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Z5: Poly(lactic acid) (PLA)2] I} 7141 243 2al 12 Tl 9= M2 1A (butane-1,4-diyl
tetraphenyl bis(phosphate), PBPYE 93315101, 321715+ #-87](nuclear magnetic resonance, NMR)%} F-2]o]] # g
2 9] (Fourier transform infrared, FTIR) ¥33715 o]&3lo] 2159t} PBP= PLA Z52] Z2%o] ¢ {43 w2A
== S L8011 v 200X PLA ARES] APE-S 713 a1l BEgk PBPO] =92 #E2<] PLA
2% el FIe 7FssAl sl olol wel, 3wit%e] PBPE 3713 PLA 52 1A% 5 PLA tH] 23.8014
26.0 MPa7kA] 71813tk PBPE= PLA 52| WIS PdAIZ o, o] & HAI4HA] < (limiting oxygen index, LOI)
o} 2 3A4d Al (vertical burning test, UL-94)S B3t ERISIATE o4 PLAS] 7%, 22.8%2] SHAILAAIGE
UERHCH, UL-94 Al3lolld ¢ 552 &/7E 5 fl3ich ol whell, 3 wt%2] PBPE Edh= PLA ZE]
7%, 27.1%°] SHARMEAITE UERH, UL-94 AlfolA V-0 5502 33 AxE Vel

Abstract: The novel butane-1,4-diyl tetraphenyl bis(phosphate) (PBP) was synthesized for enhancing the flame retar-
dancy and mechanical properties of poly(lactic acid) (PLA). The chemical structure of PBP was confirmed via nuclear
magnetic resonance (NMR) and Fourier transform infrared (FTIR). PBP makes the crystal more easily and rapidly during
cooling process and enables the rearrangement of PLA chain at low temperature. Also, PBP increases the amounts of final
maximum crystallinities. The tensile strength of PLA was enhanced from 23.8 MPa to 26.0 MPa for PLA-3, compared
to pure PLA. These results can be explained that the PBP promotes the growth of the crystal of PLA matrix to improve
the degree of crystallinity. The flame retardancy of PLA samples was evaluated via limiting oxygen index (LOI) and ver-
tical burning test (UL-94). LOI value of 3 wt% PBP in PLA, increased from 22.8% to 27.1%, compared to pure PLA.
It can be inferred that PBP can act as a condensed phase flame retardant mechanism.
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b 2 At f71A 2 o8ste] I
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Figure 1. '"H NMR spectra of BD, DPPC, and PBP.

3d817] 918l AF&-St diphenyl phosphoryl chloride(DPPC)2}¢
1,4-butanediol(BD)< Sigma Aldrich(USA)ol A vl 3151
3 Al Hbg- S0l ARE-SH triethylamine(TEA)S 417 3}5)
F(Korea)o| Al F+H3FATE /71802 A&3F chloroform
(CHCI;), methanol(MeOH), tetrahydrofuran(THF)3} &<
A A3F7] 913+ magnesium sulfate(MgSO,) = ™A 3=
(Korea)ell Al uljatdct. BE Y5+ Mxe] 22 §lo] AL
st9l o™, AL&¥ DPPC, BD, 22| 3. PBPY| &}&l7 2=
Figure 19 YERHSATE.
R71QA Heixe| g, 2 A3 olA /\]'%f?} HAA =
PLA 5ol #7138 dAAZ Ao, &
=l AAISH. 500 mL 5 vl %\1},4301] 13 g(0.1443

mol)2] BD=} 30.7 g(0.3029 mol)2] TEAE 130 mLe] THF
Sllol] FY =, 307 Wt o] ¥, 150 mLe] THF

gollol] Rl 77.5 g(0.2885 mol)e] DPPCE Za} Zuj7|=
o]g3le] < viet Fek~A W] 7] FH]€ BD9} TEA &3
ol 30:7F XH 8] Aasigltt. 2 27lolA et ¢ks A
T, 42 2AA FIER 244 7F Bt RS X Eksit.
w0l A A EE HCKS TEASH Sl TEA salts FA3it).
$ ¢E ¥, TEA salt= B4 AHAE o]-&ste] oJzhatar,
of zje % At AAzpelol] EAfsh= vk &= 40 T HH
v 2ol S EE715 ol8sto] AASIAT v &,
o 2}L E2S E3 CHCLS o]&3le] Al 2| o]/ vk
slo] FEsFR 0, F71= 100 mLe] MeOHS ©]& —s—}oq
33] AlHskATE ©] &, MgSO.E AH&-8t 7] &mf F¢]
L AL, 50 T S M 29 Sl 31E AL
&3t 7] SulE AAT F HE YHES AUt ol
53 %71 DPPCS] 77 thH] 45.8%°] +&= 34 379
EZS A} o5 PBPEF WHslsloH, ol glst 1xE
Scheme 19 YERNATE F712 PBPY] f7|80o i3l &
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Scheme 1. Synthesis route of PBP.
Table 1. Solubility Test of PBP

Solvent THF CHCl, Acetone  Methylene chloride n-hexane EtOH MeOH Toluene

Solubility Soluble Soluble Soluble Soluble Not Soluble  Not Soluble Not Soluble  Not Soluble

Table 2. Formulation of the PLA Samples

Samples PLA (g) PBP (g)
PLA-0 10.00 -
PLA-1 10.00 0.10
PLA-3 10.00 0.31
PLA-5 10.00 0.53

%= F7HE Bl PLAS| ohst aitate] A8 7FeAds &
Q13 tH(Table 1).

