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ABSTRACT: Narrow polydisersity cyclic poly(caprolactone) was synthesized by cyclization of linear R,
ω-functionalized poly(caprolactone). The linear precursors were prepared via ring-opening polymerization
from an azido-functionalized initiator, followed by end groupmodification to attach a terminal alkyne. Click
coupling afforded the cyclic polymer in high yields and provided linear and cyclic poly(caprolactone) with
exactly identical molecular weight distributions. The thermal and acid-catalyzed degradation of analogous
linear and cyclic poly(caprolactone) samples were investigated to determine the effect of architecture.

Introduction

Aliphatic polyesters, such as poly(lactide), poly(glycolide), and
poly(ε-caprolactone), are attractive materials for medical appli-
cations due to their combination of biocompatibility and biode-
gradability. As a result, they have been explored extensively for
use in a variety of medical devices, including prosthetics, dental
implants, stents, degradable sutures, and drug delivery scaffolds.1

To address this diversity of applications, many architectures
of poly(ε-caprolactone) (PCL) have been investigated, includ-
ing star polymers,2-4 hyperbranched polymers,5,6 and graft poly-
mers.7-10However, the exploration of cyclic PCL structures has been
somewhat limited as a result of difficulties in their preparation.
Because small cyclic molecules (e.g., cyclodextrins and crown ethers)
have been utilized to encapsulate Ångstrom scale guests, larger
macrocycles with the appropriate functionality are expected to have
similar interactionswith larger guestmolecules. In order to explore the
applications of cyclic polymer hosts within biological systems, the
preparation of well-defined biocompatible and biodegradable cyclic
polyesters is of particular interest.

Historically, the synthesis of cyclic polymers has been accom-
plished using three contrasting techniques: the cyclization of
linear polymers with a bifunctional coupling reagent, cyclization
of linear polymers with complementary end groups, and cyclic
ring expansion.11 The cyclization of homodifunctional polymers
with a difunctional coupling reagent requires high dilution, and
inevitably yields a mixture of linear and cyclic products.12-14 A
diversity of cyclic ring expansion techniques have been explored
including lactone ring-opening polymerization,15-18 polyhomolo-
gation,19 ring-opening metathesis polymerization,20,21 or carbene
catalyzed ring-opening polymerization;22 however, these techniques
frequently yield materials with high polydispersity and limited
molecular weight control, as well as limited inclusion of backbone
or side-chain functionality A final route, the cyclization of R,ω-
heterodifunctional linear precursors, can provide the high cyclic
purity, the high functional group tolerance, and the low polydispersity
desired for a range of in vivo applications.23

Up until recently, the vast majority of routes for the prepara-
tion of cyclic PCL have utilized the cyclic ring expansion of
lactones.15-18 Kricheldorf and co-workers pioneered this ap-
proach by preparing macrocyclic PCL by the ring-opening
polymerization of ε-caprolactone (εCL) using cyclic tin dialkox-
ides as the initiating species.18 Though the resultant cyclic polymers

were hydrolytically labile, end-capping with 1,3-dithian-2-one or
UV irradiation of acrylate side chains provided more rugged cyclic
PCL.24,25 This technique was also utilized in the copolymerization
of εCL and a functionalized monomer to allow attachment of poly-
(ethylene oxide) (PEO) grafts to create “sun-shaped” macrocycles.25

In each of these studies, however, the polydispersity was somewhat
broad (>1.4). While the R,ω-heterodifunctional cyclization route
appears to be an attractive alternative for providing better-defined
cyclic PCL this approach has not, to our knowledge, been applied
previously to either ring-opening polymerizations or biodegradable
polymers until recent explorations in our laboratories.26

