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Figure S1. Experimental 1D °C CP MAS NMR spectra of a-PLLA-L (A) and a-PLLA-H (B) collected

at a spinning rate of 2.2 kHz.
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Experimental section

The "*C-"H PISEMA MAS experiment was recorded with a proton 90° pulse length of 5 us at CP, a
proton 90° pulse length of 2.5 us at SEMA, contact time of 1 ms, repetition delay of 3 s, time domain
size of 1024 data points in F2 and 64 data points in F1, at a 13 kHz spinning rate.'

A 5-m pulse 2D PASS scheme and 2.2 or 1.2 kHz sample spinning rates were used in the 2D
experiments. The z-pulse length was 8 us. Sixteen #; increments using the timings described by Levitt
and co-workers were used in the 2D PASS experiments.” For each increment, 360 scans were
accumulated. Because the pulse positions in the #; set return to their original positions after a full cycle
and the #,-FID forms a full echo, the 16-point experimental #; data were replicated to 256 points. After
the Fourier transformation in the direct dimension, the 2D spectrum was sheared to align all side bands
with the center bands in the indirect dimension of the 2D spectrum. One-dimensional CSA spinning
sideband patterns were obtained from ¢, slices taken at the isotropic chemical shifts in the #, dimension
of the 2D spectrum. The magnitudes of the principal elements of the CSA tensor were obtained from the
best-fit simulated spinning sideband pattern. Simulations of the spinning CSA sideband spectra were

performed on a PC using the Topspin program.
Results and discussion

1. Precise assignment of the BC Chemical-Shift Parameters (CSTs) for a-PLLA. In our strategy,
the crucial step is the accurate measurement of the chemical-shift tensor (CST) parameters. CST
parameters can be obtained from analysis of the static line shape of '°C nuclei. Static CST principal
component measurements can be only used with simple molecules or simple labeling schemes because
of spectral overlap and also suffer from sensitivity issues in natural abundance systems; 1D CP/MAS
methods suffer from similar limitations. An alternative approach relies on the assignment the anisotropy
and asymmetry of CSA by fitting the observed MAS sideband intensities.® For accurate results to be
obtained, it is necessary that numerous spinning sidebands be present in the spectrum: approximately 5
significant spinning sidebands are needed to determine the anisotropy (for asymmetry parameters in the
range 0.1<n<I), whereas 6—10 sidebands are required to determine the asymmetry (0.3<n< 1). By
employing the Herzfeld—Berger analysis protocol, the anisotropy, asymmetry and chemical shift tensor
(CST) parameters can be obtained.*

Figure S 2 shows the °C CP MAS NMR spectra of o-PLLA recorded at ambient temperature with
spinning rates of 8 kHz, 2.2 kHz and 1.2 kHz. The high crystallinity of sample is apparent from
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inspection of the spectrum measured with a high spinning speed (Figure S2 A). The splitting of signals
is observed in the carbonyl, methine and methyl regions.

Unfortunately, the spectrum measured with a spinning speed of 8 kHz does not contain spinning
sidebands. As evident from the figure, the spectra recorded with spinning speeds of 2.2 kHz (Figure S2
B) and 1.2 kHz (Figure S2 C) represent patterns with a sufficient number of spinning sidebands for fine
analysis of CST for both the carbonyl groups and the aliphatic residues. However, at a low MAS
frequency, the sideband manifold makes the assignment of the CST parameters ambiguous. This

ambiguity establishes the need for 2D NMR techniques.

.
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Figure S2. °C CP MAS NMR spectra of a-PLLA recorded with a spinning rate of A) 8 kHz, B) 2.2
kHz and C) 1.2 kHz. Insets in Figure A show expanded signals with splittings typical of a highly

crystalline sample.

