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’ INTRODUCTION

For creating optimized polymer structures, profound knowl-
edge of polymer crystallization is necessary. However, up to now
this process has still not been understood completely on a
molecular scale. Besides the classical model of crystallization
kinetics by Hoffman and Lauritzen based on the assumption
of a successive, thermally activated attachment of single chains to
the crystal growth front,1 also collective local ordering processes
of several polymer chains at once2,3 as well as spinodal-like
processes are under discussion.4 Although polymer crystals can
exhibit numerous morphologies with hierarchies of molecular
organization, still it remains unclear, what determines them
to evolve. Furthermore, the influence of chain topology and
molecular weight as well as the role of the entanglements prior
to and during crystallization has not been entirely clarified yet
and is the subject of ongoing discussion.5-13 Thus, the mecha-
nisms involved in the crystallization of entangled polymers
have recently attracted renewed attention.2,14-18 In this context,
we investigate the influence of chain topology on polymer
crystallization, addressing this issue by comparing crystallinity
and chain mobility of cyclic polymer chains (free of loose
chain ends) and linear chains with the same number of
monomer units.

Cyclic polymers are supposed to adopt “lattice-animal”-like
conformations which incorporate double-folded loops and may
be percolated by loops of neighboring chains.19,20 They are
attractive systems for exploring basic phenomenological models,
e.g., to investigate the influence of highly mobile chain ends on
chain dynamics and the physical properties of the material,20-24

reptation processes which seem to be unavailable for rings,20

percolation,25 or chain folding26,27 phenomena. Comprehensive
investigations on cyclic PDMS have been done by Semlyen and
co-workers, starting from pioneering work on ring-chain equili-
bria in the 1960s, continuing with larger-scale synthesis and
characterization of cyclic PDMS in the late 1970s, and applying
almost every available characterization method to these samples
in the ensuing decades.24,28-35 Other cyclic polymer systems
such as cyclic PS and PB have since then been synthesized and
characterized.20,22,23 Apart from ring-closure reactions of linear
chains, new and more defined synthetic strategies (relying on cyclic
initiators via ROMP, ROP, “click”-reactions or ring-expansion
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ABSTRACT: We report on the investigation of cyclic and comparable linear poly(ε-
caprolactone)s (PεCL)withmolecular weight between 50 and 80 kg/mol with regard to
chain mobility in the melt and crystallinity using low-field solid-state 1H NMR. Our
results from NMR Hahn echo and more advanced multiquantum measurements
demonstrate a higher segmental mobility of cyclics in the melt as compared to their
linear counterparts. Rheological experiments indicate that the cyclics are less viscous
than the linear analogues by about a factor of 2, confirming the NMR results. FID component analysis shows higher crystallinities of
the cyclic samples by some percent under the condition of isothermal crystallization at 48 �C, suggesting that due to their enhanced
overall mobility in themelt, the cyclics reach amore perfect morphology leading to higher crystallinity.We compare this finding with
results from DSCmeasurements obtained under identical conditions and critically evaluate the applicability of polymer crystallinity
determination from nonisothermal crystallization investigations by DSC. We further highlight the use of nucleating agents to
investigate the particular effect of crystal growth on (nonisothermal) crystallization, separated from the influence of nucleation.
These experiments indicate a faster crystal growth for cyclic samples.
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polymerization36-38) allow extensive investigations of ring poly-
mers also in the semicrystalline state.

Studies on cyclic polymers to explore macromolecular self-
organization processes such as the formation of the semicrystal-
line state are particularly rare. Up to now, there are a few
phenomenological reports on DSC characteristics of cyclic
systems of higher molecular weight,33,39,40 but detailed studies
appear to be limited to monodisperse cyclic alkanes
(poly(ethylene)) and poly(ethylene oxide)s of low and medium
molecular weights.26,27 Such systems exhibit crystallinities close
to 100% and almost perfect crystal structures with closely packed
and integer-folded chains. Thus, they cannot be representative
models for the investigation of crystallization mechanisms of
highly entangled polymers.

Here we study poly(ε-caprolactone) (PεCL), a biodegradable,
semicrystalline polyester of medium crystallinity and a conveni-
ent melting temperature of around 60 �C at high molecular
weight (MW > Me). The crystallization behavior of the linear
form has been studied in detail, for instance by Strobl41-45 for a
given molecular weight. Linear PεCL crystallizes in lamellae in a
planar zigzag conformation within an orthorhombic unit cell.
The ester groups are slightly twisted from the plane of the planar
zigzags.46 Solid-state NMR investigations of Kaji and Horii47

showed that the crystalline CH2 sequences perform fast con-
formational fluctuations while the carbonyl groups remain
virtually rigid. Their observations of monoexponential T1 relaxa-
tion times suggest the absence of large-scale chain motion in the
crystallites, classifying PεCL as a crystal-fixed polymer48 and
therefore an interesting system for general investigations on
polymer crystallization.

PεCLs of cyclic49 and other topologies (such as dendritic,50

tadpole-shaped,39 and star-shaped51) have been synthesized in
the past decade with high precision. Diverse results on the
influence of topology on the thermal behavior of various
PεCL-polymers have been reported, but more detailed investiga-
tions on the crystallization behavior of cyclics beyond the simple
observation of nonisothermal crystallization temperatures in
DSC experiments are rare. Results on topological effects seem
to have in common that the crystallization behavior changes
according to the chain topology, mostly expressed by a significant
reduction of the crystallization tendency with decreasing large-
scale chain mobility and increasing steric hindrance of the
individual polymer chains.

Here, we survey the crystallization of linear and comparable
cyclic PεCL chains at molecular weights between 50 and 80
kg/mol by means of low-field solid-state 1H NMR methods. In
addition, we report on some earlier measurements for an
extended molecular-weight range (15-110 kg/mol), for which
the samples were less ideal as far as their storage and temperature
treatment was concerned. As NMR experiments are sensitive to
the segment mobility of polymer chains via anisotropic residual

dipolar couplings, they provide the opportunity to investigate
semicrystalline polymers in terms of chain mobility and entan-
glement dynamics in the melt state,52 and also structural proper-
ties such as crystallinity53 and domain sizes (via spin
diffusion54,55) can be derived. The residual local order and
mobility of polymer chain segments is accessible via simple
Hahn echo measurements or more advanced multiquantum
(MQ) NMR experiments, whereas the crystallinity information can
bededuced from the intensity of the free inductiondecay (FID) curve.

In this paper, we will first describe sample preparation and
characterization and then present results on chain mobility in the
molten samples from solid-state NMR relaxation and MQ
experiments compared to data from rheological measurements.
Moreover, we will give a comparison of the crystallization
behavior of linear and cyclic counterparts, as studied by solid-
state NMR and DSC after isothermal crystallization. There, we
also address the influence of chain topology on crystallization in
nonisothermal DSC studies, separating crystal growth informa-
tion from effects of nucleation by using externally nucleated
PεCL samples.