An extremely versatile technique for the coupling of linear
polymers27,28 involves the use of the highly efficient and func-
tional group tolerant Huisgen 1,3-dipolar cycloaddition “click”
reaction.29,30 The cyclization of R-alkynyl-ω-azido heterodifunc-
tional polymers under high dilution has afforded nearly quantitative
yields of polymer macrocycles prepared from linear atom transfer
radical polymerization (ATRP) precursors including: polystyrene,31

poly(N-isopropylacrylamide),32 and copolymers of methyl acrylate
and styrene.33 More recently, this click approach has been applied to
prepare cyclic poly(N-isopropyl acrylamide) and polystyrene using
reversible addition-fragmentation chain transfer (RAFT) polymeri-
zation.34,35Herein we investigate the compatibility of this cyclization
technique with the ring-opening polymerization (ROP) of caprolac-
tone, as the “click” cyclization technique is expected to be sufficiently
mild to preserve the ester linkages of the polymer backbone.36,37

In addition, because the degradability of PCL is one of its most
attractive features, the topological effects on the kinetics of
degradation are of particular interest. The cyclic architecture is
expected to have a profound effect on the mechanisms of
degradation, but these effects have yet to be studied, owing to
the relative difficulty of preparing comparable sets of linear and
cyclic structures using previous ring expansion techniques. The
described ring closure technique provides unique access to linear
and cyclic PCL samples with exactly identical average molecular
weight and polydispersity, which are required to elucidate of the
effect of the cyclic topology on degradation. Therefore, this study
has also included the investigations of both thermal and hydro-
lytic degradation of the cyclic PCL and has compared those data
with their exact linear analogs.

Experimental Section

Materials. All reagents were purchased from Aldrich and
used without further purification, unless otherwise noted. εCL*Corresponding author. E-mail: sgrayson@tulane.edu.
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was dried over calcium hydride at room temperature for at
least 8 h anddistilled under reduced pressure just prior to use.
Copper(I) bromide (CuBr) was purified by washing with
acetic acid. The 3-azidopropanol initiator was synthesized
as reported in literature and dried over anhydrous MgSO4

immediately prior to use.38 The synthesis of 4-pentynoic
anhydride was also synthesized according to previously
published procedures.39 All solvents were reagent grade
and used without further distillation or purification.

Nomenclature. In order to simplify the identification of
compounds, the following nomenclature was used: A prefix
l- was assigned to linear polymers and c- to cyclic polymer
and PCL was used as the abbreviation for poly(ε-capro-
lactone). N3- prefix was used to represent the 3-azidopro-
poxy initiating group, and a suffix was added to identify the
functionality at the terminal end of the polymer chain:-OH
for the terminal alcohol, -CtCH for the terminal 4-penty-
noic ester.

Characterization.All 1H NMR (400 MHz) and 13C NMR
(100 MHz) were obtained using a Varian Mercury spectro-
meter (Palo Alto, CA), using TMS = 0.00 ppm for 1H
calibration. The integration data for the polymers repeat
units is reported as multiples of “n” where n is the calculated
degree of polymerization of the PCL as determined byNMR
integration. The subscripts EG (end group) and RU (repeat
unit) were used to aid in the clarity of NMR resonance
assignments, and the particular assignment is designated by
italicization.

Mass spectral data was acquired using a Bruker Autoflex
III matrix-assisted laser desorption time-of-flight mass spec-
trometer (MALDI-TOFMS) with delayed extraction using
both positive ion and reflector detection modes. For all PCL
polymers, THF stock solutions of 9-nitroanthracene as the
matrix (20mgmL-1) andNaI as the counterion (10mgmL-1)
were used. The polymer sample was prepared at a 2mgmL-1

concentration in THF. MALDI samples were prepared by
combining 50 μL of polymer solution, 100 μL of counterion
solution, and 200 μL of matrix solution. For PCL<10K:
the pulsed ion extraction delay was set to 10 ns, with an
ion source 1 voltage of 19.00 kV, an ion source 2 voltage of
16.55 kV, a lens voltage of 8.8 kV, a low mass gate at
750 AMU, and a laser power set to 45%. For PCL>10K:
the pulsed ion extraction delay was set to 30 ns, with an
ion source 1 voltage of 19.00 kV, an ion source 2 voltage of
15.8 kV, a lens voltage of 8.3 kV, a low mass gate at 1000
amu, and a laser power set to 45%. The Mn and PDI were
calculated using PolyTools software.

