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Synthesis of Poly(Tetramethylene Ether) Glycol Containing Ester Linkages Derived from
Castor Oil and Properties of Recyclable Polyurethanes Prepared Therefrom
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Ricinoleic acid derived from castor oil was utilized for the preparation of ester
linkages-containing  poly(tetramethylene ether) [or  poly(tetrahydrofuran)] ' glycol
{HO-CHI[(CH2)sCH;]CH,CH=CH(CH,);-C(=0)O-[(CH2);Ol,.1-(CH,),-OC(=0)~(CH,),-CH=CH-
CH,CH[(CH,)sCH;]-OH; PTHF-RA-OH}. This polyol was reacted with two-fold amount of
4,4’-diphenylmethane diisocyanate followed by the chain-extension reaction with 1,4-butanediol
to give a new polyurethane with degradable ester moieties. The obtained polyurethane
(PTHF-RA-BD-PU) exhibited similar thermal and mechanical properties to those of the
polyurethane (PTHF-BD-PU) prepared from poly(tetramethylene ether) [or poly(tetrahydrofuran)]
glycol (PTHF-OH). The treatment of PTHF-RA-BD-PU with potassium hydroxide in
tetrahydrofuran/ethanol (9/1 v/v) solvent in the presence of a small amount of water caused
hydrolysis reaction of the recinolate ester linkages to give the mixture of PTHF-OH and the
urethane oligomers capped with recinoleic acid moieties. The extraction of PTHF-OH with
methylene chloride from the mixture resulted in the recovery of PTHF-OH in over 90% yield
based on the poly(tetrahydrofuran) segments of PTHF-RA-BD-PU. Enzymatic degradation of
PTHF-RA-BD-PU was carried out with lipase as a catalyst. Both of the heterogeneous reaction
with film specimens in water using phosphate buffer solution (pH 7.4) at 37 °C and the
homogeneous reaction in N,N-dimethylformamide at 45 °C caused the decrease in the molecular
weight of PTHF-RA-BD-PU. This is probably due to the lipase-catalyzed hydrolysis of the
recinolate ester groups of PTHF-RA-BD-PU.

Key Words : Polyurethane, Poly(Tetramethylene Ether) Glycol, Castor Oil, Ricinoleic Acid,
Polymer Degradation, Chemical Recycling
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Scheme 1. Synthesis of PTHF-based polyols (PTHF-OH and PTHF-RA-OH) and polyol precursor (PTHF-Br).
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Table 1. Characterization of PTHF-based Polyols (PTHF-OH and PTHF-RA-OH) and Polyol Precursor
(PTHF-Br)
Polymer  M,(GPC)? M,/M,GPC)? M,(Calc.)? M,(NMR)®  M,(Titr.)®
PTHF-OH 4030 1.35 2550 = 2690
PTHE-Br 4160 1.35 2690 2830 -
PTHF-RA-OH 5240 1.28 3120 3130 3420

a) Measured by GPC with polystyrene calibration.
b) Measured based on DP, of PTHF segment = [THF], / [Initiator], x (Initiator Efficiency)isl,

¢) Measured by 'H NMR spectroscopy.
d) Measured by acetylation method.
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Scheme 2. Synthesis of PTHF-based polyurethanes (PTHF-BD-PU and PTHF-RA-BD-PU).
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Figure 1. DSC thermograms of the polyols (PTHF-OH
and PTHF-RA-OH) and the polyurethanes (PTHF-BD-PU
and PTHF-RA-BD-PU) on second heating scan.
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Figure 2. Temperature dependence of (E’) for the
polyurethanes (PTHF-BD-PU and PTHF-RA-BD-PU).
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Table 2. Properties of the Polyols (PTHF-OH and PTHE-RA-OH) and the Polyurethanes (PTHF-BD-PU

and PTHF-RA-BD-PU)

