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Ambient L-Lactic Acid Crystal Polymorphism
Jingxiang Yanga, Chunhua T. Hu a, Ethan Reiter a, and Bart Kahr* a 

Only one crystalline phase of the metabolite, L-Lactic acid (LLA), has 
been described since its isolation from sour milk as long ago as 
1780. Herein, we report the structures of two new crystalline 
polymorphs of LLA obtained from supercooled melts and 
characterized by X-ray diffraction and micro-Raman spectroscopy, 
as well as their transformations from one phase to another. None 
of the three crystal structures are consistent with the aggregate 
geometries of LLA in cold matrices, in solution, or those predicted 
by quantum chemical computations. The latter aggregates feature 
typical cyclic carboxylic acid dimers not represented in any of the 
crystal structures. These differences underscore the difficulty of 
reasoning solid state structure from associations in other media.

L-Lactic acid (LLA, (S)-(+)-2-hydroxypropionic acid), “the grim 
harbinger of fatigue,” according to Primo Levi,1 may seem like a 
fatiguing subject in 2021 given the long scrutiny of glucose 
metabolism. Nevertheless, LLA has acquired verve in the last 
generation, now recognized in cellular signaling processes, 
immunity, memory formation, and cancer growth, among other 
essential processes of life and its decline.2, 3 We have even 
learned that LLA is not responsible for muscle fatigue. This 
responsibility is just physiology folklore after all.4 Meanwhile, 
industries manufacture LLA as a food additive5 and as the 
precursor of the biodegradable poly(L-lactic acid)).6 This wealth 
of LLA chemistry has prompted spectroscopic and 
computational investigations of self-association.7,8,9,10 Here, we 
ask what story of LLA aggregation is told by crystallography?

Even though there is no end to sour milk, Scheele’s source 
of lactic acid in 1780,11 crystallization of LLA has been a 
challenge.12 LLA crystals are highly hygroscopic13 and they self-
esterify,14 confounding X-ray analysis.15 The first single crystal 
structure of LLA, which we designate as polymorph Form I (CSD 
refcode YILLAG) , did not appear until 1994.16 The crystal 

structure of Form I was redetermined here at 100K: space group 
P212121, Z=4, Z'=1, a = 5.4954(4) Å, b = 8.4298(5) Å, c = 9.3517(6) 
Å, V = 433.22(5) Å3, (Figure 2A). Form I was predicted to undergo 
a phase transition under isotropic pressure at ca. 1.03 GPa. 17 
The computed high-pressure structure can be found in the CSD 
(refcode WUSWAL). We will designate it Form IP, as it was 
derived from Form I under simulated pressure.

Here, we report the discovery of two hitherto unknown 
polymorphs, Forms II and III. The crystal structures of Forms II and III 
were obtained from large, faceted single crystals (see Figures 1 and 
S2 for habits) harvested from supercooled melts. 

Crystallization of LLA from solutions of ethanol, acetone, 
methyl propionate, ethyl acetate, acetic acid, diethyl ether, and 
tetrahydrofuran, only gave Form I as evidence by Raman 
microscopy. Melt crystallization has been an effective method 
of late for discovering new polymorphs.18,19,20,21,22,23,24 LLA, 
however, when melted in sealed glass tubes and then quenched 
at 25 °C, gave no evidence of crystallization for more than 20 
months. To induce expeditious nucleation of LLA, the 
thermodynamic driving force was increased by treating LLA 
melted between glass slides with dry ice (-78 °C) for about five 
minutes. Shortly after incubation at 25 °C, the growth of well-
defined LLA spherulites was observed (Figure 1A). Micro-Raman 
spectroscopy was not consistent with Form I nor with a hydrate 
(Figure 2D, Figure S1). We designated this material polymorph 
Form III (Figure 2C). (We will return to the discovery of Form II, 
of intermediate thermodynamic stability). Form III melted at 32 
°C, as compared with Form I at 53 °C). Low-melting, hygroscopic 
Form III did not survive attempts to measure its powder X-ray 
diffraction (PXRD) pattern, however.
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Fig. 1 (A) Spherulites of LLA III. (B) A single crystal of LLA III grown in a melt at 30 °C. (C) 
LLA II fibres (orange interference colour) growing in the spherulitic film of III. (D) A single 
crystal of LLA II grown in a melt at 34 °C. (E-G) Phase transformation of III to I at 25 °C. 
(H-J) Phase transformation of III to II at 25 °C.