Size exclusion chromatography (SEC) was carried out on
aWaters model 1515 series pump (Milford, MA) with three-
column series from Polymer Laboratories, Inc. consisting of
PLgel 5 μm Mixed D (300 mm � 7.5 mm, molecular weight

range 200-400 000), PLgel 5 μm 500 Å (300 mm x 7.5 mm,
molecular weight range 500-30,000), and PLgel 5 μm 50 Å
(300 mm � 7.5 mm, molecular weight range up to 2000)
columns. The system was fitted with a Model 2487 differ-
ential refractometer detector and anhydrous tetrahydrofur-
an was used as the mobile phase (1 mLmin-1 flow rate). The
resulting molecular weight was based on calibration using
linear polystyrene standards, and these apparent molecular
weights were converted to absolute molecular weights for
PCL using the previously reported conversion40Mn(PCL)=
0.259�Mn(PS)

1.073. Data were collected and processed using
Precision Acquire software.

Differential scanning calorimetry (DSC) was performed
on aTA InstrumentsQ200 thermal analysis system equipped
with a liquid nitrogen cooling system in platinum pans from
-70 to þ100 �C with a heating/cooling rate of 10 �C per
minute. Data was collected on the third heating/cooling
cycle, with the Tm calculated as the maximum of the en-
dotherm. Enthalpy and temperature calibration were per-
formed by heating a standard metal (indium) through its
melting transition and extrapolating the observed heat of
fusion and melting point to known values.

Thermogravimetric analysis (TGA) was performed on a
TA Instruments TGA 2950 Thermogravimetic Analyzer
in platinum pans from room temperature to 600 �C with
a heating rate of 20 �C per minute and N2 as the purge
gas. Data was processed using TA Instruments Universal
Analysis software.

Scheme 1. Polymerization and Cyclization of Poly(ε-caprolactone)a

a (i) Tin(II) ethylhexanoate, 130 �C. (ii) 4-(Dimethylamino)pyridine,
CH2Cl2, pyridine, 40 �C. (iii) CuIBr,N,N,N0,N0 0,N0 0-pentamethyldiethy-
lene triamine (PMDETA), CH2Cl2.

Table 1. Number AverageMolecularWeight (Mn) and Polydispersity
Index (PDI=Mw/Mn)Data forPCLSamples (1=N3-l-PCL-OH,
2 = N3-l-PCL-CtCH, 3 = c-PCL) of Six Different Molecular

Weights (a-f)c

aCalibrated based upon linear polystyrene standards. bCorrected
value for PCL,40 using Mn(PCL)=0.259Mn(PS)

1.073 cThe data were calcu-
lated by gel permeation chromatography (GPC) and matrix-assisted laser
desorption ionization (MALDI) mass spectrometry.
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Synthesis of l-N3-PCL-OH (1) (Scheme 1). In a repre-
sentative polymerization, 3-azidopropanol (0.108 g, 1.1mmol)
and εCL (26.9 g, 0.236 mol) were added through a rubber
septum via syringe to a previously dried reaction vessel.
Tin(II) ethylhexanoate (Sn(Oct)2) (0.043 g, 0.1 mmol) was
added to the reaction mixture via syringe, followed by
immediate immersion of the reaction flask into an oil bath
at 130 �C. At various time points (15, 20, 25, 30, 35, and 45
min), a 4 mL aliquot was removed via syringe and immedi-
ately diluted with dichloromethane, precipitated into a 1:1
mixure of hexanes and diethyl ether, recovered by filtration,
and dried in vacuo prior to characterization. The variation in
polymerization time produced a series of polymers with
narrow polydispersities and average molecular weights from
4000 to 15 000. Representative characterization data follow.
1H NMR (CDCl3, δ, ppm): 1.31 (m, 2n, (-CH2CH2CH2-
CH2CH2-)RU), 1.57 (m, 4n, (-CH2CH2CH2CH2CH2-)RU),

