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Solid-state NMR was applied to samples obtained by freeze-drying hydrogels of 1:1 (PEGss-NHCO-PLLA,3)s/(PEG4s-NHCO-
PDLA,3)s or (PEGgs-NHCO-PDLA3)g only star block copolymers (where PEG, PLLA, and PDLA stand for poly(ethylene
glycol), poly(L-lactide), and poly(p-lactide), respectively) in order to get insight into the different structural and dynamic properties
of stereocomplexed poly(lactide) (PLA) aggregates with respect to single enantiomer ones responsible for the im3proved mechanical
and degradation properties of the corresponding hydrogels. >C MAS NMR experiments together with °C relaxation time
measurements indicated that the PLA domains in (PEGgs-NHCO-PLLA, 3)s/(PEGgs-NHCO-PDLA, ;)5 were highly crystalline,
whereas those in (PEGgs-NHCO-PDLA )5 were mainly amorphous. On the basis of 'H relaxation and spin-diffusion experiments,
similar average dimensions were determined for the PLA aggregates in the two samples. PLA stereocomplexation was found to
strongly affect the conformational behavior of PEG chains. Under the assumption that freeze-drying preserves the structure of at
least the PLA aggregates, the results obtained are of value for understanding self-aggregation of PEG—PLA star block copolymers

in water.

B INTRODUCTION

Copolymers of poly(lactide) (PLA) and poly(ethylene glycol)
(PEG) have been extensively studied in the past decade for their
potential biomedical applications as scaffolds in tissue engineer-
ing and as drug delivery systems thanks to their nontoxicity,
biocompatibility, and biodegradability.! Physically cross-linked
PEG—PLA hydrogels can be formed by the self-assembling of di-
and triblock copolymers driven by the association of the hydro-
phobic PLA blocks into micellar structures. These hydrogels
usually show high water content, surface tension, and transport
properties of cell metabolites similar to those of tissues. On the
other hand, their mechanical properties not always match those
of the target native tissue. This is in some cases regarded as a
drawback because the overall mechanical environment affects cell
proliferation and growth.

It has been reported that the stiffness of AB and ABA type
hydrogels made from copolymers of PLA (A) and PEG (B) can
be modified by controlling the degree of polymerization and the
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stereochemistry of the PLA blocks, since crystalline domains
formed by optically pure PLA blocks lead to less labile junctions
in the network with respect to amorphous domains of racemic
PLA."” Moreover, the release rate of hydrophobic drugs from
PLA—PEG—PLA micelles has been found to mainly depend on
PLA block length and crystallinity.3 Stereocomplexation, i.e.,
cocrystallization, of poly(i-lactide) (PLLA) and poly(p-lactide)
(PDLA) blocks has also been exploited to introduce stable cross-
links and, thereby, improve the mechanical properties of hydro-
gels formed by PEG—PLA diblock,* ' triblock,*'°~'* and
star block'*™"® copolymers.'® Furthermore, it has been shown
that enantiomeric PEG—PLA star block copolymers with a
central PEG core and outer PLA blocks gelate faster and form
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Figure 1. Molecular structure of the (PEG45-NHCO-PLA,); star block copolymers.

stereocomplexed hydrogels with improved mechanical strength
as compared to triblock copolymers.'*'®

Stereocomplexes of 8-armed PEG—PLA star block copoly-
mers linked by an amide group between the PEG core and the
PLA arms ((PEGg-NHCO-PLA,)g with n = 11 and 13 in
Figure 1) were recently prepared by our group, and their
aggregation behavior in water was characterized."® These materi-
als were found to form gels at significantly lower polymer
concentration in comparison with the corresponding copolymers
containing PLA single enantiomers, displaying higher storage
moduli and stability to degradation in vitro. These properties
were related to a higher rigidity of the stereocomplexed hydro-
phobic PLA aggregates constituting the gel cross-links with
respect to smgle enantiomer ones, as indirectly revealed by
solution-state 'H nuclear magnetic resonance (NMR) spectros-
copy. In fact, in heterogeneous systems, as hydrogels are, this
technique allows water and the more mobile polymer compo-
nents to be investigated, the rigid polymer moieties being
pinpointed by the absence of the corresponding resonances.
Solid-state NMR techniques, which have demonstrated of value
for the characterization of complex systems thanks to their ability
to selectively detect structurally and dynamically different en-
vironments, cannot be fully exploited for the investigation of rigid
aggregates in hydrogels due to the usually low polymer concen-
tration and the limitations to fast sample rotation imposed by the
presence of large quantities of water.

