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ABSTRACT: Eight 4-carboalkoxyvalerolactones (CRVLs), varying in the composition of their alkyl (R) side chains, were 

synthesized from malic acid and subjected to ring-opening transesterification polymerization (ROTEP) using diphenyl 

phosphate [DPP, (PhO)2PO2H] as a catalyst. Each CRVL 

produced a semicrystalline poly(4-carboalkoxyvalerolactone) 

(PCRVL), and the nature of the R group impacted the thermal 

transitions of these polyesters. Bulk polymerizations at 70 °C 

allowed for preparation of high molar mass samples that 

contained small amounts of branching, as evidenced by 1H NMR 

spectroscopy, MALDI spectrometry, size-exclusion 

chromatography, and eliminative degradation. Tensile testing 

of these lightly branched, high molar mass samples revealed 

that these polyesters are tough (tensile toughness values up to 

88 ± 33 MJ•m–3) and have Young’s moduli (E) up to 186 ± 13 

MPa. The acid- and base-catalyzed hydrolytic degradation of the 

PCRVLs was quantitatively monitored using total organic 

carbon analysis, and effect of the alkyl chain length on PCRVL hydrolysis rate was determined. Finally, the methyl ester 

variant of these malic acid-derived thermoplastics is known to be chemically recyclable.   

 INTRODUCTION 
With the growing demand to replace petroleum-

derived plastics with biobased alternatives, polyesters 
such as poly(lactic acid) (PLA) and poly(3-
hydroxyalkanoates) [P(3-HAs)]1 are leading replacements. 
However, broad applicability of these polymers has been 
limited due to their relatively narrow range of properties.2 
Research has focused on modifying the mechanical 
properties of these polymers through, for example, the 
incorporation of branching3,4,5 or the use of comonomers to 
prepare statistical6 or block copolymers.7,8,9 Alternatively, 
exploration of new biobased monomers and polymers with 
tunable and complementary properties to those currently 
available is also an important contemporary research 
endeavor. 10,11,12 

Side chain substituents play an important role in 
dictating the thermal and mechanical properties of 
polymers.13,14,15 The differences can be either dramatic 
[e.g., the methyl group in poly(propylene) vs. the carboxyl 
group in poly(acrylic acid)] or subtle in nature. That is, 
even slight modifications in backbone substituents can 
lead to useful changes in polymer properties.16,17 These 
subtle changes are exemplified by poly[alkyl 
(meth)acrylates], where glass transition temperature (Tg) 
and entanglement molar mass (Me) can be controlled by 

modifying the alkyl chain on the monomer used for 
polymerization.18 

 

Figure 1. (a) Previous work: polymerization of CMeVL to its 
linear polyester PCMeVL and (post-polymerization) 
isomerization to hyperbranched PCMeVL. (b) This work: 
polymerization of eight CRVLs that vary in the alkyl group 
within each carboalkoxy side chain to linear PCRVLs. 

We previously demonstrated19 that poly(4-
carbomethoxyvalerolactone) [PCMeVL, Figure 1a] from 
CMeVL has thermal properties distinct from alkyl-
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substituted valerolactones.20 Notably, CMeVL is the first 
racemic substituted valerolactone monomer to afford a 
semicrystalline polyester. This polymer, PCMeVL, is also 
chemically recyclable by two independent routes: (i) 
reverse-ring-opening transesterification polymerization 
(reverse-ROTEP) back to CMeVL and (ii) base-induced 
eliminative degradation to a methacrylate analogue. The 
latter chemical recycling pathway is enabled by the 
presence of the carboalkoxy group present in every repeat 
unit. Additionally, this side chain ester allowed for a post-
polymerization isomerization from linear PCMeVL to an 
isomeric, hyperbranched polyester using a highly active 
zinc catalyst.21  

Here we report the synthesis and thermal and 
mechanical properties of poly(4-
carboalkoxyvalerolactones) (PCRVLs, Figure 1b) using 
[DPP, (PhO)2PO2H] as the catalyst for ROTEP of the CRVL 
monomers. The PCRVLs differ in the identity of the alkyl 
side chain (i.e., R group) of the carboalkoxy units. This 
subtle modification leads to polyesters with 
complementary and tunable properties to those of 
PCMeVL as well as other sustainable polymers such as 
P(3-HAs) and PLA. These PCRVLs should also be 
chemically recyclable in two ways and may be capable of a 
post-polymerization isomerization to a hyperbranched 
polyester. Furthermore, we explore the hydrolytic 
degradation of PCRVLs and demonstrate that the alkyl 
sidechain can modify the rate of degradation. 

