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E.—
U S 2 HE FAE FAEY @7t 6, 9, 1120 bis[3-(dialkyloxylphosphorothionyl)thio-2-methylpropanyloxyJalkane
(BAPA)E 3/d3151 2™, o]% zinc dialkyl dithiophosphates (ZDDP)$} W] 1w 8}o] vl A/ 58 A W gk}, gh4 A}
£9] Zojof uE BAPAS] UrlRAd5S 213t7] 91519 4-ball A2 AL 71FFAY 1% FEE JA7HAISE Y
WSD (wear scar diameter)S Z7d3F1 1L, Z} 0.472, 0.459, 0.480 mm% YEFSTE F3F BAPA 3}8%E 3 bis[meth-
acryloyloxy]nonane (BMO09)2] ZA}&<] dialkyl dithiophosphoric acid (DDP)] €A% 4, 8, 122 W 3IA|A A5},
4-ball AAE SRStk T AAE WSDE @k ZH2) 0.537, 0459, 0.531 mm=E S E| Utk ZAkEe] o FFo] gfl
P, A BEFAES Walste] &ag7k 8Y W ghol AlY EA vEbsth ZDDPe] B9 w3 2elA
WSD9] ko] 0.563 mmE S5 1, TS BAPAS] 33HE0] nRAE AVMAZ o 53 58 Zeve A
< gl

Abstract

Three types of bis[3-(dialkyloxylphosphorothionyl) thio-2-methylpropanyloxyJalkane (BAPA) drived from alkane diol were
synthesized. The principal chain of each BAPA had a different carbon number, i.e., 6, 9, and 11. The three types of synthe-
sized BAPA were compared to zinc dialkyl dithiophosphates (ZDDPs) in terms of abrasion resistance. A four-ball test was
conducted to evaluate the anti-abrasion performance of the synthesized BAPA according to the length of the principal carbon
chain. Each product was added to an additive at a concentration of 1% of the base oil weight, and the wear scar diameter
(WSD) was measured as 0.472, 0.459, and 0.480 mm, respectively. Among the BAPA compounds, dialkyl dithiophosphoric
acid (DDP), which is the side chain of bis[methacryloyloxy] nonane (BMOO9), was synthesized by varying the carbon num-
ber, i.e., 4, 8, and 12, and subsequently the 4-ball test was carried out. The WSD was determined as 0.537, 0.459, and 0.531
mm, respectively. As a result, it was found that when a side chain is short, a thin film is formed. In contrast, a long side
chain hindered the formation of a film, and hence the best result was achieved when the carbon number was 8. As for the
ZDDPs, the WSD was determined to be 0.563 mm, when measured under the same conditions. The measurements confirm
that the synthesized BAPA compounds are superior to the ZDDPs as abrasion resistance additives.

Keywords: Bis[3-(dialkyloxyphosphorothionyl)thio-2-methylpropanyloxy] alkane, anti-wear properties, lubricant additives,
tribofilm, side chain, main chain, wear scar diameter
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Q1 & ARgehe UnkEAl 5 7S 2 g A3 AREElE A
7MAH 2% zine dialkyldithiophosphate (ZDDP), molybdenum dithio-
phosphate (MoDTP)7} 9ITH2,4,6-8]. ©15- =ojyt ufmodA|4, Ak}
WA A, B T Aes 7HA ARAoRE T2 ARE %
A9k, ofdd, EElHdl 53 2 FEE5S ek Ye AT Sl
olelgh Ta5E0] Bl AslElold A A, B 4, Y T
of AZtet A e S olsHl Atk o]gA FEEol el 4l
RE AEEY AN Su5el AEA el F4o
o= Abgo] Aoz el Tl G3E HA|
WE fshe dlo] "rHl wEbA FEES XA &
7 23Rl ST A& A7) 3 .
FEFATHAEN S 204 mprg) vpES Fol7] $19E 1Y
E2 g7 22 gEEe] A7 WA thiadiazole, triazole,
oxadiazole, benzothiazole 53} 73] e Ze] 2o AL, Ak, 3
T 22 37t SlE SRES XSk U FAR AR A
= 7K ES @AE Ag=0] AlvH10-12]. o]21% =
= AT Tx9 FFT FAAAEA Y] S T ek
50 3k gtk wdo] Qlk olelel T SUAIEA dimethyl di-
sulfide s S A7k QITH13]. o] &2 SUEAS 2 &S 0%
sto] S-S A3 2= sgt=E 5 7P ke 77220 dimethyl disul-
fideZ Fst] SUAZMNEY A Frkelsle 3 53 2=
ZM didl Ho 5% mdel s gdaE s B
Suhs gAdste] mhES WA|Sk= chlorinated hydrocarbon 3 7FA| 2
A methylene chloride® dste] 1o W& A5 AT3FIE14].
Elelg T E|ebE318E3 lead naphthenateS ARE&Fe] 1o Wl