1.88 (m, 2, J = 6.3 Hz, (N3CH2CH2CH2-)EG), 2.27 (t, 2n,
J = 7.6, (-COCH2CH2-)RU), 3.37 (t, 2, J = 6.3, (N3CH2-
CH2-)EG), 3.60 (t, 2, J=6.6 Hz, (-CH2CH2OH)EG), 4.03 (t,
2n, J = 6.3 Hz, (-CH2CH2OCO)RU), 4.14 (t, 2, J = 6.2 Hz,
(-N3CH2CH2CH2OCO-)EG); calcd Mn = 4600. 13C NMR
(CDCl3, δ, ppm): 24.78 (-COCH2CH2CH2-)RU, 25.73
(-CH2CH2CH2CH2CH2-)RU, 28.54 (-CH2CH2CH2O-)RU,
34.32 (-OCOCH2CH2-)RU, 64.36 (-CH2CH2O-)RU,
173.79 (-OCOCH2-)RU. MS (MALDI-TOF): (m/z),
Mn = 3830; PDI = 1.02. SEC: Mn = 6850; PDI = 1.14.

Preparation of l-N3-PCL-CtCH (2). The polymer 1
(0.14 g, 8.4 � 10-4 mol) was dissolved in 10 mL of pyridine.
4-Pentynoic anhydride (0.060 g, 4.4 � 10-4 mol), 4-(di-
methylamino)pyridine (3 mg, 2.1 � 10-5 mol), and 10 mL
of dichloromethane were added to the reaction flask.
The reaction was stirred until MALDI-TOF monitoring
indicated the reaction was complete (typically occurr-
ing after about 8 h). The crude reaction mixture was
extracted three times from saturated aqueous NaHSO4 and
three times from saturated aqueous NaHCO3 into dichlor-
omethane. The organic layer was dried over anhydrous
MgSO4, filtered, and concentrated prior to precipitation
from dichloromethane into cold methanol. The product
was recovered by filtration and dried in vacuo. (Yield:
89%.) Representative characterization data follow. 1H
NMR (CDCl3, δ, ppm): 1.33 (m, 2n, (-CH2CH2CH2CH2-
CH2-)RU), 1.59 (m, 4n, (-CH2CH2CH2CH2CH2-)RU), 1.88
(m, 2, (N3CH2CH2CH2-)EG), 1.98 (s, 1, (-CH2CCH)EG), 2.27
(t, 2n, (-COCH2CH2-)RU), 2.45 (m, 4, (-COCH2CH2-
CCH)EG), 3.37 (t, 2, (N3CH2CH2-)EG), 4.03 (t, 2n, (-CH2-
CH2OCO)RU), 4.14 (t, 2, (N3CH2CH2CH2OCO-)EG); calcd
Mn =4600. 13C NMR (CDCl3, δ, ppm): 24.78 (-COCH2-
CH2CH2-)RU, 25.73 (-CH2CH2CH2CH2CH2-)RU, 28.54
(-CH2CH2CH2O-)RU, 34.32 (-OCOCH2CH2-)RU, 64.36
(-CH2CH2O-)RU, 173.79 (-OCOCH2-)RU. MS (MALDI-
TOF): (m/z),Mn=3860;PDI=1.02. SEC:Mn=7440;PDI=
1.20.

