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Multiblock alicyclic/aliphatic polyesters. Evaluation of the polymer's 
susceptibility to enzymatic degradation

S u m m a r y  —  M u ltib lock  polyesters w ere prepared from  d im eth yl 1 ,4 -cy clo - 
haxanedicarboxylate (D M C D ) (or d im eth yl terephthalate, D M T  ) and  1 ,4 -b u - 
tanediol (1 ,4 -B D ) w ith  d odecan edioic acid (D A ). P olym ers w ere prepared by  
tw o -stag e  technique n am ely  transesterification and p olycon d en sation  from  
the m elt. T h e m u ltib lock  polyesters obtained w ere characterized b y  viscosity  
m easu rem en ts, differential scanning calorim etry and tensile test. P olym ers  
w ere ex p osed , in vitro, to Rhisopus delemar lipase solution . T h e en zym atic  d e g 
radation w a s m on itored  b y  changes in m olecu lar w eigh t (from  gel perm eation  
ch rom atograph y) and estim ated b y  the w eigh t loss of the polyester film s in a 
buffer solu tion  w ith the en zy m e at 3 7 °C . P erform ed studies h ave sh o w n  that 
the e n zy m e Rhisopus delemar is able to alter the structure o f the a lic y c lic /a li
ph atic p o ly m e r  (P C D -D A ) to a greater extent than the structure o f aro
m a t ic / aliphatic copolyester (P B T -D A ).
K e y  w o r d s : m u ltib lock  cop olym ers, alicyclic polesters, b iodegradation .

C on sid erab le  attention has been focu sed  over the re
cent years on  b iod egrad ab le  p olym ers. Th ese are o f great 
im portance for en vironm en tal and biom ed ical applica
tions. A m o n g  such co p o lym ers, synthetic aliphatic p o ly 
esters h a v e  been  w id e ly  investigated [1— 3], h ow ever  
they exhibit so m e disad van tages, especially regarding  
their m e c h a n ic a l p ro p erties . T h e re fo re , b le n d in g  or 
co p olym erization  technique can be su ccessfu lly  applied  
to p r o d u c e  b io d e g r a d a b le  p o ly m e r s  w ith  im p ro v e d  
ph ysical properties [4 ,5 ] .

The incorporation  o f arom atic structures to aliphatic 
p o ly m ers w ill lead to form ation  o f m u ltib lock  co p o ly 
m ers. M u ltib lo ck  co p o ly m ers are exten sively  stu d ied  
and w e ll d o cu m en ted  in the literature [6— 8]. N u m ero u s  
papers and patents h ave been  devoted  to the synthesis, 
structure and  properties o f copoly(ester-b -ester)s [9, 10], 
copoly(ester-b -ester)s [11, 12] or copoly(ester-b -am ide)s
[13].

M u ltib lo ck  p o ly m ers consist o f different types o f seg 
m ents that alternate a lon g  the m acrom olecu le. Each seg 
m en t o f  the cop o lym ers has its o w n  characteristic pro 
perties, i.e. g lass transition an d  m eltin g tem perature. In 
co p o lym ers con sistin g  o f tw o  different blocks, one o f  
them  possesses a lo w  crystallizability and lo w  bon d  co
h e s io n  en erg y . T h e se  se g m e n ts , w h ic h  im p a rt e la s 

tom eric properties to the p o ly m er m aterial, are often  
called the "s o ft  se g m e n ts ". O ther segm en ts u su ally  p o s

sess h ig h  elastic m o d u lu s  [14— 16] a n d , therefore are 
often referred to as "h a rd  se g m e n ts ". T h e lack o f m isci
b ility  (m icrop h ase separation ) b etw een  p o ly m e r  se g 
m ents, w h ich  d ep en d s prim arily  on m olecu lar w eigh t  
and segm en t structure, is an im portan t characteristic o f  
m ultib lock cop olym ers, especially  in v ie w  o f potential 
practical aspects.

