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ABSTRACT: Poly(L-lactic Acid) (L)/poly(D-lactic Acid) (D) blends form a stereocomplex (SC) at a mixing ratio of 7/3-3/7. The 

stoichiometry and packing structure of L/D in the SC are controversial topics because the SC is semicrystalline and because the 

enantiomeric pair has the same chemical structure. In this study, both the stoichiometry and packing structure of 33 % 
13

C CH3-

labeled (l) L/nonlabeled D blends at mixing ratios of 7/3 - 3/7 were investigated by using solid-state (SS) NMR. The 
13

C CO signals 

in natural abundance provided the fractions of the SC (ΦSC), α, and amorphous regions of l-L/D blends. Moreover, the 33 % 
13

CH3-

labeled signals could determine the fraction of only l-L in the SC (ΦL) and amorphous region. These two data sets allowed us to 

determine the stoichiometry of l-L/D in the SC (ΦL-SC/ΦD-SC) to be 1/1. 
13

C-
13

C double-quantum (DQ) buildup curves of l-L in the 

SC followed one universal curve even at different mixing ratios. Comparison of the experimental and simulated DQ curves led to 

the conclusion that all SC crystals adopt a regular packing structure at varied mixing ratios. 

Stereoregular polymers having a chiral center in the backbone 

can adopt either right- or left-handed helices. For example, 

poly(L-Lactic Acid) (L) and poly(D-Lactic Acid) (D) helices 

adopt left (L) and right handedness (R), respectively. In 1987, 

Ikada et al found that i) L/D enantiomeric crystals obtained 

from precipitation-induced stereocomplex (SC) crystallization 

had a much higher melting temperature (Tm) (~ 220 C) than L 

(or D) homo α crystals (ca. 180 C), ii) SC formation occurred 

at asymmetric blending ratios, iii) the melting temperature was 

almost independent of the mixing ratio, and iv) the SC fraction 

(ΦSC) was maximized at a 1/1 blending ratio
1
 The excellent 

thermal properties of SCs have generated attention to their 

structure and structural formation process.
1-10

 Moreover, L/D 

chains with a 1:1 ratio were assumed to form SC crystals 

(Case 1). In 1997, Cartier et al proposed a more plausible re-

vised model, R3c (    ), where three 31 L helices pack with 

three D helices by paring L (L) and D (R) helices in a trigonal 

unit cell with a = b = 1.498 nm, c = 0.87 nm, α = β = 90  and 

γ = 120  (Figure 1c).
10 

R3C allows only one orientation of ei-

ther u or d, while      allows statistical disorder of the up- and 

downward orientations at each site. 

 

Figure 1. Schematic illustrations of (a) stoichiometry of L/D in 

Case 1 where (ΦL-SC/ΦD-SC)= 1/1 in the SC and 9/1 in the amor-

phous region (ΦL-A/ΦD-A) and (b) in Case 2 where L/D = 7/3 in 

both the SC and the amorphous region at a mixing ratio of L/D = 

7/3 and ФSC= 0.5. (c) Schematic illustrations of a crystal unit cell 

of R3c
10 (dashed line) and hexagonal packing in the R3c and P3 

models.11,12 

  In 2017, Tashiro et al reinvestigated fiber X-ray diffraction 

(XRD) patterns of SC melt-grown crystals prepared at mixing 

ratios of L/D= 7/3 - 3/7 and proposed a heterogeneous packing 

structure, i.e., the P3 model (Case 2),11 where either Ru or Ld oc-

cupies one site with the probability determined by the mixing 

ratio and the neighboring site is occupied by either Rd or Lu with 

the same probability (Figure 1c). However, differences between 

simulated XRD patterns based on the P3 and R3c models were 

very small. Therefore, a different approach that can sensitively 

distinguish the former case from the latter one is necessary to 

conclude the packing structure. 

   An alternative strategy for indirectly checking the packing struc-

ture is determination of the stoichiometry of L/D in the SC (ΦL-

SC/ΦD-SC). Here, the stoichiometry in Cases 1 and 2 was consid-

ered under the assumption of a mixing ratio of L/D = 7/3 and 

ΦSC= 0.5. In the former case, ΦL-SC/ΦD-SC and the stoichiometry of 



 

L/D in the amorphous region (ΦL-A/ΦD-A) were expected to be 1/1 

and 9/1, respectively (Figure 1a). On the other hand, the stoichi-

ometry of L/D in both regions was 7/3 in the latter case (Figure 

1b). To the best our knowledge, there is no research on the stoi-

chiometry in SCs except for one recent work.12 By applying vibra-

tional circular dichroism (VCD)/IR spectroscopy, Tashiro et al 

suggested the presence of excess L or D species in the SC (Case 

2).12 However, even VCD/IR spectroscopy could not determine 

ΦL-SC/ΦD-SC or ΦL-A/ΦD-A.  

