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2l 3k bis[3-(dialkyloxyphosphorothionyl) thio-2-methylpropanyloxy] butane
3 A)F

(BAP4)= {PJ‘EOPL a&Aor FAe3la, 4 E BAP4 E‘r%‘%é of wh W vhE 548 A rgit o 714

717]7} 9l BAP4 §H3EE0| 4-ball Al?ﬂtﬂ of o3l wim

2] 74 (Wear scar diameter, WSD) ol &4 =30t} BAP4

= 011*1 371717} 4011*1 8% S7Fgkell wet WSD #h2 0.59 mmell A 0.45 mm=E FA3] ZFAF o}, BAP4S] &4

717} 8olA 14% Z7}&

WSD #to] A veRd 212 B8P4ol‘ziur 87| 1+o] B8P48} ZDDPE 0.50 wi% 2 71310 4-ball A ES A

< WSD ZH2 0.45 mmolA] 0.50 mmE A]A3] ZF719 ) ulelba BAP4 3H3HE 5 7R
Alst A

7}, B8P4¢} ZDDP2] WSD k= 7—]'7—]' 0.45, 0.54 mm= ZA At ok, & F5 2] 7](Thermogravimetric Analyzer,

TGA)E &3l AHg4 2 =<lskgl
tribofilme] AthE FAEP=AZ =435}

Abstract

a1, A AR XA -3t 7] (Energy-Dispersive X-rays Spectroscopy, EDS)E

Lubricant additives including zinc dialkyldithiophosphate (ZDDP) containing metal have been widely used due to the advantage
of very low cost, but they can generate impurities such as ash. In this work, ZDDP containing metals was partially replaced
with bis[3-(dialkyloxyphosphorothionyl) thio-2-methylpropanyloxy] butane (BAP4s) which was synthesized conveniently and ef-
fectively from alkanediol without any metal components. Also, the wear resistance property of synthesized BAP4s were studied.
Wear scar diameter (WSD) values of BAP4s with butyl, octyl, decyl, dodecyl or tetradecyl groups were also measured by
four-ball test. As the length of the alkyl group increased from 4 to 8, the WSD value of BAP4s decreased rapidly from 0.59
to 0.45 mm, but from 8 to 14, the value increased very slowly from 0.45 to 0.50 mm. Thus, among all BAP4s, B8P4 having
BAP4 with the octyl group, showed the lowest WSD value. Furthermore, the WSD values were measured in a lubricant base
oil mixed with a 0.50 percent concentration (w/w) of either BAP4 or ZDDP. The former was 0.55 mm, and the latter was 0.45
mm. The thermal stability and tribofilm formation peroperty were also measured by thermogravimetric analyzer (TGA) and en-

ergy-dispersive X-rays spectroscopy (EDS), respectively.

Keywords: bis[3-(dialkyloxyphosphorothionyl)thio-2-methylpropanyloxy] butane, alkanediol derivatives, lubricant additives,

anti-wear properties, 4-ball test
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ole| A, F&H
Wt 543 g&o] npgsto]l A= viRE JAlske A-golnt o]
Y3t vE oA Vs Zte &8 UM T Ae7kA e v
AL &8 HUHAE dZoIA|= zine dialkyldithiophosphate
(ZDDP)7} 3\th6].

H7HA7}E 2h= 715 Sl 23 94 = 8

0|21t ZDDP= 1944\del] #x°] ZDDP 3 E3]H0] &¢€ &
2[4-5], A9 Bt glol A T2 dss 7l T‘_’_ré% A7 =M,
u}EﬁXﬂ Z*ﬂxil, P:@}HW A7, =% Z*ﬂxﬂl F-2A A 52 o
2 74 7s-g 7 E AR &80 s Z*ﬂﬂli*ﬂ [6] AF&-©]

w]ojgitt. ZDDP7F 2t Holdt niE A, Akshi=], 4 HA 59
71 ERE Aste] gt A vhre] =73 535]el|x ZDDPel of
3 THFa1[3-14], olest mtR A 75 2 A7HES - HA
UFo] oA o]Fox=A¢] tiall AT-sital thFaL YITh15-22].