’POLYMER SYNTHESIS AND EXPERIMENTAL
TECHNIQUES

Polymerization. A 20 mL polymerization flask was carefully
heated (400 �C) and purged with argon. After cooling the flask
was silanized. Donor-acceptor interactions between hydroxyl
groups on the glass surface and tin atoms of the initiator (OfSn)
induce a competition reaction to the interaction between mono-
mer and initiator which can prevent the insertion of monomer
into the metal-oxygen bond and consequently may cause a
broad polydispersity and a decrease in the yield of the polymer-
ization. In order to remove all hydroxyl groups from the glass
surface, a 10% solution of dichlorodimethylsilane in absolute
dichloromethane was given into the flask and stirred for 1 h. Then
the dichlorodimethylsilane solution was removed rapidly, the flask
was purged with argon and closed by means of a cap with septum.
Before polymerization, ε-caprolactone (purchased from

Aldrich Co.) was stirred over calcium hydride overnight and then
distilled off into a flask and closed with a septum immediately.
The pure ε-caprolactone was transfused via a syringe into the
closed polymerization flask. In the case of initiator 1 (Figure 1) it
was dissolved in 4 mL of absolute toluene at 100 �C and
transfused via syringe into the polymerization flask. In the case
of initiator 2 (Figure 1), it was used without any solvent.
Different amounts of ε-caprolactone and initiator were needed
depending on the intendedmolecular weight of the polymer, e.g.,
for a cyclic sample withMn,GPC = 45.0 kg/mol we used 2 g (4�
10-5 mol) of ε-caprolactone and 0.012 g (4 � 10-5 mol) of
initiator 1. The polymerization flask was immersed into a
thermo-regulated oil bath for 24 h. When the reaction time

Figure 1. Synthetic approach for the preparation of cyclic and linear PεCL.
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was over, the product was dissolved in dry CH2Cl2 and pre-
cipitated into cold diethyl ether (5 �C), filtered off and dried in
vacuum overnight.
GPC. Gel permeation chromatography (GPC) measurements

were done at a Viscotek GPCmax VE 2001 with a Styragel linear
column GMHHR. Tetrahydrofuran (THF) was used as a carrier-
solvent at 1 mL/min at room temperature. The sample concen-
tration was approximately 3 mg/mL. Polystyrene standards
(Mp = 1050-115000 g/mol) were used for conventional external
calibration, using a Waters RI 3580 refractive index detector.
Rheology. Rheological measurements were done using a

Rheometrics Dynamic Analyzer RDAII from TA Instruments
with a parallel plate geometry. The diameter of the sample was 25
mm and the thickness around 1.7 mm. In this case compliance
effects of the instrument are negligible. Shear loss modulus (G00)
and storage modulus (G0) were determined as a function of
frequency from 1 to 100 rad/s. Typically, the strain in the sample
was 2%, being well within the linear deformation range. The
strain was chosen to keep the measured torque values in a range
of about 100 to 0.2 g 3 cm, corresponding to the measurement
range of the transducer of the instrument. At low frequencies, the
decreasing modulus values and hence also torque values limit the
useful measurement range for the rheometer.
For sample preparation, the polymer powder was pressed

under vacuum in a cylindrical mold with the desired diameter and
thickness. After 8 h at 90 �C, the sample was slowly cooled down
to room temperature overnight under vacuum. The cylindrical
polymer sample was placed between the two plates of the
rheometer and after heating to 90 �C and slight compression it
stuck to the surface of the parallel plates. Subsequently, the
temperature was lowered to the measurement temperature of 60
or 80 �C and equilibrated. During these temperature changes the
thermal expansion of the tools of the instrument was compen-
sated by a corresponding change of the gap setting. Because of
the air and humidity sensitivity of cyclic PεCL all the measure-
ments were conducted under a nitrogen gas flow.
NMR Spectroscopy. The nuclear magnetic resonance

(NMR) time-domain measurements were conducted using 0.5-
T Bruker minispec mq20 low-resolution NMR spectrometers
(19.9 MHz proton Larmor frequency, 90� and 180� pulses of
∼2.2 to 3.0 μs and∼4.6 to 5.6 μs length, respectively) equipped
with a commercial wide temperature range static probe.
For the NMRmeasurements about 0.3 g of PεCL sample each

were molten to cover the bottom of 8 mm (diameter) sample
tubes and flame-sealed under vacuum conditions, in order to
avoid degradation of the samples due to atmospheric O2 and
water. The sample temperature was regulated by means of a
BVT3000 heater working with air as a heating gas. The sample
tubes were centered in the middle of the coil region by custom-
made Teflon spacers. The average sample temperature was
measured by an external thermometer; small temperature gra-
dients in the order of 0.5 K over the sample length cannot be
excluded. All time-domain NMR signals were recorded applying
on-resonance conditions and in full-absorption mode receiver
setting. To make sure that the longitudinal relaxation was
complete between the scans in the semicrystalline state as well
as in the melt, the recycle delay was set to 1.2 s.
Crystallinity Measurements. In order to remove melt memory

effects, all the samples were molten and kept at 90 �C for about
30 min and then rapidly placed into a thermostat for isothermal
crystallization at (48 ( 1) �C for 4-5 days (depend-
ing on the order of the measurements). For crystallinity

measurements the samples were directly transferred from the
thermostat into the preheated spectrometer (again (48( 1) �C)
and measured one after the other. In this way, the crystallization
time was extended for the last samples investigated. At this time
the primary crystallization was finished and only second-
ary crystallization was still continuing. However the increase
in crystallinity during this waiting period (∼1.2% from first
to last measurement) is smaller than the measurement uncer-
tainty. The crystallinities were determined by analyzing MSE-
refocused FIDs.53,55

Measurement of Chain Mobility in the Melt. In order to
remove all melt memory effects, each sample was molten, kept at
90 �C for approximately 30 min, and then directly transferred
into the preheated spectrometer (80 �C). Information about the
degree of local order induced by nonisotropic chain motions was
derived from proton homonuclear residual dipolar couplings
investigated by Hahn echo and multiple-quantum NMR
measurements.
DSC.Differential scanning calorimetry (DSC) was carried out

with a Perkin-Elmer DSC7 and a Perkin-Elmer Pyris Diamond
instrument calibrated with indium and mercury or indium and
cyclopentane, respectively. Samples of 5 to 10 mg were encapsu-
lated in pressure-tight 30 or 50 μL aluminum pans. Nitrogen was
used as purge gas. The data were evaluated by means of Pyris
Thermal Analysis version 3.81 or Pyris Thermal Analysis version
5.00.02, including a baseline subtraction for all nonisothermal
measured DSC curves.
For evaluation of the crystallinity after isothermal crystal-