    Solid-state (SS) NMR is a powerful tool to investigate the 

local structures and dynamics of polymers.
13-23

 In particular, 

the local conformation,
15

 packing structure,
16

 and chain trajec-

tory
17-20

 have been successfully investigated in selectively 

labeled samples by dipolar-based NMR techniques. In this 

work, the stoichiometry and packing structure of mixed L/D 

SCs were investigated by using SS-NMR and selectively 
13

C 

isotope labeled (l) L chains.
 13

C high-resolution NMR of the 

CO signal in natural abundance was used to determine the 

fraction of L/D in the SC (ΦSC) as a function of the mixing 

ratio.
21-23

 
13

C 33 % CH3-labeled l-PLLA signal selectively 

quantified the fraction of L chains in the SC (ΦL) and amor-

phous region. Combining NMR signals for different functional 

groups of the same sample allowed us to absolutely determine 

the L/D stoichiometry in both the SC and amorphous regions. 

Next, the packing structure of L chains in the SC was investi-

gated by using 
13

C-
13

C double-quantum (DQ) NMR,
24

 which 

detects spatial correlations among multiple
 13

C-labeled nuclear 

spins on the basis of the packing structure of 
13

C-labeled pol-

ymers.
16-20

 Comparison of experimental and simulated curves 

elucidated whether the SC forms regularly alternative packing 

(R3c or     ) or randomly heterogeneous packing (P3).  

    33 % 
13

C CH3-labeled (l) PLLA and nonlabeled PDLA with 

weight average molecular weights, <Mw>, of 143k g/mol 

(PDI= 1.28) and 2.9k g/mol (PDI= 1.09), respectively, were 

synthesized in this study. Chain length is a very important 

parameter that significantly affects SC formation.
20

 l-PLLA 

and PDLA with weight mixing ratios of 7/3 - 3/7 were dis-

solved in dichloromethane. Solutions were evaporated at am-

bient temperature for 2 days under ambient pressure and fur-

ther dried for 1 day under vacuum. DSC was conducted on the 

prepared films (Figure S1). Obviously, low (164-169 °C) and 

high melting peaks (226 °C) corresponding to melting of pre-

existing α and SC crystals, respectively were observed.
1
 To 

melt the pre-existing α crystals, all the samples were heat-

treated at 200 °C for 5 min. Subsequently, the samples were 

quenched to 154 °C and annealed for 12h. Then, the samples 

were rapidly quenched into icy water. Experimental details of 

both SS-NMR and XRD are described in the supporting in-

formation (SI).  

Figure 2a and b shows the CO and CH3 regions of the 
13

C 

CPMAS NMR spectra (black lines) of 
13

C CH3-labeled l-

L/nonlabeled D blends at mixing ratios of 7/3, 5/5, and 3/7. 

Additional NMR data of the SCs at mixing ratios of 6/4 and 

4/6 are depicted in Figure S2, and the corresponding XRD 

patterns are depicted in Figure S3. The samples at L/D= 7/3 

and 5/5 showed asymmetric SC signals at 173 ppm along with 

a broad amorphous peak
 

 

Figure 2. 
13

C CPMAS NMR experimental and calculated 

spectra for the (a) CO and (b) CH3 regions of l-L/D blends at 

mixing ratios of L/D= 7/3, 5/5, and 3/7. (c) ΦSC (black circles), 

Φα (black triangle), and ΦL-SC (filled red circle) at fL = 0.3-0.7 

determined by CPMAS NMR lineshape analysis and the frac-

tion of L in the SC in the sample predicted from Cases 1 (blue) 

and 2 (pink) and ΦSC. 