 RESULTS AND DISCUSSION 
Monomer syntheses. CRVL monomers containing an 

ethyl (CEtVL), isopropyl (CiPrVL), or n-butyl (CnBuVL) 
carboalkoxy group were synthesized following our 
previous procedure for CMeVL (Figure 2).19 Malic acid (1) 
was heated in sulfuric acid (65 °C for 16 to 24 h) to form 
coumalic acid (2-H).22,23 Ethanol, isopropanol, or n-butanol 
was added directly to this reaction mixture (65 °C for 4 to 
18 h) to form alkyl coumalates 2-R in 37–59% yield 
following distillation and a single recrystallization. 
Hydrogenation of 2-R using Pd/C gave  

 

Figure 2. Synthesis of CRVLs from malic acid. 
CEtVL, CiPrVL, and CnBuVL. The 2-methylglutaric acid 
monoalkyl ester was always observed as a byproduct; 
these likely arise from hydrogenolysis of an allylic C–O 
bond in an intermediate 2,6-dihydrocoumalate or a 
hydropalladation/elimination event followed by further 
reduction of the cleaved lactone. In each case, the acid 
byproduct was easily removed from the CRVL by 
extraction into aqueous base. The final yield of each 
purified lactone monomer was between 56 and 67% with 
no apparent trend across R groups. 

tert-Butyl coumalate (2-tBu) was much more difficult 
to synthesize. Common methods to convert carboxylic 
acids to tert-butyl esters include utilizing isobutylene with 
a Brønsted acid or reaction of t-BuOH with an acid 
chloride. However, in our hands, neither of these strategies 
gave better than about 15% yield of 2-tBu.24 Instead,25 
exposure of 2-H to di-tert-butyl dicarbonate [(Boc)2O] 
with DMAP and t-BuOH26 afforded a 10–35% yield of 2-tBu 
(and 67% of CtBuVL following hydrogenation). 

To expand the set of CRVLs, we also prepared 4-
carbobenzoxy, 4-carbo(2-ethylhexoxy), and 4-
carboundecoxyvalerolactones [CBnVL, C2EtHexVL, and 
CC11VL]. The two-step synthesis starting from malic acid 
and sulfuric acid previously described (Figure 2) was not 
suitable for this series, likely because these less polar 
alcohols were not miscible with the H2SO4 reaction 
mixture. Also, addition of these alcohols to coumalic acid 
chloride (S1) often led to esterification of the pyrone ester 
moiety. Deprotonation of 2-H with Na2CO3 in DMF and 
displacement of alkyl bromides emerged as effective for 
making 2-Rs that contained longer alkyl chains. 
Hydrogenation of these 2-Rs gave similar conversion to 
CRVLs and 2-methylglutaric acid monoalkyl esters. 
However, this product/byproduct pair was more difficult 
to separate for these greasier analogs by simple 
partitioning into a basic aqueous solution.  
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Fi g u r e 3 . T w o -st e p s y nt h e si s of C B n V L , C 2 Et H e x V L , a n d 
C C 1 1 V L  f r o m 3  ( d e ri v e d i n t w o st e p s f r o m m et h yl a c r yl at e) . 

T h e s e c h all e n g e s l e d u s t o d e v el o p a n alt e r n ati v e 
s y nt h e si s t o o bt ai n C R V L s wit h l o n g e r al k yl c h ai n s ( Fi g u r e 
3 ). 2-M et h yl e n e gl ut a ri c a ci d ( 3 , p r e p a r e d i n t w o st e p s 
f r o m m et h yl a c r yl at e )2 7  w a s t r e at e d wit h H B r • A c O H t o 
gi v e  b r o m o di a ci d 4 . E x p o s u r e of 4  t o H üni g’ s b a s e  
( dii s o p r o p yl et h yl a mi n e, DI P E A)  i n D C M c a u s e d c y cli z ati o n  
t o l a ct o n e 5 , w hi c h  w a s t h e n al k yl at e d t o C R V L s u si n g 
N a 2 C O 3  a n d al k yl b r o mi d e s. T hi s t w o -st e p s e q u e n c e 
aff or d e d C B n V L , C 2 Et H e x V L , a n d C C 1 1 V L  i n 4 2 – 7 0 % yi el d, 
i n t h e s e i n st a n c e s f oll o wi n g c h r o m at o g r a p hi c p u rifi c ati o n 
o n sili c a g el.  

C h a r a ct e ri z ati o n of l o w m ol a r m a s s P C R V L s . E a c h of 
t h e n e w C R V L s j u st d e s c ri b e d w a s p ol y m e ri z e d u si n g a 
5 0: 1: 0. 5 r ati o of C R V L : B n O H: D P P ( n e at, a m bi e nt 
t e m p e r at u r e, 2 0– 2 4 h, Fi g u r e 4 ). E a c h P C R V L  w a s p u rifi e d 
b y p r e ci pit ati o n a n d c h a r a ct e ri z e d b y 1 H  a n d 1 3 C  N M R 
s p e ct r o s c o p y,  si z e -e x cl u si o n  c h r o m at o g r a p h y  ( S E C), 
t h e r m o g r a vi m et ri c a n al y si s ( T G A)  [ s e e S u p p o rti n g 
I nf o r m ati o n ( SI)], a n d diff e r e nti al s c a n ni n g c al o ri m et r y 
( D S C) . T h e  m e a s u r e d  m ol a r m a s s e s [1 H N M R  s p e ct r o s c o p y  
( a n d S E C, s e e SI)]  f o r t h e s e s a m pl e s m at c h e d w ell wit h 
t h o s e t a r g et e d, a n d t h e S E C t r a c e s e x hi bit e d u ni m o d al 
di st ri b uti o n s wit h l o w di s p e r siti e s ( Đ ) , s u g g e sti n g t h at t h e 
p ol y m e ri z ati o n  p r o c e e d e d wit h o ut  si g nifi c a nt  
i nt e r m ol e c ul a r t r a n s e st e rifi c ati o n wit h t h e p ol y m e r m ai n 
c h ai n o r si d e  c h ai n e st e r s . T G A a n al y si s al s o s h o w e d 
d e g r a d ati o n t e m p e r at u r e s  ( a c c or di n g t o o n s et of 
si g nifi c a nt m a s s l o s s) t y pi c al of p ol y e st e r s. 2 8   