AN 2 ZDDPo} 22 H7HAZE A e S a8l s

Fab W 2ro] SukAel 2 shelA RallEEA, B8YEY 3
8 W I 2 TR A2 oal) mpzto] WAshs Bl A
wE 2ed = e vEYA Jes Ze Ed s A%
[1,18,21-22]. ©]2]3t o] FAE gk Tl tribofilmS MRS =
o)17] gafl AR FHo)l AEFHE TwolM 249 38 WA s
71 31
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7141 H»”—Oﬂ R & éviﬂ Qo] Atk Aol s -7t
EHEET Q= *@WE}. E3] dixl 2de] HrMAleI AR &
S o= A T2 w77k~ Tﬂﬂ Aol AMEE = o] &8
AE a7y, FEHE dgowEy A x| A ARt
B 77k FA4E] AlAgle] AR or AstEE Aitg gt

I3y FEek 22 ZDDP7F wER YA, bS], SR ZA 2 7]
55 WG EE sl Q4 ZDDPE TAISkAL Q1= 4719 s

27114 PRl 17119] Zn@AEo] 7|95 Stk Ao TS,
wEpA, 2 =well s ZDDPE A o= tiAete] zine9l
TE5E XA e TE2E ARG Zine=FE HAE QS
L& ol ARA o7 d5 AskE of7|shy] wizolrt. o] =AM,
rokelA] ko s QxIZ|ee] wiz|7kA $Ae] Al Aglo] g3
1ol DA 3} A s 7H Fo s 58 5 Qlrh
J_‘l', =04 E4J 3 bis[3-(dialkyloxyphosphorothionyl)thio-2-
methylpropanyloxy] butane B3+ ZDDP2} 70| 4719 S€Ex}, 2702] P
A5 sl ZDDPY) sYUsHAl FFS nfRA] Ve et
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%= ZDDP SIS 7}1819q bis[3-(dialkyloxyphosphorothionyl)thio-2-

methylpropanyloxy] butane¥} A3t 71 oA ] 1 wt%F-E =
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A - 7

9% - A - A
Fol YA e, Fe L FolFUL we] A
e - T L A TGA%— Z7g3ISiek v Ete 2 4-ball Al
& AAJFE F A ballo] A7) Bk Eo] TAEAS EDSE A6}
3, vpE 0] FAE gist ¥ TS B rkE A9 28
& SR SUAS PR AESH=A2] ofe] ojsiA] A str,
2. A =

B Ao AR 1 4-5F 80 8(1 4-butanediol, 99% purity), HIEFL
HAKmethacrylic acid, 99.5% purity), &F0] == F]=(hydroquinone,
99% purity), SHiKsulfuric acid, 95% purity), E5<N(toluene, 99.5%
purity), -8 %5-2(butyl alcohol, 99.5% purity), <=8 UF-S(octyl al-
cohol, 99% purity), 2-o& 34 &57-8(2-ethylhexyl alcohol, 99% pu-
rity), T 25E(dodecyl alcohol, 98% purity), FZEIEH
(chloroform, 99.5% purity) A=k AANNA, 1-HEZHEA &5
2(1-tetradecyl alcohol, 98% purity), E&] & o (triethylamine, 99%
purity)<> Tokyo Chemical IndustryA}ol|A] +¢Jste] ARE-8FSIT), HESh
2 3}s]2)(phosphorus  pentasulfide, 99% purity)< Sigma-AldrichA}]l
A, g4 &FE(decyl alcohol, 99% purity)<> Acros organicsAFolA],
1-vlged &5E(1-methylnonyl alcohol, 98% purity)<- Hannong
chemicalsAtoll A +Jste] ARg-3H3lTt