centered at 170 ppm and an additional small peak at 171.6 

ppm.
21-23

 In previous works, this small signal was similarly 

observed in L/D blend samples
21-23

 and was assigned to the α 

phase.
21

 However, the chemical shift is not consistent with the 

two α peaks at 171.2 and 171.8 ppm
21- 23

 in the sample at L/D= 

3/7 (bottom of Figure 2a). Additionally, the other three signals 

at 169 - 170 ppm
21-23 

were not observed in the CO signal re-

gion of the samples at 7/3 and 5/5. Moreover, the XRD and 
13

C CH3 signals of the samples at L/D= 7/3 and 5/5 (see be-

low) did not show characteristic α peaks. Thus, this tiny signal 

was assigned as part of the amorphous region. The CPMAS 

NMR signal intensity highly depends on C-H dipolar interac-

tions, which are modulated by molecular dynamics. The Tg of 

poly(lactic acid) (ca. 60 C) is relatively higher than the exper-

imental temperature (25 C). Assuming that the CP efficien-

cies are the same between the crystalline and amorphous re-

gions, crystallinity could be determined using a conventional 

CPMAS NMR experiment. Conducting least-squares fitting of 

Gaussian peaks to the NMR spectra allowed the ΦSC (filled 

black circle) and α fraction (Φ) (black triangle) to be obtained, 

as plotted in Figure 2c. At L/D =7/3, ΦSC was 0.45. The max-

imum SC formation was 0.58 at L/D= 5/5. As the content of D 

species increased further, ΦSC was decreased to 0.35, accom-

panied by the appearance of α crystals (0.23). A similar trend 

was also observed in the XRD patterns, as shown in Figure S3.  



 

   Figure 2b depicts the 
13

C CH3 regions of l-L/D in the blends. 

Theoretically, the 33 % labeling ratio of l-L provides a 30-fold 

higher intensity than the CH3 signals of D. Therefore, the con-

tribution of D to the apparent CH3 signals was simply ignored 

in our analysis. The CH3 signals in the α phase gave two sharp 

peaks at 16 and 17 ppm, which were not observed in the CH3 

signal region throughout the whole mixing range. Comparison 

of the CO and CH3 signals directly demonstrated that the α 

crystals formed at L/D= 3/7 originate from excess D species. 

An asymmetric SC lineshape at 16 ppm and a broad amor-

phous peak at 17 ppm were clearly observed in all of the com-

positions.
21-23

 At L/D= 7/3, ΦL-SC was 0.34, and with increas-

ing D content, ΦL-SC increased and reached a maximum of 0.62 

at L/D = 3/7. 

    The ΦL-SC in the whole sample (ΦL) (red filled circle) can be 

obtained by multiplying ΦL-SC by the weight fraction of L in 

the sample (fL). ΦL (filled red circle) as a function of fL is plot-

ted in Figure 2c. The expected fractions of L in the SC in the 

sample in Cases 1 (blue filled circle) and 2 (pink) as a function 

of fL were calculated by using the expected ΦL and stoichiome-

try of L/D in the SC in Cases 1 and 2 and are plotted in Figure 

2c. At both edges of fL= 0.3 and 0.7, significant deviations 

between the experimental and expected curves for Case 2 can 

be observed. The whole experimental curve is well consistent 

with the curve based on Case 1. The fraction of D in the SC in 

the sample (ΦD) could be obtained simply by subtracting ΦL 

from ΦSC. ΦL-SC/ΦD-SC was experimentally determined and is 

provided in Table S1. For example, ΦL-SC/ΦD-SC was 53/47, 

49/51, and 53/47 at fL = 0.7, 0.5, and 0.3, respectively. Simi-

larly, ΦL-A/ΦD-A could also be obtained in a similar way and is 

provided in Table S1. Both data sets convincingly proved that 

ΦL-SC/ΦD-SC is 1:1 when the mixing ratio was varied from 7/3 – 

3/7 (Case 1).   

    13
C-

13
C DQ experiments were further conducted on the L/D 

blend samples to confirm the packing structure of the SC. In 

the case of the R3c (    ) model, the L stems are located at three 

sites in the available hexagons shown in Figure 3a. The atomic 

coordinates of the CH3 carbons in the R3c model are the same 

as those in the      model. Therefore, DQ NMR of the l-L 

sample cannot distinguish between R3c and     .
20

 Thus, our 

discussions are limited to only the packing structure of either 

R3c or P3. In the R3c model,
10

 a maximum five-spin system 

including a reference one at distances less than 7 Å as depicted 

in Figure 3a was statistically treated in calculations of the 
13

C-
13

C DQ buildup curve.
16-20 

In our previous work, the atomic 

coordinates reported by Cartier et al
10

 were slightly modified 

and used for chain-folding analysis in SC single crystals.
20

 The 

inter-nuclear distances used in the simulation (3.91 and 5.22 

Å) are depicted in Figure 3a. In this study, the same distances  

 