N ot a bl y , e a c h P C R V L  w a s s e mi c r y st alli n e  a n d t h e  s et of  
t h e r m al c h a r a ct e ri sti c s [T g , c r y st alli z ati o n t e m p e r at u r e 
( T c), m elti n g t e m p e r at ur e ( T m ), a n d e nt h al p y of m elti n g 
(  H m )] of e a c h w a s i nfl u e n c e d b y t h e  n at u r e of t h e  al k yl 
g r o u p i n t h e si d e c h ai n  e st e r ( Fi g u r e 4 ). I n t h e li n e a r al k yl 
s e ri e s, p ol y m e r s wit h  al k yl s  l a r g e r t h a n m et h yl i n t h e si d e 
c h ai n  e st e r s h a d l o w e r  T g  v al u e s  (e. g., – 4 4 ° C f o r P C n B u V L  
v s. – 1 8 ° C f o r P C M e V L ) . O v e r all, t h e l o w e st T m  w a s 
o b s e r v e d f o r P C 2 Et H e x V L  ( – 7 ° C ) , a n d t h e hi g h e st  f o r 
P Ct B u V L  ( 95 ° C).  T h e u n d e c yl -c o nt ai ni n g P C C 1 1 V L  s h o w e d 
a n i nt e r m e di at e T m  t o t h o s e of P C M e V L  a n d P C n B u V L , a 
p h e n o m e n o n t h at s u g g e st s c r y st alli z ati o n of b ot h t h e  
p ol y m e r  b a c k b o n e a n d si d e c h ai n  al k yl m oi eti e s of 
P C C 1 1 V L .2 9  Fi n all y, t h e  H m  v al u e s  a n d t h e c r y st alli z ati o n 
r at e s i n P C R V L s v a ri e d g r e atl y f r o m s a m pl e t o s a m pl e. I n 
p a rti c ul a r , P C Et V L  a n d P C B n V L  w e r e t h e sl o w e st t o 
c r y st alli z e a n d n o m elti n g e n d ot h e r m s w e r e o b s e r v e d f o r 
eit h e r of t h e s e s a m pl e s aft e r t h e i niti al D S C h e ati n g c y cl e.  

 

 

Fi g u r e 4 . P ol y m e ri z ati o n of C R V L s  t o P C R V L s  u si n g D P P a n d 
b e n z yl al c o h ol ( B n O H) n e at at r o o m t e m p e r at u r e. E a c h 
P C R V L  h a d c a. 5 0 r e p e at u nit s p e r p ol y m e r c h ai n.  D S C r e s ult s 
w e r e t a k e n o n t h e t hi r d h e ati n g c y cl e , u nl e s s s p e cifi e d 
ot h e r wi s e ; e a c h D S C s a m pl e w a s c o ol e d f r o m 1 5 0 ° C t o – 6 0 ° C 
at a r at e of 5 ° C • mi n -1  a n d s u b s e q u e ntl y h e at e d t o 1 5 0 ° C ( al s o 
at 5 ° C • mi n -1 ) f o r a n al y si s. N o T c  w a s o b s e r v e d f o r P C Et V L o r 
P C B n V L ( n. o. = n ot o b s e r v e d).  

a D at a f r o m o u r p r e vi o u s r e p o rt. 1 9  b C o nt ai n s a n a c et yl at e d e n d g r o u p. 
c T c  o b s e r v e d d u ri n g c o oli n g p ri o r t o h e ati n g c y cl e. d N o T m  ( o r  H m ) 
w a s o b s e r v e d aft e r t h e fi r st h e ati n g c y cl e; t h e s e v al u e s a r e  f r o m t h e 
fi r st h e ati n g c y cl e.  e A v e r y s u btl e m elti n g e n d ot h e r m w a s o b s e r v e d f o r 
P C 1 1 V L  b e gi n ni n g at c a. – 5 0 ° C u ntil t h e m aj o r e n d ot h e r m at 5 5 ° C. 
T h e  H m o v e r t hi s e nti r e r a n g e ( – 5 0 t o 7 5 ° C) i s 7 3. 3 J • g – 1 ( s e e Fi g u r e 
S 1 7 g).  

