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Introduction

The structuration of nanoparticles into ordered superstruc-
tures by using bottom-up approaches is one of the key
topics of modern colloid and materials chemistry.[1] In this
field, much can be learned from the processes of biomineral-
ization that yield well-defined, organic–inorganic hybrid ma-
terials with superior materials properties, complex morphol-
ogies, and hierarchical order.[2–4]

One of the fundamental aspects of bio- and biomimetic
mineralization is the possibility of a mesoscopic ordering of
materials through self-organization and transformation.[5]

Even conventional crystallization processes are considered
to be more than just the formation of a solution-mediated
lattice from ions. Aggregation-mediated crystallization via
mesoscopic building units seems to be relevant in many
cases;[5] for example, iron oxides,[6] cerium oxide,[7] copper
oxalates,[8] and copper oxides[9] are all solids containing
metal ions that readily undergo hydrolytic polymerization
and cluster formation in aqueous solution. The current
theory, with its two principal paths of crystallization, is rep-
resented in Figure 1, left and center.

The influence of polymers on crystal formation is usually
attributed to their selective adsorption and/or enrichment
onto specific crystal faces, similar to that seen with low mo-
lecular weight ionic compounds, which inhibits the growth
of these faces.[10] Self-assembled and highly oriented super-
structures can form through that approach, as was shown for
a variety of ZnO superstructures obtained with a citrate ad-
ditive.[11]

Polymers can also decrease colloidal stability, which indu-
ces aggregation.[12,13] On the other hand, polymer–surface in-
teractions that increase colloidal stability, thereby influenc-
ing the size and shape of the primary clusters, are also
known.[14] Particularly effective steric stabilizers for inorgan-
ic crystals in aqueous systems are the so-called double-hy-
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Figure 1. Alternative growth mechanisms of a crystal and a mesocrystal,
partially adapted from reference [5].
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drophilic block copolymers (DHBCs), which consist of a hy-
drophilic sticking block for the crystal and a second hydro-
philic block that promotes water dispersion.[15]

Apart from the anisotropy of the shape, specific steric,
van der Waals, and hydrophilic–hydrophobic interactions
can organize the primary particles into a mesoscopic super-
structure. An impressive example of the surfactant-mediated
one- and two-dimensional structuration of BaCrO4 and
BaSO4 nanoparticles, respectively, was reported by Mann
and co-workers.[16,17] Even more demanding is the control-
led, three-dimensional structuration of nanoparticles to mi-
croparticles with defined external faces. The three-dimen-
sional structuration of mm-sized particles to ordered crystal-
line and facetted superstructures on surfaces has already
been described (for a recent review, see reference [18]). The
structuration of monodispersed spherical nano- or micropar-
ticles to colloidal crystals has also been investigated exten-
sively (for a recent review, see reference [19]). Fewer studies
of the three-dimensional structuration of nonspherical nano-
crystals to facetted crystals have been reported.

These crystals consisting of nanocrystal aggregates are
called mesocrystals (Figure 1). Such synthetic hybrid materi-
als exhibiting defined crystal faces, but constructed from
three-dimensionally, well-aligned nanocrystals, have already
been described for calcium carbonate systems,[20–22] copper
oxalate,[8] BaSO4,

[23] CdS,[24] and CoPt3.
[25] However, the for-

mation mechanism of such mesocrystals is unknown, as are
the reasons for the perfect alignment of the mesoscopic
building units in symmetries different from those of the pri-
mary crystals.

In this paper, we present the first example of an organic
mesocrystal constructed from neutral molecules, illustrating
that such structures are not formed exclusively by inorganic
matter and its high cohesion energy. Crystals of organic mol-
ecules have the advantage that they have lower lattice ener-
gies than their inorganic ionic counterparts, and provide ad-
ditional crystallization control parameters, such as chirality
or dipole–dipole interactions. Thus, the crystallization of
polar organic molecules, such as amino acids, is appropriate
for studying the effects and relevant parameters for the for-
mation of mesocrystals, and the nature of the forces aligning
the primary nanoparticles.

