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Near-Infrared Absorption and Photothermal Conversion Effect of
Diammonium Dyes for Smart Textile Applications

Ji Min Park, Ye Won Choi, Wei Zhang, and Jong S. Park’

School of Chemical Engineering, Pusan National University, Busan 46241, Korea

Abstract: This study synthesized dihexylated diammonium (HDI) dyes incorporating various
anions and investigated their effects on the near-infrared (NIR) absorption spectral properties.
The anions used for HDI were tetrafluoroborate (BF,’), hexafluorophosphate (PF4), bis
(trifluorosulfonyl)imide (TFSI"), and tetrakis(pentafluorophenyl)borate (TPFB"). These HDI
dyes exhibited negative solvatochromism, shifting absorption to shorter wavelengths in
polar solvents. In non-polar solvents, molar extinction coefficients varied with anion size
and electronegativity, increasing in the order BF,” < PFs~ < TFSI” < TPFB™. In addition, coated
fabric samples were prepared to assess the photothermal effect of the TPFB-based HDI
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dye. When exposed to a 1064 nm laser (1 W/cm?), surface temperature surged to 220 °C within
3s, even causing carbonization. These results demonstrate that anion selection

significantly influences HDI dye’s optical properties and enables superior NIR photothermal
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conversion. With low visible-light absorption and high NIR absorption, the HDI dye holds
promise for smart textile applications.
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S A WS Sk, 34 g}
AR A vie AEete] o | A] Afo|E FolHA T &
HEHo| AuAF £ 0 2 0]5-3}= positive solvatochromism
(red shift)o] UERHTE o= F2 n-n* Hol7} doju= &
Aol 4 Pk, whE, S8 Al A7) sk A,
=78 &7t vl A E o PESIAIA | A] 3ol 57t
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Ao gulofe] 4582 ofsfal, M s G AL
gk 7Aoo 5ol F-85HA &8d o U
& Q) A (near-infrared, NIR) S~ 57| EA}= 7FA|35A
o A= FHARE, & WHAIZI= NIR F-& A
TSR B AU, o] Teate] AvlE
e, 33d 2| & (photothermal therapy) 5 T}oFst
o8 2opollM ARG AL Sl [3-6]. 53], T o W5 (diimonium)
QIRL §50-1200 nm B0 4] 73 NIR §4-8 Ho|oi,
U NIR gare; 943 52 e 2 taEg ol
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29, fol2E 952 NIR 34 EAJT} solvatochromism<
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Bz QicH7.8].

Yoy dEe F /N9 5Yg WAt (chromophore)o]
gk A ol Add #2325 7HAIH, S& AdHElelA At
U 5-o] A3} 5 (charge resonance)d} A A|E (exciton) AF
s2g0] ola) A S el Raee
WeHO,10). £5), ol dzel Huts
Hbo] ste} 2ee S5l dimers ¥4
slom, WALt A Afole] AEztgal
(Frenkel exciton)2 A3} WA} (charge carrier)E 2435},
1 3fj](dissociation) 542> AA = Y9 o] 9] FHo
uhet gepd 4= QlrH[11-14].

44 W3 7 (photothermal conversion effect)= Bl o]
UAE g Maeks Aoz, vol o o7 ouix] 4]
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A 4= 9lol, Sdoltt 19 AR g A] 2] ATHS
2 48¥3 4 Qe Ao ScH1s)

ol gt Hj = Hig e &, & Aol A= N,N'(cyclohexa-2,5-
diene-1,4-diylidene)bis(4-(dihexylamino)-N-(4-(dihexylamino)
phenyl)benzenaminium) (¢]3} HDI) ¥ &¢] NIR &4 ¥
solvatochromism &4 o] tetrafluoroborate  (BE,),
hexafluorophosphate (PFy"), bis(trifluorosulfonyl)imide (TFSI'),
tetrakis(pentafluorophenyl)borate(TPFB") 5 20|29 &5
of wie} ojH A HI}sH=A1E 2ASFATE E3E HIZHA] &
ol F 7% 9% NIR &= 4 5& Hol= HDI 985
ggote] FAHe 545 SRlskal AntE HAEUR 9]
2 kS Brkekich
24 #