L a st , w e r e p e at e d t h e p ol y m e ri z ati o ns  f o r P Ct B u V L , 
P C 2 Et H e x V L ,  a n d P C C 1 1 V L  a n d  m o nit o r e d  t h ei r  
e q uili b ri u m  m o n o m e r c o n v e r si o n. E a c h r e a c h e d 9 7 – 9 9 % 
c o n v e r si o n, i n di c ati n g t h at t h e al k yl s u b stit u e nt s pl a y a 
mi n o r r ol e i n t h e f r e e e n e r g y  of p ol y m e ri z ati o n. 2 0  

Hi g h m ol a r m a s s P C R V L s: P ol y m e ri z ati o n a n d 
m ol a r m a s s di st ri b uti o n . F o r u s e i n u ni a xi al t e n sil e 
t e sti n g, hi g h e r m ol a r m a s s sa m pl e s ( c a. 1 0 0 k g • m ol -1 ) of 
P C M e V L , P C Et V L , P Ci P r V L , a n d P C n B u V L  w e r e p r e p a r e d 
( Fi g u r e 5 a ). I niti al att e m pt s t o p ol y m e r i z e C M e V L  t o 
P C M e V L  i n b ul k t o t hi s hi g h of a m ol a r m a s s r e q ui r e d 5 
d a y s t o r e a c h 9 0 % c o n v e r si o n at r o o m t e m p e r at u r e ( R T,  

D S C
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Figure 5. (a) Polymerization of CRVLs (R = Me, Et, iPr, nBu) to 
PCRVLs at 70 °C with targeted molar masses of ca. 100 
kg•mol-1. (b) Comparative SEC behavior of PCiPrVL with ca. 
550 (polymerized at 70 °C) vs. ca. 50 (polymerized at RT) 
repeat units per chain. (c) Overlays of normalized SEC 
distributions taken over the course of the polymerization for 
CiPrVL to PCiPrVL at 70 °C.  

0.4 mol% of DPP). Therefore 70 °C was used for the 
polymerization temperature for each of these CRVLs, 
which resulted in ca. 90% monomer conversion within 9 to 
24 h. The SEC chromatograms of the higher molar mass 
PCMeVL, PCEtVL, PCiPrVL, and PCnBuVL showed 
bimodal distributions wherein the larger peak had a 
slightly lower than targeted molar mass (e.g., for PCiPrVL 
see Figure 5b). The shorter retention volume signal had ca. 
twice the Mw of that of the major component. This is in 
contrast to the lower molar mass samples, bulk 
polymerized at room temperature, which were unimodal. 
Monitoring the SEC behavior of PCiPrVL (CiPrVL:BnOH = 
ca. 300:1) over the course of the polymerization revealed 
that this bimodal distribution was present even at low 
monomer conversion. The polymer distribution further 
broadened over time, and the bimodality persisted until ca. 
9 h, at which point the two signals had converged (Figure 

5c). These observations are consistent with slow chain 
transfer reactions occurring during the polymerization, a 
previously observed phenomenon30–32 that has been 
mathematically modeled.30,31 

1H NMR and MALDI analyses further supported the 
hypothesis that chain transfer reactions were occurring. 
For example, the 1H NMR spectrum of PCnBuVL indicated 
fewer terminal hydroxymethyl groups compared to 
benzyloxymethyl initiator end group resonances (POLY-
CH2OH to PhCH2O- ratio = 1.3 to 2.0). Additionally, MALDI 
analysis of a low molar mass sample of PCnBuVL 
[number-average molar mass (Mn) = ca. 2.5 kg•mol-1 
polymerized at 70 °C for 24 h to mimic the conditions used 
for the synthesis of the high Mn samples] contained signals 
for five unique series of molar mass distributions (Figure 
6a). The two most-intense distributions correspond to 
sodiated or potassiated linear PCnBuVL  

 
Figure 6. (a) A portion of the MALDI spectrum of PCnBuVL 
(Mn = 2.5 kg•mol-1) polymerized with BnOH and DPP at 70 °C 
(see Figure S1 for the full spectrum). (b) Two modes of 
cyclization give rise to small amounts of cyclic polyesters in 
PCnBuVL, as evidenced by masses corresponding to the loss 
of nBuOH (blue) or the loss of (n monomer units plus) BnOH 
(green). 

(BnOH + #•CnBuVL + Na+ or BnOH + #•CnBuVL + K+), and 
the next most intense corresponds to backbone ester 
cleavage (pyrolytic to oligomeric alkenes and carboxylic 
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a ci d s) , w hi c h o c c u r s d u ri n g t h e M A L DI e x cit ati o n.2 1  T h e  
r e m ai ni n g t w o, s m all e st s e ri e s of p e a k s a r e i n di c ati v e of 
i nt r a m ol e c ul a r c y cli z ati o n t o f o r m s m all a m o u nt s of c y cli c 
c h ai n s. T h e fi r st  of t h e s e  c o r r e s p o n d s t o c y cli z ati o n of  t h e 
t e r mi n al h y d r o x yl g r o u p i n P C n B u V L  wit h a si d e c h ai n  
e st e r ( bl u e, l o s s of n B u O H); t h e s e c o n d s u p p o rt s 
c y cli z ati o n i nt o a  b a c k b o n e e st e r ( g r e e n, l o s s of  t h e m a s s of  
n m o n o m e r u nit s a n d B n O H)  ( Fi g u r e 6 b). T h e s e a n al y s e s 
s u g g e st t h at t h e hi g h e r t e m p e r at u r e f o r p ol y m e ri z ati o n 
l e a d s t o s m all a m o u nt s of t r a n s e st e rifi c ati o n r e a cti o n s of  
t h e si d e c h ai n a n d b a c k b o n e e st e r s. T h e c o n cl u si o n h e r e i s 
t h at t h e s e P C R V L s  c o nt ai n s m all a m o u nt s of c y cli c a n d 
b r a n c h e d c h ai n s.  