Experimental Section

All chemicals were purchased from Aldrich with a purity >99 % and
were used without further purification, unless otherwise stated. Double-
distilled water was used for the preparation of the crystallization solu-
tions.

Polymer synthesis

Bromopoly(ethylene glycol) (2): Monomethoxypoly(ethylene glycol) (1)
(PEG4700-OH, 150 g, Mw =5000 gmol�1, Mn =4700 g mol�1) was dissolved
in toluene (600 mL) and refluxed for 2 h, using azeotropic distillation to
remove traces of moisture from the solution. After cooling to 35 8C,
freshly distilled anhydrous triethylamine (20 mL, 144.3 mmol), and fresh-
ly distilled thionyl bromide (25 g, 120.2 mmol) dissolved in dry toluene
(50 mL), were added dropwise at 35 8C over the course of 1 h, under con-

tinuous stirring in a dry nitrogen atmosphere. The reaction was complet-
ed by refluxing for 2 h. The triethylammonium bromide was removed by
passing the hot solution through a sintered glass funnel (type 2) with an
approximately 2–3 cm thick layer of Hyflo Super Cell diatomeous earth.
After cooling to 50 8C, active carbon was added (50 g). After filtration
over a diatomeous earth layer and elution of the filtercake with hot tolu-
ene, the filtrate was stored at 4 8C overnight to crystallize the product.
Residues of the product were formed by constriction and crystallization
of the supernatant toluene. The solid products were dissolved in refluxing
ethanol and further active carbon was added (50 g). The solution was fil-
tered as above, constricted, and the product was recrystallized twice at
4 8C. This was then washed with diethyl ether and dried in a vacuum des-
sicator to yield a pale yellow product (101 g).

Poly(ethylene glycol)-block-poly(ethylene imine) (3): A solution of poly-
(ethylene imine) (50 wt %, 6 mL, Mn = 1200 g mol�1) (PEI1200) was heated
in toluene (100 mL) under reflux, using azeotropic distillation to remove
traces of moisture from the solution. The water-free solution was concen-
trated to 20 mL and bromopoly(ethylene glycol) (2) (11 g) in THF
(100 mL), and triethylamine (1 mL, 9.9 mmol) were added. The mixture
was then heated under reflux for 6 h. The resulting triethylammonium
bromide was separated by filtration. The organic phase was evaporated
and traces of toluene were removed by azeotropic distillation with water.
The polymer was isolated by freeze-drying and then analyzed by quanti-
tative 1H NMR spectroscopy by using the ratio of PEI and PEG protons.
The blocking efficiency was >90%. 1H NMR (D2O): d =2.30–2.90 (H-
PEI), 3.40–3.80 ppm (H-PEG).

Poly(ethylene glycol)-block-poly(ethylene imine)-S-isobutyric acid (5):
Poly(ethylene glycol)-block-poly(ethylene imine) (3) (7 g) was dissolved
in THF (350 mL), and triethylamine (9 g, 88.9 mmol) and the methyl
ester of S-bromoisobutyric acid (7.5 g, 41.2 mmol) were added. The mix-
ture was heated under reflux for 6 h and the resulting triethylammonium
bromide was separated by filtration. The organic phase was evaporated
and the solid product was dried in a vacuum dessicator. The solid was
then dissolved in a water/methanol mixture (1:3, 160 mL), LiOH·H2O
(3.5 g, 83.3 mmol) was added, and the mixture was stirred for 2 h. The so-
lution was then neutralized by adding 0.5n HCl. After dialysing from low
molecular weight components (MWCO=1000 gmol�1), the solution was
freeze-dried and characterized. 1H NMR (D2O): d=1.20–1.35 (CH3- from
S-bromoisobutyric acid), 2.30–2.90 (H-PEI; CH2-, CH- from S-bromoiso-
butyric acid), 3.40–3.80 ppm (H-PEG); PEI functionalization degree:
41% (from 1H NMR spectroscopy and gravimetry of the byproduct tri-
ethylammonium bromide); ORD: [a]20

D =3.7 mdeg (1 wt % solution at
1 cm), which qualitatively confirms the chirality of the prepared polymer.