lization each sample was pretreated nonisothermally by keeping
it in the melt at 90 �C for 10 min, cooling to 0 �C at-10 K/min,
holding at 0 �C for 10min and reheating to 90 �C. After 10min in
the melt the sample was rapidly cooled (at -200 K/min or
highest possible cooling rate) to the crystallization temperature
of 48 �C and isothermally crystallized for a crystallization time tc.
From the subsequent heating scan to 90 �C at 10 K/min heat
flow and enthalpy of fusion were determined. To allow a check
for consistency the pretreatment steps were repeated.
To investigate the nonisothermal crystallization the melting

and crystallization temperatures (evaluated at the peak onsets)
were deduced from heat flow curves during heating to 100 �C
(after cooling the melt from 100 �C to 0 �C and holding it at 0 �C
for 10 min) and a second cooling run to 0 �C after holding at
100 �C for 10 min. All cooling and heating steps were conducted
at 10 K/min.
The glass transition temperatures of the amorphous regions of

the semicrystalline samples were measured upon heating to
85 �C at 20 K/min after having cooled the sample from the melt
to -100 �C at 20 K/min and annealing for >10 min. The glass
transition was visible and the glass transition temperatures Tg

were determined as the midpoints of the glass transition steps.
The Tg values do not differ by more than 1 to 2 �C. Within the
scatter no significant trend concerning a differentiation between
linear and cyclic samples can be seen. Hence, also at higher
temperatures (i.e., in the melt) we do not expect significant
deviations of the segmental dynamics between linear and cyclic
chains caused by free volume differences.

’EXPERIMENTAL RESULTS AND DISCUSSION

Sample Preparation and Characterization. Cyclic PεCL
samples were prepared by insertion polymerization according to
procedures reported by Kricheldorf et al.56 For the ring-opening
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polymerization of ε-caprolactone we used an Sn-based cyclic
initiator (2,2-dibutyl-1,2-dioxa-2-stannane) (1 in Figure 1)
which does not allow for the concatenation of rings. The
corresponding linear polymers were obtained directly from the
respective cyclic PεCLs by cleavage of the Sn-O bond with 1,2-
ethanedithiol to yield bis-hydroxytelechelic PεCL.57 They ex-
hibit the same number of monomers as their cyclic counterparts
and are free of tin.
Molecular weights ranging from Mn ∼15 kg/mol to ∼110

kg/mol for the linear samples were determined by GPC mea-
surements. The polydispersities varied between 1.6 and 2.1 (for
examples see Table 1). During formation of linear chains from
cyclics the initiator (MW = 233 g/mol) is eliminated. As this
small molecular weight difference is within the GPC uncertainty,
equal molecular weights for linear and corresponding cyclic
samples were to be expected from GPC. Yet, we find higher
retention volumes for the cyclic PεCLs compared to the values of
the corresponding linear samples (Figure 2). The molecular
weights for the cyclic PεCLs therefore appear to be lower than for
their linear analogues. This is because in comparison to the linear
counterpart with the same number of monomers the expected
hydrodynamic radius for a cyclic is lower37 as linking both ends of
a linear polymer chain reduces the overall dimensions of the
chain. Our finding confirms the successful synthesis of rings and
allows to distinguish between the cyclic and corresponding linear
chains.

The absence of tin signals (originating from the initiator 1) in
MALDI-TOF spectra of our cyclic samples (see Supporting
Information) prompted us to check the degradation of the
polymers under our experimental conditions. For this purpose,
we used linear, tin-containing samples prepared by means of a
second initiator (dibutyl-tin-dimethoxide) (2 in Figure 1). By
cleaving the Sn-O bond, these polymers separate into two parts
of about half the molecular weight, providing a significant change
in GPC retention volume, that can be more clearly detected than
the small difference between a cyclic sample and its linear
counterpart (see also Figure 2). The sample was placed in a
sealed glass tube and heated to 95 �C either under ambient
conditions (moisture and oxygen) or under an atmosphere of
argon, and the molecular weights were monitored by GPC in
regular time intervals. As can be seen in Figure 3, heating under
ambient conditions afforded a significant overall reduction in
molecular weight and the appearance of a second peak at higher
retention volume (lower molecular weight), whereas under an
atmosphere of argon no significant change in molecular weight
and therefore no Sn-O-bond cleavage was visible. Accordingly,
further measurements had to be conducted under exclusion of air
andmoisture and the samples were stored under vacuum. Similar
degradation results are also known from Hoskins and Grayson49

for PεCL rings synthesized by click chemistry.
Chain Mobility of Linear and Cyclic Samples. Melt Rheol-

ogy Investigations. Rheological experiments in the melt provide
information about the molecular dynamics and the spectrum of
relaxation times of a polymer system, which depends critically on
chain architecture. It was recently pointed out that compared to
linear chains a melt of rings exhibits additional relaxation modes,
but no rubber plateau.20 Such changes in the time dependent
shear modulus G(t) also lead to a different viscosity η.
Figure 4a shows the storage- and loss modulus G0 and G00 of a

pair of linear and corresponding cyclic PεCL sample at 60 �C
demonstrating that the moduli of the cyclic polymer both are
significantly lower than the moduli of the corresponding linear
one. The storagemodulusG0 deviates from the asymptotic power
law behavior for both samples. This may be of experimental
origin or due to a distribution of terminal relaxation times
(polydispersity effect). The fact that G0 for the ring system is
lower than for the linear system is consistent with the expectation
of a stronger relaxation due to additional modes. The loss
modulus G00 approaches terminal flow behavior, with G00 =
η 3ω being a direct measure for the viscosity.

Table 1. Representative Sample Properties As Obtained by
GPC, Rheology, Solid-State NMR, and DSC

sample 1 sample 2 sample 3 sample 4

linear cyclic linear cyclic linear cyclic linear cyclic

Mn [kg/mol]a 50.6 45.0 63.4 57.5 69.2 64.0 77.0 69.0

Mw/Mn
a 1.6 1.6 1.6 1.6 1.8 1.8 2.1 2.1

ηωf0 [Pa 3 s] (60 �C) 4867 2748 6987 3917

ηωf0 [Pa 3 s] (80 �C) 2371 1288 3355 1879

T2 [ms] (80 �C) 4.3 6.1 4.3 7.2 4.4 9.7 3.9 8.1

fc,NMR
b 0.48 0.54 0.48 0.55 0.48 0.55 0.48 0.52

fc,DSC
b 0.48 0.53 0.48 0.54

Tm,DSC [�C] (Onset)c 53.7 53.3 54.1 54.2

Tc,DSC [�C] (Onset)c 35.0 36.4 36.1 36.8
a From GPC; despite the equal number of monomers of corresponding
linear and cyclic samples a smaller value of Mn is obtained for cyclic
samples due to smaller hydrodynamic radii. bAfter isothermal crystal-
lization. c For nonisothermal crystallization of non-nucleated sample.