Several approaches exist that allow the separation of the isotropic and anisotropic portions of the spectra
for a heavy overlapped System.5’6‘7’8 In this work, we employed the 2D PASS sequence for the analysis
of the *C spectra.?
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This technique offers good sensitivity compared to other methods and does not require hardware
modifications or a special probe head. The 2D PASS spectra of PLLA recorded with spinning rates of
2.2 and 1.2 kHz are attached as Supplementary Information. The *C &; values were established using
the procedure reported in our previous papers.9 To ensure that CST parameters were elucidated with
high accuracy, we introduced a double-checking procedure by fitting 1D spectra under slow rotation
with °C 8; elements taken from the 2D PASS measurements. Figures S3A and S3 B display
experimental and calculated spectra of PLLA recorded with a spinning rate of 1.2 kHz. Figure S3 C
shows a set of calculated subspectra that represent each assigned NMR position. The sum of the
subspectra correlate well with the spinning sideband pattern. The '*C §; parameters used for the

simulation of the spectra under slow rotation are collected in Table 1 (see main text).
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Figure S3. Experimental and calculated 1D spectra of a-PLLA. Figure A shows the experimental
spectrum recorded with a spinning rate of 1.2 kHz. Figure B shows a stick model spectrum calculated
with °C & parameters taken from 2D PASS measurements. Figure C displays appropriate subspectra

for each assigned carbon position.
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Figure S4. 2D PASS spectra for a-Poly(L-lactide) recorded with a spinning rate of 2.2 kHz: (A) and
after data shearing (B), (C-E) appropriate magnifications of C=0, CH and CHj3 groups and 1.1 kHz: (F)
and after data shearing (G); (H-J) appropriate magnifications of C=0, CH and CHj3 groups.
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Scheme S1 10°-Helix a-PLLA and its numbering system according to experimental results (Table 1).

Carbonyl groups are labeled with primes (n’)

2. Analysis of the molecular dynamics for a-PLLA. Dynamic processes are well known strongly
influence CST tensor values. The correlations between experimental and computed NMR parameters for
solid systems with small and large amplitude motions have been recently reported by several research
groups.'’ Clearly, knowledge about the possible molecular motions for the sample under investigation is
a prerequisite to the development of a viable NMR crystallography strategy.
The problems associated with the molecular dynamics of PLLA were recently discussed by Pan et al.? 2
who employed temperature-variable FTIR and solid-state BC NMR to reveal the differences between
the polymorphs of PLLA. They used the °C T, relaxation time as a diagnostic NMR parameter to
discriminate between the different forms. Unfortunately, spin—lattice relaxation time is not particularly
sensitive to local molecular motion; it rather provides information about global dynamics. To gain
precise information about the molecular motion of each carbon bonded to hydrogen, we have employed
a technique based on dipolar recoupling experiments, which are well suited for the simultaneous
measurement of motional averaging at multiple sites.""'>" In the two-dimensional (2D) experiments, the
separated local field sequences can reintroduce dipolar anisotropic interactions and correlate them to the
isotropic chemical shifts.'* The Lee—Goldburg cross-polarization (LGCP)"*'*'" and polarization inversion
spin exchange at the magic angle (PISEMA)"™ pulse sequences were recently used to correlate the
motional average anisotropic dipolar interactions with high-resolution chemical-shift dimensions during
MAS in the 2D approach. For analysis of the effect of molecular motion on the line shape of the dipolar
spectra, we have employed a modified sequence of PISEMA MAS, as reported by Dvinskikh et al.'
Figure S4 A displays the 2D PISEMA MAS spectrum for PLLA recorded with a spinning rate of 13 kHz
at ambient temperature. Figure S4 B shows expanded regions of CH and CHj carbons. The 'H effective
7
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field strength, 0)1Heff, was held constant, whereas the Bc spin-lock field strength was matched using
0)1Heff + o c=no; (n= 1, -1). The SEMA contact time was increased asynchronously with rotation to
yield the heteronuclear dipolar dimension of the 2D experiment. The "*C spin isotropic chemical shift
was detected in the second dimension of the experiment. Figure S4 C shows the F1 slices for the CH and
CHj3; residues with labeled splitting between the singularities of the doublets. These doublets reflect the

dipolar coupling between the proton and carbon.
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Figure S5. A) 2D correlation PISEMA MAS of "*C chemical shifts and 'H-">C dipolar couplings for a-
PLLA (at a spinning rate of 13 kHz); B) the magnified regions for -CH and -CHj; groups; C) the

experimental dipolar spectra for -CH and -CHj3 groups, including values of dipolar couplings.