Crystallization : An amount of polymer PEG4700-PEI1200 or PEG4700-
PEI1200-S-iBAc (10 or 100 mg, respectively) was added to a filtered, satu-
rated, aqueous solution of dl-alanine (10 mL) at 65 8C, and allowed to
dissolve as the mixture was cooled to room temperature. The solution
was filtered and poured into a small bottle. After 24 h crystallization had
started and was complete within 7 days. The crystals were then filtered
from the solution, washed three times with ethanol, and dried at 50 8C
under vacuum, before being analyzed by using light microscopy.

Analytical methods : The NMR spectroscopy experiments were per-
formed by using a Bruker DPX-400 instrument at 25 8C with D2O as sol-
vent. Both light microscopy of solutions and scanning electron microsco-
py (SEM) were applied to all samples. The use of light microscopy is nec-
essary to prove that the SEM micrographs show real structures instead of
drying artefacts that result from sample preparation. The SEM measure-
ments were performed by using a LEO 1550-GEMINI microscope. Light
microscopy images were recorded in solution by using an Olympus BX50
instrument. Powder X-ray diffraction (XRD) patterns were recorded by
using a PDS 120 diffractometer (Nonius, Solingen) equipped with CuKa

radiation. The w scan-mode crystal analysis with crystal rotation along
[001] was performed by using a Bruker-AXS, Modell SMART. The sur-
face cleavage of the crystal faces, the cell structure, and the modeling of
morphologies were performed by using Cerius2 software (Accelrys). For
the equilibrium growth morphology calculation in vacuum, the auto force
field was enabled. The morphologies were then adapted to those ob-
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served experimentally, by altering the distances between the faces and
the virtual crystal center.

Results and Discussion

Polymer synthesis : As a suitable polymer for the crystalliza-
tion of dl-alanine, a standard double-hydrophilic block co-
polymer (DHBC) was prepared and functionalized by using
principles reported previously.[15,26, 27] Poly(ethylene glycol)-
block-poly(ethylene imine) (3) was employed as a backbone,
and was synthesized by coupling the two polymer segments,
which had molar masses of Mn = 4700 and 1200 g mol�1, re-
spectively (PEG4700-PEI1200). Monomethoxypoly(ethylene
glycol) (PEG4700-OH) (1) was activated by reaction with
thionyl bromide under reflux conditions, using an excess of
triethylamine in toluene to give the brominated telechelic
species (PEG4700-Br) (2), which has a functionalization
degree of 100 %.[28] This compound was coupled to a
branched PEI with a molar mass of Mn = 1200 g mol�1

(PEI1200), as this was shown by earlier investigations to pro-
vide a higher functional group density on a crystal surface
than the linear or dendritic analogues.[29]

The AB-block structure (3) was obtained by refluxing an
excess of 100 % PEI1200 with PEG4700-Br (2) in THF. The sur-
plus of PEI was quantitatively removed by performing ex-
haustive dialysis (MWCO =3000 g mol�1). Gel permeation
chromatography (GPC) revealed a blocking efficiency of
90 % and a PEG contamination of about 10 %, resulting
from the nonquantitative yield of both reaction steps. The
PEG homopolymer, however, is inert and does not disturb
the subsequent crystallization examination, as earlier inves-
tigations have shown.[30]

To activate this polymer backbone, it was functionalized
with appropriate sticker groups that can interact efficiently
and selectively with appropriate crystal surfaces. This is only
possible to a certain degree, as PEI consists of 25 % primary,
50 % secondary, and 25 % tertiary amines.[31] The alkylation
of the PEG4700-PEI1200 in THF with the methyl ester of S-
bromoisobutyric acid yielded a functionalized DHBC (4)
with a functionalization degree of 41 %, as revealed by
1H NMR spectroscopy and gravimetric investigations of the
byproduct triethylamine bro-
mide, and implies that all pri-
mary and some secondary
amine groups were functional-
ized. This conversion is typical
for polymer reactions with
PEI.[27] Subsequent cleavage of
the ester produced a zwitterion-
ic chiral DHBC (5), which is
suitable for the crystallization
of amino acids, in this case dl-
alanine (Scheme 1).