Viscoelastic Test DSC TG-DTA
M. Rubbery Plateau T, of Soft RS
Area, °C Segment,°C 9’
PTHF-OH 4030 30 262
PTHF-RA-OH 5240 25 355
PTHF-BD-PU 42600 20~120 16 327
PTHF-RA-BD-PU 36200 20~70 19 315

a) Measured by GPC with polystyrene calibration.
b) Melting temperature; on second heating scan.
c¢) Thermal decomposition temperature; 5% weight loss.
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Scheme 3. Chemical recycling of PTHF-RA-BD-PU by hydrolysis of the recinolate units.
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Figure 3. GPC curves of (A) PTHF-Br, (B)
PTHF-RA-OH, (C) PTHF-RA-BD-PU, (D) the

degradation products of PTHF-RA-BD-PU, and (E) the
dichloromethane-soluble part of the
products of PTHF-RA-BD-PU: the degradation reaction
was carried out by hydrolysis with 0.05 mol/L-KOH in
ethanol/THF (9/1 v/v) solvent at room temperature.
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'H NMR spectrum of (A) PTHF-OH, (B) PTHF-Br, and (C) the dichloromethane-soluble part of the

degradation product of PTHF-RA-BD-PU [(E) in Figure 3] in CDCl,.
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Figure 5. 'H NMR spectra of (A) PTHF-RA-OH and (B), (C) the enzymatic degradation products of
PTHF-RA-OH; the degradation reactions were carried out in heterogeneous system using powder sample with lipase
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(source : Phycomyces nitens) in phosphate buffer aqueous solution (pH 7.4) at 37°C.
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DY FNE R, EEE 1.0 Hz, FIEEE 2 °C/min,
BEGF-120~150 CT, HFBEMER (£ ) LKL
EH (tan §) ORERGHEEZBEELZ. R ~<—
DOESRRRE X, BREESVT (TG-DTA) ITX > TR
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Table 3. Degradation of PTHF-RA-OH : Extent of Hydrolysis of the Ester Groups

| Hydrolysis Enzymatic Hydrolysis Enzymatic Hydrolysis
Rea‘;gm)“me In Buffer Solution®  in Buffer Solution® In DMF®)
a
/ Extent of Hydrolysis (%)%
30 0 28 0
PTHF-RA-OH
60 0 23 0
a) The degradation reaction was carried out in heterogeneous system using powder sample without

lipase in phosphate buffer aqueous solution (pH 7.4) at 37°C.

b)

The degradation reaction was carried out in heterogeneous system using powder sample with lipase

(source : Phycomyces nitens) in phosphate buffer aqueous solution (pH 7.4) at 37°C.

c)
Candida rugosa) in DMF at 45°C.
d)

IZE VI 100 CT2ERIIG S8, HRITHBPL
ThboA F U RBKEBREHED L2258 15 L
Mz TREIEOEKEE B 2 2RI L=, £
FOSESIRICIERIE 0.1 wthm& ) — k7= ) — 1
TEVA VR ERENL, Ry PRE—F—
THIRALZRLE 2Ly EFWT0.05 mol/L
& —NMKEE A Y U ABRRIZE VEE L.
FRIZ T 7 V78R BT, MEDHEEENELY
KON E Fax v EMAYELR) ~—0EEN
5, TORI=—0Ot FoF  EE5EF KD~

3. WRLEH
3.1

R Y F— /v (PTHF-RA-OH) R U'ER YV 7 L & o
(PTHF-RA-BD-PU) D& RE :

Table 1 IZ/bN/eR ) A — VDL FER DG F
ENMETT. RIF—IWORITF RFAFLLS

Measured by 'H NMR spectroscopy (see Figure 5).

The degradation reaction was carried out in homogeneous system with lipase AYS Amano (source :

ROEHDFEOHEMEIZ, = AT NVICHNKRT S H
NMR A7 hAZBITA 70 b E— 2 nbEEL
724 \%ﬁiocl:l)\'}’-}z%/wb{ﬁ LVUROFE FaFx
VEEBIIESLKHFEL-ELE. ZhbnZ
;mEM®%ﬁ)mM#AmT%t:kﬁbmo
7=. TR F—NVEREID 4,4 -7 =)L
AEZTVAL VT bERGSET VR v —%
BREL, RWT 1,4-TZ o PF— Nz L Y $EEE S
BIETHRIULVECEERLE. BohizRY ¥
VEUIL, BEHSFERNI F~4 T ThHoT-.