The aim of the present work was a detailed molecular-level
characterization of the crystallinity and dynamics of PLA aggre-
gates in 8-armed PEG—PLA star block copolymers, trying to
understand the influence of stereocomplexation on these proper-
ties, which are indicative of the aggregation behavior in the gel
state. To this end, solid-state NMR spectroscopy and relaxation
experiments were applied to solid samples obtained by freeze-
drying stereocomplexed (1:1 mixture of (PEGs-NHCO-PLLA 3)s/
(PEGgs-NHCO-PDLA;3);) or single enantiomer hydrogels (PEGgs-
NHCO-PDLA,;)s (Figure 1, with n = 13), where the freeze-
drying process was assumed to preserve at least the PLA

§gregate structure from the gel to the solid state. In particular,

C cross-polarization (CP) and direct excitation (DE) magic
angle spinning (MAS) experiments were combined to highlight
copolymer moieties with different mobility and structure. More-
over, 'H longitudinal relaxation tlmes in the laborator}r (T;) and
in the rotating (T,,) frame, >C Ty’s, and "H—"C cross-
polarization times (Tcy) were determined for the different
groups of the copolymer chains exploiting the high resolution
of °C spectra. Proton T, and T, relaxation times, affected by
spin diffusion, were used to get 1nformat10n on the structural
heterogeneity. On the other hand, *C T, and Ty values gave
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indications on the degree of mobility of the different groups
giving a resolved *C NMR signal. A quantitative determination
of the structural heterogeneity and dimensions of PEG and PLA
domains was possible through spin-diffusion experiments,**~>*
where the time dependence of the redistribution of magnetiza-
tion in space from mobile to rigid components was measured. On
the basis of the results obtained and assuming the wormlike
micellar structure observed for analogous copolymers by cryo-
TEM analyses," the PLA domains could be depicted as cylinders
with a diameter of about 9 nm surrounded by a few nanometers
thick corona of amorphous PEG, with crystalline PEG filling the
interaggregate space.

B EXPERIMENTAL SECTION

Materials. Hydroxyl-terminated 8-armed poly(ethylene glycol)
(PEG-(OH)g, M, nmr = 23700 g/mol) was purchased from Jenkem
(Allen, TX) and purified before use by dissolution in dichloromethane
and precipitation in cold diethyl ether. The PEG-(OH)g was converted
into PEG-(NH,)s as previously described.”® 1-Lactide and p-lactide
were obtained from Purac (Gorinchem, The Netherlands) and used as
received. The 8-armed poly(ethylene glycol) —poly(L-lactide) and poly-
(ethylene glycol)—poly(p-lactide) star block copolymers ((PEGgs-
NHCO-PLLA3)s and (PEGgs-NHCO-PDLA,3)g) were synthesized
by the PEG-(NHS,); initiated ring-opening polymerization of L-lactide
and p-lactide, respectively, in toluene at 110 °C, as described in ref 18.

Samples for NMR measurements were prepared by dissolving
(PEGgs-NHCO-PDLA3)g or a 1:1 mixture of (PEGg-NHCO-
PLLA,3)s and (PEGg-NHCO-PDLA, ;) in distilled water at a con-
centration of 12% w/v, resulting in a single enantiomer hydrogel or a
stereocomplexed hydrogel, respectively. Water was subsequently re-
moved by freeze-drying at —50 °C and 5 x 10 bar.

PLLA and PDLA homopolymers (M,xmr = 23 and 18 kg/mol,
respectively) were prepared by the stannous octoate catalyzed ring-
opening polymerization of L-lactide and p-lactide, respectively, in
toluene at 110 °C using benzyl alcohol as an initiator. The reactions
were allowed to proceed for 4 h in a nitrogen atmosphere. The mixtures
were filtered and concentrated under reduced pressure. PLLA and
PDLA were purified by precipitation in a 20-fold excess of a mixture
of cold diethyl ether and methanol (20/1v/v), obtained by filtration and
dried overnight in vacuo at room temperature. Stereocomplexes of
PLLA and PDLA were prepared by a precipitation method previously
described.”* Briefly, PLLA and PDLA solutions in dichloromethane (0.2
g/mL) were mixed, and the resulting solution was precipitated in a 20-
fold excess of cold diethyl ether. The PLLA/PDLA stereocomplex was
obtained by filtration and dried overnight in vacuo at room temperature.