Crystallization : dl-alanine crys-
tallizes from aqueous solution

in the space group Pna21 with an orthorhombic unit cell.[32]

Free crystallization of a supersaturated dl-alanine solution
in bidistilled water by cooling from 65 to 20 8C yields nee-
dlelike racemic crystals within a few hours (Figure 2a). In
the presence of 0.1 wt % PEG4700-PEI1200, which is the non-
functionalized DHBC backbone, a nonspecific change in the
crystals is observed. Instead of the original filigree needle, a
compact rectangular structure with sharp side-faces and ir-
regular tips is obtained (Figure 2b). The thickness of the
crystals is increased by a factor of ten compared to the de-
fault experiment, and a vague central inner structure is ap-
parent. The addition of functionalized DHBC PEG4700-
PEI1200-S-iBAc at a concentration of 0.1 wt % shows a much
stronger influence on crystallization. The original needle
form disappears completely in favor of bricklike crystal
bodies with irregular morphology (Figure 2c).

The strong morphology-directing effect of the block co-
polymer with its chiral sticker groups is clear, and nicely
supports the DHBC concept, as previously applied to inor-
ganic compounds, such as CaCO3,

[27,33–38] Cax(PO4)y(OH)z,
[30]

BaSO4,
[39–44] BaCrO4,

[45,46] ZnO,[47–50] CaC2O4*2H2O,[51]

CdWO4,[52] and lanthanides[53] or Au.[54] Chiral aspects
during the crystallization have been examined mainly by the
Lahav group.[55–57]

To examine the role of chirality, we investigated the influ-
ence of this polymer on the crystallization kinetics of the
enantiopure amino acids. The presence of 0.1 wt % of
PEG4700-PEI1200-S-iBAc results in a significant change in the
crystallization kinetics, as revealed by measurements of the
circular dichroism (l=240 nm) of the supernatant solution
over time (Figure 3). Although the growth of l-alanine is
slowed down by the polymer, the d-alanine growth rate is
accelerated. This dependence proves the “rule of rever-
sal”,[55,58] that is, the polymer binds better to a surface of
equal chiral character, so that this surface becomes inhibited
and the other enantiomer preferentially crystallizes. The
temporary separation of enantiomers was recently observed
for tartrate salts with a chiral DHBC,[58] in which the race-
mate and the enantiopure compounds were nevertheless
thermodynamically very similar and had a similar free en-
thalpy of crystallization. However, performing similar circu-
lar dichroism measurements on the supernatant solution of

Scheme 1. Reaction scheme for the preparation of PEG4700-PEI1200-S-iBAc.
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a 1:1 mixture of d- and l-alanine, with 0.1 wt % polymer as
in Figure 3, reveals no change in the optical rotation over
time (it is still the racemate that is crystallizing), and no
chiral separation was achieved. Clearly, the polymer can dif-
ferentiate between the two enantiomers; nevertheless, it
binds with similar strength to faces of the racemate crystals,
so that this thermodynamically more stable species prevails.
We can conclude, therefore, that the novel structures are
also composed of racemic crystals.

A higher resolution picture of the crystals obtained in the
presence of the PEG4700-PEI1200-S-iBAc additive shows the
detailed nature of the products (Figure 4a). Although the
“crystals” are apparently well facetted, they show an inner

texture and cracks, and are clearly composed of many small
tectons. Sites parallel to the longitudinal axis display smooth
surfaces, whereas sites on the lateral axis have a rough
shape and show structuring. The wavy surfaces and irregular
edges observed are atypical for single crystals and are likely
to be the effect of an imperfect structuring of subunits. In
addition, tension cracks can be observed.