3.2 XY UL ¥ (PTHF-RA-BD-PU) OBHIMEE
Figure 1L IZBONIRY A—NVEORY v L&
D DSC Y —EF T LERT. R A—AORA(T)
HWFNbERECELR L. —F, RIvLF
> Tl DSC DHBHBBTRY (THR) Y 7 b SR v
N DSfERILT BTN T AGEBIRE IR SR

U a—LRIZVFRHH 2700 TH Y, RY F— STeW, YT R NeT AL MO LHEBHEISH, WTh
DAEARRDOREFIZIEN] 2B L EEGEND HEBEDEEZR L. RYTLELD TIZRY A
(A) PTHF-BD-PU M, (B) PTHF-RA-BD-PU M,
M,/M, M,/M,
Time (day) 42600 Time (day)
0 1.77
30 41900 30 35700
1.83 2.30
41700 34600
60 1.93 60 2.15
] 1 | | 1 | | |
106 105 104 103 10¢ 105 104 103
MW(PSt) MW(PSt)

Figure 6. Change in molecular weight distribution curves of the po]yﬁrethanes measured by GPC; the degradation
reactions were carried out in heterogeneous system using film specimens (10 mm x 10 mm; 1 mm thlckness) without
lipase in phosphate buffer aqueous solution (pH 7.4) at 37°C.
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Figure 7. Change in molecular weight distribution curves of the polyurethanes measured by GPC; the degradation

reactions were carried out in heterogeneous system using film specimens (10 mm x 10 mm; 1 mm thickness) with

lipase (source : Phycomyces nitens) in phosphate buffer aqueous solution (pH 7.4) at 37°C.

A) PTHF-BD-PU Wiy _ T i,

(A) _ M, /M, (B) PTH-F RA-BD-PU M, /M,
Time (day) 42600 Time (day) 36200
0 1.77 0 2.43

30 41700 30 29100

1.88 1.91

60 42100 60 22600

1.87 _ 1.97

| | | | | | | |
108 105 104 103 108 105 104 10°

MW(PSt) MW(PSt)

Figure 8. Change in molecular weight distribution curves of the polyurethanes measured by GPC; the degradation

reactions were carried out in homogeneous system with lipase AYS Amano (source : Candida rugosa) in DMF at 45°C.
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3.3 RY 1 & (PTHF-RA-BD-PU) D SR E
Figure 2 |IZ& RV 7 V& L OBIRIFEEMERBRIZ X
A BEERE)ODBREKEFEMLEZ RT.

PTHF-BD-PU, PTHF-RA-BD-PU D ¥ H5DKY L&
v 20 CFHETHRY (THR) V7 M F A bORER
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YD 20 CHRIED 6 A b B = 2R AR I 31T
ZEBEEREX, ARARIYLVLEFLUTHD
PTHF-BD-PU DRTEMMER LIZIER U ThoTz.
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Table 4. Degradation of PTHF-BD-PU and PTHF-RA-BD-PU:*Change in Number-Average Molecular Weight

(M,) and Polydispersity (M,/M,)

Hydrolysis Enzymatic Hydrolysis  Enzymatic Hydrolysis
Reaction Time  jn Buffer Solution®  in Buffer Solution® in DMF©
X M MM, My M M9 M9 MM,
0 42600 1.77 42600 1.77 42600 1.77
PTHF-BD-PU 30 41900 1.83 42100 1.93 41700 1.88
60 41700 1.93 41300 1.83 42100 1.87
0 36200 243 36200 243 36200 243
PTHF-RA-BD-PU 30 35700 2.30 31600 2.04 29100 1.91

60 34600 2.15 25200

217 22600 1.97

a) The degradation reaction was carried out in heterogeneous system using film specimens {10
mm x 10 mm; 1 mm thickness) without lipase in phosphate buffer aqueous solution (pH 7.4) at

37°C.

b) The degradation reaction was carried out in heterogeneous system using film specimens (10
mm x 10 mm; 1 mm thickness) with lipase (source : Phycomyces nitens) in phosphate buffer

aqueous solution (pH 7.4) at 37°C,

c) The degradation reaction was carried out in homogeneous system with lipase AYS Amano

(source : Candida rugosa) in DMF at 45°C.

d) Measured by GPC with polystyrene calibration.
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