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L-Malic acid (LMA) is a commodity chemical that was first isolated in the crystalline form in the 18th cen-

tury, yet it has been troublesome for more than 100 years because of its resistance to forming crystals that

are suitable for optical or X-ray analysis. LMA crystallizations from the melt and from solutions are

reevaluated here. Indeed, LMA crystallizes poorly from water. However, a flowable solid was produced by

growth from ethyl acetate at room temperature to give large well-formed trapezoidal prisms of a new LMA

polymorph, form II (space group P21, a = 5.7343(6) Å, b = 6.7990(7) Å, c = 6.9949(7) Å, β = 104.9610Ĳ10)°,

V = 263.47(5) Å3, Z = 2). The growth of LMA from ethyl acetate at 4 °C produced hard, near-spherical ag-

gregates of the only previously known phase, which also crystallizes in the space group P21 (form I). From

the melt, LMA produces spherulites with helicoidal twisting of its individual fibrils. Polycrystalline ensembles

are shown to arise from the inequivalent branching of the ends of a polar crystal which adopt semi-

spherulitic morphologies as crystallization intermediates. Tailor-made additives were used to assign the ab-

solute growth direction of the polar spherulite radii as +b.

Introduction

L-(−)-Malic acid (LMA), isolated by Scheele from apple juice in
1785,1,2 is a major food additive (US production, ca. 5000 tons
per annum), but the formation of sizable, well-formed LMA
crystals has been a long-standing challenge. Groth reported
that LMA crystallizes from water “with difficulty in the form
of deliquescent needles that serve no useful purpose”.3 By
this, he probably meant that they could not be indexed. In
fact, when grown from water in our hands, the crystals are
small, irregular, and platy (Fig. 1). Little improvement can be
achieved with acetone, ethanol, acetonitrile, isopropanol,
1-propanol and 1-butanol solvents. The ill-defined morphol-
ogies do not lead to easily-described habits. An X-ray structure
of this form was not reported until 1989 by authors quoting
Groth's lament to emphasize their technical challenges, albeit
they did succeed with water as the solvent. Crystal data: space
group P21, a = 5.041(1) Å, b = 9.188(3) Å, c = 11.792(4) Å,
β = 94.06Ĳ2)°, V = 544.8(3) Å3, Z′ = 2, Z = 4.4

Small crystals with high-aspect-ratio habits frequently
raise difficulties in downstream processing operations, such
as filtration, storage, packing, and tablet-making or capsule-
filling.5–7 Larger particles with high sphericity are superior
for filterability, flowability, compactibility, and bulk
density.8–15 Many problems can be solved by the unit operation
or granulation via adhesion of smaller particles following
crystallization.16 Alternatively, the so-called spherical crystalli-
zation, i.e. direct agglomeration of crystallites with the
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Fig. 1 (A) Poorly formed L-malic acid form I crystals grown from aque-
ous solution observed between crossed polarizers and (B) its crystal
structure4 viewed along the a axis.
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addition of partially miscible liquids during the original pre-
cipitation process, can likewise improve the flowability.17,18

But the addition of binders in this process requires recycling
and separation of the organic solvents. It would be much
more efficient to grow large crystals with a smaller aspect-
ratio, obviating the need for fillers or binders.

In this paper, we improve the flowability of poorly crystal-
lizing LMA without additives in two ways: (1) by crystallizing
to a new polymorph; and (2) by inducing spherulitic crystalli-
zation. We also show how to control the size of spherulites
using tailor-made additives, which, moreover, is a method for
assigning the absolute crystallographic orientation of spheru-
litic fibers growing along a polar axis. Additionally, we report
that under some conditions, the individual crystallites in
spherulites are twisted, a phenomenon now observed so fre-
quently it can no longer be considered unusual.