To obtain more information about the inner texture of
these superstructures, an etching experiment was performed
by refluxing the crystals for 8 h in the nonsolvent methanol.
The block copolymer within the crystal partly dissolved, and
the resulting, less-fixed structures reveal their inner connec-
tivity. Figure 4b shows the coupled SEM results revealing a
porous structure. The initially smooth surface became tex-
tured and less regular. A reference experiment for a dl-ala-
nine single crystal boiled in methanol under the same condi-
tions still yielded a crystal with smooth surfaces (Figure 4c),
which clearly reveals that the cavities in Figure 4b must

Figure 2. Light micrographs showing dl-alanine crystals obtained by cool-
ing a supersaturated solution from 65 to 20 8C; a) default experiment
without additive (scale bar=200 mm), b) a crystal obtained by addition of
0.1 wt % PEG4700-PEI1200 (scale bar=200 mm), and c) crystals obtained by
addition of 0.1 wt % PEG4700-PEI1200-S-iBAc (scale bar=20 mm).

Figure 3. Kinetic measurements of the crystallization of the alanine enan-
tiomers by using circular dichroism detection of the supernatant; a) l-ala-
nine, b) d-alanine. Crystallization was induced by the abrupt cooling of a
supersaturated solution from 85 to 20 8C. The diagrams compare the free
crystallization with that in the presence of 0.1 wt % PEG4700-PEI1200-S-
iBAc.

Chem. Eur. J. 2005, 11, 2903 – 2913 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2907

FULL PAPERCrystallization of dl-Alanine

www.chemeurj.org


result from polymer dissolution, despite the possible slight
dissolution of alanine.

Upon increasing the concentration of polymer PEG4700-
PEI1200-S-iBAc to 1 wt %, a more regular, cubic crystal mor-
phology is obtained (Figure 5a), in which all edges have a
similar length of between 50 and 100 mm. The reason for the
more uniform shape may be a higher order of the nanocrys-
tals in the compound structure and will be discussed in more
detail below. One set of the orthogonal faces shows smooth
surfaces, one set is slightly striated, and one set of the cubic
faces is rough and exhibits pronounced surface structure. In
addition to the cubes, fused, cross-grown mesocrystals are
found. In contrast to the crystals obtained with the lower
concentration of polymer (Figure 4), no cracks are observed

in the mesocrystals, indicating a more pronounced inner tex-
turation.

Higher resolution SEM pictures of the rough sites of less-
perfect species reveal the inner alignment of the nanocrys-
tals within these superstructures (Figure 5b). Very thin, pla-
telet-like crystals, aligned along their c axis to a multilayer
stack (for mesocrystal face-indexing, see Figures 10 and 11),
constitute the complete mesocrystal and are aligned perpen-
dicular to the rough face. From these pictures, the thickness
of the primary crystals can be estimated to be below
100 nm. Although a dense packing of needles would also be
compatible with the observations in Figure 5b, the following
results strongly suggest that the primary particles are plate-
lets that can form needles by oriented attachment. The pri-
mary crystals are well separated, indicating the presence of
tightly bound, intracrystalline polymers; that is, the whole
structure is a layered nanocomposite.

We also tried to embed the crystal superstructures into
epoxy to obtain microtome sections. Due to the low stability
and high brittleness of the compound structure, precise cut-
ting in all directions is not possible, and mostly fragments of
destroyed mesocrystals are observed. The three-dimension-
ally aligned lamellar structure of the mesocrystals is demon-
strated in Figure 6. Although the exact orientation of this
thin cut is unclear, the high level of subunit orientation
within a mesocrystal is apparent. The mesocrystal has essen-

Figure 4. SEM images of dl-alanine crystals; a) obtained by addition of
0.1 wt % PEG4700-PEI1200-S-iBAc at high resolution (scale bar=2 mm),
b) after etching for 8 h in refluxing methanol (scale bar=200 mm), and
c) default experiment with single crystals (scale bar=1 mm).