For *C—'H, the r; distance is equal to 1.07 A, the dipolar coupling constant D for the rigid-limit is
24.0 kHz according to the following equation.

_ugh® 17

A7 rij3

D=

The experimental values of the splitting shown in Figure S4 C are smaller than the calculated coupling
values because D is reduced by a scaling factor (sf). For the PISEMA MAS, the exact Hartmann—Hahn
matching condition yields a maximum scaling factor of 0.584 (cos 54.7°). For the rigid system, the
expected value of D is ca. 14.0 kHz (24 kHz -0.584). Fast molecular motion can reduce the principal
component of the dipolar tensor by a factor (§), which is known as the order parameter. The value of S

ranges from 0.5 to 1, where the latter value represents a rigid system.
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Figure S6. Correlation of experimental chemical shift tensor values (&;) with calculated nuclear
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shielding parameters (o;i) of a-PLLA using model M1 (blue) and M2 (red).
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Figure S7. The correlation between 65, and the valence angle t[] for the C=0 groups (A, D, G). As well
as the correlations between the torsion angle y and o5, (B, E, H) and[] o33 (C, F, I) for the CH groups.

The o;; parameters were calculated using model M1 (A — C), M2 (D — F) and M3 (G - I).
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Table S1. NMR chemical shift tensors [in ppm] for model M1.

Position o o1 G2 033
1 95.2 69.5 83.1 1331
2 98.5 69.6 89.3 136.5
3 95.2 71.3 80.3 1341
4 95.1 73.0 77.8 134.6
5 91.0 58.5 80.8 133.9
6 95.3 69.3 83.1 1335
7 98.3 68.7 879 1382
8 96.1 71.1 83.2 134.0
9 95.6 70.3 814 135.0
10 89.1 54.1 783 134.8
1 -19  -99.2 32.6 60.8
2’ 3.6 -95.6 442 62.1
3 -3.1 -101.1 33.2 58.6
4 -0.1  -924 29.9 62.2
5 -3.1 -103.2 39.5 94.5
6’ -0.8 -100.5 38.6 59.6
k 4.4 -93.1 45.8 60.4
8 -0.2  -97.2 36.2 60.5
9 1.1 -923 34.3 61.4

10° -4.2  -103.2 35.4 55.2
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Table S2. NMR chemical shift tensors [in ppm] for model M2.

Position o5, c11 G2 033
1 95.1 73.9 774 1340
2 97.5 64.3 91.8 136.3
3 94.1 73.2 740 1351
4 94.5 66.7 84.2 1326
5 96.0 62.7 889 1364
6 93.7 62.3 84.0 1347
7 97.3 64.5 91.3 136.1
8 91.9 60.9 81.9 1329
9 92.9 63.4 822 1329
10 89.8 57.6 79.3 1324
| 23 -934 38.2 62.2
2’ 0.4 -98 35.4 63.9
3 -0.3  -93.6 314 61.3
4 -0.9 -95.2 33 59.4
5 0.0 -99.7 37.9 61.9
6’ -1.2 -99.2 34 61.5
7 -0.7 -102.5 38.5 61.9
8 -6.8 -106.6 24.6 61.6
9 -5.5  -106.2 27.8 62

10° 0.3 -99 37.5 62.3
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Table S3. NMR chemical shift tensors [in ppm] for model M3.