DSC Measurements. DSC measurements were performed using a
Mettler Toledo Star-e SW system with heating and cooling rates of
10 °C/min. Samples were heated from —70 to 250 °C and then cooled
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Figure 2. Expanded regions of interest of the ">*C DE MAS NMR spectra of (a) the PEG—PDLA/PEG—PLLA stereocomplex, (b) PEG—PDLA, (c)
the PDLA/PLLA stereocomplex, and (d) PDLA. The spectra were recorded with a recycle delay of 120 s, accumulating 1200 scans. For the spectra of
PEG—PDLA/PEG—PLLA and PEG—PDLA signal deconvolution is also shown.

to —70 °C, kept at —70 °C for S min, and heated again to 250 °C.
Crystallization temperatures (T,) were obtained from the cooling scan,
while melting temperatures (T,,) were obtained from the second
heating scan.

Solid-State NMR Experiments. NMR experiments were carried
out on a Bruker AMX-300 WB spectrometer working at 300.13 MHz for
proton and at 75.47 MHz for carbon-13.

3C MAS NMR spectra were recorded under proton decoupling
conditions using a 4 mm CP MAS probe head for solid-state measure-
ments. The MAS frequency was 6 kHz. All experiments were performed
at 20 °C; the temperature was controlled within 0.1 °C.

In the "*C DE experiments the 90° pulse length was 4 s, and recycle
delays of 6 and 120 s were used in order to select spectral components
with different ">C longitudinal relaxation times. The number of scans
acquired ranged from 600 to 2000 depending on the experiment.

In the "H—"2C CP experiments, the "H 90° pulse length was 4 ts and
the spin-lock field was 62.5 kHz. Contact time (tcp) values of S00 s and
2 ms were used for recording CP MAS spectra. Delayed CP spectra were
recorded using a 30 us delay prior to the contact pulse (tcp = 2 ms). In
both CP and delayed CP experiments the recycle delay was S s, and 2000
scans were acquired. Variable contact time CP experiments were per-
formed with fcp values ranging from 20 us to 90 ms for the (PEGg;-
NHCO-PDLA,3)g/(PEGgs-NHCO-PLLA, ) sample and from 20 us
to 40 ms for the (PEGgs-NHCO-PDLA,3)g sample; 200 scans were
acquired for each experiment.

'"H spin—lattice relaxation times in the laboratory frame (T7)
were measured using an inversion recovery pulse sequence through

cross-polarization to "*C (tcp = 1 ms).>® The recycle delay was 5 s, and
400 scans were acquired for each experiment; at least 20 different values
for the variable delay were used for each sample.

'H spin—Iattice relaxation times in the rotating frame (T,) were
measured at a rf field of 62.5 kHz through '*C observation using a
variable spin-lock time followed by CP with a tcp of 1 ms;?° at least 20
different spin-lock time values were used for each sample. The recycle
delay was S s, and 200 scans were acquired for each experiment.

13C spin—Iattice relaxation times in the laboratory frame (T;) were
measured using the Torchia pulse sequence®” with tcp = 1 ms and at least
25 variable delay values ranging from 10 us to 50 s. The recycle delay was
S's, and 400 scans were acquired for each experiment.

For "H spin-diffusion measurements a dipolar filter’”>" was applied
which destroys the magnetization of the proton rigid phase in a manner
very similar to a classical Goldman—Shen experiment.”® Two repeating
cycles of the dipolar filter with an interpulse delay of 10 us were used.
Mixing time (f,,;,) values ranging from 200 us to 100 ms were employed.
The resulting 'H magnetization was detected through cross-polarization
in *C CP MAS spectra; a CP contact time of 2 ms was used. The recycle
delay was § s, and 2000 scans were acquired for each experiment.