=

Qe w2 Ak B FEEE AMgetel AR vhzol
Al EE FPAZE molybdenum  dialkyldithiocarbamate (MoDTC)
[16-18], mercaptocarboxylate--=A[19], &2212ke A3l ald

1=YAFE capping 8t A7 5o ATH20]. ol gt F3EES v
Adsol & ekl e sEEel Blsl rtR YA 5ol Hol
WA ekt

A ol Ao w & 7o E sk A S5 e vt
FAe] O F = alkylborate-dithiophosphate[21], amine phosphate
9} octylated/butylated diphenylamine[22], tributyl phosphite[23], alky-
lated triphenyl phosphorothionate, triphenyl phosphorothionate[24], car-
bazone F-5=A1[25], alkyl phosphorodithioate[26]3} 7©] phosphate es-
ter, thiophosphate ester, thiophosphate[27] 52 77} St} ol2 %t
FFEES vEAAso] 718 WrtEAls) vnsils W 5%
sAY Rt £4] gkow kst AdsE o A4t vpr ol
g zreth wbA Hod iR AV TS UY 95 X§s
A gka ?l, &e] S Eole A Fasith

9ok L EARE #lldsh] flate], ¥ =ielx= ZDDPE thAl
glo] ol Fe FEES A e TEE Ak bis3-
(dialkyloxyphosphorothionyl)thio-2-methylpropanyloxy]alkane (BAPA)
< 443k dimethacryloyloxy alkane (BMOOA) T/d34 oA &4
FARE dolE 6, 9, 11E WgE Fof ol uhE A3de ARt
1, dialkyldithiophosphoric acid (DDP) 4 ¥gollM g4 HAk: 2
o1 4, 8, 12 3] ole] W Aol7k QA Awugi) T
ZDDPS} WHAE ) ARGl FhEo] S nhuol S
ZEAS dball ABE S5t} WSDE] /12 A5E B15kA S,
olglol, T AIAAATE AEAT FE el v

of Lo

3sst 29 H A 4 =, 2018

& BTd - s

oy

o] A=A 9F Foke] LA TS W] 44 e gl
&17] Slal TGAS S4sI3ith v 2o R, dball AES AA T F
@2 ballel] A7 P}EES] EHILAS EDS (energy dispersive spect-
rometer) = AAISIR T, RRES] A E st A NS F
3 v oA e 285 st F Q1 AAPL FESREA] ] o e o
A A 8kele

2.4 ¥

2 3o A18-¥ 1,6-hexanediol, methacrylic acid, hydroquinone, 3}
Al B34, octyl alcohol, R ZFEF-2 APAsoFgdARIA 1,9-non-
anediol, triethyl amine-> Tokyo Chemical IndustryAFell4] -913}o] A}
23131tk wEek 1,11-undecanediol<> Yurui ChemicalAKShanghai)oll A,
phosphorus pentasulfidei= Sigma-AldrichAtol| A Q18] ARG8T

13- F22 Agilent TechnologiesAF2] 6890N gas chromatog-
raphy (GC)Z AMHE-&EIQITE AYS J&WALS] DB-I1HT (Length: 30 m,
ID: 0.32 mm, Film: 0.01 pL)& AFE-sISlaL, 2RPIAE A4S AMS-
SFQITE HEsh Ae e 55 kPa, carrier gas flow rate 2.2 mL/min,
split ratiox= 20 : 12 A1, 229 £X= 27] 60 TellAd 1
min?t th7] -, 2 12 TH 360 T7HA] 523k] 30 minzt o718k
ek w3 AAEY 7S ERIE] $18k] BrukerAte] DPX 400
NMR7]71(400 MHz)E AF&-3l0] A2ellx] S7date] 6 ©9l= A
3}31al, FT-IR< Agilent TechnologiesAte] Cary 630 FT-IR spec-
trometer & AHg-3to] /S Sl 54 A7 IAE oNE &
Qlak=t] AHg-SFATh

