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Synthesis of Glycolate-Containing Poly(tetramethylene glycol)s and
Properties of Degradable Polyurethanes Prepared Therefrom
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Glycolate-containing poly(tetramethylene glycol)s (PTHF-GA-OH) were prepared by the reaction of
bifunctional living poly(tetrahydrofuran) with lithium bromide followed by the substitution reaction of
the produced bromide end groups with potassium glycolate. The obtained polyols were reacted with
4 4’-diphenylmethane diisocyanate and then with 1,4-butanediol to give a polyurethane with degradable
ester moieties. The treatment of the obtained polyurethane (PTHF-GA-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 glycolate ester linkages to give the mixture of PTMG and the urethane
oligomers. The extraction of PTMG with methylene chloride from the mixture resulted in the recovery of
PTMG in over 70% yield based on the poly(tetrahydrofuran) segments of PTHF-GA-BD-PU. Enzymatic
degradation of PTHF-GA-BD-PU was carried out with lipase as a catalyst. The heterogeneous reaction
with film specimens in water using phosphate buffer solution (pH 7.4) at 37 °C caused the decrease in the
molecular weight of PTHF-GA-BD-PU. This is probably due to the lipase-catalyzed hydrolysis of the
glycolate ester groups of PTHF-GA-BD-PU.
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Synthesis of glycolate-containing poly(tetramethylene glycol) (PTHF-GA-OH) and polyol precursor (PTHF-Br).
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Synthesis of Glycolate-containing Poly(tetramethylene glycol)s (PTHF-GA-OH) with Polyol Precursor

Time, min M, (NMR)?

Feed, g (Feed, mmol)

Yield, g Yield, %

PTHF-Br GA-K _ (n-Bu).NBr
10 2380  20.0 (3.40) 2.88 (25.2) 8.13 (25.2) 20 89
15 3100  25.0 (3.07) 2.76 (24.2) 7.80 (24.2) 25 97
30 5780  27.0 (4.67) 1.60 (14.0) 4.52 (14.0) 27 90

a) Number-average molecular weight of PTHF-Br measured by 'H NMR spectroscopy.
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Scheme 2. Synthesis of glycolate-containing polyurethanes (PTHF-GA-BD-PU).
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Table 2. Synthesis

of Glycolate-containing  Polyurethanes
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2 63.5 g(0.36 mol; (CF;S0,),0 (2%} LC 25 {5 %
THF (400 mL) (Z¥h L7oiiRIc ik S, ERGE IR
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U 2—/Lfi£9.78 g (0.129 mol) &, =4 /—/L 200 mL (Z
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(PTHF-GA-BD-PU) with  Glycolate-containing

Poly(tetramethylene glycol)s (PTHF-GA-OH) of Different Molecular Weight

13

Feed, g (mmol)

Mh (Titr.)? STHE-GAOH MO 5pY Yield, g Yield, %
2800 12.0 (4.29)  2.15(8.57) 0.913 (3.91) 10.9 79
3140 13.2 (4.20)  2.10 (8.41) 0.328 (3.64) 125 84
7510 21.0 (2.80)  1.40(5.60) 0.173 (1.92) 13.6 63

a) Molecular weight of PTHF-GA-OH measured by acetylation method.
b) The feeds were determined by amine addition method.
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T L7z, 7 AEEIXEIR, WL THE 20,
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Table 3. Characterization of Glycolate-containing Poly(tetramethylene glycol) (PTHF-GA-OH) and Polyol Precursor
(PTHF-Br)
M, (GPC)”  MwIM, (GPC)® M, (Calc.)” M, (NMR)® M, (Titr.)
PTHF-Br(2410) 2410 1.51 2430 2380 .
PTHF-Br(2930) 2930 1.44 2780 3100 :
PTHF-Br(7810) 7810 1.31 5670 5790 ,
PTHF-GA-OH(2800) 2580 1.45 2420 2580 2800
PTHF-GA-OH(3140) 3480 1.39 2770 3190 3140
PTHF-GA-OH(7510) 6410 1.53 5660 7500 7510

a) Measured by GPC with polystyrene calibration.

b) PTHF-Br of M(Calc.) =72.12 x DP,(Calc.) - 16.00 + 79.00 x 2
DP,(Calc.) = [THF], / {[(CF;S0,),0], x 0.72 (Initiator Efficiency)} x Conversion (%) / 100 ;
PTHF-GA-OH of M,(Calc.) = PTHF-Br of M, (Calc.) -79.90 x 2 + 75.04 x 2

c) Measured by 'H NMR spectroscopy.
d) Measured by acetylation method.