W-3-0] AL Agilent TechnologiesAH2] 6890 N 7121 ZrbE 12|
31|(Gas Chromatography, GC)& AH8-3}5itk HH J&W*]—ﬂ DB-1HT

(4] : 30 m, W4 : 0.32 mm, DS 0.01 pL)S AH&3IA 1, 2HE)
A2 AAE AT =5 AH 482 55 kPa, 28] ﬂ°1 i
2 2.2 mL/min, split ratio= 20/1 2 273}, Q29 2= 27|

60 ColA 3 min7t th7] & £ 12 C”W 360 T S2A1A 30
minZk th7]8Rgich B w0 7AE ER1eh] 915t BrukerAt
°] DPX 400 (400 MHz) EHX]J]—'”“:’ 3 7](Nuclear magnetic reso-
nance spectrometer, NMR)E AFS-3t0] Al2of|A] F74sto] § @92
¥AISFR A, FEo W3k QA7 (Fourier transform infrared
spectroscopy, FT-IR):= Agilent Technologies}2] Cary 630 FT-IR
Spectrometers AHE-3to] FAdSE slgt=<] 574 #8719 A ol
£ k=l ARtk

=4 4 Al AE A58 A-F, HYMALS] 472 Multirange
Al(Viscometer)S AHE-3] ASTM D2270-04 A& ol| 7] %38l =43}
A1, 3 55733 HERZOQAMS] ASTM D950/D970llA AAI8H vk
HoR vHE AI§7]Q ISLARS] MPP 5GsE Aol 574& AA8)
Stk 47 A8 (@-ball test)y= Y= Stannhope-setar}2] 4-ball A3 7]E
A1, ASTM D4172H 0.2 mtEAIES Aasolch AlE =
2 W& E7) 1200 £ 10 rpm, EHIAE 257175 + 1.7 ToH, 3%
o] 40 kg, HIAE A7 60 £ 1 minC 2 St 4-ball Algo] &5
ol obeliE 3709 ball] v & AAS S st FAHo R
etk @ T #24)7](Thermogravimetric  Analyzer, TGA):&
RigakuA}2] Thermo plus EVO II TG8120 series &= AR50 =
gelsleh. A 7EAE ARSSt] 2712 5% 30 THE 9 10 TH
SEAIA H1 900 T/ LEE S8F &, v 2% 900 Co
A 30 mingt X5 FAATIE A S EAS AAESITE odyA
4 XA #3341 7] (Energy-dispersive X-rays spectroscopy, EDS)
+ BrukerA}9] Quantax 200 Energy Dispersice X-ray Spectrometers-
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Figure 1. Synthesis of bis[methacryloyloxy] butane (BMOOB).
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Figure 2. Synthesis of dialkyl dithiophosphoric acid (DDP) (R : butyl,
octyl, ethylhexyl, decyl, isodecyl, dodecyl, tetradecyl).

2.1. Bis[methacryloyloxy] butane (BMOOB)2] ¥ (Figure 1)

1L37 ZaAA0] 14-FET]S 50 g (0.55 mol), FlEF=H
Ak 12414 ¢ (1.44 mol), o™ oI ET el o5t F3-& W8] Tl
3 SR A A S| ERZFE= 122 g (0.011 mol)S ARSI
w24 Sk 1.12 g (0.011 mol)S AHE-3Ith gZgolE, 0o HH
2, 25A), d737), 2R-E vladE bl fevpls “%] stef
Aot YHEEEE 110-115 CTE X584 dean-stark 3|5 AFE3
o dxHZsHE AAISSIT

HHe-9] 222 30 min, 1, 3, 5, 6.5 h'H & AZE F3t U5 silyla-
tion© =2 A3} o] A W g A4S Foto] WS A

Y

o B 5295 AMSI8 L, pH Al EAE pHE
WA RHRE RS AR pi A EAT} S S ERI

=gt S
= W, AlFE T390, IATEE AHESte] SlE AT &
HZ PHES FEAHyield : 92.8%, purity : 99.6%).