4 F4 Al A% A8 A, HVMARS] 472 Multirange
ViscometerE AFE-3] ASTM D2270-04 A &Hell 71x38t] S35k
11, T3 4542 HERZOQAS] ASTM D950/D970llA A|A1 8
O % W= AIF7IRLISLAS] MPP 5GsE AHE-sto] S4E HAISHA
t}. 4-ball (4-ball test)= 9= Stannhope-Setar}-2] 4-ball test”] 5 A&
3}5131, ASTM D4172' 0.2 mtRAIRE H3leit Al 2312 3]
HET7F 1200 + 10 rpm, BIAE 57175 + 1.7 CTolH, &%) 40
kg, BI2E AI7H2 60 = 1 min® 2 3}Ith 4-ball Al§o] ekl Fo
 obel% 3719 &9 mirE AAS FA ko] Fgke = el
t}. Thermogravimetric analyzer (TGA)E RigakuAl] Thermo Plus
EVO Il TG8120 series 2202 AHE-5to] S48 A7 pAsE AR
sfo] 27|25 30 CTHE] 9 10 TH S2AAH i1 900 T7H] &
T &8E & v 22 900 CellA 30 min?t 2=E A7
v dZeF B4S AAEITE Energy-dispersive X-rays spectroscopy
(EDS):= BrukerA}2] Quantax 200 energy dispersice X-ray spec-
trometer S A3} 31, detectori= Si-drift detector (SDD)E A5}

4-ballel] HolQle mREe] mAAEEAS A8

2.1. Bis[methacryloyloxy]alkane (BMOOA)2| &FHd(Figure 1)

2.1.1. Bis[methacryloyloxy]hexane (BMOO6)2| &g

1 L 37 & gk~39] 1,6-butanediol 50 g (0.42 mol), methacrylic
acid 86.06 g (1.10 mol), o} H @O E7]o)] 2|3t F3-2 WA|517] 9]
3l THEA A Z M hydroquinone 0.93 g (0.008 mol)= AHE-SFI T, &
w24 AF 0.86 g (0.009 mol)& AHE-SF3ATE Hot plate, oil bath, <
A, reflux condenser, P} IHIE]R}, glass stoppers 2|5 T
B2 EE5 110~115 CZ FA8PHA] dean-stark &2 S AFg-3107 o
2| ZSHHE-S X 8skSit)
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Figure 1. Synthesis of bis[methacryloyloxy]alkane (n = 6, 9, 11, 13).

Il Il 68-70 °C RO_II
PPy, T -H,S LN
s s S 2 RO SH
Figure 2. Synthesis of dialkyl dithiophosphoric acid (R : butyl, octyl,
dodecyl).

2.1.2. Bis[methacryloyloxy]nonane (BMOO9), bis[methacryloyloxy]
undecane (BMOO11)2] T4
7} BMOOA?] /371742 BMO06S] 477 Fdst, 1,6-
hexanediol THA! 1,9-nonanediol, 1,11-undecanediolS AF&-3F1 BMOO9,
BMOO11S AT : 97.9-98.9%, purity : 98.6-99.5%).

2.2. Dialkyl dithiophosphoric acid (DDP)2| 2Fd(Figure 2)
2.2.1. Dibutyl dithiophosphoric acid (D04DP)2| &4
500 mL 37 FoEEkAade] phosphorus pentasulfide 50 g (0.23
mol)S ¥ L hot plate, oil bath, =57, reflux condenser, glass stopper
5 A T o2 H|#Ae| butyl alcohol 66.69 g (4 mol)yS ==H|3t
T, FERLE AAs] wHkA7HEA FH]EE butyl alcohols 143
771t} BES-719] butyl alcoholo] H71e ™ &slgA 7447} ubAy
St 97} 23tk Butyl alcohol o] H7P7F SR, Wi 25
7F68~70 C7F W= o255 AT F 257170 C
oM fHgstel AEjelA ovemightAIth WhE- 7)ol 93 Hs
w gkl B olae] B319l AAIAT} o1, wheo] A%
USR] Mg B NS odw S FMOE uhA Hol, vt
$k31 Fol8lE phosphorus pentasulfide A YAE ARFA]Al
24 ho] ¥ Fof] FRaRon, A9ES HTE FA 3