ZEV Y485 mL TR SEToEIK) # 5.0 mL, 7R
—L Ay b E AW TIEMICIN AT, BE 2N 2+
o, AA N RZTH 100 °C, 1 FREAOG &, =R
WELTHOA A ZHKERGHAE O LD 15
mL A1 X RIS D HAKEEE 2 5ERICHRIC Lz, 2
DSOS RER 0.1 wi% =% ) — W7 = ) —)1
TH VA ARREEGRINZ, T Xy NAY—F—T
MATA LM B E = Ly b VT 0.05 mol/L =4
J =KL U U AESIRIC K O EE Lz, [FERIC
7 Z BB BT, WEOMEMOZEL Y ZDRY
~—0Dt KX EEEL2 RO
TIVEBREICE B A YT — MEOERIL, U
TOXIATole. £F, Wl ¥ / —/VIRIR CElE 2
mL T4 /—/L200 mL % A AU & — Tl %,
o by h&2FAVT0.05 mol/L KEg{bH U o LX)
— VIR CEZATVY, FOEELZRDT-. £, ¥
TIFNT IR BUERIRIL 200 mL DA AT T A
WZOTTFNAT IV 26 g #MMAT, XUBUEZHNT
PRIz, AT — MR LAY ~—%#02¢

Table 4. Characterization of Glycolate-containing
Polyurethanes (PTHF-GA-BD-PU)

P AT G2 YL, YTFAT IR
IR A ARy FTI0mL 2Nz, ZORIE%
60 °C "C 30 23[R, il £ CTHHI L7=1, fi:38 BPB
AT, Ealby MERAWTHERTY ) — A
WCHE L. £, 77 7@ BB, WE O
EEOZEEFEICA VT — N EEERE L. R~
— D T AR R A EABEHE (DSO) 1T &>
TRdT=. AIRIZIZY 42 # Thermo Plus DSC 8230L
R L, BEHES 7 WIT A FE AN T VR
X% AV, BIEREE Y 2 FEE SR EE 5 °C /min (2
BMEL, EHRFEKXTHE L. R ~—0E iR
FETE, BB (TG-DTA) IZ L » TRz, ARz
U 777 %1 TG-DTA8078G1 ZfH L, S 7 izix
TFIFF RN AST=T I FH N, BEFHKT
THIE L=, =i 5 650 °C £ TOREHPH CHIERE
JE 10 °C /min OSAETHIE L7z, B (T) 1,
P TND SY%EERVRFOIRE & Uiz, SIERBRL,
T vmy UMT-I-100S U5 [RGB A IV, 308k A
IR S mm, £ X 20mm, EX0.7~0.8 mm O D&l
AL, SIE#EEE 10 mm/min, =IE(Q25 °C) T, 100%fH
SRIFOTHEMESR (Myo0) , 5 IRIREE (Ty) , MEWTIRFO TN (Ep)
ZHE LTz, EhrksiERER (DMA) 1%, A{AIZ UBM
Rheogel-4000 Z VY, B8R A 1306 5 mm, £ 10 mm,

a a M, of Soft
M M/ M Segment” JEX0.8~1.0mm DHDEMH L, B4k 1.0 Hz, HiE
PTHF(2800)-GA-BD-PU 20400 2.29 2800 S 2 °C /mm, IR -120~150°C C, [
PTHF(3140)-GA-BD-PU 30100 2.19 3140 (E’) & 4B5IERE (tan 8) DIRERAFIEZHITE L=,
PTHF(7510)-GA-BD-PU 25700 1.86 7510

a) Measured by GPC with polystyrene calibration.
b) Measured by acetylation method.

