STUDIA UBB CHEMIA, LXII, 4, Tom Il, 2017 (p. 495-513)
(RECOMMENDED CITATION)
DOI:10.24193/subbchem.2017.4.42

COMPUTATIONAL INVESTIGATION OF SPECTROSCOPIC
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ABSTRACT. Putative elements of secondary, tertiary and quaternary
structure were examined for polylactic acid chains, attempting a parallel with
secondary structure elements known from protein biology and also attempting
an estimate, based on accurate atomic-level calculations, of interaction
energies between polylactic acid chains. Spectroscopic parameters were
predicted for all types of structure examined, in an attempt to aid our on-going
efforts in synthesis and characterization of polylactic acid variants.
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INTRODUCTION

Poly(lactic acid) (PLA) as a biodegradable polymer has a tremendous
potential in medical, pharmacological and environmental applications [1-4]. It
degrades to nontoxic lactic acid which is naturally present in human body.

PLA homopolymer can crystallize in three polymorphs: a [5-9], B
[8,10] and vy [7, 12]. The crystal structures have been studied by X-ray
method, the experiments show the presence of 103 and 31 helical chains of
molecules [6,11].

The equimolecular mixture of poly(L-lactic acid) (PLLA) and poly(D-
lactic acid) (PDLA) enantiomers has another crystal modification known as
the sc-form with 31 helices [13-19].
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The crystal structures were also analyzed by computational chemistry.
The poly(lactic acid) polymorphs were studied by rotational isomeric state
models [20, 21], molecular dynamics [9, 10], Monte Carlo models [21,22],
molecular mechanics [9] and quantum chemical [23-25] simulations. It was
found that neither a pre 103 nor 34 helix could fit the experimental data
perfectly, suggesting a certain degree of disorder in the structure.

RESULTS AND DISCUSSION

Four secondary-types structure were optimized — helical structures
(a, 1, 103) and B-sheet — employing molecular mechanics, semiempirical, ab
initio and density functional methods. The highest-level method (DFT/M062x)
denotes that the a, ™ and 103 structures have very similar energies, with 1T
slightly favored by values, this in a contrast with results obtained with less
accurate semiempirical and empirical methods, which predict larger
differences and other structures as favorites.

Figure 1 shows optimized geometries for models of polylalctic acid
(PLA) employed in the present study. Decameric structures of L-lactic acid
(PLLA) as well as of alternating D,L monomers (PDLLA) were employed.
Details of these structures and their relative energies are described
elsewhere. The energy in the case of PLLA are generally smaller than in the
case of PDLLA, suggesting that such structures are more stable.
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Figure 1. Graphical representation of polylactic acid geometries optimized by DFT
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The vibrational frequencies were computed for these optimized
structures. In addition it was calculated the vibrational frequencies of the
polylactic structure described by DeSantis.

The IR spectra shows characteristic bands mainly due to methylene
and carboxylic C=0 bonds. A repeat unit of PLA consists of three skeletal
bonds: C-O, O-Cq, Cy-C. For PLA the bands are assigned due to backbone
bond stretching (C-O, O-C4, C-Cq,), backbone bond angle bending (O-C-Cq,
C-0-Cq, O-C-C), for the side branches the bending (O-Cq-Cg, C-Co-Cg, Ca-
C=0) and stretching (Co-Cg, C=0).

Figure 2 shows the IR spectrum of polylactic acid prepared as
described in the Methods section. It can be seen the bands of C=0
stretching (1751,20 cm™), C-OC stretching (1117,42 cm™) and CH bending
and C-OC stretching (1064,37 cm™).
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Figure 2. IR spectrum of poly(L-lactic acid) (cf. Materials and Methods )

Figure 3 shows computed IR spectra for the five secondary structure
elements considered in the present work. The intensity of IR vibrations
depend on the structure of the poly(lactic acid).
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Figure 3. IR spectra of PLLA (M062x/6-31G**):(a) full spectrum;
(b) carbonyl stretching region; (c) backbone stretching region

The IR spectra of the five structures show the same number of
bands. The solvation does not involve any additional band.