NMR Data Analysis. NMR spectral deconvolution was performed
by using the SPORT-NMR software,”® using Lorentzian or Gaussian
line shapes. The peak areas determined at different values of the
characteristic sequence delays were used to determine spin—lattice
relaxation times from fittings performed in terms of the appropriate
functions. In particular, an exponential function was used to determine
'H Ty, and 13C T, values from data of variable spin-lock and Torchia
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Figure 3. >C MAS NMR spectra of PEG—PDLA (left) and PEG—
PDLA/PEG—PLLA (right): (a) DE spectra acquired with a recycle delay
of 120 s and 600 scans; (b) DE spectra acquired with a recycle delay of 6 s;
(c) delayed CP spectra acquired with tcp = 2 ms preceded by a 30 us
delay; (d) CP spectra acquired with tcp = 2 ms; (e) CP spectra acquired
with tcp = 500 us. In (b)—(d) 2000 scans were acquired. The spinning
rate was 6 kHz.

experiments, respectively. 'H T values were determined by fitting the
inversion recovery curve using the equation

I(t) = Io(1 — @ exp(—t/T1)) (1)

where I, is the signal intensity at time oo and @ is a parameter
accounting for noncomplete magnetization inversion.*® '"H—"C
cross-polarization times (Tcyy) were determined by fitting the data
D . . . . 726
acquired in variable contact time experiments to the equation

I(t) = % eXP(—f/Tl,i(H)) - TXP(_t/TCH) )

Ton  Tip(H)

where the 'H T}, values were those determined from variable spin-lock
experiments.

B RESULTS AND DISCUSSION

13C MAS NMR Spectra: Degree of Crystallinity. In order to
investigate the structural and dynamic properties of the PEG and
PLA chains in the (PEG4s-NHCO-PDLA 3 )5/ (PEGgs-NHCO-
PLLA,3)s stereocomplex (in the following indicated as PEG—
PDLA/PEG—PLLA) and in (PEGgs-NHCO-PDLA;)s (in the
following PEG—PDLA), '*C CP and DE MAS experiments were
recorded at 20 °C under different experimental conditions on
both samples; representative spectra are shown in Figures 2 and 3.
In particular, components with different mobility were distin-
guished by comparing DE spectra with short and long recycle

delay, the former displaying only the more mobile components;
on the other hand, the rigid components were highlighted by CP
MAS experiments using appropriate contact time (tcp) values.
The DE MAS spectra acquired with a long recycle delay (120s),
which can be considered quantitative for all carbon signals except
for the carbonyl carbon in the stereocomplex (see °C T} values
reported below), were used for the assignment of the different
signals to PEG and PLA chain moieties in amorphous and
crystalline domains. The assignment of the PLA signals was
supported by the comparison of the PEG—PLA copolymer
spectra with those of purpose-made samples (see Experimental
Section) of a PDLA homopolymer (Figure 2d) and a stereo-
complex between PDLA and PLLA homopolymers (Fi§ure 20),
also taking into account the assignment of solid-state '*C NMR
spectra previously reported in the literature for several samples of
poly(i-lactide),”" PLLA/PDLA stereocomplex,”* and PEG>***
with different degrees of crystallinity.

In the spectra of PDLA and PDLA/PLLA (Figures 2d and 2,
respectively) signals typical of semicrystalline samples were
observed,*"** with the PDLA/PLLA spectrum showing a carbo-
nyl peak at 172.5 ppm peculiar of the crystalline stereocomplex
phase. In the PEG—PDLA spectrum (Figure 2b) broad signals
centered at about 16.7 and 170.9 ppm were observed for the
PDLA methyl and carbonyl carbons, respectively, ascribable to
mainly amorphous PDLA chains on the basis of deconvolu-
tion results.> On the other hand, the PEG—PDLA/PEG—PLLA
sample showed three peaks in the methyl spectral region (16.8,
16.5, and 15.8 ppm) and three in the carbonyl spectral region
(172.8, 171.5, and 170.0 ppm), as highlighted by the spectral
deconvolution shown in Figure 2a. On the basis of the signal
assignment reported in the literature,® the methyl peak at 15.8
ppm and the carbonyl peak at 172.8 ppm were attributed to the
PDLA/PLLA stereocomplex crystalline phase, while the methyl
signals at 16.8 and 16.5 ppm and the carbonyl signals at 171.5 and
170.0 ppm could be ascribed to crystalline and amorphous PLLA
or PDLA chains, respectively.