Figure 2. GPC traces with indicated retention volume for one pair of
linear (Mn = 63.4 kg/mol,Mw/Mn = 1.6) and corresponding cyclic (Mn

= 57.4 kg/mol, Mw/Mn = 1.6) sample.

Figure 3. GPC traces of a linear tin-containing PεCL (Mn = 28.6 kg/
mol, Mw/Mn = 1.7) at 95 �C under ambient conditions (moisture and
oxygen) and under argon. The bottom traces (t = 0 min) show the
sample state before cleavage. The measurement times during the
cleavage experiment are indicated.
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As can be seen from Figure 4a at high frequencies ω the
crossover point of G0 and G00 of the linear sample is not quite
reached and measurements at lower temperatures which could
have been used to extend the measurement range were not
possible due to crystallization setting in below 60 �C . However,
the value of tan δ=G00/G0 at the highest frequency measured
(100 rad/s) is smaller for the linear than for the cyclic system (see

Figure 4b). These data seem to suggest that also for the cyclic
PεCL a crossover point exists but compared to the linear sample
this point is shifted to higher frequencies, indicating that due to
higher flexibility and/or mobility the cyclic chains are able to
follow the fast shear motion in the high frequency range more
easily than their linear analogues.
The viscosities η of the two samples are explicitly demon-

strated in Figure 4c (for numerical values see Table 1), which
shows η = G00/ω as a function of shear frequency. Here we
observe that the viscosity of the ring system is lower than for the
linear system by nearly a factor of 2. The higher fluidity of the
melt of rings is consistent with the faster relaxation of rings as
compared to the linear chains.20 Similar results have been
described in the past, e.g. by McKenna et al.58 and Roovers22

who showed for polybutadiene (Mw between 50 and 200
kg/mol) that the melt viscosity of the cyclics can be a factor of
10 lower than for the linear counterparts, yet it is known that even
minute linear-chain contaminants can obscure such a large
contrast. We checked all our findings from melt rheology
measurements for another pair of samples and for both sample
pairs at a higher temperature of 80 �C (see Table 1) yielding
comparable results.
In conclusion the rheological properties of the systems under

study show clear differences in line with expected trends demon-
strating independently that indeed rings have been synthesized.
Nevertheless there are contaminations of the ring systems with
opened linear chains the extent of which we cannot definitely
evaluate but, after comparing our results with viscosity data in ref
20, expect to be on the percent level.
NMR Hahn Echo Measurements. Apart from rheology mea-

surements also 1H NMR T2 relaxation time studies provide
information about the chain mobility in polymer melts, using the
orientation-dependent 1H homonuclear residual dipolar cou-
pling strength as an observable. Highly mobile polymer chains
show a slow transverse relaxation with a long corresponding
relaxation timeT2. This behavior is caused bymotional averaging
of proton dipolar couplings due to the fast, nearly isotropic
movements of the molecules. Polymer chain entanglements or
packing constraints posed by neighboring chains form topologi-
cal restrictions which hinder the faster segmental motions
(Rousemodes). Thus, they induce an anisotropy of chainmotion
(on the NMR time scale) and local order to a certain degree.52

Consequently residual dipolar couplings persist due to an
incomplete averaging and the outcome is a faster transverse
relaxation and a lower T2 value. Hence the analysis of the
transverse relaxation behavior at temperatures far above Tg can
provide information about the density of topological constraints
(e.g., entanglements) and/or the time scale of large scale chain
motion.52

To investigate the transverse relaxation behavior of linear and
cyclic PεCLs in the melt, we measuredHahn echo decay curves59

at 80 �C . For one pair of linear and corresponding cyclic sample
(Mn,lin = 63.4 kg/mol from GPC) the results are shown in
Figure 5. Approximate T2 times are summarized in Table 1. The
initial nonexponential shape of the decay curves suggests that
effects due to residual dipolar couplings dominate the behavior.
This is not uncommon for polymer melts with high molecular
weight.
For our linear samples we find a faster relaxation behavior than

for the cyclics. This difference hints at a stronger motional
anisotropy in the linear PεCLs as compared to the cyclic ones,
resulting from more or stronger restrictions to fast chain

Figure 4. Melt rheology measurements for one pair of linear and cyclic
PεCL samples withMn,lin = 63.4 kg/mol measured at 60 �C . (a) Storage
modulus (G0) and loss modulus (G0 0) as a fuction of shear frequency.
The broken lines correspond to functions proportional to ω2 and ω1

according to the asymptotic limits forG0 andG00. (b) Loss tangent tan δ
and (c) melt viscosity as calculated from part a.
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mobility. This could be either due to enhanced entanglement or
packing effects (as from the polymer theoretical point of view
cyclics adopt “lattice-animal”-like conformations rather than
forming entanglements19,20) and/or a longer time needed for
isotropic large scale motions (reptation). This finding is in
agreement with the results from melt rheology, where a higher
viscosity was determined for linear PεCL.
NMR Multiple-Quantum Measurements. As Hahn echoes

have the drawback that information about residual dipolar
couplings can hardly be separated from spin relaxation induced
by fast thermal motion and that the relaxation curve is influenced
by many unknown factors,52,60 we alternatively performed 1H
NMR multiple-quantum (MQ) experiments to study the chain
mobility of linear and respective cyclic PεCL samples.
MQ NMR is a selective tool for the determination of weak

residual dipolar couplings in polymeric systems, i.e., polymer
melts. Here, we used a pulse sequence of variable duration τDQ (a
compensated version of an early MQ experiment of Baum and
Pines) to excite even multiquantum coherences and to reconvert
them into observable magnetization.52 This approach yields two
qualitatively different sets of data from one experiment: (i) an
intensity build-up IDQ which is among other things related to
dipolar coupled segments (denoted double-quantum filtered
signal) and (ii) a reference decay curve Iref, which (besides half
of the quantum orders of the dipolar coupled segments) also
consists of contributions from noncoupled components. This
portion contains e.g. dangling chains, loops and chain ends,
showing rapid, isotropic mobility. Thus, the NMR signal relaxa-
tion is slow. The sum of both data sets is used to normalize the
double-quantum filtered intensity IDQ by point-by-point divi-
sion, thus removing relaxation effects. Hence a normalized build-
up curve InDQ is obtained, whose initial increase is related to the
residual dipolar coupling strength Dres and residual order in the
sample and is independent of the time scale of fast segmental
fluctuations. In principle the shape of this curve can also provide
information about the distribution of residual dipolar couplings
and semilocal dynamic heterogeneities. Details on the theoretical
background and applicability of the method are given by Vaca
Ch�avez and Saalw€achter.52,61-63

