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Abstract: A possible role that might
have been played by ordered clusters at
interfaces for the generation of homo-
chiral oligopeptides under prebiotic con-
ditions has been probed by a catalyzed
polymerization of amphiphilic activated
�-amino acids, in racemic and chiral
non-racemic forms, which had self-as-
sembled into two-dimensional (2D) or-
dered crystallites at the air ± aqueous
solution interface. As model systems we
studied N�-stearoyl-lysine thioethyl es-
ter (C18-TE-Lys), �-stearyl-glutamic thi-
oethyl ester (C18-TE-Glu), N�-carbox-
yanhydride of �-stearyl-glutamic acid
(C18-Glu NCA) and �-stearyl-glutamic
thioacid (C18-thio-Glu). According to in-

situ grazing incidence X-ray diffraction
measurements on the water surface,
(R,S)-C18-TE-Lys, (R,S)-C18-TE-Glu,
and (R,S)-C18-Glu-NCA amphiphiles
self-assembled into ordered racemic
2D crystallites. Oligopeptides 2 ± 12
units long were obtained at the air ± a-
queous solution interface after injection
of appropriate catalysts into the water
subphase. The experimental relative
abundance of oligopeptides with homo-
chiral sequence generated from (R,S)-

C18-TE-Lys and (R,S)-C18-TE-Glu, as
determined by mass spectrometry on
enantioselectively deuterium-labeled
samples, was found to be significantly
larger than that obtained from (R,S) C18-
thio-Glu which polymerizes randomly.
An efficient chiral amplification was
obtained in the polymerization of non-
racemic mixtures of C18-Glu-NCA since
the monomer molecules in the racemic
2D crystallites are oriented such that the
reaction occurs between heterochiral
molecules related by glide symmetry to
yield heterochiral oligopeptides whereas
the enantiomer in excess, in the enan-
tiomorphous crystallites, yield oligopep-
tides of a single handedness.

Keywords: chiral amplification ¥
peptides ¥ polymerization ¥ self-
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Introduction

The biopolymers of life are built from chiral molecules of a
single handedness: the proteins from S-�-amino acid building
blocks and the nucleic acids from R-sugars. One of the
unsolved puzzles of the origin of life is related to the transition
from prebiotic racemic chemistry to chiral biology.[1±3] Chiral
non-racemic mixtures of �-amino acids have been generated
from racemates by spontaneous symmetry breaking processes

such as stochastic crystallization,[4±6] or by induced enantiose-
lective destruction upon irradiation with circularly polarized
light.[1] An open question still remains as to how homochiral
oligopeptides of a single handedness might have been
generated from such mixtures of low enantiomeric imbal-
ance.[3, 7±16] Polymerization of racemic mixtures of monomers
in solution[17±19] is expected to yield polymers comprising a
random sequence of left- and right-handed repeat units
following a binomial distribution, although recently it has
been reported that polymerization of racemic N�-carboxyan-
hydrides of hydrophobic �-amino acids in buffered aqueous
solutions has been found to yield an enhanced abundance of
homochiral oligopeptides.[20, 21]

Grazing incidence X-ray diffraction (GIXD) studies have
demonstrated that a large variety of amphiphilic molecules
self-assemble, at the air ± water interface, into two-dimen-
sional (2D) crystalline domains, of structures that can be
determined at the molecular level.[22] Two-dimensional self-
assemblies formed on the water surface can provide ideal
systems for stereospecific and enantioselective chemical
reactions.[23±30] The 2D assemblies promote effective molec-
ular ordering, yet allow substantial molecular flexibility and
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further afford access of catalysts from the aqueous subphase
to the ordered, flexible molecules. Thus, based on a process
involving self-assembly followed by lattice-controlled poly-
merization reaction, we propose a general scenario for the
generation of homochiral oligopeptides of a single handed-
ness from non-racemic mixtures of activated �-amino acid
derivatives.[31]

By analogy to 3D crystals, racemic mixtures of amphiphilic
molecules at interfaces self-assemble into 2D crystallites of
three types: 1) racemic compounds in which both enantiomers
are packed together, related to one another by glide
symmetry;[32] 2) enantiomorphous conglomerates involving
segregation of the enantiomers, and 3) enantiomerically
disordered solid solutions.