Figure 3. (a) R3c packing model and 13C five spin systems of l-L 

in SC including reference (red) two intrastem (green) and two 

interstem spins (blue) within 7 Å used in simulations for DQ 

buildup curve. (b) Six submodels including different L stem num-

bers and corresponding spin topologies in P3. (c) Simulated 13C-
13C DQ buildup curves on the basis of R3C (red solid) and P3 mod-

els (blue) at mixing ratio of L/D=7/3 (solid), 5/5 (dashed), and 

3/7(dotted) with T2 value of 9.5 ms. (d) 13C CPMAS SQ (black) 

and DQ (red) NMR spectra for the 33 % l-L/D blends at a mixing 

ratio of L/D= 5/5, with an excitation time of 6.27 ms and experi-

mental DQ buildup curves for l-L/D SC signals at L/D mixing 

ratios of 7/3 (pink filled circle), 6/4 (light blue), 5/5 (blue), 

4/6(green), and 3/7 (red) with the simulated curve for R3c model.  

used in our previous work20 were used in the calculations of the 

DQ buildup curve by applying a spin-spin relaxation time (T2) of 

9.5 ms. The simulated curve is shown as a red curve in Figure 3c 

(for details, see ref 20). In the P3 model, L stems are randomly 

located at each site of the six available sites in the hexagon de-

pending on mixing ratio of 7/3- 3/7, as schematically depicted in 

Figure 3b. Six kinds of submodels including different L stem 

numbers of 1 - 6 at the six available sites were constructed. Each 

submodel statistically includes several combinations of different 

stem occupations at the six sites (for details, see Table S2). All 

possible combinations were statistically considered. At each mix-

ing ratio (7/3, 5/5, and 3/7), one curve was ultimately generated as 

a result of the weight-averaged DQ curves for all submodels, as 

illustrated in Figure 3b, where the atomic coordinates of the CH3 

carbons reported by Tashiro et al11 and the same distance limita-

tion (within 7 Å) as the R3c model were applied. The mixing-ratio 

dependence of the simulated DQ buildup curves of l-L stems in 

the P3 model can be clearly seen (Figure 3c). All the simulated 

curves at L/D= 7/3, 5/5, and 3/7 showed a much faster increase at 

the initial stage and a higher maximum DQ efficiency than the 

simulated curve for the R3c model. These results originate from 

the unrealistically short CH3-CH3 carbon distances (2.54 Å) be-

tween neighboring stems having the same handedness (see Table 

2 and Figure 16 in ref 11). Faster buildup curves implied necessity 

of substantial revisions of the P3 model by slightly rotating and/or 

shifting individual stems and/or expanding the unit cell. The 

atomic-level resolution of DQ NMR allows it to convincingly 

distinguish between R3c and P3 proposed by the electron diffrac-

tion10 and XRD11 patterns. Figure 3d illustrates experimental DQ 

buildup curves of 13C l-L chains in the SC at mixing ratios of L/D 

= 7/3-3/7. The individual DQ buildup curves were almost identi-

cal with each other and could be fit by using the simulated curve 

based on the R3c model used in Figure 3c. The results clearly indi-

cate that L and D chains alternatively pack with each other and for 



 

the R3c (    ) packing structure. The DQ NMR data and CPMAS 

data obviously proved Case 1. 

      Another interesting feature is the structural information 

about excess L or D species. At L/D = 7/3, excess L chains did 

not crystallize as homo α crystals during cooling process from 

160 C to ambient temperature. On the other hand, excess D 

chains crystallized under the same cooling conditions. The 

crystallization of excess chains was related to chain length. At 

L/D= 7/3, long L chains partially formed a SC with short D 

chains at Tc = 154 C. Diffusion of the remaining unpaired L 

chains was limited due to partial SC formation along the 

chains and the relaxation process of the long L chains, and 

thus, the chains stayed close to the SC crystals and could not 

form pure L domains. On the other hand, at L/D= 3:7, many 

excess short D chains might be free (no pairing) and, crystal-

lize into the α form during annealing time at 154 C (Figure 

S4). Therefore, different chain lengths lead to an asymmetric 

phase structure of L/D blends.    

    In summary, the use of SS-NMR and 
13

C isotope labeling 

convincingly proved that the pairing of L/D =1:1 forms SCs in 

R3c (    ) at mixing ratios varied from L/D = 7/3-3/7 (Case 1). 

Interestingly, the current approach can investigate spatial cor-

relations for only one component of an enantiomeric pair. SC 

formation of L/D highly depends on molecular weights and 

might be related to the chain-level structures of both L and D 

in the glassy state. The current approach has potential for in-

vestigating the local chain trajectory of enantiomeric systems 

before and after crystallization.
20

 This information will be 

useful for understanding the structural formation process as 

well as the packing structure of SCs prepared in solution-
10

 

and melt-crystallization
11, 12

 as a function of molecular weight.  
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