Ot h e r st u di e s  u si n g P C M e V L  s u p p o rt  t h e i nt e r p r et ati o n 
t h at b r a n c hi n g o r c y cli z ati o n h a d o nl y o c c u r r e d  t o a s m all 
e xt e nt . W h e n P C M e V L  w a s s u bj e ct e d t o D B U t o eff e ct 
eli mi n ati v e d e g r a d ati o n of t h e p ol y m e r b a c k b o n e, v e r y 
mi n o r 1 H N M R r e s o n a n c e s ( < 1 %)  a s s o ci at e d wit h 
d e g r a d ati v e s u b u nit s c h a r a ct e ri sti c of b r a n c h e d P C M e V L  
w e r e d et e ct e d .2 1  A d diti o n all y, a p ol y m e ri z ati o n of C M e V L 
wit h D P P at 8 5 ° C f o r 4 d a y s ( p ol y m e ri z ati o n at t hi s 
t e m p e r at u r e r e a c h e s e q uili b ri u m  m o n o m e r c o n v e r si o n  
wit hi n h o u r s) s h o w e d t h e  c a. 5 %  g r o wt h of a n e w m et h yl 
e st e r si n gl et ( 3. 6 7 p p m), w hi c h i s a g ai n a s s o ci at e d wit h 
b r a n c hi n g  t hr o u g h si d e c h ai n t r a n s e st e rfi c ati o n.2 1   

Hi g h m ol a r m a s s  P C R V L s: T h e r m al a n d m e c h a ni c al 
p r o p e rti e s. T h e t h e r m al b e h a vi o r a s a s s e s s e d b y D S C of 
e a c h hi g h m ol a r m a s s  P C R V L  w a s n oti c e a bl y diff e r e nt 
f r o m t h ei r a n al o g o u s l o w e r m ol a r m a s s  s a m pl e s. T h e D S C 
t r a c e s of t h r e e P Ci P r V L s a m pl e s  ( c a. 5 0, 1 0 0 , a n d 5 5 0 
r e p e at u nit s p e r c h ai n )  s h o w e d si mil a r  H m  v al u e s o n t h ei r 
fi r st h e ati n g c y cl e. H o w e v e r, a r e d u cti o n i n t h e  H m  w a s 
o b s e r v e d o n t h e f oll o wi n g h e ati n g c y cl e s  a n d t hi s w a s 
m o r e p r o n o u n c e d a s t h e  m ol a r m a s s  of t h e  P Ci P r V L  
s a m pl e  i n c r e a s e d ( Fi g u r e 7 a ). T hi s s u g g e st s  t h at t h e 
c r y st alli z ati o n r at e of t h e l a r g e r p ol y m e r s  i s s u p p r e s s e d.3 3  

Fi g u r e 7 . (a ) D S C t h e r m o g r a m s of P Ci P r V L  wit h v a r yi n g M n 

t a k e n o n t h e t hi r d h e ati n g c y cl e ( 5 ° C • mi n -1 ) t h at s h o w a 
r e d u cti o n i n  H m  a s t h e M n  of e a c h s a m pl e i n c r e a s e s. T hi s 
s u g g e st s  t h at t h e c r y st alli z ati o n r at e of e a c h s a m pl e i s 
r e d u c e d wit h hi g h e r M n . (b ) D S C a n n e ali n g st u d y of P Ci P r V L . 
O n e s a m pl e w a s h e at e d t o 1 5 0 ° C ( 1 0 ° C • mi n -1 ), c o ol e d  t o a n d 
h el d at  2 2 ° C f o r t h e a n n e ali n g ti m e, r e h e at e d  t o 1 5 0 ° C ( 1 0 
° C • mi n -1 ), a n d a n n e al e d a g ai n (f o r l o n g e r ti m e ) . T h e t o p t r a c e 
( 2 3 h) i s of t h e b ul k s a m pl e of t h e f ull y a n n e al e d P Ci P r V L  
p ri o r t o m e c h a ni c al t e sti n g.  