Here we focus on chiral non-racemic mixtures that undergo
a phase separation by self-assembly into a 2D racemic
crystalline phase and an enantiomorphous 2D phase of the
enantiomer in excess (Scheme 1).[33] The chemical properties

Scheme 1. A chiral amplification process of oligopeptides starting from
non-racemic mixtures of monomers undergoing phase separation by self-
assembly at the air ± water interface.

of each crystalline phase should be substantially different,
yielding products that differ in composition as well as in the
length of the oligomers. Polymerization within the enantio-
morphous crystallites would yield homochiral oligopeptides
of a single handedness, whereas reaction within the racemic
crystallites yields racemic mixtures and heterochiral products
depending upon the packing arrangement and the reaction
pathway (Scheme 1). Consequently, a chiral amplification
process of the homochiral oligopeptides can be envisaged
(Scheme 1). The enantiomeric excess of the products will
depend on the packing arrangement and product distribution
within the racemic phase (Scheme 1, and Scheme 2). Within

Scheme 2. Schematic representation of the packing arrangement and
possible reaction pathways in the 2D racemic crystallites.

these 2D crystallites, the reaction can occur either in a random
manner or preferentially, either between heterochiral mole-
cules (Scheme 2a) related by glide symmetry or between
homochiral molecules (Scheme 2b) related by translation
symmetry.

Different model systems were selected to illustrate our
approach: N�-stearoyl-lysine thioethyl ester (C18-TE-Lys), �-
stearyl-glutamic thioethyl ester (C18-TE-Glu), and �-stearyl-
glutamic acid N-carboxyanhydride (C18-Glu-NCA)
(Scheme 3). As reference system for a random process, we
studied the system of �-stearyl-glutamic thioacid (C18-thio-
Glu) that undergoes an almost random polycondensation,
affording a comparison perhaps more realistic than with a
theoretical binomial distribution of the products.

Scheme 3. Model systems selected to illustrate our approach.

The packing arrangements of the 2D crystallites self-
assembled at the air ± water interface were determined by
GIXD using synchrotron radiation. The diastereoisomeric
distribution of the oligopeptide products (Scheme 3) starting
from various mixtures of monomers enantioselectively la-
beled with deuterium was determined by matrix-assisted
laser-desorption ionization time-of-flight mass spectrometry
(MALDI-TOF MS).

Results and Discussion

Packing arrangements of the 2D crystallites on water surface

C18-TE-Lys : Chloroform solutions of enantiomeric (R) or (S)
and racemic (R,S)-C18-TE-Lys, in the form of their trifluor-
oacetate salts, were spread on the water surface for a nominal
molecular area of 35 ä2, corresponding to �70 % surface
coverage. The S enantiomer of racemic C18-TE-Lys incorpo-
rated perdeuterated hydrocarbon chains (labeled Sd), leaving
the other unlabeled (Rh). The GIXD patterns measured on
water from the enantiomeric (S) or (R) 2D crystallites of C18-
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TE-Lys are identical but they differ from those of the racemic
(R,S)-C18-TE-Lys (Figure 1a and b).

These patterns also differ from those measured for related
compounds such as C18-Lys[34] or C18-thio-Lys[35] showing the
influence of the -S-CH2-CH3 group. The derived primitive
oblique subcell of the enantiomeric phase of C18-TE-Lys, of
dimensions aS� 4.89 ä, bS� 5.16 ä, �S� 114.3�, Acell� 23 ä2,
is based on the three strong Bragg peaks tentatively assigned
(h,k) Miller indices of {0,1}S, {1,0}S, and {1,� 1}S. However, two
additional weak reflections at qxy values of 0.685 ä�1 (not
shown)[36] and 1.291 ä�1 indicate that the primitive subcell
must be transformed (Scheme 4a) into a centered pseudo-

rectangular unit cell (a� aS, b� aS � 2bS) containing two
molecules, with a� 4.89 ä, b� 9.43 ä, �� 86.1�. After the
transformation, the {h,k} indices of the strong reflections
become {0,2}, {1,1}, and {1,� 1} (Figure 1a) and the two very
weak reflections are {0,1} and {1,0}. The molecular chains are
tilted 35� from the surface normal along an azimuthal
direction of 14� from the b axis, as calculated from the qz