PLA 89| NM=. & Aol A= PLA 252 89
T3 WS o831 AlxRE oM PLA HE2] -2 Table 2
off ehH et Az A4S vk 2t WA PLA 4032D9]
TS AA F719180 50 CollM] 24x178Rt XA 5, 4F
7} ZppraAE o]gs}o] PLA 4032D 10 g& CHCL 100 mL
of &sl|AlxItt. o] & PBPE A3t AH|= A7t Eeks
Ao T §F 24175t wtAIIT wyte] $5E ) &
2 EE0 THES Tt Ad2oA Tt 1R &
tjE A ASFATH

F7I2A L2t PLA 282l 4. 333 PBPY] 51814
TZ 42 'H NMR, “C NMR(400 MHz spectrometer,
Bruker, Germany)2 ARE-3190H, 480 2+= chloroform-
d¢(CDCLy)®} dimethyl sulfoxide-dg(DMSO-dg)E ©|-8-3F3
F7F4 o= PBPE] 5}8H4 tx 42 18] AHE-F FTIR
(ALPHA-P, Bruker, Germany)> ATR ZZ=o}| 4] 400-4000 cm’
A Agre] HelE Fal SRl

PLA &9 S ER1st7] 918 TGA(TGA 4000,
PerkinElmer, USA)S AFS35190H | HE3 WdAe] s 2
= 40-700 T HROlA 10 T/mind] 2 $52 A4 &7
2171 sollA =431tk 3 PLA ZE2] € AFAL 8l
3171 98l AAFAIE %7 ] (discovery DSC 25, TA Instruments,

USA)E o|&3te] AA& #9171 stolA S4sten,
-40~200 Co] &% oA 10 T/min®] $& S22 &
olgE AAN & F, 22 HLldX Y] AFS SAH s

71AH 24 38L A2olA 8 £% 10 mm/minS =
UTM(QM100S, Qmesys, Korea)S E3ll Z4319tt. WaA
=48 24X S=A1 7] (FT-LOI-404, FESTEC, Korea)S ©|
831 ARG E 243519901 ASTM D 28639 et
Z143139 T}, UL-94 HIZ~ES] 7-%- ASTM D 3801 7+l ujzh
8 stATt A4 F PLA 59 charg ER1317] 98}
tabletop scanning electron microscope(Cube II, Emcrafts,
Korea, accelerating voltage: 10.00 kV, working depth: 6.0 mm)

2 Fo EREAe 1959
a4 # EE

PBP2| &d. §43 PBPY 7% 415 'H NMR, “°C
NMR 28] FTIRS E3) #2431t} Figure 12] 'H NMR2]
AZNE BDO| €8l AKEe] 4 ¥]=L(4.41, 1.42 ppm)
£ PBPY] ©lslar AR T]3(4.26, 1.71ppm)= 3184 914
o] &It B=gh, DPPC] 5441 wllAl yrE]e] 44 9=
(7.39, 7.20 ppm)7} PBPL] WAl 312]e] 44 3] 5(7.42-7.24
ppm)E 3} $1%] o]Fo] YelRd A& F3ll PBP7T 54
o2 FAHATE BRI g BC NMRe| A2 5
B] BD9| ©sla AlEe] hA 1] F(62.49, 29.80 ppm)=
PBP9] B3} 4 AlEe] BhA 1]=(68.38, 26.26 ppm)E 3}
&4 91A] olsg A1 ERIsITH(Figure 2).%

PBPY| 5517 F25 FTIRS 53 F7H4 o= &<lsls]
CH(Figure 3). BD] -OHe| 3lldsl= I 3= 3100-3600 cm’™,
A9l -CH,- ¥ 3+ 2800-3000 cm'oll A ztzt #2= T
%3k DPPCO] WlAlo] E3He Wk C=C |5 4d gl ad
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Figure 3. FTIR spectra of BD, DPPC, and PBP.

SH= I == 1584, 1476 cmol|A], P-Cl stretching®l] 3l '3sh=
¥ F+= 535 em'oA] LA E AT} PBPOlA= -OH =8} PCl
9] stretching T|=7} 2b38] ARFH O™, -CH,-, C=C ©|54
Foll e o7 YRS SRIE = St o] Qo=
DPPC2} PBPS] P=0O =2} P-O-Ar I3+ ZHZ}F 1186 ecm 9}
935 cm'of|A] BEAEIo™ | DPPCe} BD2] 3FsA st 2]sh
P-O-C I == 1036 cm™llA A2 =7} LRt 7 o] 2

Table 3. DSC Results of the PLA Samples
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Figure 4. DSC curves from second heating at PLA samples with
PBP.