The bands below 225 cm-' are mainly due to the skeletal torsion. The
225-925 cm region bands are assigned due to the bending of the side
branches. There are no significant intensities.

The CHs is responsible for the appearance of the band in the 925-
1110 cm region due to the rocking vibrations. The solvation increases the
intensities in the case of the three helical structures.

The C-CHs; and C-OC stretching cause the presence of bands in the
1124-1213 cm™ backbone stretching region. The intensities of the bands
corresponding to C-CHs; stretch are medium in the case of the helical
structures, the water double these values. The B-sheet and the structure
described by DeSantis provide weak bands. C-OC stretching band are
shown in 1151-1217 cm™ region. Assignment of the B-sheet is the most
intensive, six times higher than the others. The solvation increases the
intensity further. The structure described by DeSantis has a strong band in
this region.

In the 1215-1412 cm™ region it can be seen bands assigned to CH,
CHs bending and C-O-C stretching. The intensity of the CH bending and C-
O-C stretching in the case of B-sheet and the structure described by
DeSantis are very strong in contrast with the helical structure. These are the
highest intensity bands in the entire spectrum. The water does not influence
these intensities. The CH bending intensities are roughly the same with the
exception of structure described by DeSantis. The solvation increases the
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intensities in the case of the helical structures. A different medium band
appear in this region due to the CH bending and CHs scissoring. It is worth
noting the assignments in the 1407-1437 cm region. In this interval appear
the bands due to CHs scissoring vibrations. In the case of the three helical
structures are not significant intensities, but in the case of B-sheet the
intensity is notable.

IR spectra of the PLLA in the range of 1865-1932 cm™' appear to be
distinct for each of the five conformations. There is not much difference
between the C=0 stretching intensities calculated by DFT/M062x/6-31G**
method. In turn the solvation increases the intensities in all five structures.
The five conformers exhibit single absorption bands, spaced by about 9 and
18 cm! from each other.

The CH stretching, the symmetric and asymmetric stretching of CH3
result the appearance of weak bands in the 3050-3191 cm™' CH spectral
region. It can be seen that the stretching frequencies are higher than the
corresponding bending frequencies.

The calculated frequencies (cm™) and peak band assignment for the
helical structures and B-sheet of PLLA are shown in tables 1-4.

In order to demonstrate that the chain conformation changes the
interval of IR frequencies it was calculated the IR spectra of PDLLA and then
compared to experimental data. Figure 4. shows the IR spectrum of PDLLA.
The spectrum represent the bands of CH bending and C-OC stretching
(1088 cm), C-OC stretching (1188 cm), C=0 stretching (1752 cm-), CHs
symmetric stretching (2945 cm-'), CHs asymmetric stretching (2997 cm') and
OH stretching (3737 cm™).

In the IR spectra of PDLLA it can be seen the same bands as in the
case of PLLA. The bands below 900 cm™ represent weak intensities. The
CHs rocking and C-CHs stretching band intensities decrease slightly
compared to PLLA. The C-OC stretching’s bands appear at lower values
(1146-1215 cm-1) than in the case of PLLA. The intensities of the a helix and
the B-sheet increase significantly. The calculated intensity of assignment of
B-sheet is bigger in vacuum than in the solvated model.

The CH bending and C-OC stretching bands have equivalent values
in the 1204-1325 cm™ interval, but bigger than the PLLA's one; the B-sheet
and the structure described by DeSantis bands’ intensities are 5-8 higher
than in the case of the helices. It was observed that intensities of B-sheet in
vacuum and solvation show outstanding values over the others, but these
values are much smaller than in the case of PLLA.
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Table 1. Peak band assignments for a-L-LA1o