positions of the maximum intensity of the Bragg rods.
Therefore, the two molecules in the unit cell must have their
alkyl chains related by translation since a typical pseudo-
herring-bone motif is precluded due to the azimuthal direc-
tion of tilt not being along any cell axis. An atomic coordinate

molecular model[37] was con-
structed and the structure was
refined by X-ray structure-fac-
tor constrained least-squares
analysis[38] to fit the five meas-
ured Bragg rod intensity pro-
files (Figure 2a).[39] The result-
ing 2D packing arrangement
viewed normal to the ab plane,
that is the water surface, is
shown in Figure 2b. Intermolec-
ular hydrogen bonds are
formed along the a axis be-
tween the secondary amide
groups within the alkyl chains.

The GIXD data from the
racemic mixtures of C18-TE-

Figure 1. GIXD patterns, represented as two-dimensional contour plots of the scattered intensity as a function of the horizontal qxy and vertical qz

components of the scattering vector, I(qxy,qz), of the self-assembled 2D crystallites of C18-TE-Lys on water at 4 �C prior to (a ± c), and after (d) injection of a
concentrated aqueous solution of the I2/KI catalyst beneath the film: a) enantiomerically pure (S), (the patterns of (R) are identical); b) racemate; c) 2:8
(R :S) mixture (3:7 (R :S) is almost identical); d) racemate after a reaction time of 1 ± 5 h. In a ± c) the {0,1} Bragg rods at qxy� 0.68 ä�1 are out of range and not
shown, for clarity.

Scheme 4. Drawings of the crystalline unit cells derived from the GIXD data measured from: a) (R)- or (S)-C18-
TE-Lys, b) (R,S)-C18-TE-Lys, and c) oligopeptide products from enantiomeric and racemic C18-TE-Lys.
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Figure 2. a,d) Measured (x) and calculated (––) Bragg rod intensity
profiles I(qz) and b,c) the corresponding packing arrangements of C18-TE-
Lys 2D crystallites viewed perpendicular to the water surface: a,b)
Enantiomerically pure and d,c) Racemic. The color code: O red, N blue,
S yellow.

Lys yield an almost rectangular unit cell, with a� 4.94 ä, b�
9.04 ä, �� 88.6�, containing two molecules whose alkyl
chains are tilted by 33� from the surface normal but in a
direction almost parallel to the b axis (Scheme 4b). This
result, coupled with the observation that the dimensions of the
unit cell projected along the chain axis are ap� 4.9 ä, bp�
7.5 ä, �p � 90�, is fingerprint evidence of herring-bone chain
packing achieved by pseudo-glide symmetry relating two
molecules of opposite handedness. Therefore, the self-assem-
bled 2D crystals are racemic. Their molecular packing
arrangement was determined by X-ray structure-factor con-
strained least-squares refinement (Figure 2 c), yielding a
reasonably good fit to the measured Bragg rod intensity
profiles (Figure 2 d).[39]

The self-assembled enantiomeric and racemic C18-TE-Lys
2D crystallites, whose structures were determined by GIXD,
were subsequently allowed to react, by injection of catalyst
(I2/KI) into the water subphase, to obtain oligopeptide
products. The GIXD patterns measured 3³4 to 2 h later showed
no presence of the starting monomer phase, but rather the

formation of a new crystalline phase belonging to the
oligopeptide products (Figure 1 d) and which is very similar
for both reacted enantiomeric and racemic C18-TE-Lys 2D
crystals. These patterns are also very similar to those
measured from the crystalline product phase obtained upon
polymerization of racemic C18-lysine-N�-carboxyanhydride
monomer (C18-Lys NCA) within enantiomorphous 2D crys-
tallites.[35] The three Bragg rods at qxy values of 1.28, 1.40,
1.44 ä�1 are consistent with a centered pseudo-rectangular
subcell, (a� 4.96 ä, b� 9.82 ä, �� 88.0�), containing two
repeat units whose alkyl chains are tilted 38� from the normal
to the water surface along an azimuthal direction of 15� from
the b axis (Scheme 4c). Such a cell can accommodate
oligopeptide repeat units with parallel alkyl chains linked by
intramolecular hydrogen bonds along the a axis, as obtained
by the reaction occurring preferentially between homochiral
molecules related by translation symmetry along the a axis of
the monomer phase.[35]