Results and discussion
Polymorphism

We confirmed that LMA does indeed crystallize with difficulty
from water (under vacuum of 9.5 kPa at 20 °C), producing ir-
regular, platy particles that best resemble birefringent
“smudges” (for the lack of a more crystallographically precise
description) on a dark field, as shown in Fig. 1a. These were
identified by Raman microscopy and powder X-ray diffraction
as form I whose crystal structure is shown in Fig. 1b.4

In contrast to the difficulties observed in crystallizing
LMA from water, ethyl acetate solutions at 20–21 °C precipi-
tate large well-formed trapezoidal prisms (Fig. 2a). Singe crys-
tal X-ray diffraction analysis reveals that these crystals are a
new polymorph, form II, also crystallizing in the space group
P21 but with Z′ = 1 rather than Z′ = 2 as in form I. Crystal
data: a = 5.7343(6), b = 6.7990(7), c = 6.9949(7) Å, β =
104.961Ĳ1)°, V = 263.47(5) Å3 (Fig. 2b). The trapezoids are
shaped by {011}, {01̄1̄}, {21̄1̄}, and {101} facets. The absolute
polar direction of the crystal was not established by X-ray
analysis because the anomalous dispersion was small.

Single crystals of form II are large (0.1 mm3) and polyhe-
dral. As shown by differential scanning calorimetry, form II
transforms into form I at 89 °C (scan rate of 10° min−1) with
a phase transition enthalpy of 5.36 kJ mol−1. The transforma-
tion begins on crystal surfaces at lower temperature (60 °C),
as evidenced by hot stage polarized light optical microscopy.
The crystals became opaque but preserved their polyhedral
envelopes. Therefore, after transformation, the stable form I
crystals have the same particle sizes and shapes inherited
from the more flowable form II.

Spherulites

Growing polyhedral single crystals of form II is not the only
strategy we found to improve the powder performance of
LMA without the aid of additives. Crystallization from ethyl
acetate at 4–5 °C produced nearly spherical aggregates, as
shown in Fig. 3. These particles were confirmed to be form I
by Raman microscopy and X-ray powder diffraction. Com-

pared to the small, platy microcrystals (20 μm) grown from
water, the spherulitic particles are much larger (around 800
μm) and spherical. Observations with a polarized light optical
microscope established the spherulitic structure of these par-
ticles (Fig. 3 inset).

The flowability of three different products was character-
ized with the Carr index5 (Table 1). The Carr indices of both
polyhedral crystals and spherulitic particles are much lower
than those of the fine powder of form I, as purchased from
Sigma-Aldrich, with irregularly shaped particles. Large poly-
hedral crystals and spherulites with aspect ratios close to one

Fig. 2 (A) Morphology of L-malic acid form II created using
WinXMorph™.19,20 The inset is a micrograph of a single crystal. (B) The
crystal structure of form II viewed along the a axis.

Fig. 3 Spherulitic particles of L-malic acid grown in ethyl acetate solu-
tion. The inset shows the radial arrangement of crystallites between
crossed polarizers with a first order red retarder. The spherulites have
positive birefringence, indicating that the slow axis or larger refractive
index is radial rather than tangential.
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flow more easily than smaller crystallites with a dispersion of
shapes.

Spherulites are generally regarded as a source of trouble.
The term “spherulite” is sometimes used pejoratively, and
even incorrectly, to describe a failed attempt to prepare well-
defined single crystals. Recently, spherulitic growth has be-
come recognized as a practical outcome. Spherulites of micro-
bial polyhydroxyalkanoates and amylose inclusion complexes
were evaluated as drug delivery vehicles while spherulites of
human interferon had improved pharmacokinetics.21–23

Spherulitic growth can also be used in product design. For ex-
ample, the formation of spherulitic particles was used to in-
crease the filterability of CaCO3 crystals.

24
L-Tryptophan parti-

cles with better flowability and higher bulk density were
prepared via polymer-induced spherulitic growth.25 In addi-
tion to improving the LMA powder performance by growing
large, compact spherulites, there remained features of LMA
crystallization that warranted further analysis such as mor-
phology evolution and microstructure.