Large, principally faceted single crystals of Form III were 
harvested from partially melted spherulites after 2-3 hours of 
incubation at 30 °C (Figure 1B, Figure S2B). These substantial 
crystals (>250 μm in the largest dimension) subsequently were 
cooled with dry ice and protected by an atmosphere of liberated 
CO2. A crystal was removed from the surrounding glass with an 
X-ray loop and immediately placed on a goniometer in a stream 
of N2 gas at 100 K. The crystals of Form III were consistent with 
the space group P212121, like Form I, but with Z’=2, a = 5.7323(3) 
Å, b = 9.0190(5) Å, c = 17.33579(10) Å, V = 897.49(9) Å3 (Figure 
2C, Table S1). The two independent molecules are identified as 
m1 and m2 in Figures 3 and 4.

In addition to the spherulites and rectangular prisms of 
Form III, thin fibers often grew (Figure 1C). These fibers did not 
melt at 33 °C (one degree above the melting point of Form III) 
and grew as individual crystallites as opposed to polycrystalline 
spherulites. Micro-Raman spectroscopy revealed that the 
needles were neither Form I nor Form III, suggesting the 
presence of yet another polymorph, herein designated as Form 
II (Figure 2D, Figure S1). One needle of Form II (Figure 1D, Figure 
S2A) was excised from the melt for single crystal X-ray structure 
determination. Form II also crystallized in P212121 yet again, 
Z’=1, a = 5.759(3) Å, b = 5.772(3) Å, c = 12.492(7) Å, V = 
415.246(4) Å3 (Figure 2B, Table S1). 

The thermodynamic stabilities of LLA polymorphs were 
evaluated by melting points and phase transformations. The 
melting points of Forms I, II, and III are 53 °C, 36 °C, 32 °C, 
respectively, with thermodynamic stability decreasing as I > II > 
III. Transformations among all three polymorphs were studied 
via both optical microscopy and micro-Raman spectroscopy. 

When confined between glass slides at 25 °C, Form III 
remained stable for weeks until it deliquesced (providing that it 
did not contact Forms I and II). However, concomitant 
crystallization of Forms II and III led to the transformation of III 
to II (Figure 1H-J). Upon contact, both Forms II and III 
transformed to I within minutes (Figure 1E-G). No reversible 
transformation was observed.

Curiously, the densities measured at 100K, did not follow 
the thermodynamic stabilities of the Forms above room. 
temperature. III was the densest and II the least dense. 
However, as we know from ice and water, this is not impossible 
for phases rich in H-bonds. 

Fig. 2 (A) Crystal structure of LLA in Form I. (B) Parallel 2D hydrogen-bonded ribbons 
composed by (11) rings in Form II. (C) Hydrogen-bonded sheets in Form III, a pair of 𝑅3

3

hydrogen-bonded -O=C-C-OH- (10) dimers (D). (E) Raman spectra of LLA polymorphs. 𝑅2
2

The theoretical conformations of LLA monomers were 
previously reported.7,15,25,26,27 With the newly discovered 
polymorphs II and III, we now have four crystallographic 
conformations instead of just one (Figure 3A). The 
conformations differ in the C1-C2-O3-H3 dihedral angle (Figure 
3B,C), anti as opposed to syn with respect to the methyl group. 
The conformer of LLA in Form I is geometrically closest to the 
conformer AsC (see ref 26 for nomenclature) which is ca. 19 
kJ/mol higher than the SsC ground state in the gas phase. Asc is 
not expected to be measurably populated as this conformer is 
short by one hydrogen bond, otherwise satisfied in the 
crystalline states. SsC, detected in the gas phase by microwave15 
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and infrared spectroscopies,10 is similar to conformers of Forms 
II and III (Fig. 3C).

LLA Form I molecules are bonded to three adjacent, 
symmetry-related molecules through a 3D hydrogen bond 
network (Figure 2A), resulting in ring structures, including , 𝑅2

1(5)
, , , as described by the language of graph 𝑅5

6(18) 𝑅5
6(24) 𝑅6

6(26)
sets.28,29 In Form II, the hydrogen bond network can be 
characterized as (11). Rings further propagate along the a-𝑅3

3

axis to form 2D ribbons (Figure 2B). The same chain structure is 
also seen in L-alanine (CSD refcode, LALNIN5530), for example. 
In Form III (Figure 2C), one symmetry-independent molecule 
(blue) extends as a 1D chain along the a-axis, with the other 
molecule (red) extending as a 1D, zigzag chain along b; two 
symmetry-independent molecules are connected to each other 
by a pair of hydrogen bonds, forming -O=C-C-OH- (10) dimers 𝑅2

2

(Figure 2D), further resulting in a hydrogen-bonded sheet in the 
(001) plane.