W e al s o st u di e d t h e c r y st alli z ati o n of e a c h P C R V L  u si n g 
D S C h e at -a n d -h ol d  a n n e ali n g  e x p e ri m e nt s f o r a r a n g e of 
t e m p e r at u r e s ( Fi g u r e s S4 , S6 , S8 , a n d S9 ) a n d h ol d ti m es  
( Fi g u r e s 7 b, S 5 , S7 , a n d S1 0 ). A n e x a m pl e of t h e eff e ct of 
h ol d ti m e  i s s h o w n i n Fi g u r e 7 b. P Ci P r V L w a s h e at e d t o 
1 5 0 ° C, c o ol e d ( 1 0 ° C • mi n -1 ) t o a n d h el d at 2 2 ° C ( s e e SI f o r 
a n n e ali n g t e m p e r at u r e s c a n) 3 4  f o r t h e i n di c at e d ti m e, a n d 
r e h e at e d t o 1 5 0 ° C ( 1 0 ° C • mi n -1 ). T hi s c y cl e w a s r e p e at e d 
f o r e a c h of t h e s u b s e q u e nt, l o n g e r h ol d ti m e s. T h e s e D S C 
t r a c e s ( Fi g u r e 7 b) s h o w t h at littl e c r y st alli z ati o n o c c u r s 
wit hi n t h e fi r st h o u r  of a n n e ali n g  (  H m  = 3. 9 J • g -1  a ft e r 1 h) 
a n d t h at P Ci P r V L c r y st alli z e s t h e m o st f r o m 1 t o 4 h o u r s 
(  H m  = 1 6. 0 J • g -1  a ft e r 4 h). T h e r e i s littl e s u b s e q u e nt 
c h a n g e i n t h e o v e r all  H m (fi n al  H m  = 2 0. 0  J • g-1 ). H o w e v e r, 
wit h l o n g e r a n n e al i n g ti m e s t h e l o w e r T m  sl o wl y s hift s t o 
hi g h e r t e m p e r at ur e s , r e a c hi n g it s  fi n al v al u e at 4 7 ° C.  

D H m
 = 1 9. 8 J• g - 1

D H m
 = 5. 2 J• g - 1

D H m
 = 0 J• g - 1

D H m
  ( J•g - 1)
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Fi g u r e 8 . D S C t h e r m o g r a m s of P C R V L s p ri o r t o m e c h a ni c al 
t e sti n g. E a c h s a m pl e w a s a n n e al e d, c o ol e d t o – 6 0 ° C, a n d 
h e at e d t o 1 5 0 ° C at a h e ati n g r at e of 1 0 ° C • mi n -1 . D u e t o t h e 
b r o a d e ni n g of t h e m elti n g e x ot h e r m of P C n B u V L  w hil e 
c o oli n g t o – 6 0 ° C, a n ot h e r D S C r u n w a s p e rf o r m e d a n d c o ol e d 
o nl y t o 2 0 ° C p ri o r t o h e ati n g t o 1 5 0 ° C. P C M e V L w a s 
a n n e al e d at 3 5 ° C f o r 2 4 h f oll o w e d b y r o o m t e m p e r at u r e f o r 4 
d a y s. P C Et V L , P C i P r V L, a n d P C n B u V L  w e r e a n n e al e d at r o o m 
t e m p e r at u r e f o r 5 d a y s.  

T h e D S C t r a c e s of  t h e fi n al, a n n e al e d, b ul k s a m pl e s of 
P C M e V L , P C Et V L , P Ci P r V L , a n d P C n B u V L a r e s h o w n i n 
Fi g u r e 8 . T h e s e s h o w sli g htl y hi g h e r T g s a n d sli g htl y l o w e r 
T m s t h a n t h ei r a n al o g o u s l o w e r m ol a r m a s s  s a m pl e s ( s e e 
Fi g u r e 4 ). O v e r all, P C M e V L  h a s t h e hi g h e st T m  v al u e s ( 4 9 
a n d 7 8 ° C) a n d t h e l a r g e st  H m ( 3 5. 4 J • g -1 ). P C n B u V L  h a s 
t h e l o w e st T m  ( 4 5 ° C), a n d P C Et V L  ( s u r p ri si n gl y) h a s t h e 
s m all e st  H m  ( 1 3. 0 J • g -1 ) i n t hi s s e ri e s. T h e  H m s t r e n d 
f r o m l a r g e st t o l o w e st f o r P C M e V L , P C n B u V L , P Ci P r V L , 
a n d P C Et V L .  

W e n e xt a n al y z e d  t h e hi g h m ol a r m a s s  P C R V L s u si n g 
u ni a xi al t e n sil e t e sti n g ( Fi g ur e 9) . T h e al k yl g r o u p o n e a c h 
c a r b o al k o x y si g nifi c a ntl y  i m p a ct e d t h e m e c h a ni c al 
p r o p e rti e s. I n t hi s se ri e s, P C M e V L  h a s t h e m o st ri gi d, 
st r o n g e st, a n d t o u g h e st t e n sil e f e at u r e s i n t e r m s of el a sti c 
m o d ul u s ( E  = 1 8 6 ±  1 3 M P a ), t e n sil e st r e n gt h (  B  =  3 4. 5 ± 
9. 1 M P a ), yi el d st r e s s (  y  =  1 1. 4 ± 0. 3 M P a ), st r ai n at b r e a k 
(  B  = 4 8 0 ± 1 0 0 %) , a n d t e n sil e to u g h n e s s ( 8 8 ± 3 3 MJ • m – 3 ) . 
T h e E ,  B ,  y , a n d t o u g h n e s s of t h e s e s a m pl e s  d e c r e a s e s i n 
t h e s e ri e s P C M e V L  t o P Ci P r V L  t o P C Et V L  a n d t o 
P C n B u V L . I n a c o nt r a sti n g f a s hi o n t h e st r ai n at b r e a k ( B ) 
d e c r e a s e s f r o m P C Et V L  ≈  P Ci P r V L  ≈  P C M e V L  >  P C n B u V L . 