Twisting

We were aware of early reports that LMA grows from the melt
as optically banded spherulites26–28 in which rhythmic optical
properties are characteristic of helicoidal twisting of fibrils
growing radially.29–33 The helicoidal twisting of molecular
crystals as they grow was a lost aspect of organic
crystallography.11,34–36 We have recently studied this phenom-
enon in a variety of other molecular crystals.37–44 We observed
optically banded spherulites of LMA when it was crystallized
from the melt (Fig. 4A–D). Scanning electron micrographs
show that the optical bands corresponded to crystallites alter-
nately growing in edge-on and face-on orientations, smoothly
rotating from one orientation to the other with the sense of
left-handed helicoids. Naturally, D-malic acid produces right-
handed helicoids. This was confirmed by Wallerant's method
of “sensing the screw”,26–28,35–37,45,46 watching the extinction
bands move up or down like a barber-shop striped pole as the
spherulite is rotated around a radial axis.

Absolute polarity

X-ray diffraction texture analysis on the spherulitic film indi-
cated that the spherulites were growing along the b axis, a po-
lar axis in the space group P21. Spherulites typically grow by
small angle branching of unstable ends of a single crystal nu-
cleus. However, if the ends of a needle-shaped nucleus corre-

spond to those of a polar axis, a spherical shape may not de-
velop quickly, especially if growth and branching along the
+b and −b directions occurs at different rates. The left side of
the crystalline aggregate in Fig. 4A shows the typical optical
texture of a banded spherulite made from twisted fibrils;
however, the right side shows the fanning of untwisted crys-
tallites, without rhythmic optical properties. These objects
might be more properly described as semi-spherulites, or
hemi-spherulites, were they not pressed between glass slides
and free to grow in a third direction. The fans were

Table 1 Characterization of the physicochemical properties of LMA products

Morphology Polymorph Bulk density (g mL−1) Tappedd density (g mL−1) Carre index

Irregular powdera Form I 0.666 0.913 0.270
Polyhedral crystalsb Form II 0.673 0.707 0.048
Spherulitic particlesc Form I 0.661 0.697 0.053

a Purchased from Sigma-Aldrich Co. LLC. b Grown from ethyl acetate solutions at 20–21 °C. c Grown from ethyl acetate solutions at 4–5 °C.
d Obtained by tapping the powder in a graduated cylinder until no more volume change is observed. e See text.

Fig. 4 L-Malic acid crystallizing from the melt. (A and B) Banded
spherulites of L-malic acid: (A) periodic extinction pattern observed be-
tween crossed polarizers; (B) SEM image of twisted fibers, and sche-
matic forms as purple overlays. (C and D) Banded spherulites of
L-malic acid grown in the presence of 15 wt% L-threitol (50 °C): (C)
view between crossed polarizers; (D) corresponding SEM image with a
scheme highlighting the twist; the gaps between different parts of indi-
vidual lamellae are likely to be a result of thermal stress during sample
quenching, mechanical damage during sample preparation, or partial
L-malic acid sublimation under high vacuum conditions. (E–H) Trans-
formation from a single crystal into a semi-spherulitic shape by de-
creasing the crystallization temperature. The yellow dotted line shown
in (E–G) is the diad axis.
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suppressed with the addition of 15 wt% L-threitol to the melt
(Fig. 4C). In this way, the semi-spherulites will ultimately
close to form a circumference with twisted crystallites grow-
ing in all radial directions, but all such branches originated
from only one side of the initial nucleus. Rather than
forming a pair of “eyes” near the nucleus,47 voids encircled
by small angle branching of crystallites from both sides of
the initial “sheaf of wheat” morphology, LMA produces a
“cyclops”, a spherulite with just one eye.

The polarity of crystal growth can be clearly seen at low
undercoolings, when the branching intensity is still low. At
an undercooling of 10 °C, LMA forms crystals with equilateral
triangular profiles. These are form I {001} crystals (Fig. 4E),
as determined by powder X-ray diffraction. At larger
undercoolings of 20 °C (Fig. 4A), small “feet” emerged on
only one of the three sides. These features become unstable
at undercoolings of 40 °C (Fig. 4G). Only in this way does
small angle branching and spherulitic growth commence.
However, the face normal to this direction remains stable de-
spite the growth that then engulfs it (Fig. 4H). This transition
from single crystal to polycrystalline growth establishes
which direction is the singular diad axis in the triangular
plates (the yellow dotted line in Fig. 4E–G).