Fig. 3 (A) Best fits of four symmetry-independent molecules in Forms I (green), II (blue), 
and III (pink and red) of LLA. (B,C) Conformational parameters of LLA in three crystal 
structures and five low energy conformers predicted by quantum chemical calculations. 
For acronyms of conformations (SsC, AsC) see ref.26.

The correspondence of the assembly of molecules in solution 
and in the crystalline state is important in the clarification of crystal 
growth mechanisms.31,32,33 This prompted us to compare the 
hydrogen bond structure in the newly found LLA polymorphs and 
the LLA aggregates observed spectroscopically and predicted by 
quantum chemical computation.7,8,9,10 (8) carboxylic acid 𝑅2

2

dimers are abundant in aqueous solution as evidenced by a 
combination of computations and vibrational spectra.7 The self-
assembly and solute-solvent hydrogen bonding interactions of 
LLA in CDCl3, H2O, and CH3OH solution were further 
characterized using experimental FTIR and vibrational circular 
dichroism (VCD), along with density functional theory 
calculations.8 The (8) carboxylic-carboxylic dimers are the 𝑅2

2

dominate binary species in solution. 
Larger LLA aggregates were considered in cold argon 

matrices to obviate interactions with solvent molecules.9 VCD 
spectra once again identified the (8) carboxylic-carboxylic 𝑅2

2

dimers as the main species at 16-24 K, and these dimers are the 
starting points of most of the higher order (trimers and 
tetramers) aggregates of LLA and LLA-solvent complexes in DFT 
calculations (Figure 4D,E).8,9 However, this most common motif 

for carboxylic acids was not expressed by any of the three LLA 
polymorphs (Figure 4A,B,C).

The most recent study of dimerization of LLA in the gas 
phase, by FTIR spectroscopy,10 produced no spectra that could 
reasonably be assigned to any (8) carboxylic-carboxylic dimer. 𝑅2

2

While the vapor pressure of a saturated solution of LLA was in 
principle high enough to produce detectable aggregates, the 
anticipated concentration was based on a computed 
equilibrium constant (LLA + LLA  LLA2), which may be ⇌
imperfect according to the authors. Nevertheless, their failure 
to observe the common dimer10 is not inconsistent with our 
failure to see it in crystals.

Fig. 4 Summary of hydrogen bonding requirements of single LLA molecules (identified as 
blue) in trimers and tetramers. H-bonds that satisfy the blue molecule are shown as 
broken red lines. H-bonds within or between constituent molecules to which the blue 
molecules are joined are indicated as broken black lines. Top half: Crystal configurations. 
Experimental structures (I, II, and III) and predicted high pressure phase (1P). The 
independent molecules in III are depicted as III m1 and III m2. Crystal aggregates. Bottom 
half: Theory-based trimers. Most relevant theory-informed trimers matched to 
vibrational spectra. See e.g. ref (9). T1/T2 represents both trimers T1 and T2 which have 
different conformations, but the same H-bond configuration. T3 is the only trimer 
computed without an (8) graph set, rather (12) albeit no such structures were 𝑅2

2 𝑅3
3

observed in crystals. T4 and T5 feature (10). Other aggregate structures can be found 𝑅2
2

in ref. 9. Only, the H-bonding of blue molecules are complete in these sketches.
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Curiously, none of the three ambient structures (I-III) that we have 
now are consistent with the aforementioned structures determined 
by vibrational spectroscopy or quantum chemical computation,7,8,9,10 
suggesting that additional minima for aggregates may be identified 
in solution or the gas phase, and the other modalities may be found 
in the solid state. LLA, therefore, underscores how difficult it may be 
to reason from solution structures to those found in the 
crystals.31,32,33 Notwithstanding the strong correspondence between 
solution and crystal for some carboxylic acid dimers, such as tetrolic 
acid, it is just as likely, if not more so, that no correspondence is 
observed, as is the case for racemic mandelic acidError! Bookmark not defined. 
or tolfenamic acid, for example.34 

The divergence of supramolecular structures in isotropic media and 
solid-state structures of LLA indicate that a new starting point, such 
as the (10) dimer structure from Form III, or the (11) trimer from 𝑅2

2 𝑅3
3

Form II, should be considered for the construction and evaluation of 
larger LLA aggregates in theoretical calculations. 
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