MQ experiments and data analysis were performed following
procedures that are specified elsewhere.52,61 The double-quan-
tum intensities IDQ obtained for our samples are very small
compared to network samples due to large scale dynamics which
are not existent in a network. As can be seen from Figure 6 build-
up curves InDQ are received for the samples investigated,

confirming again that residual dipolar couplings and local order
are present in the samples. Because of the polydispersity of the
samples a tail subtraction as described in refs 52 and 61 was not
possible. The normalized intensities presented here are therefore
smaller than shown in these references.
Comparing the results for linear and corresponding cyclic

PεCL samples, we find normalized build-up curves InDQ
with a smaller initial slope and intensity for the cyclics. In the
region of the steepest increase (τDQ ∼1 ms) the build-up
intensity of the linear samples is about 2.5 times as large as for
the cyclics. This observation again points to a stronger motional
anisotropy and higher residual local order in the linear PεCLs
due to more or stronger hindrances to fast chain mobility,
which are posed by entanglements and/or packing constraints
caused by neighboring chains. The findings coincide with
the conclusions from our rheology and Hahn echo measure-
ments in the melt, where cyclic samples showed a higher mobility
as well.
As we expected, we find a slight increase in build-up intensity

with risingmolecular weight for the linear chains, as longer chains
tend to form more entanglements, thus inducing a higher
degree of motional anisotropy. This trend cannot be seen from
the Hahn echo relaxation curves where it is probably masked by
dynamic effects (arising from intermediatemotions of the dipolar
coupling tensor63). We attribute the overall weak molecular-
weight effects to the narrow MW range and the after all
considerable polydispersities that are always larger than 1.6,
which means that the MW distributions of all samples overlap
significantly. Future in-depth studies on the details ring vs chain
dynamics should thus be carried out with more narrowly
dispersed samples. We do not find a molecular weight trend
for the cyclic samples neither from the multiquantum measure-
ments nor from the Hahn echo curves, probably as a result of
contaminations with linear chains. The impurity contents are
small but unequal for all cyclic samples examined. Although their
effect on the NMR experiment should not be dominant (see
below) it may become noticeable at this point.
For short τDQ (region of initial rise) the normalized intensity

InDQ is directly proportional to the orientation autocorrelation
function of the second Legendre polynomial C(t) = ÆP2(cos
θ(t)) 3 P2(cos θ(0))æ, with θ being the angle of the segmental
orientation relative to the external magnetic field.62

InDQ
τDQ 2

∼ CðτDQ Þ ∼ Dres
2 ð1Þ

Figure 6. Normalized double-quantum intensities for linear (open
symbols) and corresponding cyclic samples (full symbols) with different
molecular weights (from GPC).

Figure 5. Transverse relaxation curves obtained from low-field 1H
NMR Hahn echo measurements in the melt at 80 �C for a pair of linear
and corresponding cyclic PεCL with Mn,lin = 63.4 kg/mol. The inset
points out the nonexponential initial shape of the decay curves.
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The autocorrelation function describes long-lived orientation
correlations caused by semilocal anisotropy or, to put it simply,
the loss of orientational memory of the chain segments. As it is
proportional to the time dependent shear modulus G(t) our
NMR data can be compared directly to rheology data from
literature. Conducting shear measurements in a melt of poly-
styrene rings Kapnistos et al.20 showed that in the presence of
small amounts of linear chains a percolation network of linear
and cyclic chains is formed throughout the sample having rather
“linear” shear properties compared to the pure melt of rings.
By contrast NMR MQ experiments have the advantage that
the signal is not as sensitive to an admixture of linear chains
to the melt of rings. As the NMR signal only comprises
contributions of each single chain it does not “see” the macro-
scopic percolation.
For the linear and corresponding cyclic PεCL samples InDQ/

τDQ
2∼C(τDQ) is shown as a function of τDQ in Figure 7. Despite

the (rather small) differences in molecular weight we perceive no
significant deviation of the initial curve decays of our linear
samples owing to a distribution of residual dipolar coupling
strengths, probably as a consequence of polydispersity. The same
can be concluded directly from the initial rise of the build-up
curves in Figure 6. It is rather linear instead of having an inverted
Gaussian shape, as expected for a single residual dipolar coupling
strength.
To obtain information about the specific Doi-Edward tube-

model regimes61,63 explored by our measurements, we deduce a
relaxation power law exponent from the initial decay of the
measured data curves shown in Figure 7. As it is known from
literature for a melt of linear chains, in the free Rouse regime I the
decay of the correlation function adopts an apparent exponent of
-0.85, which increases when passing over to entangled dynamics
at the entanglement time τe.

61,64 In the constrained-Rouse
Regime II where chain motions become anisotropic because of
constraints posed by neighboring chains the scaling exponent ε
depends on molecular weight, taking values between -0.4 and
-0.45 in the case of our PεCL samples with an average number
of entanglements per chain Z between 6 and 16 (with Z =Mn,lin/
Me and Me between 3000 and 5000 g/mol65,66). In regime III,
which is dominated by chain reptation, the correlation function
decay steepens before crossing over to regime IV (free, isotropic
chain diffusion). The value of the corresponding scaling exponent

changes from-0.5 near the Rouse time τR to-1.5 being reached
at the disentanglement time τd.

61

The entanglement time τe can approximately be evaluated
by using the relation τe = 4τRNe

2 found for PB by Vaca Ch�avez
and Saalw€achter,61 with τR being the R-relaxation time at the
measurement temperature, known from dielectric measure-
ments,67 and Ne denoting the number of Kuhn segments
between two entanglements. For PεCL, using the Kuhn
segment length of 7 Å68 and Me for a rough calculation, we
obtain a value of Ne between 30 and 50, which seems to be too
large as compared to the value Ne,PB = 15 found for PB,61

considering thatMe of both polymers is similar. Yet, it is in the
same range. For our samples we thus estimate τe to be in the
order of 10-6 s. As this is significantly shorter than the time
range of our measurements (see Figure 7), we conclude that
with our MQ experiments we probe chain dynamics far
beyond regime I. Furthermore, with a scaling exponent of
about -0.77 (having a high uncertainty of (0.15 because of
bad statistics and small signal intensities), the decay exponent
found for our linear samples is in the range expected for
regime III, confirming the presence of reptation-like dynamics
in these samples at 80 �C . Note that the potential of reducing
the measurement temperature to obtain information on e.g.
constrained-Rouse dynamics (regime II) is limited by the fact
that crystallization already occurs below 60 �C.
From rheology measurements by Kapnistos et al.20 on PS (Z

between 8 and 11 withMe around 17.5 kg/mol) we know, that in
contrast to linear chain stress relaxation via reptation cyclic
chains exhibit additional relaxation modes. The resulting stress
relaxation proceeds faster and follows a power law. This differ-
ence is expressed in the stress relaxation modulus of the cyclic PS
being lower than for the corresponding linear samples above the
entanglement relaxation time τe. The correlation functions of our
cyclic PεCL samples are placed beneath the ones of the linear
samples (Figure 7), thus reflecting Kapnistos’ results. The power
law exponent extracted from the correlation function of the cyclic
samples (-0.82( 0.20) is also lower than yet still similar to the
one of the linear samples. In accordance to this result, the time-
dependent shear moduli of the samples have very similar log-log
slopes for linear and cyclic samples as well (see Figure 4a).
Crystallinity of Linear and Cyclic Counterparts. 1H Solid-

