modeled=(g. 8). The dimer modehl
represents the benzene-benzene interacii®dad represent th®1-benzene interaction, arab-a8

indicate possibl®1-D1 interactions.
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The intermolecular interaction energy was obtaiwétl the DFT6HB97XD method in 6-311G (d,
p) level based on the above dimer model, with gwilts shown irFig. 9. Both theD1-benzene
interaction energy anB1-D1 interaction energy initially fell to minimum valset 3.5-3.75 A, and
then slowly increased with increasing inter-ringtdnce. This suggests that such interaction ergergie
belong to long-range interactiori31-benzene interaction energies & (-32.57 kJ/mol)a3 (-33.38
kJ/mol) anda4 (-22.74 kJ/mol) at 3.5 A were much larger than biemzene-benzene interaction
energy (-10.97 kJ/mol, minimum at 3.75 A), indiogtithat a higher interaction energy exists
betweenD1 and the PET fiber. Interestinglg2 and a3 configurations displayed much larger
interaction energies thaa4, possibly due to favorable electrostatic attractiorces from the
presence of electronegative heteroatoms [13]. k@D1-D1 interaction, we constructed the models

by translating the indophenine backbone overlapgtbe quinoidat-conjugation pathway frorab
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to a8. Among these models, tla® configuration, where all atoms completely overlsippwed very
strong electrostatic repulsion at close distance 85 A). For the remaininB1-D1 configurations,
a6 with three groups of interacting rings appeardéothe most stable configuration. The lowest
interaction energies fam6, a7, anda8 at 3.5 A were -119.89 kJ/mol, -73.35 kJ/mol, ah@.24

kJ/mol, respectively.
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Fig. 9. Benzene-benzenBl-benzene an®1-D1 interaction energies.

The electrostatic potential energy diagrams@randa2-a8 configurations are shown kig. 10.
The total density diagram @1 indicates that the most electronegative (O atamd)electropositive
(N-H bond) poles are located at the edge of theop-one moiety. The S atoms, quinoidal olefinic
bond, and benzene rings remain with very littlefedénces in electronegativity. The Mulliken
charges oD1 (Fig. S2) exhibit much larger differences among each atonthe pyrrol-2-one and
quinoidal thiophene moieties than those of the berazmoiety. This charge differentiation benefits
molecular attraction, thus tta anda3 configurations exhibit larger interaction enerdiesn thea4

configuration. TheD1-D1 interaction models of tha5 configuration clearly showed an entirely
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electrostatic repulsive force, which reduced thefigoration stability. In comparison, partly
overlappeda6-a8 configurations possessed much more electrosttitactve interaction. Since the
dipole moments of the calculated indophenine maddéscare close to zero (s&able 4), dispersion
forces are also believed to have a large effe¢he®1-D1 interaction. The larger contact surface in
the a6 configuration therefore provides greater disperdiorces, which contribute to the highest

interaction energy amora$-a8.

Note: Red indicates the highest electronegatilalye indicates the highest electropositivity.

Fig. 10. Electrostatic potential energy diagram<df (front view) anda2-a8 (side view).
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The effect of halogen atoms on the interaction gyneras also studied by comparing d&sD3.
For indophenine-benzene interactions, initial iatéion models folD2 and D3 were obtained by
adopting thea3 configuration as shown ifig. S3, though little difference was foundrig. $4).
Since the F/Cl substituted sites were much closetthe ring overlapping center in thet
configuration than that a2 or a3, the configurations db2 andD3 were rebuilt by adopting thet
configurations ofD1 (Fig. 11). As shown inFig. 12, the lowest interaction energy values bdr
(-26.28 kJd/mol) anal (-28.77 kd/mol) configurations were lower than #deconfiguration (-22.74
kJ/mol). For indophenine-indophenine interactiomsdels were constructed similarly to thé
configuration. The lowest interaction energy valuese -121.94 kJ/mol for the2 configuration and
-126.36 kJ/mol for th&2 configuration. This suggests that the introductidrfluorine or chlorine
atoms effectively enhances the intermolecular agigon. While the relatively large interaction
energy for halogen atom substituted indopheninesdgeuld help to obtain better dye
anti-thermomigration, dye-dye forces that are latg® promote dimer or oligomer formation. Thus,
the difficulty to form single dye molecules resdlte experimentally low color acquisition for F/ClI

atom substituted dyes.
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Fig. 12. Indophenine-benzene and indophenine-indophenteesiction energy fob1-D3.

4. Conclusions

In summary, a series of indophenine dipdsD6 that containN-ethyl groups or F/CI atoms have
been facilely synthesized through the “indophenieaction” with isatin derivatives as starting
materials. Although these indophenine dyes shoveed low solubility in common organic solvents,
we have revealed a promising application that plewiblue shades on polyester fabrics.

The large and planar indophenine backbone prodoots strong dye-dye and dye-fiber forces.

On one hand, this is beneficial for preventing dyalecules from leaving dyed fabrics, leading to
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improved washing, rubbing, and sublimation fastn€ss the other hand, the lower dyeing rate of
indophenine dyes compared to that of conventiomalamthraquinone dyes results in higher dyeing
temperature necessary to form single dye molecdnlesler to facilitate the dyeing process.

Study of the substituent effect demonstrated tathyl groups could improve the dye uptake,
while F/Cl atoms would inhibit the dyeing perforncan As a resultp4 with only two N-ethyl
groups showed the best overall dyeing performaD€d. calculations demonstrated that there exists
both a large indophenine-benzene interaction enargy a indophenine-indophenine interaction
energy for indophenine dyes. F/Cl atom substitutetbphenine dyes were found to have larger
interaction energies, leading to better anti-themgpation properties. This study provides a
preliminary suggestion for the rational design ewndisperse dyes based on indophenine structure.
Further study of improving dyeing performance byeesion of this family of indophenine dyes is

NOwW on going in our group.
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Highlights

A series of indophenine dyes containhgthyl groups or F/Cl atoms were synthesized.

* The synthesized blue indophenine dyes couldpdyyester fabric with excellent wet fastness.

» The quinoidal planarity of indophenine molecptevides large intermolecular interaction energy.

* N-ethyl groups favor the dyeing process, while fineror chlorine atoms lower the color

acquisition.