These observations suggest that there might be two types
of spherulites, depending on the polar direction. At first
blush, these objects should look identical in a polarized light
microscope, as radial aggregates of anisotropic lamellae or
needles, quartered by dark extinction brushes. But depending
upon which end of the polar axis grows more rapidly, there
are two possible spherulitic formations shown schematically
in Fig. 5. The positive directions of the radial polar axes
might be pointing inward or outward, as indicated by the di-
rections of the arrows. This is a kind of in–out
diastereomorphism of polycrystalline ensembles that are not
related by symmetry. Shimon et al. have shown that the fast
direction of growth in polar single crystals of D, L-alanine can
be switched by changing the solvent.48 Thus, there is every
reason to expect the possibility of polymorphous polycrystal-
line forms of the kind schematically illustrated in Fig. 5.

To assign the spherulite growth direction as [010] or [01̄0],
we monitored the growth in the presence of tailor-made
additives.49–51 We previously established the absolute growth
direction of β-resorcinol spherulites with polar radii in this
way.52 D-Tartaric acid and meso-tartaric acid were chosen to

influence the habit of LMA spherulites. They can be recog-
nized as hydroxy-substituted derivatives of LMA (Scheme 1).
We anticipate that D-tartaric acid would selectively bind in
the +b direction of form I, whereas meso-tartaric acid will
bind in the −b direction (Fig. 6). In turn, these additives in-
hibit the growth of LMA along the +b and −b directions,
respectively.

To strengthen our interpretation, we evaluated the growth
of LMA spherulites in ethyl acetate with the addition of 1
wt% D-tartaric acid and meso-tartaric acid at 10 °C. (While
threitol produced meaningful changes in the morphology of
melt grown crystals, it did not influence the growth from so-
lution). In the presence of 1 wt% meso-tartaric acid, LMA
spherulites with the same size grew, as in the control experi-
ment without the additive (Fig. 7). However, in the presence
of 1 wt% D-tartaric acid, much smaller spherulites, only ca.
1% of the volume of those grown without additive, were de-
posited. Assuming that D-tartaric acid can adsorb more easily
and inhibit +b growth as opposed to −b growth (Fig. 6), small
spherulites with D-tartaric acid confirm radial +b growth.
Thus, not only single crystals but also polycrystalline ensem-
bles can be controlled with tailor-made additives.

Fig. 5 Schematic illustration of the in–out “isomerism” of spherulites,
for which the radial direction is a polar crystallographic axis indicated
by arrows.

Scheme 1 Chemical structures discussed.

Fig. 6 (100) projection of the crystal structure of LMA form I.
D-Tartaric acid and meso-tartaric acid bind selectively to the (010) and
(01̄0) surfaces, respectively. Note that form I has Z′ = 2.
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Conclusion

In industry, controlling the particle size of crystalline mate-
rials is often a prerequisite to processing solids. We have dis-
covered two effective ways to obtain particles of LMA, a
widely-used food additive, with controlled sizes and better
flowability than the product that is typically crystallized from
water. First, a new polymorph of LMA was discovered as large
trapezoidal prismatic crystals. Second, large, compact LMA
spherulites were grown. By studying the microstructure and
growth of spherulites with tailor-made additives, we assigned
the absolute direction of the polar radial axis. This experi-
ment not only identifies the absolute growth direction of
LMA fibers in spherulites, but is also an example of the use
of tailor-made additives to control the size of spherulitic par-
ticles. Twisted crystals were also grown from the melt but the
mechanism that induces helicoidal morphologies in this in-
stance remains unknown.