2.1. X2 2 A2k

p-Phenylenediamine, p-Nitrochlorobenzene, potassium
carbonate, copper powder, sodium sulfide, n-hexylbromide,
magnesium sulfate 5-2] A]2F2 Sigma-AldrichAlof| A Gt 5}
o A}-8-519 o, 8ull 2 AR8-F acetonitrile, dichloromethane
(CH,CL), N,N-dimethylformamide (DMF), methanol (CH,OH),
toluene 5-& HE=9] AAglo] AlF Alofe A= AME-SH
Act Adol AH-E FAFEH = AlselA e &2
of| ~8-1 21H(65:35) M HGE &Eatirt &4 29

=4

EY =& UV-Vis-NIR £33 4| (Shimadzu UV-1800)
£ o]&stylon, FE WHE 542 ADR-1805 FH|E At
831o] 1064 nm o] A= Z45}3ct £, TP100 ¢
e & o]-&al dlo|A F Al7IE 2dsen, 43t 71

LR E5)E AMsto] L RslE wu e Ps)oin

2.2. N',N',N* N*-Tetrakis(4-nitrophenyl)-1,4-benzenediamine £}

1.08 g (0.01 mol)®] p-phenylenediamine, 9.46 g (0.06 mol)2]
p-nitrochlorobenzene, 3.31 g (0.024 mol)2] F= potassium
carbonate, 0.2 g2] copper powderE 25 ml/®] DMFof Y1l
170°Coll A 4217F Nksisict. whgo] S ¥, ol A
2717 W23, DME 2, opHlES 2kt 20 mi) 33
ghasiol AlEs 7 Azsiel 24 TAS AT G-58
60%). "H-NMR (600 MHz, CDCl;, ppm): 8.18 (d, 8H), 7.52
(d, 8H), 7.17 (m, 4H).

2.3. N,N-(1,4-phenylene)bis(N-(4-aminophenyl)benzene-1,4-diamine)
=7

3 g (0.005 mol)?] tetrakis(4-nitrophenyl)-1,4-benzenediamine}
9.8 g(0.05 mol)?] sodium sulfide pentahydrateES 60 ml2]
DMEFo]| g1 60 °CoflA] 3A17F 5¢t wwbseiet. Hhg-o] <
2 %, golg Y272 A7 Eol WA F of
T3], ol F, B ofe] ¥l AHT T Axstel 2% A
HES AATHLER 60%). 'H-NMR(600 MHz, CDCL,
ppm): 7.03(s, 4H), 6.88(d, 8H), 6.54(d, 8H), 3.54(s, 4H).

2.4. HDI &M

0.473 g(0.001 mol)2] N,N'-(1,4-phenylene)bis(N-(4-aminophenyl)
benzene-1,4-diamineZ 2.5 m/®] DMFo]| do] 2 Ao|A 3t
3, 1.382 g(0.01 mol)¥] potassium carbonate®} 1.678 ml
(0.012 mol)2] n-hexyl bromideE F3}aL, 120 °CoflA] 1Y
ok WUISITh Wk 5 AHe71A] W2bA| 7)1, 23} ethyl
wetated |43} R715E FED A UY FRE 1
fich. Qojxl Aol 2ole Ae AmnkE 17w ethyl
acetate:hexane=1:9)2 AA|3}lo] HDI 955 453519 c)
$E5F 35%). 'H-NMR(600 MHz, toluene-d8, ppm): 6.51-
7.15 (aromatic -CH), broad multiples), 0.8-3.0 (hexyl -CH2,
CH3, broad multiples). (LC-MS m/z: Calculated 1144.99,
Found 1145.9920).