C18-TE-Glu and C18-thio-Glu : To cast light on the influence of
an ™ester∫ (-O-CO-) or a ™secondary amide∫ (-HN-CO-)
functional groups, contained within the long hydrocarbon
chain, on the 2D structures we investigated the packing
arrangements of �-stearyl-glutamic thioethyl ester C18-TE-
Glu and �-stearyl-glutamic thioacid C18-thio-Glu (Scheme 3).
The GIXD patterns measured from the self-assembled 2D
crystallites of these ™glutamate∫ amphiphiles (Figure 3) are

Figure 3. GIXD pattern I(qxy,qz) of the self-assembled 2D crystallites of
(R,S)-C18-TE-Glu (C18-thio-Glu is very similar) on water at 4 �C. Race-
mates were prepared as mixtures of S molecules enantioselectively
deuterium-labeled with unlabeled R molecules.

significantly different from those measured for the ™lysine∫
counterparts (Figure 2).[35] The GIXD patterns measured
from either C18-TE-Glu or C18-thio-Glu whether enantiomeri-
cally pure or racemic are almost identical indicating similar
arrangements for all the four systems, implying also no
contribution (to the scattered intensity) of the -CH2-CH3

group connected with the S atom. Despite the limited
information of these GIXD patterns it is possible, based on
accumulated information,[22] to establish whether molecules in
the two racemates pack as a 2D racemic compound or
undergo spontaneous separation into enantiomorphous 2D
crystallites.

The diffraction patterns exhibit two reflections consistent
with a rectangular unit cell containing two molecules, of
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dimension a� 5.8 ä (5.6 ä for C18-thio-Glu), b� 8.6 (8.5 ä
for C18-thio-Glu). The long alkyl chains are tilted in the
direction of the a axis, as deduced from the qz position of the
maximum intensity of the Bragg rods. In view of the unit cell
dimensions, as projected along the molecular chain axis (�
4.5 ä� 8.6 ä), which indicate ™shallow∫ a-glide packing[40]

relating molecules of opposite handedness, the 2D crystallites
self-assemble from racemate molecules as racemic com-
pounds. The 2D packing arrangement of the racemic 2D
crystallites, determined by X-ray structure-factor constrained
least-squares refinement of an atomic coordinate molecular
model of C18-TE-Glu, together with the measured and
calculated Bragg rod intensity profiles, are shown in Figure 4.

The molecules within the 2D crystallites of racemic C18-TE-
Glu are enantiomerically ordered, presumably due to the
bulky -S-CH2-CH3 groups, as deduced from the MALDI-TOF
MS results (see below). For racemic C18-thio-Glu, which
embodies a zwitterionic (-HC*-(NH3

�)-COS�) head group,
enantiomeric and conformational disorder is present, as
deduced again from the MALDI-TOF MS results (see below).

In the (R) or (S) crystallites, self-assembled from enantio-
meric C18-TE-Glu or C18-thio-Glu, the pure glide symmetry is
forbidden, yet the structure may resemble that of the race-
mate. This mimicry may be achieved by a pseudo-glide
arrangement of the molecular chains, but the head groups are
related by pseudo-translation.

The GIXD patterns measured from the 2D crystals of (R,S)
C18-TE-Glu and C18-thio-Glu did not change after injection of

the catalyst into the water subphase.[41] MALDI-TOF MS
analysis of samples taken from the air ± water interface before
catalyst addition showed the presence only of the starting
monomers, whereas after catalyst addition the oligopeptide
products were found.