In the spectra of PEG—PDLA/PEG—PLLA and PEG—PDLA
(Figures 2a and 2b) the signals of PEG methylene and PLA
methine carbons overlapped. The application of a spectral de-
convolution procedure allowed three distinct peaks to be as-
signed (see Figure 2a); a narrow peak at 70.5 ppm and a broad
peak at 71.1 ppm were ascribed to amorphous and crystalline
PEG chains, respectively, in agreement with the literature,>>>*
whereas a peak at 69.5 ppm was attributed to PLA. From the
relative intensities of the two PEG peaks it was found that 84 +
5% and 61 £ 5% of the PEG chains are in a crystalline state
in the PEG—PDLA and PEG—PDLA/PEG—PLLA sample,
respectively.

The results obtained from the >°C DE MAS NMR spectra
were in agreement with those obtained from differential scanning
calorimetry (DSC) experiments. In fact, both PEG—PDLA and
PEG—PDLA/PEG—PLLA showed a transition at about 42 °C,
corresponding to the melting of crystalline PEG, whereas a peak
ascribable to the melting of PLA crystalline domains was
observed in the second heating scan at 163.4 °C only for the
stereocomplex sample.

The "*C DE MAS NMR spectra acquired with short (6 s) and
long (120 s) recycle delays on PEG—PDLA and PEG—PDLA/
PEG—PLLA showed PLA methyl and PEG methylene signals
with the same relative intensities, irrespective of the recycle delay
employed. On the other hand, the PLA methine and carbonyl
signals had lower intensity in the short recycle delay spectra, the
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Table 1. 'H T, and T,, Values, Tcy Values, and 13C T, Values Determined for the PEG—PDLA/PEG—PLLA and PEG—PDLA

Samples at 293 K

PEG—PDLA PEG—PDLA/PEG—PLLA
relaxation time CH; CH ClE by CH; crystalline CH; CH QIS b CH,crystalline
T,('H) (ms) 735 £ 50 800+£70 720+ 50 750 £ 50 560 £ 25 600 £ 50 580 + 40 520+ 30
Ty,('H) (ms) 67 %04 S9+£05  61+£02 07+0.1 16+2 16+ 1 13+1 04401
7,(C) (s) 0.71 = 0.06 2045 0194003 03401 092 £ 0.15 245 0214007 033003
Tcu (ms) 0.095 + 0.014 0.2° 0.95 4+ 0.09 0.046 + 0.009 0.072 % 0.009 0.20 & 0.04 25+03 0.054 + 0.007

“ Fixed in the fitting procedure to the value giving the best fitting results.

highest reduction being observed for the carbonyl peaks at 171.5
and 172.8 ppm in the stereocomplex spectrum (Figure 3a,b). For
both PEG—PDLA and PEG—PDLA/PEG—PLLA samples the
3C CP MAS spectra, acquired with contact times of 500 us and
2 ms, showed enhanced relative intensities of the PLA peaks with
respect to the overall intensity of the PEG signal (Figure 3a,c,d).
Moreover, for the stereocomplex, a much higher proportion of
the methyl and carbonyl peaks ascribed to stereocomplexed PLA
chains was observed in the CP with respect to the DE spectra. In
the CP MAS spectra acquired with shorter tcp (500 us), the PEG
crystalline signal was enhanced with respect to the amorphous one,
whereas the opposite occurred in the spectra acquired with longer
tcp (2 ms). Furthermore, the PEG crystalline component was pra-
ctically absent when a 30 us delay was introduced in the pulse
sequence before cross-polarization (Figure 3c). For the stereocomplex,
the delayed CP spectrum also showed a dramatic reduction of the PLA
methyl and carbonyl signals ascribed to stereocomplexed chains.