2.2. Dialkyl dithiophosphoric acid (DDP)2| &(Figure 2)

+ Dibutyl dithiophosphoric acid (D04DP)2] 3

500 mL 37 25 ZekATo] @881l 50 g (0.23 mol)S Wil
SHEolE, o viA, 257, 3 W2, felvbilE A slEt
o2 nj7 o] FELHE 66.69 g (4 mol)S FH|3 5, 233l
= 8] WA IHA #8lslE FEYEESS A4S HrlsliETh
HEg71el Fadago] HrkedA] SFaed 7iark A b
of FEJBtES sty FEUFES] P FREHJCH, UF 257}
68-70 C7} HEF ST EE AAste] Foh WF-2%7t 70 T 7

e} =

ZollA] Qb shEl Aol ovemight AT, Aol B W wi
k) T oo 28R) LA} Wrhsd), weo] e
= o o

HeEO) Al 9 g oda Ge FAS ek, et
< 1 AUAE 2143 *PE}?‘E} H&%% 24 h

* Dioctyl dithiophosphoric acid (DOSDP), di-2-ethylhexyl dithio-
phosphoric acid (Di8DP), didecyl dithiophosphoric acid (D10DP),
dimethylnonyl dithiophosphoric acid (Dil0DP), didodecyl dithio-
phosphoric acid (D12DP), ditetradecyl dithiophosphoric acid
(D14DP)9] M4

7} DDPO| /43142 D04DP2] S 3hgd st wdat], Fe L

Al ’d5S 7= Dimethacryloyloxy Alkane Aol #3t Q15+ 585

S S
RO || _esroc RO\LI/S\/H( \[H\/S\Q/OR
TEA 24h ~ ~

Flgule 3. Synthes1s of Dbis[3-(dialkyloxyphosphorothionyl)thio-2-

methylpropanyloxy| butane (BAP4).
o ||
/N/\ P /\HJ\ WS N O

Figure 4. Mark the NMR assign as the number.

Al &g %} g, 2-ogddd &dFE, g 43, 1-End &3
<, HEZGUA 43S AHE-ste] DOSDP, DiSDP,
DI10DP, D110DP, DI12DP, D14DP& A% tkyield : 99.7-99.9%).

2.3. Bis[3-(dialkyloxyphosphorothionyl)thio-2-methylpropanyloxy]
butane (BAP4)2| &M (Figures 3, 4)
* Bis[3-(dibutyloxyphosphorothionyl)thio-2-methylpropanyloxy] bu-
tane (B4P4)2] T4

50 mL 37" R Eekse] F4ds BMOOB 5 g (0.022 mol),
DO4DP 1339 g (0.055 mol)2 ¥l 2% HiA SZgolE, 257,
SF7), ekt viadE vl fEvbiE AAEETh Suie E
2l &oll 0.0045 g (0.00004 mol)= H01_r 43| wHES AFAF
ol U 2571 68-70 C7F EHEE s Adsed 257t

P AolA =HS A+ OVGI‘Illght/\]ﬁT':]:]'.

EL%O] FEY 3 FEEXE 10 mL, 5% ASPHEF ¥3}-89 5

mL, F7O % 371d D04DPE Xﬂﬂ sh7] Sl S ERS Y Al

Z#OHTE}. AL 28] A AT 5, AT LVE ARt SilE
AAst, HE e TS5 THyield : 90.5%).

HEE-9] F2L wkgo] F2H o] NMRE A &S] A 4l 44
A4S AATEAL, A= FEES 89.1%C1th

'H NMR (400 MHz, CDCl;, 8, m = 2) : 0.93-0.97 (12H, t, 4°),
1.24-1.35 (6H, d, Me), 1.36-1.48 (8H, m, 3°), 1.61-1.80 (12H, m, 2,
27, 3), 2.77-2.85 (4H, d, 2°), 2.88-2.98, 3.06-3.37 (2H, t, 1’), 4.01-4.26
(I12H, t, 1, 17, 4).