State NMR Magic Sandwich Echo (MSE) Measurements after
Isothermal Crystallization. As solid-state NMR is sensitive to
segmental mobility, it can be used to study phase composition in
polymers based on heterogeneities in molecular mobility. The
observable quantity is again the dipolar coupling strength which
depends directly on the mobility of the polymer chain segments.
Charlesby and Bridges69 were the first who measured NMR time
domain signals (free induction decay, FID) in order to study the
crystallization behavior of polymers. Such NMR experiments
represent a simple and fast alternative to DSC or scattering
studies.
The FID obtained from semicrystalline polymers is a super-

position of contributions from protons in

(i) rigid crystallites,
(ii) liquid-like mobile amorphous regions, and
(iii) so-called “rigid-amorphous” regions with intermediate

mobility.42

The strong dipolar interactions between proton spins in the
crystallites cause a dephasing and a fast initial drop in the signal
which can be used to determine the sample crystallinity.70

Figure 7. Correlation function C(τDQ) (in arbitrary units) as calculated
from InDQ/τDQ

2 for linear (full symbols) and corresponding cyclic
(open symbols) PεCL samples at 80 �C . The dotted line indicates a
constructed autocorrelation function for Z = 11 based on experimental
data for PB, PI, and PDMS,61 with corresponding Doi-Edwards tube-
model regimes indicated as Roman numerals.
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During the receiver dead time (approximately 12 μs for our
low-field equipment) a significant fraction of the quickly decay-
ing rigid-part signal vanishes so that the crystallinity information
cannot be deduced directly from the FID. To overcome this
problem we used a pulsed version of the mixed magic sandwich
echo sequence (MSE) before signal detection, which serves to
refocus the dipolar dephased signals and provides a reasonably
long final delay to cover the dead time. The pulse sequence is
described in detail elsewhere.53,55 Note that a phase inversion of
the second “sandwich” pulse ensures the complete refocusing of
chemical shifts. Signal from liquid-like sample fractions thus does
not decay appreciately during the echo.
After isothermal crystallization of the linear and corresponding

cyclic PεCL samples for some days the dipolar-refocused FIDs
were recorded at the crystallization temperature of 48 �C . The
refocusing of the FID by the MSE sequence proved to be almost
quantitative and does not have much effect on the signal shape at
the measurement temperature. Because of this observation we
can indirectly exclude the presence of intermediate mobility
(10-100 kHz) in the crystallites, which is for instance present in
poly(ethylene) or poly(ethylene oxide), where chains diffuse in/
through the crystallites. Note that at low temperatures (<0 �C in the
case of PεCL) FID component analysis is not suitable to determine
crystallinity as the mobility of the amorphous fraction decreases,
rendering the corresponding signal unseparable from the rest.
We here summarize details of the signal analysis, as it turned

out that the experimental procedure had to be adapted to the
special case of PεCL. Themost important specific point concerns
the functional form assumed to describe the shapes of the
crystalline, rigid-amorphous and amorphous signal contributions
to the refocused FID. As in many inorganic crystals and glasses a
small beat or oscillation is observed in the FID of PεCL being the
result of strong dipolar interactions of neighboring proton spins
in the crystallites. Structural information about these protons can
in principle be obtained by conducting a moment analysis of the
FID using a Taylor series expansion with the moments of line
shape. This approach yields a a function similar to the Abragam
function,71,72 which provides a good analytical description of the
oscillation in the FID in the case of PεCL. The amorphous part
signal is influenced by the inhomogeneity of the magnetic field
and can most conveniently be described by a stretched
exponential.53 It turned out that for a complete reproduction
of the FID a third fit component for an interfacial signal part is
necessary. Thus, for the phase-resolved analysis of the refo-
cused FID curves, we fitted the initial
200 µs of the signal decay for all samples with a weighted
superposition of

(i) an Abragam function exp(-a2t2/2)(sin bt)/(bt) repre-
senting the crystalline signal contribution,

(ii) a stretched exponential exp(-t/(T2a* ))
νa) representing

the amorphous part signal, and
(iii) another stretched exponential exp(-t/(T2ra* ))νra) repre-

senting the rigid-amorphous part signal.

The fixed shape parameters T2a* and νa for the amorphous part
signal were independently obtained by fits to filtered data, based
on an amorphous-phase specific “MAPE” (magic and polariza-
tion echo) filter (of length 0.87 ms);73 see Figure 8. The shape
parameters of the rigid-amorphous and the crystalline signal
varied freely. For more details on the fitting strategy, see ref 55.
The crystallinity fc and the amorphous and rigid-amorphous
fractions fa and fra are given by the weighting factors of the three

signal contributions, respectively. As these values depend on the
choice of the filter time for the experiment-based determination
of the mobile signal shape, they are apparent quantities, which
may be subject to a systematic error of a few percent that is the
same for all samples investigated. A phase-specific correction of
intensities was necessary because of a small signal loss due to the
refocusing echo. It was done by quantitative comparison of the fit
curve for the refocused FID with a nonrefocused FID. The
correction factors for fc, fa, and fra are in the range of 1.10 to 1.14,
1.01 to 1.03, and 1.05 to 1.13 respectively for the present samples.
After this correction we renormalized the fractions such that fcþ
fra þ fa = 1.
Fitting results for a corrected data set are presented in Figure 8.

The apparent crystallinity fc of 48% obtained here is close to the
42% crystallinity given by Kaji and Horii for a 13C-based
measurement of a PεCL of∼80 kg/mol isothermally crystallized
at 50 �C and measured at 41 �C.47 The crystallinity turned out to
increase reversibly at temperatures below the isothermal crystal-
lization temperature, in our case by about 7% for a temperature
change of 18 �C . Uncertainties of the obtained fractions may
arise from themeasurement statistics (<0.5%), secondary crystal-
lization, the fitting and correction procedure and small tempera-
ture deviations during the measurements. We estimate the
overall uncertainty to be smaller than or around 5% for fc and
fa and smaller than 10% for fra. (The given errors are scaled to the
respective fractions.)
Figure 9 displays typical FID curves for a pair of linear and

corresponding cyclic polymer. Already from the raw data we can
conclude that more protons reside in the amorphous regions for

Figure 8. Refocused FID curve of a linear PεCL sample withMn = 63.4
kg/mol at 48 �C and decomposition into the signals from the different
phases. The presented data are already corrected for signal loss due to
the MSE and renormalized.