2.5. HDI CHO|2 X|&

HDI2} o] 221 BF,, PFs, TFSI, Z18]1l acetonitrileS
1:3:200] & vl&&2 Z39et 3 60 °CollA] 3AI17F 5<F wyt
3tk o], Celite 1742 F3] S(Ag) A(salt)S AA
U oo &2 F7ste] e Al AxAA, A
shel tfol 22 shx = HDIS Y-t g, TPFB 7} tfo]
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Figure 1. Chemical structures of HDI dyes with (a) BF,, (b) PFs", (c) TFSI, and (d) TPFB™ as counter anions.

291 HDI®} potassium tetrakis(pentafluorophenyl)borate,
ethyl acetates 1:3:209] & H|&= T3 T 60 °Cof A
3A] 7t Zot Wkt WS- & 7ok 222 21815}, toluene}t
hexane Z3%} -8-9 (toluene:hexane = 2:8)-S £ ¢34 potassium
7 ofzhaict.

B3l goloF 5 ¥ g ZAHA]

tetrakis(pentafluorophenyl)borateS 2 2 A| 71
o] 7}ol2 toluened} hexane &
T2 potassium tetrakis(pentafluorophenyl)borateE A+

Stk 1 %, olajel e ek ZRatel ARA|ZL F TPEB
7} tjo] 2]l HDIE Y=t}(Figure 1).
2.6. 2E HEt =%

Toluene 1 miof] PMMA 50 mgE EQI5t & 60 °Cof|A 1L

Hhstol = g8l Zith 21 5 [HDIJ[TPFB] 10 mgit
20 mg(4 mM, 8 mM)& Z}ZF B]lste] 2712 G3A1A =
g &84S F=8lskH 2.5 cmx2.5 em 27]9] {-2] &2o]
= )T 38 89 0.3 mlE Fo| 2|11, 3000 rpmof| A
20% <% spin coatingS $F & 90°C Eo|A X3}
Fd W WS 298k 1 F 1064 nm ol AHE
15 cm A 2ol A BFE| S sl 5.10 W/em?S] Ble

208 pApsHYTh 2% WSk d sH) vhd|ekE gels)
1 39 W3 5§88 Aakslg.
BN ago) Aul - FEHI 58] AR o]He

=
ATE YL ket ofel o] 5412 5

hS Tmux_Tenv _Q is
n=X ) (1)

&3l Alrksttt19,20].

[(1-107%)
m;C, ;
= Z D, (2)
___t
% o) 3)
0= T- Tenv 4
- TmaxfTenv ( )

271 A (DY s AR #lolA] ofux]¢] oy
A =HE F Oﬂﬂxli«l W3t 8 &, hie @89 A S
Ao o] ZAE WA, T,,he A £, T,k 29 &
2, Qs GRS AT 18K EYAOR T &
AR A, e W £, AL 22 #EE =gk 4
4 @l me Az, = BY ¥, 1
98h A\ S Sl e, A (M e 7t =
g Az, 0 SEAbo] T gk Lhehdict,

PMMA(Mw 120,000) 250 mgs- toluene 5 mio]] F={I3 &
60°C o]Afof| A wuksto] f-3aA171 5, [HDI)[TPFB] 5 mgy}
50 mg (04 mM, 4 mM)S Ztz+ F718le] AR o2 x|
) goNS Zu|51c}. Spray gunS AMESlo] T8 GAS
Zolof 8- E3H(65:35) Aol HARLeLh o] F, 1Y
40l 1064 nm o] 4 E 15 cm Azl BE| FHL
Fo 1 Wene] W& 2oz 2ABI 25 Wk
oA P ek Selstgin

o d

FF

3.80t4

]

X Th2 20| 2(BE,, PF,, TFSI, TPFB )& 714 HDI
=] NIR &= AHEGE 4] o] T o] -§ulj (CH,CL,
DME CH;OH, toluene)oll 4] Z4st3ich. 7+ 8nlj o] 244
20} WA} WHEL Table 19] 7451591 DMF > CH,OH
> CH,C, > toluene <=0 2 =+AJo] =} [21]. t}okgl -8-nfjof A]
o] HDI 9459 A &4 M)t EFFAT()E
Table 29] 7|Astgch ZE SnjjoA HDI 95% 700—

Table 1. Dielectric constants and dipole moments of CH,Cl,, DMF,
CH;0H, and toluene