Synthesis of c-PCL (3).A 0.22mM solution of compound 2
in dichloromethane (50 mL) was degassed and backfilled with
N2 with two freeze, pump, thaw cycles. In a separate flask,N,N,
N0,N00,N00-pentamethyldiethylenetriamine (PMDETA) (0.211g,
1.2 mmol) was dissolved in dichloromethane (100 mL)
and degassed with one freeze, pump, thaw cycle. Immediately
following a second freeze, CuBr (0.159 g, 1.1 mmol) was added,
followed by a pump and thaw cycle. Upon thawing, a syringe
and syringe pump were used to transfer the solution of 2 to
the rapidly stirring CuBr/PMDETA solution at a rate of
2mLper hour.After complete addition of the polymer solution,
the reaction mixture was allowed to stir for an additional 2 h
and was then extracted three times from saturated aqueous
NaHSO4 into dichloromethane. The organic layer was dried
over anhydrous MgSO4, filtered, and concentrated prior to
precipitation from dichloromethane into a 1:1mixture of chilled
hexanes and diethyl ether. The product was isolated via filtra-
tion and dried in vacuo. (Yield: 57%.) Representative character-
ization data follow. 1H NMR (CDCl3, δ, ppm): 1.33 (m, 2n,
(-CH2CH2CH2CH2CH2-)RU), 1.59 (m, 4n, (-CH2CH2-
CH2CH2CH2-)RU), 2.27 (t, 4n, (-COCH2CH2-)RU), (-CH2-
CH2CH2-Ntriazole), (Ctriazole-CH2CH2CO-)), 2.70 (m, 4,
(Ctriazole-CH2CH2-)), 3.00 (t, 2. (-CH2CH2Ntriazole-)), 4.03
(t, 2n, (-CH2CH2OCO)RU), 4.38 (t, 2, (-OCH2CH2CH2-
Ntriazole-)), 7.35 (s, 1, (-NCHC-)); calcd Mn =4600. 13C
NMR (CDCl3, δ, ppm): 24.78 (-COCH2CH2CH2-)RU,
25.73 (-CH2CH2CH2CH2CH2-)RU, 28.54 (-CH2CH2CH2-
O-)RU, 34.32 (-OCOCH2CH2-)RU, 64.36 (-CH2CH2-
O-)RU, 173.79 (-OCOCH2-)RU. MS (MALDI-TOF):
(m/z),Mn= 3780; PDI=1.02. SEC:Mn=4450; PDI=1.10.

Figure 1. 1H NMR of PCL before esterification, (a) 1a, before cycliza-
tion, (b) 2a, and after click cyclization, (c) 3a. The successful
click reaction is highlighted by the appearance of the triazole proton
(K in part c) and the disappearance of the terminal alkyne proton (K in
part b).
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HydrolyticDegradation of l-N3-PCL-CtCHand c-PCL.
The PCL sample (0.026 g, 4.4 � 10-6 mol) was dissolved in
mixture of 6.75 mL of dichloromethane and 1.5 mL of
methanol in a scintillation vial. Then p-toluenesulfonic acid
(p-TSA) (0.0142 g, 8.25 � 10-5 mol) was added to the
reaction mixture, to produce a solution 0.01 M in p-TSA.
The vial was capped and the contents stirred at room
temperature. At a series of time points (3, 6, 12, 24, 48, 96,
and 192 h), a 1 mL sample was removed via syringe. This
sample was quenched by extraction with saturated aqueous
NaHCO3, followed by evaporation of the organic layer and
thorough drying in vacuo. The samples were dissolved in
THF just prior to characterization in order to minimize
possible self-catalyzed degradation. MALDI-TOF MS
number average molecular weight (Mn) and polydispersity
data was determined by the weighted averaging of the
distributions of each of the various degradation products,
utilizing the PolyTools software. SECMn and PDI data was
determined by integrating over the entire distribution of
peaks in the Precision Acquire software, calibrated against
linear polystyrene standards. This procedure was repeated in
triplicate.