a-L-LA1o
M062X 6-31G** M062X 6-31G** water
v(icm™) Intensity v(icm™) Intensity Assignment
18-224 0-6 13-216 0-9 | skeletal torsion
233-296 0-6 224-266 0-12 | CHs rocking
302-399 0-48 299-394 0-73 | CHs wagging
402 147 399 216 | OH (free) bending
407-411 32-59 401-405 32-88 | CHs wagging
413 63 406 88 | OH (free) bending
416-558 1-18 409-592 0-148 | CCO bending
627 91 631 116 | OH (COOH) bending
663-789 1-34 663-787 1-38 | C=0 bending
848 7 841 11 | C-CO (carboxyl) stretching
879-909 1-31 880-908 2-37 | CHs bending + COC bending
925-1105 1-107 | 924-1096 1-238 | CHs rocking
1127-1164 13-105 | 1120-1155 11-220 | C-CHsstretching
1167-1189 5-82 | 1158-1182 2-127 | C-OC stretching
1218-1331 1-118 | 1217-1330 31-228 | CH bending + C-OC
stretching
1336-1373 1-328 | 1331-1366 13-1022 | CH bending
1376-1406 10- 287 | 1367-1402 17-303 | CH bending + CHs
scissoring
1417-1427 2-53 | 1409-1421 3-65 | CHs scissoring
1447 19 1434 104 | CHs twisting (COOH end)
1448 159 1439 148 | CHs twisting (OH end)
1494-1532 1-19 | 1483-1516 3-22 | CHjs twisting
1876-1909 30-947 | 1854-1885 72-1580 | C=0 stretching
3074-3094 7-10 | 3078-3089 9-18 | CHs sym stretching
3110-3153 1-9 | 3140-3152 2-15 | CH stretching
3162-3196 1-16 | 3164-3196 1-25 | CHs asym stretching
3839 61 3817 155 | OH (free) stretching
3846 94 3820 96 | OH (COOH) stretching

The intensities of the bands appearing in the IR spectra due to CH
bending are much smaller in all five structures than the corresponding bands
of PLLA. The band caused by CH bending and CHs; scissoring vibrations
have the same intensity, with the exception the B-sheet.

The values of the CHj3 scissoring vibrations show tremendous growth
relative to PLLA. In the C=0 stretching region the bands are very strong, but
they are slightly smaller than the corresponding values in PLLA. The
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solvation increases importantly the intensities of CH bending and C-OC
stretching and C=0 stretching vibrations. In the 1815-1935 cm-" region are
the C=0 stretching bands of PDLLA. The greatest intensity is shown by the
[B-sheet calculated in the solvated model.

Table 2. Peak band assignments for 310-L-LA10

310-L-LA10
M062X 6-31G** M062X 6-31G** water
v(icm™) Intensity v(icm™) Intensity Assignment
19-226 0-11 17-214 0 -8 | skeletal torsion
234-281 0-14 219-286 0-9 | CHs rocking
299-400 0-58 295-396 0-170 | CHs wagging
409 22 399 141 | OH (free) bending
410-416 9-40 403-406 4-8 | CHs wagging
419 4 407 5 | OH (free) bending
425-588 1-230 410-596 1-135 | CCO bending
636 70 644 63 | OH (COOH) bending
655-788 0-35 660-775 0-50 | C=0 bending
824 14 842 21 | C-CO (carboxyl)
stretching
878-910 1-45 891-909 1-37 | CHs bending + COC
bending
925-1106 1-93 925-1099 0-217 | CHs rocking
1127-1164 15-106 1104-1161 41-232 | C-CHjs stretching
1167-1189 5-146 1162-1185 3-213 | C-OC stretching
1222-1331 3-89 1213-1329 8-369 | CH bending + C-OC
stretching
1332-1372 11-403 1331-1365 4-938 | CH bending
1373-1403 6-182 1367-1402 11-311 | CH bending + CHs
scissoring
1412-1426 3-88 1407-1421 12-80 | CHjs scissoring

1445 28 1430 1430 | CHs twisting (COOH

end)