M u ltib lo ck  co p o ly m ers are characterized by g o o d  
m ech an ical properties in a w id e  ran ge o f tem peratures, 
especially  in the low -tem p era tu re  region . M ajor en d - 
u se m arkets for m u ltib lock  co p o lym ers in clu d e the m e 
chanical and  a u to m o tiv e  indu stries. T h ey  are also fin d 
ing their w a y  into m ed ical, sp o rt an d  electronic devices
[17].

T h e system atic studies o f variou s m u ltib lock  p o ly e s
ters [18— 20] h ave been undertaken in our laboratory. A ll  
o f stu d ied  m aterials w ere co m p o sed  o f arom atic and ali
phatic sequences and exhibited h igh  extensibility, g o o d  
reversibility after strain and g o o d  processability.

R ecen t efforts in our lab oratory  h a v e  fo cu sed  on  
m eth o d s o f broaden in g the structural variation in m u l
tiblock polyesters replacing arom atic segm en ts b y  alicy
clic sequences. There is apparently  little literature data  
concerning m aterial characteristics and especially  b io d e 
gradability o f a licy clic /a lip h atic  copolyesters alth ough  a 
n u m ber o f b iod egra d ab le  polyesters h ave been d ev e 
loped  u p  to n o w  and so m e o f th em , like p o ly (h y d ro x y -
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butyrate) (P H B ) or poly(caprolacton e) (PCL) are co m 

m ercially available [21].
Recently, Jung et al. [22] reported that a licy c lic /a li- 

phatic polyesters co m p o sed  o f bu tylen e succinate and  
cycloh exan ed im eth ylen e succinate com b in e satisfactory  
ph ysical properties and biodegradability.

In this w o rk  w e  report the results regarding the sy n 
th esis  p ro c e ss  a n d  e n z y m a tic  d e g r a d a tio n  o f a licy - 
clic /a lip h a tic  copolyester. The alicyclic segm en t content 
w a s kept constant at 60 w t. %  to ensure relatively g oo d  
m echanical properties. Polyester o f identical w eigh t con 
tent o f arom atic segm en ts w as also prepared for co m 
parative p u rp oses.

EXPERIM EN TAL

Materials

T h e h igh  pu rity  d im eth yl 1,4-cycloh exan edicarboxy- 
late (D M C D ) w as purchased from  S igm a A ld rich , G er
m a n y  as a 9 7 %  trans/cis m ixtu re. T h e sa m p le , as re
ceived , consisted o f crystalline so lid  and colorless clear 
liquid . The so lid  w a s decanted from  the liquid  and the 
structural pu rity  w a s verified  by N M R . The solid  m o n o 
m er, w h ich  contained higher percentage content o f trans 
isom er, w a s u sed  for p o lym erization .

D im e th y l terephthalate (D M T ) an d  1 ,4 -b u tan ed io l  
(1 ,4 -B D ) w ere pu rch ased  from  M erc k , G erm an y, and  
u sed  as received.

D o d eca n ed io ic  acid (D A ) w as purchased from  Sigm a  
A ld rich , G erm an y, and w a s u sed  w ith ou t purification.

M agn esiu m -titan ate  catalyst (obtained according to 
recipe in [23]) w a s d iluted  in butanol to a concentration  
o f 10 w t. % .

Polym er synthesis

A ll  p o ly m e r  m aterial w a s  obtained in a tw o-stage  
process, n a m ely  transesterification and  p o ly con d en sa 
tion in the m elt. T h e synthesis process w as carried out in 
a "p r e ssu r e -v a c u u m " reactor m a d e  o f stainless steel.