Results and Discussion

Synthesis of Linear PCL Precursors. The strategy for
preparing well-defined cyclic PCL involves the initial pre-
paration of well-defined R, ω-heterodifunctional linear pre-
cursors with complementary click coupling functionalities.
These were prepared by polymerization of εCL from an
azido functionalized initiator followed by the postpolymer-
ization coupling of a complementary alkyne group. Using
3-azidopropanol as the initiator,38 εCL was polymerized
in bulk with tin(II) ethylhexanoate (Sn(Oct)2) as catalyst at
130 �C (Scheme 1). Six samples of the azide/alcohol termi-
nated PCL, 1, (N3-l-PCL-OH) were prepared with average
molecular weights ranging from 4000 to 15 000. After pur-
ification by precipitation, the polymers were characterized
by MALDI-TOF MS, SEC, and NMR (Table 1).

Size exclusion chromatography verified the narrow poly-
dispersity (PDI e 1.20) of the PCL samples 1a-1f, with the
highermolecular weights (1c-1f) demonstrating PDIs below
1.10 (Table 1). Because the Mn data was calibrated against
polystyrene standards, the raw data over predicts the mo-
lecular weight, but application of the previously reported
conversion factor yielded data that was in close agreement
with othermass determination techniques. 1H and 13CNMR

data analysis exhibited the expected resonances, δ = 1.31,
δ=1.57, δ=2.27, and δ=4.03 ppm (F, E andG,D, andH
in Figure 1a), corresponding to the protons along the poly-
mer backbone. The weak resonance at δ = 3.60 ppm
corresponds to the methylene immediately adjacent to the
terminal hydroxyl group (H0 in Figure 1a). For lower mo-
lecular weights, the weak resonances that correspond to the
azido-functionalized end group at δ = 1.88, δ = 3.37, and
δ = 4.14 ppm (B, A, and C in Figure 1a) can be clearly
integrated to providemolecular weight calculations compar-
able to those obtained from the SEC chromatograms and
mass spectra. Because of the high precision of the obtained
MALDI-TOF mass spectral data, detailed structural ana-
lysis could be performed across the range of molecular

Figure 3. GPC spectra of linear and cyclic PCL, (a) 1a and 3a, (b) 1f
and 3f, respectively, showing the shift in retention time of the cyclic
polymer due to the smaller hydrodynamic volume.

Figure 2. MALDI-TOFMS spectra of (a) l-N3-PCL-OH, 1a and (b) l-N3-PCL-CtCH, 2a. (c and d) Spectra of 1a and 2a respectively, but with
the spectra expanded in the region from 3060 to 3200 m/z.
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weights investigated. The mass spectra were obtained using
9-nitroanthracene as a matrix and sodium iodide as the
cation source in reflector mode. The resulting spectra ex-
hibited two distinct molecular weight distributions with
nearly identical Mn, but a mass offset of approximately
23Da (Figure 2a). By varying the counterion (e.g., Kþ, Agþ)
it was apparent that the highermolecular weight distribution
corresponded to the [M þ cation]þ ion, with the observed
molecular weights values within 0.06 D of the theoretical
exact molecular weights. The resolution of the slightly lower
mass distribution was significantly reduced, suggesting
that it may be the result of a metastable decaying ion. This
hypothesis was further supported by the drifting mass
difference between the two distributions (23.03 Da at
low mass and 23.63 Da at high mass) which occurs in
reflector mode if the ion decays during the flight path.
As expected, altering the detection to linear mode resulted
in significant reduction in the signal intensity of the second
distribution, and refocused of themass difference to approxi-
mately 28 ( 1 Da. As a result, the authors are convinced
that this second distribution41 results from the postsource
expulsion of N2 gas from the ionized polymer sample. Such
decay is frequently observed in the mass spectra of small
molecule azides, and often represent the base peak of the
mass spectra.42,43 The observation of only these two mass
distributions ([MþNa]þ and [MþNa-N2]

þ) suggests that
the polymer initiated exclusively from the azide functiona-
lized alcohol.