1448 83 1445 120 | CHs twisting (OH end)
1495-1528 0-46 1486-1518 1-33 | CHs twisting
1875-1931 32-756 1852-1894 | 57-1074 | C=0 stretching
3078-3094 7-10 3071-3091 9-17 | CHs sym stretching
3115-3152 1-9 3120-3154 4-13 | CH stretching
3171-3193 0-14 3159-3194 2 -25 | CHs asym stretching

3826 62 3850 75 | OH (free) stretching

3830 100 3807 159 | OH (COQH) stretching
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Table 3. Peak band assignments for Tr-L-LA10

-L-LA1o
M062X 6-31G** M062X 6-31G** water
v(icm™) Intensity v(icm™) Intensity Assignment
18-225 0-6 10-222 0-6 | skeletal torsion
239-286 0-66 229-291 1-12 | CHs rocking
290-398 0 -66 296-393 1-157 | CHs wagging
403 22 398 47 | OH (free) bending
408-411 7-26 400-403 3-81 | CHs wagging
414 6 406 23 | OH (free) bending
420-587 2-34 410-586 1-87 | CCO bending
611 73 606 95 | OH (COOH) bending
640-790 1-71 638-789 2-78 | C=0 bending
832 5 835 8 | C-CO (carboxyl)
stretching
894-915 0-47 890-911 12-70 | CHs bending + COC
bending
928-1102 0-91 927-1097 2-240 | CHs rocking
1124-1165 8-85 1106-1157 45-233 | C-CHjs stretching
1166-1217 9-150 1163-1186 8-127 | C-OC stretching
1231-1330 11-192 1216 -1334 22-320 | CH bending + C-OC
stretching
1334-1373 6-416 1335-1365 21-586 | CH bending
1378-1411 6-222 1368-1407 6-291 | CH bending + CHs
scissoring
1417-1433 6-104 1409-1426 9-104 | CHs scissoring

1436 53 1431 110 | CHs twisting (COOH

end)

1451 3 1432 121 | CHs twisting (OH end)
1494-1530 2-20 1487-1513 0-29 | CHjs twisting
1865-1910 34-999 1854-1878 | 56-1313 | C=0 stretching
3050-3090 6-32 3080-3098 9-21 | CHs sym stretching
3093-3154 0-11 3100-3151 2-15 | CH stretching
3170-3191 1-12 3166-3201 1-24 | CHs asym stretching

3835 53 3854 72 | OH (free) stretching

3846 98 3821 155 | OH (COOH) stretching

CH3 scissorings cause bands in 1409-1438 cm™ region. The
intensities are medium, with the solvated 3-sheet showing larger values.

The calculated frequencies (cm™') and peak band assignment for the
helical structures and 3-sheet of PDLLA are shown in tables 5-8.
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Table 4. Peak band assignments for $-L-LA1o

B-L-LA1o

M062X 6-31G**

M062X 6-31G** water

viem™) Intensity viem™) Intensity Assignment
5-202 0-31 5-203 0-36 | skeletal torsion
220-313 0-18 208-301 0-145 | CHs rocking
317 65 314 8 | OH (free) bending
327-402 0-18 329-397 1-26 | CHs wagging
421-579 0-38 416-578 0-62 | CCO bending
587 79 593 102 | OH (COOH) bending
602-801 0-40 601-799 2-134 | C=0 bending
844 13 844 14 | C-CO (carboxyl) stretching
896-912 1-22 894-909 2-36 | CH; + COC bending
932-1110 0-54 928-1106 0-49 | CHs rocking
1130-1145 1-20 1124-1143 0-47 | C-CHs stretching
1157-1213 23-970 1151-1187 3-2171 | C-OC stretching
1215-1290 4-3164 1213-1286 3-3093 | CH bending + C-OC stretching
1318-1370 1-378 1316-1366 1-341 | CH bending
1375-1412 1-83 1369-1407 2-54 | CH bending + CHjs scissoring
1414-1437 4-332 1408-1433 8-455 | CHgs scissoring
1447 76 1444 109 | CHjs twisting (COOH end)
1468 5 1459 9 | CHjs twisting (OH end)
1508-1518 5-65 1495-1509 2-75 | CHs twisting
1865-1932 9-563 1850-1898 4-1293 | C=0 stretching
3058-3095 5-23 | 3076-3104 8-22 | CHs sym stretching
3117-3130 5-22 | 3125-3134 8-16 | CH stretching
3169-3196 3-14 | 3163-3196 7-25 | CHs asym stretching
3829 112 3819 103 | OH (free) stretching
3810 81 3806 169 | OH (COOH) stretching
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Figure 4. IR spectrum of poly(DL-lactic acid).
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Figure 5. IR spectra of PDLLA (M062x/6-31G**):(a) full spectrum;
(b) carbonyl stretching region; (c) backbone stretching region