T h e reaction m ixture consisting o f d im eth yl 1 ,4 -cy - 
cloh exan edicarboxylate or d im eth yl terephthalate, 1 ,4- 
bu tan ed io l and  m agn esiu m -titan ate catalyst w a s heated  
u p  to 2 0 0 °C  at heating rate o f 1 .5 °C /m in  in the reactor 
for transesterification. T h e m olar ratio o f BD and D M C D  
(or D M T ) w a s  as 1 .8 :1 . T h e reaction w as finished w h en  
m o re than 9 5 %  o f the stoichiom etric a m o u n t o f m eth an ol 
ev ap o ra ted . O lig o m e rs  o f b u tylen e cycloh exan edicar- 
boxylate (or bu tylen e terephthalate) w ere obtained u n 
der these con dition s and u n der redu ced pressure. a,co- 
-d icarb oxy-term in ated  aliphatic acid , n am ely  1 ,10 -d o d e - 
canedioic acid (D A ) w as a d d ed  alon g  w ith a catalyst 
d u rin g  the secon d  stage o f the reaction. P olycon den sa
tion  w a s  carried  o u t in a p o ly c o n d e n sa tio n  reactor  
h e a te d  to  2 2 5 — 2 3 0 °C  a n d  at p r e s s u r e  o f  0 .5 — 0 .6  
m m  H g . T h e process w a s considered com p lete on the

basis o f the observed  p o w er co n su m p tio n  o f the stirrer 
m otor w h en  the p roduct o f h igh est m elt v iscosity  w as  
obtained (up to a constant valu e o f p o w e r  con su m p tion  
b y  the stirrer). T h e reaction m ass w a s extruded by m ean s  
o f com p ressed  nitrogen into water, and  granulated .

Characterization

The lim iting viscosity  n u m ber [r|] o f the p olym ers  
w a s  m e a s u r e d  at 3 0 °C  u s in g  p o ly m e r  s o lu t io n s  in 
P h O H /C z C b H  (5 0 /5 0  m o l % ).

D ifferen tia l sca n n in g  ca lorim etry  (D S C ) w a s per
form ed  w ith  Perkin-E lm er (D S C -2) apparatus. T h e sa m 
ples, w eig h in g  betw een  22— 25 m g , w ere dried  in a vac
u u m  at 70 °C . T h e process w as carried ou t in a triple cycle 
"h e a tin g -c o o lin g -h e a tin g ", in the tem peratu re ranges  
-1 0 0  to 2 2 0 °C  and -5 0  to 2 2 0 °C . H eatin g  and coolin g  rate 
w a s 1 0 °C /m in . Tem perature and en th alpy  calibration  
w ere carried out usin g in d iu m  standard. G lass transition  
tem perature (T ?) w as determ in ed  from  the tem perature  
diagram s as the tem perature corresp on d in g  to the u pper  
inflection point. M eltin g  poin t (T,„) and  crystallization  
tem perature (Tc) w ere determ in ed as correspondin g to 
the m a x im u m  o f the en doth erm ic curve and the m in i
m u m  o f the exotherm ic cu rve, respectively.

A  Sh odex (JM Science, G ran d Islan d , N Y , U S A ) linear 
G P C  SE 61 co lu m n  packed w ith  5 m m  P l-gel M IX E D -C  
(P olym er-L aboratories) w ere e m p lo y e d  for m olecu lar  
w eigh t analysis (G P C  apparatus from  Spectra Physics 
8800).

Tensile data w ere collected at room  tem perature w ith  
an Instron T M -M  tensile tester at a crosshead sp eed  o f 20 
c m /m in . D u m b b ell-sh a p ed  sam p les w ere prepared ac
cording to A S T M  D  1897 -77 . Stress data w ere calculated  
as the ratio o f force to initial cross-section  area. Stress at 
break, yield  stress and elongation  valu es w ere averaged  
over 4— 6 m easu rem ents for each sam p le .

E n zym atic degradation  w a s perform ed  w ith  using  
Rhisopus delemar lipase (specific activity 60 u n it /g  from  
Bio C hem ika Fluka). The film  specim en  (20 m m  x 20 m m ; 
about 130 p m  thickness) w as placed in a vial containing  
20 m L  o f ph osph ate buffer (p H  7.4) w ith  or w ith ou t 3 000  
units o f the en zym e. The vial w as incubated at 3 7 °C  for 
various periods o f tim e ( 1 ,2 ,3  and 6 w eek s, respectively). 
T h e p h osp h a te  b u ffe r /e n z y m e  so lu tion  w a s replaced  
every 3 days to keep en zy m e activity at a desired level 
th rou gh ou t the experim ent. A fter incubation, the film  
w a s w ash ed  w ith distilled w ater and  dried at 5 0 °C  in 
vaccuo until a constant w eig h t w a s reached. W eigh t loss 
averaged for three specim ens w a s taken as the result.