The reaction of the hydroxyl end group of the N3-l-PCL-
OH, 1, with pentynoic anhydride yielded the desired linear
PCL precursor, N3-l-PCL-CtCH, 2, with complementary
click functionalities on opposite ends. GPC analysis verified
that while the mass did not shift noticeably, the narrow
polydispersity was maintained during this transformation
(Table 1). 1H NMR analysis revealed loss of the free hydro-
xyl and the shift of the adjacent methylene at δ = 3.60 ppm
resonance to δ = 4.03 ppm (H0 in Figure 1, parts a and
b) corresponding to the ester methylene. In addition, new
resonances corresponding to the pentynoic group were
seen at δ = 2.45 ppm (I and J) and δ = 1.98 ppm (K,
Figure1b). The ability to verify this transformation, how-
ever, was limited at molecular weights above 7000 because -
of the low signal for the end groups. However, MALDI-

TOF MS mass spectral analysis did provided convinc-
ing evidence of a quantitative esterification even at higher
molecular weights. Both the [M þNa]þ and the [M þNa -
N2]

þ distributions demonstrated a shift in the mass spectra
during the conversion of 1 to 2 to a slightly higher molecular
weight, and no trace of unreacted starting material could
be observed in the MALDI-TOF mass spectra (Figure 2b).
The average mass shift across the entire mass distribu-
tion from the hydroxyl precursor, 1, to the esterified product,
2, was determined to be 80.07( 0.15 Da, which corresponds
closely to the theoretical value for the addition of the
pentynoic ester, 80.08.

Figure 4. MALDI-TOF mass spectra of (a) l-N3-PCL-CtCH, 2a and (b) c-PCL, 3a. (c) and (d) correspond to 2a and 3a respectively, but with the
spectra expanded in the region from 3140 to 3180 m/z. The MALDI-TOF mass spectra confirm that no change in average molecular weight occurs
during the cyclization reaction.

Figure 5. Comparison of observed number average molecular weight
(Mn) during controlled hydrolytic degradation of cyclic and linear PCL
as a function of time as measured by (a) MALDI-TOF MS and (b)
GPC.
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Cyclization of the Linear PCL Precursors. The continuous
addition “click” polymer cyclization technique was then
employed to cyclize 2.31 This technique utilizes the fact that
R,ω-functionalized polymers will favor intramolecular cycli-
zation under extremely dilute Ruggli-Ziegler conditions.44,45

In order to avoid the need for vast quantities of solvent, a
dilute solution of theN3-l-PCL-t linear precursor (0.22mM)
was added dropwise via a syringe pump to the solution of
copper catalyst at a rate (2 mL/min) slower than the click
reaction, to ensure high dilution of the linear precursor
throughout the course of the reaction.46 The characteristic
increase in the SEC retention time of the cyclic PCL, 3,
compared to its linear precursor, 2, was used to confirm
cyclization, as cyclic confinement leads to a reduced size in
solution and therefore a slower elution (Table 1, Figure 3).
For the lower molecular weight samples (Mn = 3800),
the formation of the “click” product, 3, can also be observed
by 1H NMR, as the alkyne proton resonance at about δ =
2.0 ppm disappears (K in Figure 1b), while a single proton
resonance appears at about δ = 7.4 ppm (K in Figure 1c),
corresponding to the proton on the triazole. Furthermore, a
shift in the proton resonances immediately adjacent to the
triazole is observed, from δ=2.45 ppmand δ=3.37 ppm to
δ=2.70 andδ=3.00 ppm respectively (J andA inFigure 1b
and 1c). A shift in the proton resonances two or three
carbons removed from the triazole is observed as well
(B, C, and I in Figure 1b and 1c). Furthermore, the MAL-
DI-TOFMS spectra clearly retains the [MþNa]þ distribu-
tion after cyclization because there is no weight loss or gain
corresponding to the click cycloaddition (Figure 4); how-
ever, the [M-N2þNa]þ distribution vanishes, as would be
expected because the stable aromatic triazole product is no
longer susceptible to the proposed loss of N2.