53l BD2} DPPC Ato] ¥hgo] 432 o2 FP=5S &
T St
PBP2t PLA EEC| ¥X 54. PLAZEY 2% ©&
As ARAES Flsr] 918 DSCEAE Kasiict. 4
Asleee YA 25 (T)5 S4sIer, 259 4
ARSI (X ) W2 A FAEE RSt )= g
¥ 7S Tl AXEAG? AL 2] (D)ol YERA AT
Figure 42} Table 3= DSC -2 Z#=S HojFEr),
AH,

X — m
cc 5X AI{],“O, Cc

_ (AHm_AHcc)

S5xAH,, M

AH,= &§4743RIeY AH = YAAslEy], 6= 2
Eox1] PLA &, 183l AH, S 5738 PLAY &%
A sl (93.6)/g)E ©lvl el PLA-0S] T8} T..°] 7%
4033 T2} 106.18 T4 3= 7= A& & 5 Aot vk
o PBP7} ¥ PLA Z59] ¢ TollM el 2 WPt gle
e 2RI o o, 1.8 45 PBPY gHfo] S71etol
wEba Haske 1S k1T ok ol E E°] PLA-19]
3% 1,0 3H 4143 TE e oH, T, 10725 T
2 PLA-OEY =2 255 YERNRIT: PLA-39] 739, T.°]

Samples T, (C) T. () Tw (C) Al (J/g) AT, (J/g) Xee (%) Xe (%)
PLA-0 40.33 106.18 162.50 19.77 31.37 33.59 12.39
PLA-1 41.43 107.25 163.45 27.83 36.63 39.53 9.50
PLA-3 40.25 91.05 161.88 27.12 39.26 41.69 13.37
PLA-5 40.58 82.98 161.31 13.59 42.00 47.23 31.95

Zan, A]4948 A25, 20253
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9} 9.50%AATF PLA-39] 739 41.69%2} 13.37%2] =2 %k
2 3918 4= 9Ju}. o]= PBP7} PLA ZE9 A4S Wzta}
Aol 2 FPAZ 5= S ek o}, AA|F A A
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T2 # X, ko] PLA-0} H|walde w) o2 Fade o
°1& 4= glt}. o]= PBP7} PLA WiHox E5E2 zhg-a)
of Wztagelr A4S FAsk=d Wall7t HAS AL
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Figure 5. TGA curves of PLA samples and PBP; DTG curve of
PBP.

TR A & Atk A WA EsidAlE 316 TollA &
Asl o]= Bha Aol H]3)] i oE okst P-O A¥ <]
ol Aoltk? F WAl EdAl= 370 T= 293
char/} E38lE)2 ¢Fg3 charg W3l = YAZ AlgE} F
XS 2 PBP= 700 ColA 930 wt%2] chars A& F
t}. &3 PBPE EE PLA ZEHT WA Eau=d o)&
&3, PLA E5o] 3ll=7] Hdofl PBP] -3l 7} WA WA
SlEE 71 GAAZA 9] Ago] Aeirhs AS st
Atk

PLA 259 7%, PLA-09] Tsu= 342 C, T,= 378 C,
Ruw= 36.35%/min, 2232 700 ColA1 9] char®] %< 0.01
wt%2 ER1E|QIT}, ol Wk PBPES 718 PLA ZE2] 7
O Towolt Tow?t PLA-ORT 2240} A3, R, 3635
%/min B} 7Hedhs 73RS UERITE o & £9], PLA39]
A%, Topois 344 °C, Tp= 380 COE PLA-ORT} & 7HS
YERAA A, R, = 35.04%/minS.E PLA-0HET} WY& 7S
UERHAT o= HlwA WEdo] kgt PBPe] P 150l
vko oA BN, Hal & A== chayt PLA 2
ol & Adtsle] E4 1l &Sl P 7] o]
t}h. 700 Col BAdE chare] 42 PLA & Y] PBPe| &
o] Skl whet F7khe A JYERII

5

2

Table 4. Thermal Decomposition Characteristics of PBP and PLA Samples

Samples Tsww (T) Thax (C) Riax (Yo/min) Char residue (wt%) Calculated (wt%)
PBP 282 316 - 9.30 -

PLA-0 342 378 36.35 0.01 -

PLA-1 345 379 34.10 0.62 0.10

PLA-3 344 380 35.04 1.43 0.29

PLA-5 342 379 33.72 4.52 0.47

Polym. Korea, Vol. 49, No. 2, 2025
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Table 5. Flame Retardancy Test (LOI and UL-94) Results of PLA Samples
Samples 1 / 2™ ignition (s) Dripping Cotton ignition UL-94 LOI (%)
PLA-0 BC Y Y N.R 22.8
PLA-1 0.1/0.1 Y N V-0 25.0
PLA-3 0.1/0.1 Y N V-0 27.1
PLA-5 0.1/0.1 Y N V-0 28.3
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Figure 7. Digital photographs of (a) PLA-0; (b) PLA-3 during UL-
94 test.

Figure 8. Tabletop scanning electron microscope images of char
surface after ignition: (a) PLA-0; (b) PLA-1; (c) PLA-3; (d) PLA-S.
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