Table 5. Peak band assignments for a-DL-LA10

a-DL-LA1o
M062X 6-31G** M062X 6-31G** water
viem™) Intensity v(em™) Intensity Assignment
8-190 0-6 13-189 0-9 | Skeletal torsion
199-241 0-44 201-237 0-5 | CHs rocking
242 56 238 1-5 | OH (free) bending
246-290 1-7 241-294 0-18 | CHs rocking
302-408 0-26 298-422 1-156 | CHs wagging
428-580 1-47 427-567 2-96 | CCO bending
585 41 576 63 | OH (COOH) bending
593-807 0-57 603-802 1-87 | C=0 bending
819 22 821 37 | C-CO (carboxyl) stretching
881-900 3-56 881-900 2-63 | CHs bending + COC bending
923-1092 1-35 923-1087 1-71 | CHas rocking
1139-1168 3-39 1130-1164 10-90 | C-CHs stretching
1175-1199 12-296 1167-1198 17-289 | C-OC stretching
1232-1323 10-320 | 1225-1324 22-838 | CH bending + C-OC stretching
1327-1380 7-163 | 1326-1374 17-258 | CH bending
1383-1416 13-147 | 1378-1412 7-294 | CH bending + CHs scissoring
1419-1429 7-287 1414-1424 14-230 | CHs scissoring
1436 29 1437 62 | CHs twisting (COOH end)
1464 31 1451 40 | CHs twisting (OH end)
1492-1528 0-35 | 1481-1515 1-30 | CHs twisting
1871-1930 42-875 | 1854-1888 | 127-1047 | C=0 stretching
3039 28 3029 40 | CH stretching
3073-3101 3-17 | 3082-3102 4-20 | CHs sym stretching
3111-3137 1-13 | 3115-3150 5-11 | CH stretching
3153-3213 1-26 | 3167-3209 2-25 | CHs asym stretching
3907 48 3882 78 | OH (free) stretching
3830 103 3809 160 | OH (COOH) stretching
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Table 6. Peak band assignments for 103-DL-LA10

103-DL-LA1o
M062X 6-31G** M062X 6-31G** water
v(cm™) Intensity v(cm™) Intensity Assignment
15-203 0-6 23-184 0-8 | Skeletal torsion
211-248 0-73 191-227 0-3 | CHs rocking
249 0-6 23-184 0-8 | OH (free) bending
252-292 1-5 236-291 1-10 | CHs rocking
295-420 0-17 298-420 2-192 | CHs wagging
428-572 2-39 431-560 3-105 | CCO bending
581 10 564 28 | OH (COOH) bending
604-808 0-76 601-798 0-141 | C=0 bending
826 10 814 21 | C-CO (carboxyl) stretching
882-903 2-43 867-889 1-135 | CHs bending + COC
bending
924-1093 1-28 911-1080 1-123 | CHjs rocking
1138-1171 1-40 1111-1141 31-258 | C-CHjs stretching
1174-1202 13-120 | 1146-1177 10-264 | C-OC stretching
1218-1325 28-455 | 1204-1313 62-1119 | CH bending + C-OC
stretching
1330-1384 7-203 | 1316-1368 11-286 | CH bending
1385-1419 11-139 | 1369-1407 4-310 | CH bending + CHs
scissoring
1421-1429 7-248 | 1410-1418 13-40 | CHs scissoring
1443 115 1428 66 | CHs twisting (COOH end)
1464 37 1444 28 | CHs twisting (OH end)
1496-1533 0-26 | 1486-1513 6-20 | CHs twisting
1871-1910 62-672 | 1815-1840 | 31-1034 | C=0O stretching
3052 26 3045 34 | CH stretching
3073-3096 3-21 | 3071-3097 8-15 | CHs sym stretching
3108-3141 2-8 | 3117-3155 2-22 | CH stretching
3154-3215 0-25 | 3158-3196 1-22 | CH3 asym stretching
3839 104 3764 159 | OH (COQH) stretching
3907 50 3854 76 | OH (free) stretching