Hydrolytic Degradation of Linear and Cyclic PCL. As the
cyclization of linear precursors allows access to exactly
analogous linear and cyclic architectures, the effect of this
topological change on the polymers’ physical properties can
be easily measured. The degradation of analogous linear and
cyclic PCL was compared using p-toluenesulfonic acid as
transesterification catalyst in a mixture of 1:4.5 methanol/
dichloromethane. Samples were removed at regular time
intervals and characterized by MALDI-TOF MS and
SEC (Figure 5). As expected, when the degradation was
monitored byMALDI-TOFMS, the linear PCL exhibited a
decreasing Mn with an continuously decreasing slope with
respect to time,47,48 while the cyclic PCL demonstrated a
significant lag in the reduction of the average molecular
weight (and an inflection point) because the first ester
cleavage in each chain changes the polymer topology, but
does not result in a loss of mass (Figure 6). Monitoring the
degradation by SEC showed a similar degradation trend for

the linear PCL; however, the cyclic degradation exhibited an
initial increase in molecular size as the PDI broadens,
because the first cleavage opens up the cyclic polymer into
a linear configuration, which displays a larger size in solution
than the parent cyclic (Figure 7). However, after the first 12
h, when the majority of the polymer rings have been broken
into linear fragments, the subsequent degradation follows a
trend similar to that observed for the linear samples.48

Thermal Characterization and Degradation of Linear and
Cyclic PCL. Thermal characterization of the cyclic PCL
verifies the expected decrease in glass transition temperature
when compared to linear analogs, as determined by DSC.49,50

As a representative example, the linear PCLwith anMn of 15
000 exhibited a Tm transition at 59.1 �C, while the Tm

temperature for the cyclic analog was observed at 55.5 �C
(see Supporting Information). In addition, the thermal de-
gradation properties of analogous linear and cyclic PCL
architectures, 1b, 2b and 3b and 1f, 2f and 3f, were studied
using thermogravimetric analysis. The alcohol terminated
samples exhibited amajor inflection point in the degradation
curve, around 490 �C, with a shoulder near 420 �C (see
Supporting Information). The existence of two major degra-
dation events is in agreement with the results reported for
linear PCL byDuBois and co-workers51 which they attribute
to competing backbiting, and nonbackbiting degradations.
The alkyne/azide terminated PCL samples, however, de-
monstrated a single well-defined inflection point around
500 �C, suggesting that the end-capping prevented back-
biting depolymerization to regenerate caprolactone. Inter-
estingly, the cyclic polymers thermal degradation pattern
seemed nearly identical to the end-capped linear precursors,
suggesting that the cyclic topology does not have a signifi-
cant effect on thermal degradation.52

Conclusion

The synthesis of well-defined cyclic PCL is possible by a
combination of tin(II) ethylhexanoate catalyzed ring-opening
polymerization and “click” coupling of the R-azido,ω-ethynyl-
functionalized polymer. The Lewis acid catalyzed ring-opening
polymerization yields a polymer with sufficiently narrow poly-
dispersity to allow in vivo use, while the mild “click” cyclization
has been proven to be compatible with the ester backbone. This
method provides a synthetic route to analogous linear and cyclic
PCL, and allows for the first time direct comparison of differing
properties of PCL that result specifically from the differing
topologies. As predicted, the cyclic architectures yield a delay
in the molecular weight loss during the acid-catalyzed degrada-
tion as compared to their linear analogs, but the thermal
degradation appears to be affected very little by the cyclization.
The degradation behavior of cyclic PCL is of particular interest in

Figure 6. MALDI TOF spectra of (a) linear PCL, 2c, and (b) cyclic PCL, 3c, and the spectra of the hydrolytic degradation products at the first three
time points: 3 (A), 6 (B), and 12 h (C).
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light of recent reports that the biodistribution of cyclic polyesters
varies from their linear analogs.53 Therefore, the degradation of
cyclic polymeric carriers into their linear byproducts might be
used as a stimulus-responsive control for drug targeting and
eventual clearance of the carrier in vivo. Further investigations of
the effect of the cyclic topology ona polymer’s physical properties
are continuing in our laboratory.
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