Experimental
Materials

L-Malic acid (C4H6O5), D-malic acid (C4H6O5), L-threitol
(C4H10O4), D-tartaric acid (C4H6O6), meso-tartaric acid
(C4H6O6) and ethyl acetate were purchased from Sigma-
Aldrich Co. LLC. Distilled, deionized water was used wherever
applicable.

Crystallization

Single LMA (97%) crystals were grown by cooling to 20 °C a
saturated ethyl acetate solution at 65 °C in a Pyrex crystalliz-
ing dish. Crystals from the melt were grown from a few mg
of LMA placed between a microscope slide and a glass cover
slip on a Kofler bench at ca. 120 °C. Some samples were re-
melted and subsequently crystallized on a hot stage (Model
FP90, Mettler-Toledo). Polarized light micrographs were
obtained with an Olympus BX50 microscope equipped with a
digital camera.

Bulk properties

Both bulk density and tapped density of all products were de-
termined using a measuring cylinder (25 mL). The Carr index
was determined to evaluate the flowability of the powder.5

X-ray diffraction

XRD patterns were collected on a Bruker AXS D8 DISCOVER
GADDS microdiffractometer equipped with a VÅNTEC-2000
area detector, a sealed Cu tube, a graphite monochromator,
and a 0.5 mm MONOCAP collimator (Cu Kα radiation, λ =
1.5418 Å). The data collection was performed in reflection
mode either from as-grown crystalline films on a glass slide
with the cover glass removed or from powder detached from
the glass slide and attached to a silicon wafer with a small
amount of vacuum grease.

Single-crystal structure determination

The X-ray intensity data of LMA form II was recorded on a
Bruker D8 APEXII CCD system equipped with a sealed Mo
X-ray tube, a graphite monochromator, and a 0.5 mm Mono-
Cap collimator (Mo-Kα radiation, λ = 0.71073 Å). The crystal
temperature was controlled at 100K using an Oxford
Cryosystems 700+ cooler. Four sets of ω scans at four ϕ an-
gles were collected. The 1600 frames acquired were processed
with the INTEGRATE program of the APEX2 software for re-
duction and cell refinement. Multi-scan absorption correc-
tions were applied by the SCALE program for the area detec-
tor. The structure of form II was solved by intrinsic phasing
methods (SHELXT) and the structure models were completed
and refined by full-matrix least-squares methods on F2

(SHELXL). Non-hydrogen atoms in the structures were re-
fined with anisotropic displacement parameters. Hydrogen
atoms on carbons were placed in idealized positions (C–H =
0.95–1.00 Å) and included as riding with the heavy atoms
(UisoĲH) = 1.2). Hydrogen atoms on oxygens were found from
difference Fourier maps and refined with a restrained O–H
distance of 0.84 Å. The crystallographic information file (CIF)
including the HKL and RES data are deposited in the CCDC
with no. 1586384.

Calorimetry

Differential scanning calorimetry (DSC) experiments were
performed on a Perkin-Elmer DSC 8000 instrument with a
scan rate of 10 °C min−1 under a nitrogen gas flow of 20 mL
min−1 purge. Samples weighing 3–5 mg were heated in sealed
non-hermetic aluminum pans. Two-point calibration using
indium and tin was carried out to assess the temperature axis
and heat flow of the equipment.

Fig. 7 The effect of tailor-made additives meso-tartaric acid (left) and
D-tartaric acid (right) on the particle size of L-malic acid spherulites
(grown at 10 °C from solutions saturated at 65 °C). The control experi-
ment without the additive was depicted in the middle. The scale is
expressed in cm.
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Scanning electron microscopy

Samples were mounted on conductive carbon tape after re-
moval of the top coverslip, adhered to aluminum holders,
and then coated with 5 nm of gold from an evaporator. The
images were recorded with a MERLIN field-emission scan-
ning electron microscope (Carl Zeiss) using a standard
Everhart–Thornley type detector at an accelerating voltage of
1–2 kV.

Raman spectroscopy

Raman spectra were collected with a Thermo Scientific DXR
Raman microscope (laser wavelength 532 nm, laser power 2
mW).
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