Figure 5. a) SEM image of dl-alanine crystals formed by crystallization
of 10 mL of a supersaturated solution (cooled from 65 to 20 8C by addi-
tion of 1 wt % PEG4700-PEI1200-S-iBAc) (scale bar=100 mm). b) The view
of one of the rougher faces revealing the inner mesostructure (scale
bar=2 mm).
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tially a rectangular cross-section, in which the single crystal-
line lamellae are parallel to the flat outer surfaces of the
mesocrystal. Remarkably, all of the single nanocrystal plate
units have the same fracture texture and angles, emphasizing
that each nanocrystal is vectorially well aligned with respect
to the next crystal; that is, the mesocrystal possesses a
common coordinate system. This texture provides relevant
information concerning the action of the polymer and the
architectural principles of the mesocrystal.

Despite the large morphological differences between the
single reference crystal of dl-alanine and the mesocrystal,
there are only minor differences in the wide-angle X-ray
scattering (WAXS) results (Figure 7). Even the porous
structures formed at low concentrations of polymer show
well-developed scattering peaks that are very narrow. Amor-
phous domains within the structures are clearly absent. Both
crystals can be indexed according to the orthorhombic prim-
itive lattice, which is known for dl-alanine. The difference
between the two diffractograms is subtle, despite the obser-
vation of orientational effects in the powder diffractogram
upon repetition of the experiment. The absence of peaks or
a decrease in peak intensities indicates the substructure of
the mesocrystal, or the structure of the primary nanoparti-
cles, respectively. The (200) peak is increased, whereas the
(110) peak is decreased. Although the sample was measured
as a powder, orientational effects cannot be completely ex-

cluded. Higher resolution of the area around 218 (Figure 7b,
inset) illustrates the absence of the original (201 and 011)
scattering peak. The standard explanation for the absence of
peaks, but the preservation of crystal structure, is an altered
exposure of faces. The disappearance of the main scattering
peak and the shifts in intensity occur because certain crystal
directions exist in only nanometer dimensions. This is evi-
dent from the observed “vanishing of peaks” due to very
broad peak widths, and leads to the peak disappearance in
the baseline.

On the basis of these results, it is possible to develop a
molecular mechanistic understanding of the interaction and
structuration process. It is already known that dl-alanine is
a polar crystal along the c axis; it displays well-developed
“capped (201) and (011) faces” at one end of the polar c
axis where �NH3

+ groups are exposed, and at the opposite
flat (00-1) face, �COO� groups are exposed.[59–61] We have
depicted the molecular surface structure of dl-alanine, as
viewed along the b and c axis, by using the program Cerius2

(Figure 8). The effects of surface reconstitution and hydra-

Figure 6. a) SEM image of dl-alanine crystals formed by crystallization
of 10 mL of a supersaturated solution (cooled from 65 to 20 8C by the ad-
dition of 1 wt % PEG4700-PEI1200-S-iBAc) showing the semicut mesostruc-
ture (scale bars = 3 mm). b) Close up of part of image in (a).

Figure 7. Results of WAXS analysis of dl-alanine crystals formed by the
crystallization of 10 mL of a supersaturated solution (cooled from 65 to
20 8C); a) default experiment in the absence of additive, b) following the
addition of 1 wt % PEG4700-PEI1200-S-iBAc.
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tion were not considered; the surfaces were constructed
simply from the well-known unit cell of dl-alanine.

The (200) and (210) faces are similar; both show cationic,
anionic, and nonpolar methyl groups as surface sites in
equal proportions. Interestingly, despite the decrease in the
(110) peak, the relative intensity of the related (220) peak
increases (Figure 7). The reason for this is unknown, but
suggests orientational effects. A similar situation exists for
the (210) surface, which is a morphology-determining face
due to its slow growth. That this is an exposed face could ex-
plain why this peak is so strong in both the reference
sample and the mesocrystal. The (201) and (011) faces can
be easily identified as polar surfaces, from which four amino
units per unit cell extrude.[59–61] The most polar surface, how-
ever, is the (001) face. Because the c axis in dl-alanine is
the dipole axis, the (001) face is polar, with one side rich in
carboxylic acids and the counterface rich in amines.