RESU LTS A N D  D ISC U SSIO N

Synthesis

T h e objective o f this stu d y  w a s the syn th esis o f the 
b lo c k  p o ly m e r s  o f p o ly (b u ty le n e  c y c lo h e x a n e d ic a r-
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b o x y la te -d o d ec a n ed io ic  acid) (P C D -D A ) w ith  alicyclic  
units, w h ich  are alternated a lon g  m acrom olecu le  w ith  
a m o rp h o u s a liphatic seg m en ts. C on d en sa tio n  m eth od  
typical for the p o ly fb u ty len e  terephthalate) (PBT) p o ly 
ester [2 4 ,2 5 ]  w a s  u sed  for syn th esis p u rp oses. Tem pera
ture o f the process w a s  kept at 2 3 0 °C , since alicyclic  
u n its are m o r e  te m p e ra tu re  se n sitiv e . A l ic y c lic /a li -  
phatic co p o lyester  (P C D -D A ) (I) w a s com p ared  w ith  
a ro m a tic /a lip h a tic  cop olyester [P B T -D A , p o ly fb u ty len e  
terep h th alate-d od ecan ed ioic  acid)] (II). O btain ed  p o ly 
m ers w ere  all w h ite  and  h ad  h igh  valu es o f the lim iting  
viscosity  n u m b er (Table 1).

T a b l e  1. Limiting viscosity number of copolymers

C o d e Wi„ % DPi, r | /  d L / g

P B T -D A 60 2.05 1.08

P C D -D A 60 1.99 1.26

P B T -D A  —  m u lt ib lo c k  c o p o ly m e r  c o n s is t in g  o f  a ro m a tic  a n d  a lip h a t ic  

u n its ,
P C D -D A  —  m u lt ib lo c k  c o p o ly m e r  c o n s is t in g  o f  a lic y c l ic  a n d  a lip h a t ic  

u n its ,
W), —  w e ig h t  c o n te n t o f  a lic y c l ic  (a ro m a tic )  se g m e n ts ,
DPi, —  d e g re e  o f  p o ly m e r iz a t io n  o f  a lic y c l ic  (a ro m a tic )  se g m e n ts  ca l
c u la te d  f r o m  th e  a m o u n t o f  m o n o m e rs  a t e n tra n c e  o f  the  re a c tio n ,
T| —  l im i t in g  v is c o s ity  n u m b e r.

D ifferential Scanning Calorim etry (DSC)

T h e D S C  h ea tin g  an d  co o lin g  scan s o f the P C D -D A  
an d  its arom atic  h o m o lo g u e  P B T -D A  are sh o w n  in Fig. 
1, w h erea s other th erm al tran sitions are collected  in  
Table 2.

T a b l e  2. Thermal transitions from DSC

M a te - T . i Тл TX 2 T,„2, “ C Д Н Ш2 T ,„2-T ,:2 Tsl/T,„2
r ia l ° c °C °C I  ru n I I  r u n J /g °C " c

P B T -D A -26 121 51 162 164 31.8 43 0.16

P C D -D A -11 30 43 80 85 21.4 55 0.48

T vi  —  g la ss  t ra n s it io n  o f  th e  s o ft se g m e n ts ;
Tc2, Тл.2, Tm2 —  c ry s ta l l iz a t io n ,  g lass  t ra n s it io n  a n d  m e lt in g  te m p e ra 
tu re , re s p e c t iv e ly , o f  th e  h a rd  se g m e n ts ;
A H m2 —  m e lt in g  e n th a lp y  o f  the  h a rd  se gm e n ts .