Comparing the calculated data with the experimental data it can be
seen that the calculated frequency values are bigger than the experimental

values.
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Table 7. Peak band assignments for Tr-DL-LA10

m-DL-LA1o
M062X 6-31G** M062X 6-31G** water
v(icm™) Intensity v(cm™) Intensity Assignment
15-200 0-5 14-186 0-10 | Skeletal torsion
202-247 0-3 192-236 0-7 | CHs rocking
249 3 240 4 | OH (free) bending
253-290 1-53 242-296 0-21 | CHs rocking
304-405 1-26 298-409 1-97 | CHs wagging
437-565 3-36 410-568 2-59 | CCO bending
585 11 572 15 | OH (COOH) bending
588-805 1-72 596-803 1-141 | C=0 bending
832 9 825 48 | C-CO stretching
879-903 2-25 857-902 0-43 | CHs bending + COC
bending
923-1099 1-32 923-1087 1-96 | CHs rocking
1134-1169 4-59 | 1125-1163 11-144 | C-CHjs stretching
1171-1199 31-144 | 1167-1196 36-185 | C-OC stretching
1221-1323 20-433 | 1209-1323 | 24-1048 | CH bending+ C-OC
stretching
1329-1379 6-177 | 1331-1372 11-213 | CH bending
1386-1417 14-209 | 1377-1412 12-178 | CH bending + CH3
scissoring
1421-1438 | 1161-101 | 1413-1429 6-236 | CHs scissoring
1440 40 1437 106 | CHs twisting (COOH end)
1466 18 1454 33 | CHs twisting (OH end)
1488-1526 3-20 | 1482-1516 2-32 | CHs twisting
1856-1910 29-531 | 1854-1881 87-886 | C=0 stretching
3066 12 3031 40 | CH stretching
3084-3102 3-15 | 3081-3101 4-19 | CHs sym stretching
3109-3154 29 | 3118-3153 5-14 | CH stretching
3163-3210 1-29 | 3167-3208 2-22 | CHs asym stretching
3893 51 3882 79 | OH (free) stretching
3836 102 3815 156 | OH (COOH) stretching
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Table 8. Peak band assignments for -DL-LA10