T h e t e n sil e p r o p e rti e s  of P C M e V L  a r e c o m p a r a bl e t o 
m a n y pl a sti c s  u s e d t o d a y ( l o w-d e n sit y p ol y et h yl e n e : E  = 
c a. 2 5 0 M P a  a n d  B  = c a. 4 0 0 – 5 0 0 % ; hi g h -d e n sit y 
p ol y et h yl e n e :  B  = c a. 3 2 M P a ) .1 ,3 5  A d diti o n all y, P C M e V L  
b e h a v e s si mil a rl y t o p ol y( 3 -h y d r o x y p r o pi o n at e ) 3 6  a n d i s 

m u c h t o u g h e r t h a n P L A  ( c a. 2 MJ • m – 3 ) 2 — t w o of t o d a y’ s 
l e a di n g bi o b a s e d p ol y m e r s. 

Fi g u r e 9 . St r e s s -st r ai n c ur v e s a n d t a b ul at e d r e s ult s f o r 
f o u r P C R V L s. E a c h s a m pl e w a s u ni a xi all y e xt e n d e d at 5 0 
m m • mi n -1  u ntil s a m pl e f ail u r e. Pl ott e d c u r v e s a r e 
r e p r e s e nt ati v e s a m pl e s . V al u e s l a b el e d wit h s u b s c ri pt “ Y ” 
c o r r e s p o n d t o t h e st r e s s o r st r ai n at yi el d a n d v al u e s 
l a b el e d wit h s u b s c ri pt “ B” c o r r e s p o n d t o st r e s s o r st rai n at 
“ b r e a k” ( s a m pl e f ail u r e) .  

H y d r ol yti c d e g r a d ati o n . Gi v e n t h e v a ri e d t h e r m al a n d 
p h y si c al p r o p e rti e s of P C M e V L , P C Et V L , P Ci P r V L , a n d 
P C n B u V L , w e s o u g ht t o i n v e sti g at e t h e diff e r e n c e s i n t h ei r 
h y d r ol yti c d e g r a d a bilit y. E a c h p ol y m e r w a s i m m e r s e d i n 
0. 1 M N a O H, H Cl, o r  p h o s p h at e -b uff e r e d s ali n e ( P B S, p H 
7. 4) a n d t h e d e g r a d ati o n w a s m o nit o r e d u si n g t ot al 
o r g a ni c c a r b o n ( T O C) a n al y si s of t h e d e g r a d ati o n 
s u p e r n at a nt  at v a ri o u s ti m e p oi nt s . R o o m t e m p e r at u r e 
d e g r a d ati o n e x p e ri m e nt s f o r t h e P C R V L s  i n di c ate d o nl y 
mi ni m al h y d r ol yti c d e g r a d ati o n ( ≤ 3 % C aft e r 1 3 d a y s) i n 
b ot h a ci di c a n d b a si c m e di a. W e t h e r ef or e r e p e at e d t h e 
d e g r a d ati o n  e x p e ri m e nt s at el e v at e d t e m p e r at ur e ( 8 0 ° C, 
a b o v e t h e T m  of all f o u r p ol y m e r s). U n d e r t h e s e c o n diti o n s, 
a si mil a r  d e g r a d ati o n t r e n d w a s o b s e r v e d f o r e a c h 
p ol y m e r: h y d r ol y si s u n d e r b a si c c o n diti o n s w a s m o st 
r a pi d, h y d r ol y si s u n d e r a ci di c c o n diti o n s w a s sl o w e r, a n d 
h y d r ol y si s i n t h e P B S b uff e r c o n diti o n s w a s m u c h s l o w e r 
( Fi g u r e S 2 3 ). E a c h p ol y m e r w a s f ull y d e g r a d e d u n d e r 
a ci di c a n d b a si c c o n dit i o n s b y t h e 1 3-d a y ti m e p oi nt; 
h o w e v e r, t h e st e ri c b ul k of t h e al k yl g r o u p w a s s e e n t o 
af f e ct t h e d e g r a d ati o n r at e ( Fi g ur e 1 0). A s t h e n u m b e r of 
c a r b o n at o m s i n t h e al k yl si d e c h ai n i n c r e a s e d, t h e r at e of 
d e g r a d ati o n i n b ot h b a si c a n d a ci di c c o n diti o n s d e c r e a s e d.  
W e  s p e c ul at e t h at t h e  i n c r e a s e d h y d r o p h o bi cit y of t h e 
p ol y m e r s h a vi n g l a r g e r  al k yl g r o u p s  r e d u c e s t h e  
s u s c e pti bilit y of P C R V L s  t o h y d r ol y si s. T h at i s, u n d e r b ot h 
b a si c a n d a ci di c d e g r a d ati o n  c o n diti o n s , t h e t r e n d f o r t h e 
h y d r ol y si s r at e s  a c r o s s all f o u r p ol y m e r s w a s  P C M e V L  > 
P C Et V L  > P Ci P r V L  >  P C n B u V L .   