A  low -tem p eratu re single soft segm en t glass transi
tion w a s observed  for both p olym ers (Fig. 1). C om p ari
son  o f the soft seg m en t glass transitions for the alicyclic 
and arom atic segm en ts-b ased  m aterial indicates that the 
alicyclic p o ly m er exhibits low er soft segm en t glass tran
sition than the com p arable p o ly m er w ith arom atic seg 
m ents. Such a decrease in soft segm en t glass transition  
tem perature is associated w ith  a higher degree o f phase  
separation.

The introduction  o f alicyclic sequences to the p o ly 
m er b ackbon e appears to inhibit p o ly m er crystallization  
(Fig. la  an d  Table 2). The p o ly m er crystallizes at 3 0 °C , 
w h ereas its arom atic an a log u e has the crystallization  
tem perature o f 1 21°C . O n e  o f the possib le causes o f su p 

pression  o f  the crystallization process in alicyclic p o ly 
m er is d u e  to the h igh  m u tu al m iscibility  betw een  co m 
ponents o f the aliphatic soft segm en ts and  quasi-hard  
(alicyclic) segm ents.

—I---------------- 1---------------- 1---------------- 1---------------- 1---------------- 1—
-50 0 50 100 150 2(H)

T . V

Fig. 1. DSC scans of multiblock copolymers: a —  PDC-DA, b 
—  PBT-DA

The sam e beh aviou r w as also observed  in su p p res
sion  o f m elting tem perature T, „ 2 o f p o ly m ers (Table 2). It 
is w orth  noting that for the P C D -D A  p olym er, d isa p 
pearance o f low er m eltin g  en doth erm  w a s noted in sec
ond  heating run (Fig. la ) . This beh aviou r can indicate  
that the lo w e r  m e ltin g  crystals are fo r m e d  at m u ch  
slow er grow th rate than the high er m eltin g  crystals, as 
w as observed also for p o lym ers based on succinic acid  
and 1,4 -cycloh exan ed im eth an ol [22].

T h e  d ifferen ce  b e tw e e n  the m e ltin g  a n d  crystal
lization  tem peratures expresses u n d ercoolin g  prior to 
crystallization. T h e low er this va lu e  is, the higher is the 
crystallization rate o f the system . The fast crystallizing  
PBT h o m o p o ly m e r  sh ow s a Tm2-Tc2 o f 3 2 °C  in a D S C  
scan at 1 0 ° C /m i n  heating and coolin g  [15, 20]. The Tm2- 
TC2 for syn th esised  block co p o ly m er o f p oly(b utyIene  
terephthalate-dodecanedioic acid) (P B T -D A ) consisting  
o f a ro m atic /a lip h a tic  units is 4 3 °C , w h ereas the u n d er
cooling for a a licy clic /a lip h atic  P C D -D A  copolyester is 
5 5 °C . This indicates that alicyclic co p o lym ers crystallize  
slow er than PBT-based m u ltib lock  copolyesters.
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Tgi valu es for the P C D -D A  m u ltib lock  cop olym er the 
are o f -41 °C , the Tgi/Tmi ratio is o f the order o f 0 .48 and  
crystallization  is very  s lo w  (a Tg/Tm ratio o f 0 .16  w as  
fo u n d  for its fast crystallizing arom atic analogu e). The  
crystallization  o f a licy clic /a lip h atic  co p o lym er becom es  
m ore difficult because o f the m u tu al m iscibility  betw een  
com p on en ts o f the aliphatic soft segm en ts and alicyclic  
segm en ts, as d iscu ssed  above.

Tensile Properties

T h e tensile properties o f sam p les at room  tem pera
ture are su m m a rized  in Table 3. A s  expected, p o lym er  
containing alicyclic units sh o w  low er valu es o f stress at 
break and  y ie ld  stress as w e ll as o f elongation  at break. 
Better m e ch a n ica l p ro p erties o f  P B T -based  a n a lo g u e  
(P B T -D A  sa m p le) can be easily explained b y  resulting of 
crystalline d o m a in s, w h ich  are responsible for g o o d  m e 
chanical properties in therm oplastic elastom ers [16].