Solvent Dielectricconstant  Dipole moment (D)
CH,Cl, 893 1.55
DMF 36.71 3.86
CH5OH 327 17
Toluene 2.38 043
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Table 2. Maximum absorption wavelengths and molar absorption
coefficients of HDI dyes with BF,", PFs, TFSI, and TPFB™ as counter
anions in CH,Cl,, DMF, CH;OH, and toluene

Solvent HDI Amax £M'em™)
[BF,I 1096 89287
CH,Cl, [PF¢l 1099 89885
[TFSII 1105 99931
[TPFBI” 1106 102572
[BF,I 1000 26174
DMF [PFel” 1011 24252
[TFSI 1000 23549
[TPFBI” 1004 20325
[BF,I 1070 84960
CH,O0H [PF¢l 1065 78678
[TFSI 1070 104160
[TPFB] 1068 76731
[BF,I 1071 109815
Toluene [PF¢l 1082 110057
[TFSI 1087 147098
[TPFBI” 1116 145849

(

<
IE%
l

1400 nm2] NIR &) 1< = 1§31 23,500—140,700
M'om'e] £ BFAASE ot

Figure 2= CH,CLO| A ThoFst o] BE,” PE,, TESI”
u TPFR 2 3931 HDI ¢ 22| UV-Vis-NIR S22 AHE
e WolFol, 22t nnt 9 o Holo] o el uf
Ellit}. Figure 33} Figure 404 DMF2} CH,OHY| 7%,
gojol 870 Ajole] Zpsk WAL MR} 4352 (dipole-
dipole interaction)©. 2 Q13} AolE0] TAHA T tHo]
WolA= Aol yebstth[22]. nR7HA| 2, tolueneo]| 4] o
oFsl 0] BF,” PF,, 9 TFSI'2 3h9-61= HDI®| UV-
Vis-NIR &= AHERH-L2 717} ot W -t Z o)) = 7
o £ B thelg wolEth(Figure 5). §019] F40] 5
7¥etol whet S5~ th o] A sHol(blue shift)7} ==
™, HDI7} negative solvatochromism& Yellt= A& 2
QUs}oic). chebet S0l 8.8 ke HDIS| BHWAGE 3
Aol =2 H|FARIA &l (polar aprotic solvent)Q] DMF
of}A] L7 7h:5191}. HDI®] o} &4 S440] 3. DMEo]
ol 2] %] o] vl AJH (ground state)d wf QHg3}E| 7] uf
2o NIR $4 20| 71430} [23]. o] 400 nm 51
of| 512 HDI @A) 9] &=~ tfo] o= vehdrt. CH,OH7}
o A% B4 YR Qs 34 A Sdel=
#75}32 HDIE) NIR $4- 5400l 982 w24 g AL

(*]

223} gkl 240] 71 W tolueneo] A= HDIo 2
Aol n A7 e v A SHdelocalized)E]o] ThaFsh

£8 70 HDIY| &2 BFUASE 2o,
2-0]2 W F}(anion exchange)> HDIS] NIR g4 E4J0f
AR WISHE ZhAigto, ofu] <l At goleo] of