mlo

cﬂ NMREZ AES) A% 20 JHRAS 243

2.2.2. Dioctyl dithiophosphoric acid (DO8DP), didodecyl dithio-
phosphoric acid (D12DP)2| &+
DO08SDP, D12DP2] 3348 D04DP2| e 983 A3k, bu-
tyl alcohol THA! octyl alcohol, dodecyl alcohol= AFE-3}] DOSDP,
DI2DPE AUTHTH : 99.8%).

PR RL R

DY) D A BN Bl BE T 407

RO || 5570 °C RO. Il/ \)Y jH\/S II_OR
SH “Teaam

Flg]re 3. Synthes1s of bis[3-(dialkyloxyphosphorothionyl)thio-2-methyl-
propanyloxy]alkane.

m
Figure 4. The structure of bls[3-(dlalkyloxyphosphorothionyl)thio—Z-
methylpropanyloxy]alkane for NMR analysis.

2.3. Bis|3-(dialkyloxyphosphorothionyl)thio-2-methylpropanyloxy]|
alkane (BAPA)2| &M(Figure 3 3! 4)
2.3.1. Bis[3-(dioctyloxyphosphorothionyl)thio-2-methylpropanyloxy]
hexane (B8P6)2| &hd

50 mL 37 TEEkATel $d$ BMOO6 4 g (0.016 mol), dioc-
tyl dithiophosphoric acid 13.94 g (0.039 mol)= Il oil bath, hot
plate, %7, reflux condenser, round magnetic bar, glass stoppers A
A& Et). ZE triethylamine 0.0032 g (0.00003 mol)S Yol ¢
oA wHks AAET Ui 2571 68~70 T7} HEs 92
£ AAsta, 257 P AA H9E 4% overnightAAETH

Hhgo]l TREW, SEXEEF 10 mL, 5% FSHHEF X3 5
mL, ¥} 2 A7} dioctyldithiophosphoric acidE A|A3l7] Y3 &
AFEFS W AR AR E 23] AE AT & SdSE
ARgEtel EaiE AIskaL, HE ANES F5 }915](—’?% : 97%).

WEE-9] F42 GO NMRE I E2] A 3 AR S At
St

'H NMR (400 MHz, CDCl;, 6, n = 4, m = 6) : 0.87-0.90 (12H,
t, 8”), 1.26-1.41 (50H, m, Me, 3-4, 3”-77), 1.65-1.77 (12H, m, 2, 5, 2”),
2.76-2.81 (4H, q, 1°), 2.98-3.02 (2H, m, 1°), 3.10-3.33 (2H, m, 1’),
3.88-4.26 (12H, m, 1, 17, 6).

FT-IR (KBr, cm™): 2930, 2876 o (C-H, CHj stretching), 1737 o (C
= O, stretching), 988 » (P-OC, medium), 723 » (P-S, medium), 666
v (P = S, medium).

2.3.2. Bis[3-(dibutyloxyphosphorothionyl)thio-2-methylpropanyloxy]
nonane (B4P9), bis[3-(dioctyloxyphosphorothionyl)thio-2-methyl-
propanyloxy]nonane(B8P9), bis[3-(didodecyloxyphosphorothionyl)
thio-2-methylpropanyloxy]nonane (B12P9), bis[3-(dioctyloxy-
phosphorothionyl)thio-2-methylpropanyloxyJundecane (BSP11)
SIS

B4P9, B8P9, B12P9, B8P119] 33 a2 B8P6S] A4 A4Y 3 5
235lH, BMOO6, DOSDP th4l BMOO9, BMOOI11, D04DP, DI12DPE
AHE-E1o] B4P9, B8P9, BI2P9, B8P11S A3 THFS 1 95-99%).
7} BAPA3FHES] NMR, FT-IR AHEHLS g3} 2t}

B4P9 : 'H NMR (400 MHz, CDCl;, 8, n =9, m = 2) : 0.93-0.96
(12H, t, 4”), 1.26-1.50 (24H, m, Me, 3-7, 3”), 1.60-1.77 (12H, m, 2,
8, 27), 2.76-2.81 (4H, q, 2°), 2.88-2.97 (2H, m, 1), 3.09-3.29 (2H, m, 1’),
4.01-426 (12H, m, 1, 11, 17).