B-DL-LA1o
M062X 6-31G** M062X 6-31G** water
v(cm™) Intensity v(cm) Intensity Assignment
4-197 0-47 5-194 0-41 | Skeletal torsion
212-244 0-7 208-240 0-4 | CHs rocking
248 23 244 2 | OH (free) bending
256-318 1-11 249-316 0-161 | CHs rocking
329-389 0-16 320-384 1-22 | CH3 wagging
396-600 0-71 390-602 0-102 | CCO bending
607 205 615 24 | OH (COOH) bending
613-808 1-45 616-803 1-224 | C=0 bending
844 11 846 14 | C-CO (carboxyl) stretching
896-912 2-43 891-908 1-29 | CHs bending + COC
bending
931-1105 1-46 926-1104 1-93 | CHs rocking
1126-1146 1-24 | 1121-1140 2-32 | C-CHjs stretching
1152-1215 9-1571 | 1147-1201 5-1311 | C-OC stretching
1217-1286 1-2570 | 1211-1283 3-2270 | CH bending + C-OC
stretching
1295-1367 7-166 | 1301-1363 13-150 | CH bending
1367-1411 1-102 | 1365-1406 0-80 | CH bending + CHs
scissoring
1412-1435 1-254 | 1409-1435 1-403 | CHs scissoring
1445 88 1449 102 | CHjs twisting (COOH end)
1454 37 1452 55 | CHs twisting (OH end)
1507-1523 3-37 | 1495-1516 6-57 | CHs twisting
1900-1935 24-888 | 1870-1901 5-2423 | C=0 stretching
3042 28 3065 34 | CH stretching
3075-3092 5-15 | 3077-3094 8-321 | CHs sym stretching
3114-3125 9-13 | 3128-3137 5-27 | CH stretching
3156-3198 0-20 | 3162-3199 7-23 | CHs asym stretching
3827 110 3797 170 | OH (COOH) stretching
3903 39 3887 81 | OH (free) stretching
NMR

Another important tool to characterize the structure of the polymer is
the NMR spectroscopy. It was used "H NMR and *C NMR spectroscopy. In
the 'TH NMR spectra the determined chemical shifts correspond to CH and
CHjs resonance. CO, CHs; and CH resonance are found in '3C NMR spectra.
The 'H NMR spectra of the PDLLA obtained by polycondensation of DL-lactic
acid is shown in figure 6. The NMR analysis of poly(lactic acid) were found
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considerably improved by recording spectra in DMSO-ds instead of CDCls3
[27].The most intensive signals were those located at 1.45 and 4.93
respectively 1.46 and 5.16 ppm which correspond to CH and CHs; resonance
in PLLA respectively PDLLA.

\
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T T T T T T T T
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Figure 6. '"H-NMR spectrum of PDLLA.

The simulated '"H NMR spectrum of PLLA is shown in figure 7.

A L A
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Figure 7. '"H NMR spectra of PLLA (M062x/6-31G**).
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The shifts of '*C NMR spectrum of the four secondary-type structure
of PLLA calculated by DFT/M062x/6-31G** method are larger than those
calculated in solvated models (Table 9.). The 'H NMR chemical shifts of
PLLA are not always smaller in solution (Table 10.). Taking into account all
five NMR signals covered by these two Tables, the 8 and 1t structures appear
to generally yield the closest values to the experiment.

Table 9. Computed and experimental '*C NMR Chemical shifts (3, in ppm) of

CO, CH and CHs of PLLA in vacuum (v) and water (w), respectively

PLLA a LUl 103 B Exp.
v w v w v w v w
6(CO) | 178 |[175| 178 175 177 175 175 172 172
0 (CH) 72 68 72 68 72 68 72 67 66
O0(CHs) | 19 13 19 13 18 13 19 14 17

Table 10. Computed and experimental '"H NMR Chemical shifts (3, in ppm) of

CH and CHjs of PLLA in vacuum (V) and water (w), respectively

PLLA a LUl 103 B Exp.
v w Y w v w v w

0 (CH) 52 | 5.1 5.1 5.1 5.2 | 5.1 53 | 55 4.9

0 (CHas) 1.7 1.7 1.7 1.6 1.7 1.7 1.7 1.6 1.5

Figure 8 shows the calculated "H NMR spectrum of PDLLA.

s 10 DL alfa

10 DL Pi

s 10 DL 310
Defantisn a4 acdla L
—ea N = Ndussassshal
PR P a PP TP
e
6 5 4 3 2 1

Figure 8. 'H NMR spectra of PDLLA (M062x/6-31G**).
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Same as in the case of PLLA the chemical shifts of '*C NMR spectrum
of PDDLA show smaller values in solvated model (Table 11.). The '"H NMR
shifts due to CH resonance are bigger in all four structures (Table 12.).