E  ( M P a)

e Y  ( %)

s Y  ( M P a)

e B  ( %)

s B  ( M P a)

t ou g h n e s s

1 8 6 ± 1 3

1 5 ± 1

1 1 . 4 ± 0. 3

4 8 0 ± 1 0 0

3 4. 5 ± 8. 1

8 8 ± 3 3

P C n B u V L

5 2 ± 5

1 6 ± 2

3. 0 ± 0. 2

6 5 0 ± 7 0

9. 6 ± 0. 1

3 3 ± 5

P C iPr V L

9 0 ± 7

1 4 ± 1

6. 0 ± 0. 3

4 9 0 ± 9 0

1 4. 4 ± 2. 9

4 2 ± 1 2

P C Et V L

4 3 ± 8

2 0 ± 4

2. 9 ± 0. 2

1 8 0 ± 6 0

2. 8  ± 0. 2

5 ± 2

P C M e V L

( M J• m- 3)

P C M e V L

P C iPr V L

P C Et V L

P C n B u V L

St
r
e
s
s 

(
s

, 
M

P
a)

5 0 m m• mi n - 1 st r ai n r at e

r ep r es e nt ati v e  r un s

St r ai n (e , %)

0

5

1 0

1 5

2 0

2 5

3 0

3 5

2 0 0 4 0 0 6 0 0

X

X

X

X

0
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We also investigated the hydrolysis products formed 
during the high-temperature degradation studies. To 
determine the products formed during the hydrolysis of 
the PCRVLs, we sampled the degradation media at the 
final time point (i.e., 22-day) using 1H NMR spectroscopy 
(D2O as solvent). In each case, we observed two  

 
Figure 10. Hydrolytic degradation studies of PCRVLs at 80 °C 
in (a) 0.1 M NaOH or (b) 0.1 M HCl.  The %C data were 
obtained by comparing the total organic carbon content of the 
aqueous solution to the amount of carbon present in the 
initial mass of polymer; each point is an average of triplicate 
experiments and the error bars represent standard deviations 
from the mean. 

primary hydrolysis products: 2-
(hydroxymethyl)pentanedioic acid (6, or the dicarboxylate 
7 under basic conditions) and the alcohol freed by 
hydrolysis of the alkoxy moiety from the pendant 
carboalkoxy group (Figure 11, see NMR spectra on Figures 
S24 and S25). NMR analysis of the degradation of PCiPrVL 
in aq NaOH at an earlier time point (3 days) showed, again, 
the formation of ca. equimolar amounts of 7 and 
isopropanol, suggesting that side chain and polymer 
backbone hydrolyses were occurring at similar rates. 

 
Figure 11. Products observed from the hydrolysis of PCRVLs. 

 CONCLUSIONS 
CRVLs that vary in the nature of their alkyl side chains 

were synthesized from malic acid. The ROTEP of each 
CRVL using DPP as a catalyst resulted in thermoplastic, 
semicrystalline PCRVLs. These showed unimodal 
distributions when polymerized at room temperature (for 
lower molar mass samples) and bimodal distributions 
when polymerized at 70 °C (for higher molar mass 
samples). 1H NMR spectroscopy, MALDI spectrometry, 
size-exclusion chromatography, and eliminative 
degradation indicated that this bimodality is likely caused 
by chain transfer reactions. The nature of the alkyl group 
in carboalkoxy substituents significantly impacted the Tg, 
Tm, and Hm as well as the mechanical properties of these 
(chemically recyclable19) polyesters. In particular, 
PCMeVL, PCEtVL, and PCiPrVL were tough (up to 88 ± 33 
MJ•m–3) and had Young’s moduli up to 186 + 13 MPa. 

These PCRVL polymers behaved similarly to some 
commercial polymers used today. Furthermore, the rates 
of base- and acid-catalyzed hydrolytic degradation of the 
PCRVLs were found to be dependent on the alkyl group; 
larger alkyl chains imparted slower degradation character. 

 EXPERIMENTAL SECTION 
All experimental information and data are gathered in 

the Supporting Information document, which has the 
following outline: 

I. General experimental protocols.  
II.  Preparation and characterization of small 

molecules 
III. Preparation and characterization of polymers 

  
IV.  Polymer testing  
V.  Polymer characterization data  
VI. SI references  
VII.  Copies of 1H and 13C NMR spectra 

 ASSOCIATED CONTENT 
Supporting Information.  
“This material is available free of charge via the Internet at 
http://pubs.acs.org.”   
For content information, see the outline in “Experimental 
Section” (immediately above). 
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