Position o5, c11 G2 033
1 96.6 745 79.6 1357
2 98.8 66.5 89.7 140.1
3 95.6 74.0 76.4  136.3
4 95.8 69.3 75.0 1432
5 96.9 63.7 855 1415
6 92.4 57.8 779 1415
7 99.6 67.7 88.1 143.0
8 93.0 62.0 784 138.6
9 934 62.1 777 1404
10 91.1 59.6 773 1364
| 34  -929 40.4 62.5
2’ -04  -98.1 33.9 63.2
3 1 -926 33.2 62.2
4 -1.1 -96.7 33.3 60.1
5 0.1 -99 37.8 61.6
6’ 04 -97.6 35.7 63.2
7 0 -1024 40.4 61.9
8 5.7 -104.7 26 61.7
9 -4.1  -105.2 28.2 64.6

10° 04 -981 36.9 62.5
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Table S4. NMR chemical shift tensors [in ppm] for model M4 using PBE functional.

Position o5 c11 G2 033
1 94.9 73.9 77.1 1338
2 94.4 66.6 841 1324
3 97.2 64.4 909 136.2
4 97.4 63.9 919 136.3
5 95.9 62.5 88.8 136.4
6 91.9 60.9 81.8 1329
7 94.0 73.0 73.8 135.1
8 90.9 56.5 79.1 137.2
9 93.0 61.0 805 1374
10 89.7 57.6 79.0 1326
| 22 -93.6 38.1 62.1
2’ -1.0  -955 32.5 59.9
3 -0.8 -102.7 38.4 61.8
4 03 -97.9 35.1 63.6
5 -0.1  -99.2 37.6 61.4
6’ -7.3  -106.7 23.6 61.3
7 -04  -93.6 31.3 61.2
8 -04  -98.6 34.4 62.9
9 -4.6 -106 27.9 64.4

10° 02 -99.2 37.5 62.3
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Table S5. NMR chemical shift tensors [in ppm] for model M4 using PW91 functional.

Position o5, c11 G2 033
1 96.3 56.6 74.5 83.3
2 96.1 58.2 73.3 83.6
3 99.2 63.3 72.7 88.6
4 99.1 63.2 72.8 88.4
5 97.6 64.4 70.4 87.8
6 97.2 60.7 73.1 84.8
7 97.4 60.6 73.4 84.7
8 96.5 58.1 73.9 83.5
9 96.1 58.8 72.8 83.8
10 97.3 64.1 70.3 87.1
| -5.7  161.8 -108.1 37.3
2’ -7.8 160.1 -105.1 26.8
3 -6.4 1614 -108.2 35.9
4 -6.2 161.0 -107.8 35.9
5 -6.7 161.7 -107.4 33.1
6’ -8.6 163.2 -109.0 29.1
7 -85 163.0 -108.7 29.1
8 -55 1619 -107.7 36.9
9 -8.0 159.3 -105.1 27.0

10° -6.7 1619 -107.6 33.2
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Table S4. NMR chemical shift tensors [in ppm] for model M4 using RPBE functional.

Position o5, c11 G2 033
1 97.0 55.6 75.9 83.5
2 96.2 58.5 73.4 83.4
3 99.6 61.7 74.2 88.7
4 99.6 61.5 74.4 88.5
5 98.2 64.4 70.7 88.8
6 97.6 60.4 73.6 85.2
7 97.6 60.3 73.6 85.2
8 96.9 56.4 75.4 83.5
9 96.3 59.3 73.0 83.5
10 98.2 64.5 70.7 88.5
| -3.2 160.7 -105.5 40.9
2’ -5,5 1583 -102.9 31.1
3 -4.0 1595 -105.6 39.7
4 -40 159.1 -105.3 39.6
5 -44 1604 -105.3 37.0
6’ -6.4 161.3 -106.5 32.7
7 -6.3 1615 -106.6 32.8
8 -3.1 160.6 -105.4 40.9
9 -5,5 158.0 -102.7 31.0

10° -44 161.0 -105.3 36.5
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