Table 11. ®C NMR Chemical shifts (8, in ppm) of CO, CH and CHs of PDLLA in
vacuum (v) and water (w), respectively

PDLLA a m 103 B
v w v w v w v w

Exp.

6 (CO) 177 | 174 | 177 | 174 | 178 | 176 | 175 | 172 169

6 (CH) 73 68 73 69 73 67 71 67 69

6 (CHs) 18 13 18 13 18 13 19 14 16

Table 12. 'H NMR Chemical shifts (3, in ppm) of CH and CHs of PDLLA
in vacuum (v) and water (w), respectively

PDLLA a L 103 B
Exp.
v w v w v w v w
0 (CH) 5.0 5.1 5.1 5.1 5.1 5.1 5.4 5.5 5.2
0 (CHs) 1.7 1.7 1.6 1.6 1.7 1.6 1.5 1.6 1.5

The NMR spectra of PLA can give information about the
stereochemistry of the composition. The CO chemical shifts are larger in
the a, T and 3 forms of PLLA, while the CHjs shifts are larger in the case of
the three helical structures of PLLA. The chemical shifts of 'H NMR spectra
of PLLA show larger values in all cases except the CH shifts of B-sheet.

CONCLUSIONS

Geometry optimization performed on polylactic acid at different levels
of DFT methods suggest that the most stable of the four structures is the T
helix and the least stable is the B sheet.

The calculated chemical shifts of both *C NMR and 'H NMR are
slightly larger than the experimental one. The solvation reduces the value of
the NMR chemical shifts.

The secondary structure of poly(lactic acid) cannot be conclusively
clarified from the calculated IR and NMR spectra, suggesting either a need for
using more appropriate computational methods or the occurrence of previously
unconsidered elements of secondary structure, or the total lack thereof.
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EXPERIMENTAL SECTION

Materials. Aqueous solutions of L-(+)-lactic acid from Sigma-Aldrich
(80%), DL-lactic acid from Fluka (90%) were used. PLLA and PDLLA were
synthetized by direct dehydropolycondensation. Lactic acid, toluene and
0.1% tin(ll) 2-ethylhexanoate catalyst were mixed into a reaction vessel
equipped with a Dean-Stark-type condenser, and heated to the refluxing
temperature of the solvent. The reaction time was 20 h. The final product was
dissolved in chloroform and precipitated in diethyl ether for purification. The
polymer was then filtered out from diethyl ether and dried under vacuum.

Measurements. NMR spectra were recorded with a Bruker Avance
300 spectrometer at the following frequencies: 'H, 300.13 MHz; '3C, 75.47
MHz (reference TMS) with DMSO-ds as the sovent. IR spectra were
recorded with a Vector 22 Bruker spectrometer by direct introduction method
and a Jasco FT/IR Specord 600 spectometer in KBr pills. The molecular
weights were determined by MALDI-TOF MS (Matrix Assisted Laser
Desorption lonization) analysis with a Bruker BIFLEX [lI™ spectrometer.

Molecular simulation. A vibrational analysis and NMR simulation
has been carried out to analyze the secondary structure of poly(lactic acid)
resulted from esterification of ten lactic acid units, hereafter referred to as
LA1o. These models were built in the Hyperchem [28] software package using
built-in options of the Editor module for creating helical structures as well as
sheet. Spectroscopic parameters were predicted for helical (a, 1, 103) and B-
sheet structures, in an attempt to aid our on-going efforts in the synthesis and
characterization of poly(lactic acid) variants.

The methods tested here include density functional (M062X/6-31G*,
M062X/6-31G**, solvated M062X/6-31G**) applied with standard convergence
criteria as defined in Gaussian 09 [29]. Spectral parameters were invoked
using the commands Freq and NMR. In terms of the importance of solvation,
this is estimated by comparing values computed in water (as a limit of very
polar medium) and vacuum (as a limit of completely non-polar medium).
Further detail on geometry optimizations and on relative energies of the
structures are given elsewhere [30].
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