FT-IR (KBr, cm™) : 2960, 2932, 2874 v (C-H, CHj; stretching),
1734 » (C = O, stretching), 974 » (P-OC, medium), 737 o (P =

Appl. Chem. Eng., Vol. 29, No. 4, 2018
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Figure 5. The WSD value of the bis[3-(dialkyloxyphosphorothionyl)
thio-2-methylpropanoyloxy|nonane (n = 4, 8, 12).

S, medium), 664 » (P-S, medium).

B8P9 : 'H NMR (400 MHz, CDCl;, 8, n =7, m = 6) : 0.87-0.90
(12H, t, 87), 1.26-1.43 (56H, m, Me, 3-7, 3-7”), 1.52-1.87 (12H, m,
2, 8,2”), 2.65-2.78 (4H, q, 1°), 2.88-2.96 (2H, m, 1°), 3.03-3.31 (2H,
m, 17), 3.97-4.32 (12H, m, 1, 17, 9).

FT-IR (KBr, cm™) : 2929, 2857 » (C-H, CHj stretching), 1736 »
(C = O, stretching), 990 » (P-OC, medium), 722 » (P = S, medium),
665 v (P-S, medium).

B12P9 : '"H NMR (400 MHz, CDCl;, 8, n =9, m = 10) : 0.86-0.90
(12H, t, 127), 1.26-1.42 (88H, m, Me, 3-7, 3”-117), 1.65-1.81 (12H,
m, 2, 8, 27), 2.76-2.81 (4H, q, 2’), 2.85-2.94 (2H, m, 1), 3.09-3.25
(2H, m, 1°), 3.93-4.18 (12H, m, 1, 9, 1”).

FT-IR (KBr, cm™) : 2925, 2853 » (C-H, CH; stretching), 1738 v
(C = O, stretching), 986 v (P-OC, medium), 722 » (P = S, medium),
664 v (P-S, medium).

B8P11 : 'H NMR (400 MHz, CDCls, 8, n =9, m = 6) : 0.82-0.90
(12H, t, 8”), 1.26-1.37 (60H, m, Me, 3-9, 3”-7”), 1.62-1.80 (12H, m,
2, 10, 27), 2.72-2.82 (4H, q, 2°), 2.89-2.98 (2H, m, 1°), 3.10-3.35 (2H,
m, 1°), 4.00-4.25 (12H, m, 1, 11, 17).

FT-IR (KBr, cm™) : 2929, 2857 v (C-H, CHj stretching), 1737 »
(C = O, stretching), 983 » (P-OC, medium), 723 » (P = S, medium),
664 v (P-S, medium).

24

aj
=

y Da

3. A}

3.1. LHOEAI

Fdst &7 Q) whR A Eoll b 3
@7 A87N)E olgste] AABIATE 4-Ball AE-2 A AA &
g 22004 1) UlskaA B 2) UntEAS dobis AIFHOR of
el 3709 ball, Yol 1709] ball EBIAE7|o] AX3F & ASTM
D41725 0% YrtEAIHE 18slgict ol wE P B A
P2 FERAMAE 715 FAY 1% FE2 FAselch

4 st FEHHTHAIES] v A S BluAH S a3}
itk il eSS MdEete] AYFoR AME-E AL 9= ZDDP
9} &2 278 A S8Rl H7EES W, 4-ball testE A3
o 53 AeS YRR Lolrgith. BAP9el D04DP, DOSDP,
DI2DPE &435to] 4-ball A3S 2331 THFigure 5). GS ZHE)AAL
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Figure 6. The WSD value of the bis[3-(dioctyloxyphosphorothionyl)
thio-2-methylpropanoyloxy]alkane (n = 6, 9, 11).