On the basis of the comparison between *C MAS spectra
recorded with different experimental conditions, amorphous
PEG chains represented the most mobile component in both
samples. These findings, together with the lower fraction of
crystalline PEG found by NMR spectroscopy and the quite lower
PEG crystallization temperature determined by DSC for the
PEG—PDLA/PEG—PLLA sample (—5.0 °C instead of 9.4 °C),
pointed out the strong influence of the stereocomplexed PLA
domains on the phase behavior of a significant PEG fraction.
Moreover, the two investigated samples showed a remarkably
different morphism as far as the PLA domains are concerned. In
fact, already in the DSC measurements, a melting transition
ascribable to PLA was observed (at 163.4 °C) only for the
PEG—PDLA/PEG—PLLA sample, indicating the formation of
crystalline domains in this sample. Indeed, in the 13C MAS
spectra of the stereocomplex, signals ascribable to crystalline
stereocomplexed PLLA and PDLA chains as well as a minor
component of crystalline single enantiomer chains were ob-
served, whereas signals ascribable to amorphous PDLA were
mainly detected for PEG—PDLA (Figure 2). These findings can
be explained considering that cocrystallization of PDLA and
PLLA chains in a stereocomplexed configuration can occur for
chain lengths shorter than that required for crystallization of the
single enantiomers, as found for hydrogels of PEG—PLA star
block copolymers by WAXS measurements'® and for PLA
homopolymers by DSC measurements.>> The formation of
crystalline PLA domains also for non-stereocomplexed chains
in the PEG—PDLA/PEG—PLLA sample is most probably
favored by the concomitant stereocomplexation.

3C and 'H Relaxation Times: PEG and PLA Chain Dy-
namics. In order to get further insight into the dynamics of PEG
and PLA chains, *C and "H relaxation times were analyzed. *C

PEG-PDLA PEG-PDLA/PEG-PLLA
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Figure 4. '°C CP MAS NMR spectra of PEG—PDLA and PEG—
PDLA/PEG—PLLA recorded at different contact time (tcp) values.

T, relaxation times were determined using the Torchia pulse
sequence’’ for both the PEG—PDLA and the PEG—PDLA/
PEG—PLLA samples; the obtained values are reported in
Table 1. T, values on the order of few hundreds of milliseconds
were found for amorphous and crystalline PEG carbons with no
significant differences between the two samples. On the other
hand, T, values on the order of tens of seconds were determined
for PLA carbonyl (23 £ 3 and 48 £ 7 s for PEG—PDLA and
PEG—PDLA/PEG—PLLA, respectively) and methine (Table 1)
carbons, with longer values in the case of the stereocomplex with
respect to the PEG—PDLA sample. Also, the PLA methyl
carbons, displaying much smaller values, showed slightly longer
T values for the stereocomplex with respect to the PEG—PDLA
sample. Although "*C T/’s are not straightforwardly interpretable in
terms of dynamic parameters, the values obtained for PLA gave a
clear indication of the higher degree of mobility of the PLA chains in
PEG—PDLA with respect to PEG—PDLA/PEG—PLLA.

The degree of rigidity can be monitored also by measuring
"H—"*C cross-polarization times (Tcy), these being typically
very short for protonated carbons in highly rigid environments.
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"H—"3C Ty values were determined for the different PEG and
PLA components by recording *C CP MAS experiments at
different tcp values on both the PEG—PDLA/PEG—PLLA and
PEG—PDLA samples; a selection of spectra is shown in Figure 4.
At very short contact times (<200 us) all PLA peaks were
observed, whereas only the broad crystalline PEG signal was
detected. On the other hand, at long contact times (>4 ms) only
the narrow amorphous PEG signal remained together with the
PLA peaks, with a progressive decrease with increasing tcp. Peak
intensities determined from spectral deconvolution at different
contact times were employed to calculate the 'H—"C Tcy
values assuming 'HT, o values determined from variable spin-
lock experiments (vide infra); the obtained Ty values are re-
ported in Table 1.

PEG methylene groups in crystalline domains showed the
shortest Tcyy values (~SO us), with insignificant differences
between the PEG—PDLA/PEG—PLLA and the PEG—PDLA
sample. On the other hand, PEG methylene groups in amor-
phous chains showed the longest Ty values in both samples,
with longer values in the PEG—PDLA/PEG—PLLA sample
(2.5 ms) with respect to the PEG—PDLA one (~1 ms). As far
as PLA carbons are concerned, increasing trends of T'cy values,
compatible with the number of directly bonded protons, were
found for methyl and methine groups.