The acidic polymer can interact with the faces that exhibit
amino groups; predominately (001). The relative occupation
depends on polymer concentration, but the experiments
show that at the low polymer concentrations used, the (001)

face is preferred, which makes this usually unexposed face
dominant in the initially formed nanocrystals.

The dl-alanine morphologies observed for the single crys-
tal, based on the work of Lahav and co-workers[59–61] (Fig-
ure 9a), and the suggested morphology of the primary build-

ing unit of the mesocrystals (Figure 9b), demonstrate the
morphology changes to the latter. Instead of the needlelike
structure obtained in the absence of polymer (Figure 9a),
the lowering of interface energies by polymer adsorption, as
discussed, results in a platelet with strongly exposed (001)
and (00-1) faces. Around the rim of the platelet, there are
two 908 and four 1358 angles. Due to the lowering of the
(001) interface energies by polymer adsorption, the initially
slow-growing (210) and (200) faces become relatively fast
growing with respect to (001).

On the basis of this elementary unit, the architecture of
the mesoscale superstructure is simple to explain: The
whole structure is oriented in the [100], [010], and [001] di-
rections, with the z direction being the stacking plane. In the
x direction, the primary crystals also have a flat side, albeit
with stacking irregularities (striations). The mesocrystal,
however, must be rough in the y direction, as the (010) face
is not exposed in the building units.

Figure 8. Molecular surface structure of dl-alanine viewed along the b
axis (a) and c axis (b). Gray=carbon, red=oxygen, blue=nitrogen.

Figure 9. dl-alanine crystals formed by the crystallization of 10 mL of a
supersaturated solution (cooled from 65 to 20 8C) (red = (210), white =

(200), blue= (011), yellow = (201), green = (001); a) default experiment in
the absence of additive based on the work of Lahav and co-workers,[59–61]

b) suggested mesocrystal subunit obtained by the addition of 1 wt %
PEG4700-PEI1200-S-iBAc. The morphology of the mesocrystal subunits in
(b) was drawn on the basis of experimentally observed faces.
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The polar character of the (001) and (00-1) faces (one
side amine, one side carboxyl groups) is very important for
the construction of the superstructure: the simple plates are
held together by strong dipole–dipole interactions, which
cummulate from unit cell to unit cell over the whole plate
thickness so that the whole superstructure is polar. As the
mesocrystals do not cleave along those lines, as might be ex-
pected, the cohesive force perpendicular to the plates must
be quite high. Furthermore, the fairly constant thickness of
the plates in nanodimensions may be explained by the dipo-
lar character; such supramolecular dipole moments are usu-
ally growth-limited to a critical value and a corresponding
mesoscopic structural length, otherwise the coupled forces
become too high.

To support the high vectorial alignment of the primary
nanocrystalline units observed and the indexing of the outer
faces, one selected mesocrystal was subjected to an XRD w-
scan crystal analysis, in which the crystal was rotated around
its [001] axis (Figure 10, for a simple comparison, only one
iso-oriented scattering plane is presented). The diffraction

images of the mesocrystal (Figure 10a) are indeed compara-
ble to the diffraction of a dl-alanine single crystal (Fig-
ure 10b). The diffraction spots are defined and only slightly
smeared, indicating some type of structural flexibility within
the compound structure, with minor fluctuations in orienta-
tion around a common axis. It was already seen in the SEM
pictures that the outer faces are not exactly parallel, but can
exhibit a slightly curved appearance and angular fluctua-
tions. The mesocrystals clearly contain larger amounts of
polymer and are composite structures with intermediate
softness. The smearing of the peaks is only minor, and de-
pends on orientation (in accordance with a tensorial plastici-
ty), but is below 58.