Figure 9. Corrected and normalized refocused FID curves of a cyclic
(lower black curve) and linear PεCL sample (upper red curve) withMn

= 63.4 kg/mol at 48 �C.
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linear polymers compared to cyclics. The essential results of
the component decomposition of all samples are shown in
Figure 10a. Here, the crystalline fractions of the cyclic polymers
are higher by several percent than in the linear counterparts
(∼54% as compared to ∼48%). The amorphous fractions show
the corresponding inverted trend, and consequently, the rigid-
amorphous fractions do not reveal any correlation with the
polymer type.
The same trend continues also for a wider range of molecular

weights as presented in Figure 10b. These data originate from a
previous series of experiments, and partly also from an older
sample batch, the treatment of which was less well documented.
At that time, we only had sparse information about the depen-
dency of the crystallinity on measurement and crystallization
temperature and about the time development of the secondary
crystallization process. Thus, we crystallized the samples at 46-
48 �C for some days and performed crystallinitymeasurements at
30 �Cduring the subsequent days after a temporary storage of the
samples at room temperature over a varying period of time.
Despite this less reproducible temperature pretreatment, the
crystallinity results are in full agreement with the tendency
described above. We are thus confident that the present findings
are valid for this much expanded molecular-weight range.
From the fit parameters a and b in the Abragam function, we

calculated the second moment of line shapeM2 = a
2þ b2/3. The

values of ∼10.4 � 109 s-2 obtained for all samples do not show
differences for linear and cyclic PεCL.
DSC Measurements after Isothermal Crystallization. To

confirm the NMR results on crystallinity we performed DSC
measurements for two of the sample pairs (Mn,lin = 77.0 kg/mol
and 50.6 kg/mol). We chose a DSC temperature program that is
comparable to the procedure used to determine the sample
crystallinities by NMR measurements (see Polymer Synthesis
and Experimental Techniques) comprising a long isothermal
step at 48 �C and a subsequent heating scan. To check if the
measured data are consistent we conducted one set of cooling
and heating scans before and after the steps belonging to the
isothermal crystallization. The corresponding heat flow curves
match well, indicating that a quantitative analysis in terms of
crystallinity is reasonable.
From the heat flow during the heating scan subsequent to the

isothermal crystallization step we calculated heat capacity (Cp)

curves taking into account the sample mass and correcting the
baseline. Furthermore, we determined the melt of fusion ΔHm

from the peak area in theCp curves. From this value we calculated
the crystallinity fc by normalization with the theoretical value for
the melt of fusion of 100% crystalline PεCL ΔHm

0 :

fc, DSC ¼ ΔHm

ΔH0
m

The values forΔHm
0 given in the literature scatter between 135

J/g and 148 J/g.39,47,74-76 The latter was calculated as the
difference between the temperature dependent enthalpy func-
tions of amorphous and crystalline PεCL at 48 �C.76,77 (A value
of ΔHm

0 = 157 J/g stated by Wurm et al.78 is given for the
equilibrium melting temperature Tm

0 = 69 �C.)
To select a reasonable duration for the isothermal DSC step

we tracked the development of crystallinity during isothermal
crystallization at 48 �C for one of the linear samples online in
the NMR spectrometer using the method described above
(Figure 11a). Bymeans of this information we chose the duration
of the isothermal step to be 200 min to make sure that the
primary crystallization was finished. A secondDSCmeasurement
using an isothermal step of 20 min duration helped us to estimate
the temperature deviation between NMR and DSC measure-
ment. As it turned out, the time axis of the NMR curve had to be
scaled by a factor of 1.3 to match the DSC and NMR crystallinity
results (Figure 11a). According to isothermal crystallization
experiments we performed on linear PεCL for varying tempera-
tures by NMR, this “shift” corresponds to a temperature differ-
ence of about 1 �C between the measurement temperatures of
the NMR spectrometer and the DSC equipment. This is in the
order of the experimental uncertainty.
The NMR crystallinity measurements have been performed

after 4 to 5 days of isothermal crystallization. However, for the
reason for practicability the crystallization time for the DSC
experiments has been restricted to 200 min. To obtain compar-
able crystallinity results from both types of measurement we had
to account for the prolonged crystallization time in the case of the
NMR experiment by correcting the DSC crystallinities by means
of a factor of 1.12 considering the expected 12% of addi-
tional increase in crystallinity during secondary crystallization
(Figure 11a).

Figure 10. (a)Crystalline (fc), amorphous (fa), and rigid-amorphous (fra) fractions of cyclic (open symbols) and linear (full symbols) PεCL, obtained
after isothermal crystallization at 48 �C by low-field NMR at 48 �C and (b) crystallinity fc of cyclic (open symbols) and linear (full symbols) PεCL for a
wider range of molecular weights measured at 30 �C after isothermal crystallization at 46 to 48 �C and temporary storage at room temperature. Results
originating from an older sample batch are depicted as triangles.
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As can be seen in Figure 11a, the heat of fusion for an infinite
PεCL crystal ΔHm

0 = 142.4 J/kg given by Creszenzi et al.74

(average of the values listed there) fits our data best. The
crystallinities determined by using this value are shown in
Figure 11b in comparison with the corresponding NMR results.
They match the NMR data nicely, confirming the suitability of
the NMR experiment and our analysis procedure. The good
agreement shows that possible contributions of a rigid-amor-
phous fraction to the DSC melting peak integral do not pose a
problem here. The uncertainty of theDSC crystallinities settles at
5 to 6% and mainly results from the scattering of theΔHm

0 values
given in the literature. It is similar to the uncertainty of our NMR
crystallinities.
Use of Nucleating Agents: Nonisothermal Crystallization

Investigated by DSC. As nonisothermal DSC measurements
are a standard method for the determination of polymer crystal-
linity we also investigated heat flow and Cp curves for the
nonisothermal crystallization and melting during a cooling and
the subsequent heating scan for one pair of linear and cyclic
samples with Mn,lin = 35.9 kg/mol.