FT-IR (KBr, cm’') : 2963, 2876 v (C-H, CHj stretching), 1737 v
(C=0, stretching), 975 » (P-OC, medium), 737 » (P=S, medium),
664 v (P-S, medium).

* Bis[3-(dioctyloxyphosphorothionyl)thio-2-methylpropanyloxy] bu-
tane (B8P4), bis[3-(diethylhexyloxyphosphorothionyl)thio-2-meth-
ylpropanyloxy] butane (Bi8P4), bis[3-(didecyloxyphosphorothionyl)
thio-2-methylpropanyloxy] butane (B10P4), bis[3-(dimethylnony-
loxyphosphorothionyl)thio-2-methylpropanyloxy] butane (Bil0P4),
bis[3-(didodecyloxyphosphorothionyl)thio-2-methylpropanyloxy]
butane (B12P4), bis[3-(ditetradecyloxyphosphorothionyl)thio-2-meth-
ylpropanyloxy] butane (B14P4)2] &4

7} BAPAEIEES] FATHE B4P49] AT FUEH,

D04DP t4! DOSDP, Di8DP, D10DP, Dil0DP, DI12DP, DI14DPE A}
8-5lo] B8P4, Bi8P4, B10P4, BilOP4, B12P4, B14P4E F/J3ISith
(vield : 83.6-96.3%). Z} BAP43}5HE2] NMR, FT-IR AFEHS U5
I At
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Table 1. The Measured Value of Viscosity and Pour Point (1 wt%
Additive)

Name VI PP (TC)

150 N (base oil) 107 20
B4P4 107 -20
B8P4 108 -20
Bi8P4 106 -20
B10P4 108 -20
BilOP4 107 -20
B12P4 108 -20
B14P4 107 -20

BSP4 : 'H NMR (400 MHz, CDCls, 8, m = 6) : 0.87-0.90 (12H,

t, 8), 1.26-1.38 (46H, m, Me, 3°-4’, 5-7), 1.63-1.79 (12H, m, 2, 3, 2”’),
2.77-2.83 (4H, d, 2°), 2.89-298, 3.10-3.22 (2H, t, 17), 3.99-4.29 (12H,
1, 4, 1)

FT-IR (KBr, em™) : 2960, 2858 o (C-H, CHs stretching), 1737 v
(C=0, stretching), 983 v (P-OC, medium), 723 » (P=S, medium), 665
0 (P-S, medium).

Bi8P4: 'H NMR (400 MHz, CDCl;, 6, m = 6; PO-CH,-CH,-°l| eth-
y171) : 0.89-0.93 (24H, t, 6, 8), 1.26-1.43 (34H, m, Me, 2”, 3°, 4°, 5),
1.51-1.64 (8H, m, 7), 1.72-1.77 (4H, m, 2, 3), 2.77-2.83 (4H, d, 2°),
2.88-2.98, 3.10-3.38 (2H, t, 17), 3.68-4.08 (8H, m, 17), 4.10-4.34 (4H,
t, 1, 4).

FT-IR (KBr, em™) : 2961, 2932, 2875 » (C-H, CH; stretching),
1737 » (C=0O, stretching), 995 » (P-OC, medium), 730 » (P=S,
weak), 677 v (P-S, medium).

B10P4 : 'H NMR (400 MHz, CDCl;, &, m = 8) : 0.86-0.90 (12H,
t, 10), 1.27-1.38 (54H, m, Me, 4°, 5-9), 1.65-1.77 (20H, m, 2, 3, 27,
3%), 2.77-2.83 (4H, d, 2°), 2.89-2.98, 3.10-3.19 (2H, m, 1), 3.99-4.22
(12H, m, 1, 17, 4).

FT-IR (KBr, cm™) : 2927, 2856 v (C-H, CH; stretching), 1738 »
(C=0, stretching), 986 v (P-OC, medium), 722 » (P=S, medium),
665 v (P-S, medium).