'"H T, and T, o relaxation times were determined for PEG—
PDLA and PEG—PDLA/PEG—PLLA from suitable *C CP MAS
experiments>**® exploiting the resolution of '*C spectra; the
obtained values are reported in Table 1. Very similar T values
were found for all protons within the same sample, with shorter
values in the case of the stereocomplex. For crystalline PEG
chains a T, value on the order of several hundreds of micro-
seconds was found in both PEG—PDLA and PEG—PDLA/
PEG—PLLA; on the other hand, all the other protons showed
very similar T, values in each sample, that is, ~6 and ~15 ms in
the case of PEG—PDLA and of PEG—PDLA/PEG—PLLA,
respectively. These data are evidence of the strong influence of
spin diffusion on the measured relaxation times; hence, although
they could not be used to obtain pure dynamic information, they
were exploited to estimate average dimensions of PEG and PLA
domains. Considering that T; and T, of the different compo-
nents can be averaged by spin diffusion over characteristic
distances,>® these findings indicate that amorphous PEG and
PLA domains have average dimensions on the order of few
nanometers, whereas crystalline PEG domain dimensions are
larger, but certainly smaller than 50 nm. This maximum dimen-
sion is, on the other hand, compatible with the copolymer
molecular architecture and chain length. The averaged longer
T, and shorter T values found for the PEG—PDLA/PEG—PL-
LA sample with respect to the PEG—PDLA one are ascribable to
the different intrinsic relaxation times in the PDLA/PLLA and
PDLA domains, as suggested by relaxation time measurements
on homopolymer samples. In fact, "H T and T o relaxation times
of 500 & 50 and 56 & 5 ms and of 780 & 50 and 38 & S ms were
measured by us for purposely made PDLA/PLLA stereocomplex
and PDLA homopolymer, respectively.

Spin Diffusion: Aggregate Morphology. A more accurate
determination of domain sizes could be obtained by investigating
the 'H spin-diffusion process on both the PEG—PDLA/PEG—
PLLA and PEG—PDLA samples. To this end, the proton magnetiza-
tion of the mobile amorphous PEG chains was selected on the
basis of the longer spin—spin relaxation time by applying
a dipolar filter, and the magnetization transfer to more rigid
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Figure 5. '°C CP MAS NMR spectra of PEG—PDLA and PEG—
PDLA/PEG—PLLA recorded at different t,,;, values after selection of
the amorphous PEG magnetization by application of a dipolar filter.
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Figure 6. Integrated intensities of the PLA methine (full circles) and
amorphous PEG methylene (empty circles) signals in '*C CP MAS
spectra of the PEG—PDLA sample recorded at different mixing times
after the application of a dipolar filter.

components, that is PLA chains and crystalline PEG chains, was
monitored at different mixing times (f,,;) through *C detection
by recording CP MAS spectra.”®>* As shown in Figure 5, with
increasing the t,,;, value, signals from the PLA chains appeared in
the spectrum and increased up to the equilibrium value, reached
at tpi = 60 ms for both the PEG—PDLA/PEG—PLLA and the
PEG—PDLA samples. Correspondingly, the intensity of the
amorphous PEG chains progressively decreased, reaching a
plateau at the equilibrium value. On the other hand, the signal
relative to crystalline PEG chains started to significantly increase
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Table 2. Parameters Used in eq 3 for the Calculation of
Domain Sizes

parameter PEG—PDLA PEG—PDLA/PEG—PLLA
Dpra (nm® ms™") 021" 0.6
Prpra (gem™?) 0.069 0.074
Dpra 0.65 043

only at a mixing time of 80 ms when proton longitudinal
relaxation starts to be effective.

For both samples, the intensities of PLA and amorphous PEG
signals showed a linear trend with (tmix)l/ 2 for small t,,;, values,
the former increasing and the latter decreasing correspondingly,
as expected in the case of a two-phase system with a small
interfacial thickness with respect to the size of the different
domains.*"** The trend of the peak intensities for the PLA
methine and amorphous PEG methylene signals in the PEG—
PDLA sample is shown as an example in Figure 6.

The plots of the peak intensities of PLA methyl, methine, and
carbonyl and of amorphous PEG signals were used to determine
(i) / 2 that is, the (tmix)l/ 2 value corresponding to the
intersection of the initial rate line with the equilibrium intensity
value. Values of 3.8 £ 0.3 and 4.7 % 0.3 ms'’? were determined
for (t*,,,)"/? in the PEG—PDLA and PEG—PDLA/PEG—
PLLA sample, reszpectively.