T a b l e  3. Mechanical properties of polymers

C o d e W /„ % о ,,  M P a o c, M P a 8, %

P B T -D A 60 19.4 11.4 590

P C D -D A 60 8.0 7.5 307

a r —  stress a t b re a k , 
o ,  —  y ie ld  s tress, 
e —  e lo n g a t io n  a t  b re a k .

Enzymatic degradation

T h e en zym atic  d egradation  o f stu died  p olym ers has 
been  m on itored  b y  ch an ges o f m olecu lar w eigh t (from  
G P C ), b y  w e ig h t loss as w e ll as optical m icroscopy. Syn 
thesized p o ly m ers exhibit sim ilar and  rather high  values  
o f m olecu lar w eig h t (Table 4). A  higher decrease in M n 
can be ob served  for the P C D -D A  copolyester after exp o-

T a b l e  4. Molecular weight loss from GPC

C o d e W ;„ % M „ / M „ , M,P MUP M,P/M,n

P B T -D A 60 56  500 91 800 1.62 52 300 88  460 1.69

P C D -D A 60 5 7  600 98 600 1.71 48 500 9 0 1 0 0 1.85

* a fte r  e n z y m a t ic  h y d ro ly s is .

T a b l e  5 . W e ig h t  lo s s  a fte r  e n z y m a tic  h y d r o ly s is

C o d e
W e ig h t loss , %

1 w e e k 3 w ee ks 6  w ee ks

P B T -D A 0 0 3

P C D -D A 2.1 4.5 9.8

su re o f p o ly m e r  film s to e n z y m e  in bu ffer  so lu tion . 
W eig h t loss for that copolyester w a s also m ore distinct 
than for its a ro m atic /a lip h a tic  an alogu e (Table 5). Blank 
test w ith ou t the lipase w a s p erform ed in a buffer so lu 
tion at 3 7 °C . N o  w e ig h t loss w as observed  for p o lym er  
film s in cu b ated  for 6 w e ek s w ith ou t lipase. Figure 2

Fig. 2. Optical micrograph o f P C D -D A  polym er film before 
exposure to Rhisopus delemar

Fig. 3. Optical micrograph o f P C D -D A  polym er film  after 
exposure to Rhisopus delemar, after 1 week o f incubation at 
37° C

Fig. 4. Optical micrograph o f P C D -D A  polym er film  after 
exposure to Rhisopus delemar, after 3 weeks o f incubation at 
37°C

sh o w s the optical m icrographs o f the P C D -D A  co p o ly 
ester film  before degradation , and  Figures 3 — 5 sh ow s
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the same polymer in the course of degradation. A t the 
early stage of degradation the copolyester film main
tained a relatively smooth surface; however, a rough sur
face with distinct cracks was developed at the later 
stages, i.e. after 3 and 6 weeks of incubation, respectively 
(Figures 4 and 5).

Fig. 5. Optical micrograph of PCD-DA polymer film after 
exposure to Rhisopus delemar, after 6 weeks of incubation at 
37° C

CONCLUSIONS

The enzyme Rhisopus delemar used for the experiment 
is able to alter the structure of the alicyclic/aliphatic 
polymer to a greater extent than the structure of aroma- 
tic/aliphatic copolyester. But, it was demonstrated here 
that a far more stable polymer, such as aromatic/ali- 
phatic copolyester, is also affected by enzyme.

When biodegradable polymers are defined as natural 
or synthetic materials with susceptibility toward micro
bial and /or enzymatic degradation [26], it can be con
cluded that newly synthesised alicyclic/aliphatic co
polyester could be considered to be a biodegradable 
polymer. Moreover, future work will be focused on pre
paration of the series of polymers with a varying mono
mer composition in order to define the dependence be
tween chemical composition of the alicyclic/aliphatic 
copolyesters and their susceptibility to degradation.
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