9] 150 N& 7|2 Aesto] 4-ball A1F F WSD 2 S34sk3ith

3 AAZ ARl e FJ3-S BY] 9Jste] BAES HolE 4,
8, 122 WSAIAFTH WSD #& S73I3Ith B4P9-> 0.537 mm,
B8P9-L 0.459 mm, BI2P9S- 0.531 mme] WSDE =4 ¥ ¢lth. D04DP
9] 7% WSD #to] 0.537 mmZ 2 Ft2 7H5la, WSD gkel =317}
DOSDPoIIA & A3] 744(0.459 mm) ST’} DI12DPY i, ThA] A]A3]
710531 mm)=E= AFEFE HAATE SZ-HHIAY] o AHEN &
& FAS F2A7) 1 QAkdS ey ol ®Hd BES WA
Ha o] FFo] Ruuowy ZAgetA Hrh olwf > ARE<
DO04DP2] - ol ~E| 2= whd 2WH-S 477 Fot i) A5S
SHA BAAI7THA Uiwti/do] "ol 3L D12DPs} o] 11 AREe] 4

XU M| vkgsta Age] FAVE FAA A= A

3l7] wiitell AREe] Aozt 233k D08DPE] Aso] AY £
LFERAITH6,8,28].

tHEO%, DDP & 7F¢ %2 WSD #k& ek DOSDPE AH-§-3t
©] BMOOASISHE 9] i FARE Zoleo whE Wa} 57t QA&
15} tH(Figure 6).

BMOOAZ}Eoll DOSDPE /33131, ol5 &4l tigt 4-ball
AEE AAF & 49 2 wSDS -2 B8P67} 0.472 mm, BSP97}
0.459 mm, B8P117} 0.48 mmolSith 7FF A& 72 0459 mm
(B8P9)F-E] 714 FA1= 0.48 mm (BSP11)E ZSAEQA|NE HEA 0
2 2 WSD #ro]l S w ek 3k WSD #to] 71 IA v A
I 7 ZAA U A9 zpol= 0.021 mmE, o) AFAow & 2
o)F 2R Y=tk A& eb, whebA] BMOOAS] ©has AREZo]d
W mEAAY T Afoli= AL EABHA] Yths AL ousith

o] F, 7HF A& nfRE AHA7|2 54 H B8POE AHEsto] AlF
oAl #ul|== ZDDP$} 7t FEHE U E | H U TH(Figure 7). F%
= FAlo] WE Ao= 05, 1, 2%2] BEE FH7lske] uimdich

2%9 FEE A71ES %ol ZHzke] WSDE B8P97L 0.471
mm, ZDDP7} 0.518 mm®] #k& HFERAIT) HEO 2 ZRA)A
1%% H71E & 7399l B8P9E= 0.459 mm, ZDDPE= 0.563 mmo] #t
ehieh 555 o ZaAA 0.5%2 A7FE RS 5o BSPY
0.498 mm, ZDDP+= 0.597 mm2] 322 Z74=3ic) 17|14 ZDDP
A A7 e w5 SVE nEEe] AA A7|7t A
AL ok £ 99T, TS BSPIE T} F71EGE npR o)
AE & 5 Ak B =Hold dAT

A= =2
B A7 Aadde As & 3l
o AEI=e] 7ROl o Hold

B8P99| 7%,

=

i

—o

=
o=

o i e

o



|

Dithiophosphate Group& EH3t HEF=A419 &4 9 wrpi/d-gat &27] 9l 54 424719 d2rbedl uhe 4& 409

4 o =
™ © o
1 ) )

o
3
L

=)
[
1
0]
'
1
'

(

Wear scar diameter (mm)

o
B
1

4
w

T T T T T T
05 1.0 1.5 20

Added concentration (wt%)
Figure 7. The WSD value of the bis[3-(dioctyloxyphosphorothionyl)
thio-2-methylpropanoyloxy]alkane (n = 6, 9, 11). (a) ZDDP; O, and
(b) BSPY; @.
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3.2. Energy-dispersive spectroscopy (EDS)
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Figure 8. EDS spectra of tribofilms formed worn ball surfaces
lubricated with (a) base oil containing 1.0 wt% of B8P9.
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Figure 9. The TGA spectra of the bis[3-(dioctyloxyphosphorothionyl)
thio-2-methylpropanoyloxy]alkane (n = 6, 9, 11).
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Figure 10. The TGA spectra of the bis[3-(dialkyloxyphosphorothionyl)

thio-2-methylpropanoyloxy|nonane (n = 4, 8, 12).
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