Bil0OP4 : 'H NMR (400 MHz, CDCL, &, m = 8; R7] 8%¥l Cojl
methyl”]) : 0.74-0.87 (24H, m, 9, 10), 1.08-1.42 (38H, m, Me, 4’,
5-7), 1.51-1.79 (20H, m, 2, 3, 27, 3°), 2.78-2.83 (4H, d, 2’), 2.90-2.99,
3.11-3.34 (2H, m, 1), 3.8-4.29 (12H, m, 1, 4, 17).

FT-IR (KBr, cm'l) 12962, 2931, 2874 » (C-H, CHj; stretching),
1738 v (C=O, stretching), 990 » (P-OC, medium), 725 o (P=S,
weak), 667 v (P-S, medium).

BI12P4 : '"H NMR (400 MHz, CDCls, &, m = 10) : 0.86-0.90 (12H,
t, 12), 1.26-1.42 (70H, m, Me, 4°, 5-11), 1.63-1.80 (20H, m, 2, 3, 27,
3%), 2.77-2.83 (4H, d, 2’), 2.89-2.98, 3.10-3.34 (2H, m, 1°), 4.01-4.26
(I12H, m, 1, 4, 17).

FT-IR (KBr, cm’') : 2927, 2856 » (C-H, CHs stretching), 1738 v
(C=0, stretching), 991 v (P-OC, medium), 722 » (P=S, medium),

25t Ml 27 & M 6 &, 2016

666 v (P-S, medium).

B14P4 : 'H NMR (400 MHz, CDCL;, &, m = 12) : 0.86-0.90 (12H,
t, 14), 1.26-1.42 (86H, m, Me, 4°, 5-13), 1.61-1.80 (20H, m, 2, 3, 27,
3%), 2.77-2.84 (4H, d, 2°), 2.89-2.98, 3.10-3.34 (2H, m, 1°), 3.99-4.25
(12H, m, 1, 4, 17).

FT-IR (KBr, cm'l) 1 2926, 2856 v (C-H, CHj; stretching), 1739 »
(C=0, stretching), 986 v (P-OC, medium), 722 » (P=S, medium),
666 v (P-S, medium).

o

| D&

3. 24
3.1. M X|$ X |FST(Viscosity Index and Pour Point)
Table 19] &87]FE GS caltexAFS] 150N AMSSY, 87|75

7]%0; ;].o% ﬁL}Hz}l %17].;—"2. 1%2 lr_ 161——]_01 /\]_‘g_o]_oﬂp_

A, A5t el ougt Mt JEAE RISk
AL Ape, 25 Aglel] i S$38-72 AERE) Hske 324

k= AFEM, Mst 2R AdwojyolA e de] HAEATFE 100,

W7t & AZIAEA 299 AR AFFE 00% Y= A,

100 CollX 9] Amrt Almsl TUs 27 AEXF 2ol i3l 40

TelA Qs Fxe] ztellx] Ak A or -3t

W4, BMOOB®] DDPE &4 W, &ZAKEe] wE zto]7t QA

A H QT SARES 4, 8, 18, 10, i10, 12, 14% 33

[e]

AT

=S

< 3, &
ARERL A7 21 ARERD 1470 7EA] wiskE o] 1o w
ztolzdo] WAE A BEagleh. ARl 18712l dio-
ctadecyl dithiophosphoric acidE ¥/J3te] BMOOB®I dAIAH HSk
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Figure 5. The TGA spectra of the bis[3-(dialkyloxyphosphorothionyl)
thio-2-methylpropanoyloxy] butane (n = 4, 8, i8, 10, i10, 12, 14).
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Figure 7. The WSD value of the bis[3-(dialkyloxyphosphorothionyl)
thio-2-methylpropanoyloxy] butane (alkyl chain : 4, 8, i8 (mark 9), 10,
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Figure 8. The WSD value of the B8P4 and ZDDP.
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