2 7)== BF, <PFs < TFSI < TPFB™ o|t}{7,24-26]. T &
goleo] H B B G ASE Uehils Aol B
o, Bj=7d 8Ql tolueneo| A =5FA 59 27]=
TPFB™~ TFSI” > PF¢ > BE, |t} ©] & So|Lel42 B
T AE 59 H w2 & FF AeE S5, 0|2 4
off m 2] H|H A SH(delocalized)7} S TH27]. 1Lt
=73 H|SAE &uli¢l DMFo A= ¥t o] Z3ke Kol
=0, o= H5/d &2l tolueneo] =4 -§wlj¢l DMFR
o} g0l 2:3} ool & Afo]o] T L2 0] &4 contact ion
pair)& AlE5H7] dizolth7]. 5/ &1i¢l DMFo|A+= ©]
20| guijsjol ofaf Szl =)z v Q) TPFB L ¥
S oM 4A) 9% ole 4 YTk nh 2
W] 85499] BE = 2 o dollA] o e o) 4
st} A 2-0]2(counter anion)?] Z}3Hcomplexation)
+ HDI®| A} Aefol] Y= mAIH, S Ha ARt A
wet Aol o2 A2E vjel n WAL WEA s
# HDI®| F-Y A (conjugated system)7} EFAE T}, whahi
Az The D)9} Ash B g bR Ay golee] 2w
¢ HDI= mfdof wha} thE Ao s 7HAA ek
[HDI|[TPFB] & £o10] =©2 4 8 12 mM= H3}HA]
A FES AT 23, S oA 9 8T e S
Jtol upel wlAH o2 Arsls AL BT 4 U
(Figure 6a). ©]°{A], [HDI][TPFB] ¥ ZFof 424 &}
2 FE A At o &= WHIkE 545t
(Figure 6b). o] 2}7goj| 4], [HDI][TPFB]7} G-~ 38AH=
N A (conjugated system)S whe} o] 7] AR Zo]% F, H]
WA 2 ARE F9) ofX7l U BER Aekl
© owsith I 2A} 1202 &, 5 4,8, 12 mM
o] ¥ 2= 717} 78, 114, 131 °Coll =3}t 3
Feslol el e B8 Adtelon), 7t
Lo A9 S8 4 mM: 68.96%, 8 mM: 74.71%, 12 mM:
66.02%%]T}. 12 mMe] <. [HDI|[TPFB] <-3lo] s}
of Yol Y7iA] Awata] Zaii AelEA wgol A
H Aoz Az 3, HoliE dRol Sol2o] =
H SA4 57 ol 2 2 8ol AFE7E GolsiA
| gspeta o] ASHE|w aiek. uiet, BEe)
A1 HgRE WA S, P B el
©0] § mM [HDI][TPEB] 38 W22 x}45}o]
248 s, of SHoN A U
(Figure 6¢). ] WE2 100 °C oJAS] &%
2w e gAlste] A4 $40) Ha
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Figure 2. UV-Vis-NIR absorption spectra of HDI dyes in various concentrations containing (a) BF,, (b) PFs, (c) TFSI", and (d) TPFB™ as counter
anions in CH,Cl,.

3% ofUjell 4 SE7t FAS| Agstel 220°Co] ERE WA g A B RGN LE7} 26 “CrER e
TR BHe A4o] BaE Itk Figure 7a). WHE, GRS 3 A5 glol, kel HDI IYRORE man 3t
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Figure 3. UV-Vis-NIR absorption spectra of HDI dyes in various concentrations containing (a) BF,, (b) PFs, (c) TFSI", and (d) TPFB™ as counter

anions in DMF.
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Figure 4. UV-Vis-NIR absorption spectra of HDI dyes in various concentrations containing (a) BF,, (b) PFs, (c) TFSI", and (d) TPFB™ as counter

anions in CH;OH.
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Figure 5. UV-Vis-NIR absorption spectra of HDI dyes in various concentrations containing (a) BF,, (b) PFs, (c) TFSI", and (d) TPFB™ as counter
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Table 3. List of parameters obtained for calculating the photothermal conversion efficiency of the [HDI][TPFB] coating film

) | AT, S m C hS/mC, PTE
Film o A - SN hs
(W) ) A (cm?) @ Ug k) s (%)
4mM 1 54 0.123 0.196 0.0528 14 0.045 0.003326 68.96
8mM 1 91 0252 0.196 0.0528 1.357 0.0519 0.003719 7471
12mM 1 107 0380 0.196 0.0528 1325 0.0527 0.003687 66.02
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Figure 7. (a) Temperature changes of the [HDI][TPFB] coated fabric under 1064 nm laser irradiation, (b) fabric samples coated with 0.5, 1,and 2 m/

[HDI[TPFB] and their corresponding temperature changes under 1064 nm laser irradiation, and (c) temperature changes of the [HDIJ[TPFB]
coated fabric under 1064 nm laser irradiation after five washing cycles.
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