These (i) "/? values were employed to evaluate the PLA
domain sizes (dpy4) in the two investigated samples within the
initial-rate approximation using the equationn’22

dor s — Prrec Prec + Prpra Prra 46Prra
PLA =
DppcPpra N

DpgcD
o v/ DregDpra \/ﬁ
VDreGPupeg T VDrraPrpra

where pg;, @, and D; are the proton density, volume fraction,
and spin-diffusion coeflicient of phase i, respectively, and ¢ is the
dimensionality of the phase structure. On the basis of the
wormlike micellar structure observed for analogous systems by
cryo-TEM analyses,'> the PLA domains in the freeze-dried
samples were considered as cylinders surrounded by an amor-
phous PEG corona; hence, &€ was taken equal to 2. Dpgg =
0.1 nm® ms ™' and Pyppg = 0.103 g cm > were considered for
amorphous PEG,*”** while for the PLA phase the parameter
values reported in Table 2 were used. The diffusion coefficients
and proton densities were taken from the literature, except for
the diffusion coefficient of the stereocomplexed PLA for which
no value was reported and which was assumed 0.6 nm” ms ™"
considering its high crysta.llinity.39 The pppra and Ppy 4 values
were calculated on the basis of the sample stoichiometry and the
densities determined for the different components.*”*" Using
the experimentally determined (i) "/? values, diameters of
9.0 £ 0.5and 9.2 £ 0.5 nm were obtained for the PLA domains in
PEG—PDLA and in the stereocomplex sample, respectively. The
corresponding overall dimensions d for the PLA core and PEG
corona, calculated using the following equation®

(3)

d
d = oA (4)
vV @pra
were found to be 11.2 & 0.5 and 14.0 & 0.5 nm, respectively.
These dimensions are in agreement with those previously
determined by TEM analyses on similar systems.'> These results

Figure 7. Sketch of the wormlike micellar structure of PEG—PDLA and
PEG—PDLA/PEG—PLLA copolymers in the freeze-dried samples.

suggest that the wormlike aggregates are cylinders with an inner
core of PLA, with a diameter on the order of twice the PLA chain
length, and an outer corona made of amorphous PEG, with a
thickness of 1—2 monomeric units; interaggregate space is filled
by crystalline PEG, as sketched in Figure 7.

Bl CONCLUSIONS

The application of solid-state NMR techniques to samples of
8-armed star block PEG—PDLA and PEG—PDLA/PEG—PLLA
copolymers, prepared by freeze-drying hydrogels containing 12%
w/v of polymer, gave valuable information for the interpretation
of the hydrogel properties. In particular, the previously hypothe-
sized formation of crystalline PLA domains by stereocomplexa-
tion of PEG—PDLA and PEG—PLLA in water was here clearly
observed as opposed to the formation of amorphous PDLA
aggregates in the PEG—PDLA system; the observed crystallinity
can be associated with the high hydrogel stiffness and resistance
to degradation by aggregate disruption previously found for the
stereocomplexed systems.'® The size of PLA aggregates, deter-
mined by spin-diffusion experiments, was found to be ~9 nm,
corresponding to approximately twice the length of an elongated
PLA copolymer chain. The higher rigidity and density of the PLA
stereocomplexed aggregates seems to impose constraints on the
PEG chain conformational equilibrium disfavoring PEG crystal-
lization, as indicated by the higher proportion and mobility of the
amorphous PEG component found for the stereocomplex
sample.

On the basis of the hydrophobic nature of poly(lactide), the
findings regarding the crystallinity and morphology of PLA
domains in the freeze-dried samples can be considered valid also
for the corresponding hydrogels. On the other hand, the fraction
of crystalline PEG in the freeze-dried samples most probably
corresponds to PEG chains highly swollen in water in the
hydrogels, which are the least affected by the PLA aggregation.
On the contrary, the PEG fraction which is found amorphous in
the solids represents in the hydrogel the PEG units surrounding
the PLA domains, their conformational behavior being con-
strained by the PLA aggregation and more strongly in the case
of stereocomplexation.
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