Analyzing the onsets of the crystallization and melting peaks
we find a slightly higher crystallization temperature Tc of the
cyclic sample in comparison to the corresponding linear one
(36.5 �C as compared to 35.8 �C, see Figure 12) but no
significant difference between the melting temperatures Tm of
linear and cyclic samples. The fraction of crystalline material
formed under nonisothermal conditions and determined from
the peak area of the heating scan Cp curves in terms of heat of
fusion seems to be slightly higher for the cyclic than for the linear
samples (48% as compared to 47%). This trend is in accor-
dance with the crystallinity results obtained after isothermal
crystallization.
Literature data determined from nonisothermal DSC mea-

surements of high molecular weight polymer rings are ambig-
uous. For example, from investigation of PE macrocycles
Bielawski et al.40 find an increase of crystallization and melting
temperature of the ring chains by about 2 �C in comparison to
the linear analogues (for heating rates of 10 K/min). However,
Lecomte et al.39 report onmeasurements of cyclic PεCL (Mn,lin =
24.0 kg/mol, heating rate 10 K/min) showing a significant
reduction of crystallization and melting temperature (∼5 to
7 �C) and crystallinity (∼27.5%) of the cyclic chains as compared
to linear ones of the same chain length.
Here, we intend to state the difficulty of interpreting such

nonisothermally detected data, being simultaneously influenced
by effects of nucleation and crystal growth and depending
drastically on the chosen temperature program. By using nucle-
ating agents, we can separate the information about crystal
growth (we are interested in) from nucleation effects, as all
samples are nucleated to the same amount.
For this reason we blended the pair of linear and cyclic PεCL

samples mentioned above (Mn,lin = 35.9 kg/mol) with 1.5 wt %
of 1,3:2,4-di(4-chlorobenzylidene)sorbitol (DBS) as a nucleat-
ing agent following procedures described by Wangsoub et al.79

For the nucleated samples we find an accelerated (isothermal)
crystallization (fc was tracked by 1H NMR as described in the
previous subsection). Furthermore, the melt memory effect (i.e.,
the increase of the crystallization temperature after melting the
material at rather low temperature Ts), present in the non-
nucleated samples up to Ts ∼ 86 �C, dissappears for nucleated

Figure 11. (a) Development of crystallinity fc during isothermal crystallization at 48 �C tracked by 1H NMRMSE measurements in comparison with
crystallinity data fromDSCmeasurements after isothermal crystallization calculated for different valuesΔHm

0 (from literature) for a linear PεCL sample
(Mn = 77 kg/mol). The NMR curve needs to be time-scaled by a factor of 1.3 to match the DSC results indicating a temperature deviation between both
measurements of∼1 �C. To consider the prolonged crystallization time in the case of the NMRmeasurement a further increase of crystallinity has to be
taken into account. (b) Crystallinity determined from NMR and DSC measurements as a function of molecular weight for pairs of linear and
corresponding cyclic PεCL samples.

Figure 12. Heat flow curves for a pair of linear (Mn,GPC = 35.9 kg/mol;
solid and dash-dotted line) and corresponding cyclic (Mn,GPC = 28.1
kg/mol; dashed and dotted line) sample with and without nucleating
agent from a cooling scan at a cooling rate of-10 K/min. The heat flow
curves for the non-nucleated sample pair are shown in black (solid and
dashed) whereas data from the samples blended with the nucleating
agent (DBS) are marked in red (dash-dotted and dotted).
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samples. Yet, the crystallization temperature from nonisothermal
crystallization is increased by ∼6 to 9 �C . In contrast to the
results for the non-nucleated samples the differences in crystal-
lization temperature Tc and crystallinity fc between linear and
cyclic samples are significantly enlarged for the nucleated ones.
Tc and fc of the cyclics are higher by∼2 �C and 5%, respectively,
than for the corresponding linear sample (Tc ∼ 45.6 �C as
compared to 43.7 �C and fc ∼51% as compared to 46%). For
illustration, Figure 12 shows a comparison of heat flow curves
from the (second) cooling scan for linear and cyclic PεCL with
and without nucleating agent.
Our results confirm that the method of externally controlled

heterogeneous nucleation works well to extract information
about crystal growth from nonisothermal crystallization data.
Since we have ensured that nucleation kinetics is equal for both
the linear and the cyclic sample, differences in crystallization
temperature can only be related to lamella growth kinetics. The
earlier onset of crystallization for the cyclics (the higher Tc value)
therefeore strongly implies faster lamellar growth than compared
to the linear analogues, yielding a higher crystallinity as an
outcome.

’CONCLUSIONS

Linear and cyclic poly(ε-caprolactones) (PεCL) were synthe-
sized in a molecular-weight range of 15 kg/mol to 110 kg/mol by
tin-based insertion polymerization reactions and characterized
by GPC, melt rheology and 1H low-field solid-state NMR and
DSC experiments. Detailed investigations have been performed
for Mn,lin between 50 and 80 kg/mol. The stability of the rings
was assessed in a cleavage experiment of a linear polymer PεCLn-
O-SnR2-O-PεCLm, for which the separation into PεCLn and
PεCLm is easily monitored by GPC. We found that degradation
of bulk PεCL at 95 �C for some hours is virtually absent when
moisture and oxygen are excluded, which means that further
contamination in the course of our experiments can be neglected.

The rheological data revealed about a factor of 2 lower
viscosities of the cyclic samples as compared to their linear
counterparts, which proves the successful synthesis of ring
structures. Yet some contamination with opened linear struc-
tures cannot be excluded.

The NMR T2 data show that the T2 relaxation time of molten
rings is significantly longer than that of equivalent linear chains,
indicating less (or no) entanglement or packing effects and/or
less time needed by the cyclic chains to perform isotropic large-
scale chain dynamics. Results from MQ NMR measurements
confirm that compared to the linear chains, a lower residual order
of chain segments is present in rings due to less or weaker
topological restrictions to chain motion. From the MQ data it is
evident that at the temperature of the measurement the loss of
orientational memory is faster for the cyclics when compared to
their linear analogues. The NMR results on chain mobility reflect
data from literature, revealing higher overall mobility of cyclics in
the melt, compared to their linear counterparts.

Summing up the trends from isothermal crystallization (NMR
and DSC) experiments, significant differences between cyclic
and linear PεCLs were observed. For cyclic PεCL isothermal
crystallization leads to larger crystallinities than for the linear
polymers. Results obtained fromDSC andNMR after isothermal
crystallization match well, confirming the applicability of NMR
MSE measurements for the determination of polymer crystal-
linity. To obtain information on crystallization also from

standard DSC methods investigating nonisothermal crystalliza-
tion, we performed measurements on nucleated PεCL samples
giving us the chance to separately explore the effect of crystal
growth. This way we could reproduce trends achieved for non-
nucleated samples but with significantly enhanced effects. Here,
the crystallization was faster for the cyclic counterpart (as the
nonisothermal onset Tc was higher than that for the correspond-
ing linear sample), yielding a higher crystallinity. Note that we do
not expect large effects of missing chain ends in the cyclics on the
fold surface energy of the crystals and on the crystallization
process as for the high molecular weights used the chain end
concentration in the fold surface (roughly estimated for an
adjacent reentry scenario and a realistic lamella thickness of
7.5 nm) does not exceed 5%.

The findings could be interpreted as follows. Given that rings
exhibit larger crystallinities when crystallized isothermally and
nonisothermally, we suggest that the enhanced mobility of the
rings (which is reflected in the T2 and MQ NMR data as well as
the rheology results) allows for the formation of a more perfect
morphology and thus higher crystallinity. Preliminary spin diffu-
sion NMR experiments indicate that this is accompanied by the
formation of thicker crystalline lamellae. Ongoing work is
dedicated to the elaboration of trends for the domain sizes.
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