The “single crystal” is found to be twinned, most presum-
ably along the [00-1] dissymmetry (see Figures 9 and 10) to
compensate dipole moments, as the twinning is maximal per-
pendicular to the [001] direction. In addition, the XRD
image of the mesocrystal contains some specific features.
The stacking of the plates along the [001] axis in the meso-
crystal highly intensifies the (002) reflection, but weakens
the (004) reflection. This is typical for lattice defects in this
direction, presumably due to the incorporation of polymer
into the crystalline structure. The twinning now takes place
in quads, which is interpreted as all four principal orienta-
tions of the primary nanoplatelets occurring with similar
probability in the mesocrystals.

Conclusion

The crystallization of dl-alanine in the presence of the
double-hydrophilic block copolymer poly(ethylene glycol)-
block-poly(ethylene imine)-S-isobutyric acid yielded well-
facetted superstructures. These were shown to be mesocrys-
tals; that is, regular scaffolds composed of well-separated,
but almost perfectly three-dimensionally aligned, nanocrys-
tals with a platelet-like shape. We propose a hexagonal
(001) platelike morphology for the nanocrystals with four
(210) and two (200) side faces, in which the former (210)
was also observed in the reference crystal and the latter
(200) is energetically stable. We could not assign the Miller
indices to the nanocrystals.

Although a clear layered nanostructure with intercalated
polymer was observed in the polar c direction, in the a and
b directions the crystals appear to fuse together to form
larger, single crystalline platelets, probably by an oriented
attachment mechanism[62] of the neutral (210) and (200)
faces.

The main stimulus for the cascade of crystalline meso-
structure formation is polymer adsorption onto the highly
polar, otherwise unexposed (001) face of the dl-alanine
crystals, as illustrated by computer modeling using Cerius2.
The resulting platelet-like crystals probably show a strong
dipole moment normal to the platelet direction, which
drives the stacking process in the [001] direction. It was also
demonstrated by using surface plane cuts that the polymer
employed does not significantly adsorb onto the (210) and

Figure 10. X-Ray analysis of dl-alanine (w-scan rotated along [001]);
a) dl-alanine mesocrystal, b) dl-alanine single crystal.
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(200) faces, making them high in surface energy relative to
the (001) face. This probably induces crystallographic fusion
by means of oriented attachment in the layers. Throughout
this process, redistribution of matter results in inclusions
and defects, which also limits the entire fusion within the
single layers. The entire self structuration mechanism is
schematically shown in Figure 11.

Interestingly, results of both SEM and XRD analysis indi-
cate a certain structural flexibility. Many mesocrystals were
found to have bent and curved surfaces, and XRD studies
showed that, apart from minor angular smearing, many
peaks occur in well-defined quadruplets. This was interpret-
ed as multiple twinning between the single nanoplatelet tec-
tons, which can occur in four principal directions.

Finally, due to the compensation of many growth effects,
the mesocrystals adopt a cubelike shape exposing the three
basal planes (Figure 11). Remarkably, this simple cubic su-
perstructure observed experimentally is not encoded in the
primary primitive orthorhombic unit cell symmetry of the
crystal (space group Pna21); that is, it presumably results
from the averaging out of different orientations, to give an
overall supersymmetry that is simple.

The mesocrystals are clearly soft hybrid structures, a new
principle of organization between liquid crystals and crys-
tals, and are formed by a polymer-mediated structuration
process. Because the underlying principles of the interaction
of primary nanocrystals into larger units are not restricted
to polymer-bound species, this also suggests the importance

of mesoscopic processes in more simple crystallization
events.

The importance of electric fields and electric binding on
structure formation will be addressed in future work by per-
forming similar studies in outer electric fields and in the
presence of salts.

As the resulting superstructures are both “soft” and polar
aligned in [001] direction, this system is also a promising
candidate for organic piezoelectricity.
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