3. MRLEBEZ
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Table 5. Properties of Glycolate-containing Polyurethane (PTHF-GA-BD-PU)

Hexane Toluene CHCI, AcOEt

CH,CI,

THF Acetone  DMF DMSO Et,OH

PTHF-GA-BD-PU x x @] 0]

O O X O X x

a) Polymer concentration, 1 wt/vol%; O: soluble, X ; insoluble.

31 RV F—n (PTHF-GA-OH) KORY v LZ v

(PTHF-GA-BD-PU) D&R:

Table 3 (2155 47= PTHF-Br & PTHF-GA-OH D%+
7782V E—va VOfERERT. PTHF-Br (28T
'H NMR O7v ko B — 27 B L0 sk 72478l
KEAFROBRMGAINRD 2258 Ut Rl & 13E—
# L7-. £7-, PTHF-GA-OH |25\ T 'HNMR A%
MNUZEIT D= AT VERICHK TS 7 r b B —7
EHANRDE S TFRE, THEFIUKEICLAMHEELY
Kb 7- K OH G BT LS FRBE i Lz
FOMEITBEZE—E L. F£2, IS ORI
2L VRO LN T8 EAREAROBERINERES

PTHF-GA-OH (2800)

PTHF-GA-OH (3140)

—

r

PTHF-GA-OH (7510)

==

PTHF(2800)-GA-BD-PU

SN

PTHF(3140)-GA-BD-PU

TN

PTHF(7510)-GA-BD-PU

|

' L wil
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Endothermic

L L
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Temperature, °C

Figure 1. DSC thermograms of the polyols (PTHF-GA-
OH) and the polyurethanes (PTHF-GA-BD-PU) on second
heating scan.

BLTROONTEAE LV FE I8 5D T80,
K FE T OREE MR T T 2 ®oy &K 7
[PTHF-GA-OH(7510)] Z B\ ClEIE—E L. 2 bHd
RUF—NVEBRED 44T 2= VA B DA T
F—hEESETVRY v —ZHRK L, IRWT, 14-
TR F I VBIERETHZETRY DL
EER L. BonR) oLy OBy EE
Table 4 |Z” 9, ZOfEIE, #27~3 I Th-oi

32 WY YL &L (PTHF-GA-BD-PU) OD¥EfEM:
B LR Y T L& OUBEEA~DOEEYEZ Table 5
\oRd. RFEHY 7L L LT PTHF(3140)-GA-

1.4 [, PTHF(2800)-GA-BD-PU

L | My = 0738 MPa

12 || Te=1.38MPa

"L | Ba=446%

10 |
;. 1
o 0.8 |-
4 ~ PTHF(3140)-GA-BD-PU
B 0. » My = 0.276 MPa

B Ta =138 MPa
041 Eq = 675%
0.2

0

0 100 200 300 400

Strain, %
Figure 2. Tensile stress-strain curves of PTHF(2800)-GA-

BD-PU and PTHF(3140)-GA-BD-PU.
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101!]
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© 108 N
f"_ 107
Woq0e |
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®) o5
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[
0.2k \
0.1F
0... a o 1 o o o o 0 s & 4 o 0 & 5 &
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Temperature , °C
Figure 3. Temperature dependent of (A) E” and (B) tan 6
for PTHF(2800)-GA-BD-PU and PTHF(3140)-GA-BD-PU.
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Table 6. Propeties of Glycolate-containing Polyurethanes (PTHF-GA-BD-PU)

Tensil Test Viscoelastic Test DsC TG-DTA
M2 M, Te),  Eg?, Rubbery Plateau tand Peak T, of Soft T of Soft T.0. oG
MPa MPa % Area, °C Temp., °C Segment, °C  Segment, °C o
PTHF(2800)-GA-BD-PU 20400 0.738 1.38 446 24 ~ 64 - -63 21 327
PTHF(3140)-GA-BD-PU 30100 0.276 1.38 675 22~76 - 66 23 332
PTHF(7510)-GA-BD-PU 25700 - - - - -7 31 346

a) Measured by GPC ; polystyrene calibration. b) Tensile modulus 100% elongation. c) Tensile strength. d) Elongation at break.
&) Glass transition temperature; on second heating scan. f) Melting temperature; on second heating scan.

g) Theramal decomposition temperature; 5% weight loss.

BD-PU Z V>, 1 wtivol%DIEFE T, SiRIZ AR
%#47-7=. PTHF(3140)-GA-BD-PU |%7 1 1 ik/L A, fiE
it F )L, #i{t A F L >, THF, DMF [ZA[{R ChH - 7.

33 RY L #2 (PTHF-GA-BD-PU) DEGMHE
Figure 1 (24715 2800 ~ 7510 D4y A Ri-72
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Scheme 3.  Alkaline hydrolysis reaction of polyurethanes (PTHF-GA-BD-PU).
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(A) PTHF-GA-OH(7510)

M,
M,/M,
3480
1.39

(B) PTHF(7510)-GA-BD-PU
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Figure 4. GPC curves of (A) Glycolate-containing poly(tetramethylene glycol)s (PTHF-GA-OH), (B) glycolate-containing
polyurethanes (PTHF-GA-BD-PU), and (C) CH,Cl,-soluble part of the degradation products.: the degradation reaction was
carried out by hydrolysis with 0.05 mol/L-KOH in ethanol/THF (1/9 v/v) solvent at room temperature for 24h.
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Figure 5. 'H NMR spectrum of (A) PTHF-OH, (B) the
dichloromethane-soluble part of the degradation products of
PTHF(2800)-GA-BD-PU, (C) the dichloromethane-soluble
part of the degradation products of PTHF(3140)-GA-BD-
PU, (D) the dichloromethane-soluble part of the degradation
products of PTHF(7510)-GA-BD-PU in CDCl,
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Figure 6. Change in molecular weight distribution curves of the PTHF-GA-BD-PU 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.
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Figure7. Change in molecular weight distribution curves of the PTHF-RA-BD-PU measured by GPC; the degradation
reactions were carried out in heterogeneous system using film specimens (10 mm x 10 mm; | mm thickness) with lipase
(source : Phycomyces nitens) in phosphate buffer aqueous solution (pH 7.4) at 37 °C.
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Figure 8. Change in molecular weight distribution curves of the PTHF-BD-PU 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.
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Table 7. Degradation of PTHF-GA-BD-PU, PTHF-RA-BD-PU, and PTHF-BD-PU: Change in Number-Average Molecular
Weight (M,), Polydispersity (M/M,) and Decreasing ratio of M,, (M, 4)

Reaction Hydrolysis Enzymatic Hydrolysis
Time in Buffer Solution® in Buffer Solution®

(day) Mo MM Mp® Ma® MM Mpg®

0 30100 219 0 30100 219 0
-ffﬂ\,?o,‘_,'.t'\_/n;;t_,l.-?--"ﬁi".l:@':"I{}u'é'@v*"ji':-s}“'lﬁ}:.:'ji:"{ 30 29300 2.11 2.7 28200 2.03 6.3
PTHFE-GA-BD-PU 60 26300 2.04 12,6 24300 2.05 19.3
20 24700 215 17.9 20900 2.24 30.6

o T % e , 0 36200 243 0 36200 243 ]
o owoboay “’"“‘”'”""é':”‘“"*“-'":é'”“f"'&'ﬂ‘}‘“:‘“*ﬁﬁi 30 35700  2.30 14 31600 2,04 127
PTHF-RA-BD-PU 60 34600 2.15 4.4 25200 217 30.4

0 42600 1.77 0 42600 1.77 ]
A 3) 30 41900 1.82 1.6 42100 1.93 1.2
\ : 60 41700 1.92 241 41300 1.83 a1
Gl 90 - - - 42500 182 0.2

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 aqueosus solution (pH 7.4) at 37 °C.

c) Measured by GPC with polystyrene calibration.

d) M= (Moo= My )My x 100 [%], M, : Sample's M,, before degradation, M,, : Sample's M, after degradation.
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