Enantiomeric composition of the products from MALDI-
TOF MS : This analysis was employed to determine the
number of the R and S units within each oligopeptide
molecule obtained in the polycondensation reaction. For this
purpose, one of the reactant enantiomers was labelled with a
perdeuterated alkyl chain. As a result of the enantioselective
labeling of only the S enantiomer with deuterium we obtain a
mass difference per peptide repeat unit of �m/z 35 mass units
for C18-TE-Lys and 37 for C18-thio-Glu and C18-TE-Glu.[20, 42]

The MALDI-TOF MS analysis was performed on samples
collected from the interface two to four hours after aqueous
solutions of catalysts (I2/KI, or AgNO3) were injected into the
water subphase beneath the 2D crystallites.[43, 44] According to
the MALDI-TOF MS analysis (see Experimental Section),
the products prepared by polycondensation of (R,S)-C18-TE-
Lys contain a mixture of di- to hexapeptide products of
various composition. The total ion abundance of the different
oligopeptides, normalized to that of the dipeptide product
obtained from C18-TE-Lys exhibits an exponential decrease
with increasing length of the oligopeptides (Figure 5). Similar

Figure 5. The normalized yield, defined as the relative intensity of the
various oligopeptides normalized to that of the dipeptide, shown for each
oligopeptide length with a total number of repeat units n� h� d� 2 ± 8:
(�) C18-TE-Lys (�) C18-thio-Glu. The error bars include the uncertainties
obtained by studying different mass spectra of different prepared samples,
different deposits of the same sample and different spots on a same sample.

behavior was observed for (R,S)-C18-thio-Glu (up to octa-
peptides), (R,S)-C18-TE-Glu (up to penta-peptides) and C18-
Glu-NCA (up to dodeca-peptides). In the total m/z range, the
ionization yield and detection efficiency can depend on the
peptide length. Thus the observed exponential decay gives
only a trend. However, the comparison (Figure 5) between
(R,S)-C18-TE-Lys and (R,S)-C18-thio-Glu is more relevant
since both compounds are observed in a similar mass range
and thus with very similar detection efficiency.

Figure 4. a) Measured (x) and calculated (line) Bragg rod intensity profiles
I(qz); b) refined packing arrangement of (R,S) C18-TE-Glu 2D crystals
viewed (left) perpendicular to the water surface and (right) parallel to the
water surface along the b axis. The color code: O red, N blue, S yellow.
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Although we cannot differ-
entiate between diastereomeric
oligopeptides containing the
same number of R and S units,
the method does allow us to
differentiate enantiomers of
both homochiral and heterochi-
ral oligopeptides. For oligopep-
tides of the same length, the
observed ion intensity in the
MALDI-TOF spectra and the
amount of molecules are reli-
ably proportional. The chemi-
cal properties of such oligope-
tides are similar and their ion-
ization efficiencies are
expected to be identical. In-
deed, for such oligopeptides,
with similar chemical proper-
ties and comparable masses and
velocities in the TOF mass
spectrometer, ionisation yield
and detection efficiency are ex-
pected to be identical. Thus we
can reliably express the compo-
sition of the oligopeptides in
terms of a relative abundance
ra (h,d), (where h is the number
of R(unlabeled) units and d the
number of S(deuterated) units)
for molecules of each length.
This relative abundance was
obtained by division of the in-
tensity of all the ions corre-
sponding to each molecule to
the intensity of the ions from all
the molecules of the same
length (see Experimental Sec-
tion).

The relative abundance of
the different diastereoisomers
for each oligopeptide length
obtained from the polyconden-
sation reaction of racemic C18-
TE-Lys with I2/KI catalyst have
a distribution (Figure 6 a) that
reveals a clear trend towards
enhanced formation of homo-
chiral Rh and Sd peptides vis-a¡-
vis their heterochiral counter-
parts. When the reaction was
catalyzed by addition of Ag�

ions injected into the water
subphase, a similar distribution
of the oligopeptides, especially
for the tetra-, penta-, and hex-
apeptides, was obtained (Fig-
ure 6 b). The relative abun-
dance of the di- and tripeptides

Figure 6. MALDI-TOF MS analysis of the oligopeptides obtained at the air ± water interface from racemic
mixtures of monomers, 2 h after injection of concentrated aqueous solutions of various catalysts: a, b) C18-TE-Lys,
I2/KI and AgNO3 catalysts, respectively; c, d) C18-thio-Glu and C18-TE-Glu, I2/KI catalyst ; e) C18-Glu-NCA,
Ni(CH3CO2)2 catalyst. The histograms show the relative abundance of each experimentally obtained
oligopeptide, (solid bars), compared to those calculated for a binomial distribution in a theoretically random
process (empty bars). For clarity, histogram in e) shows the distribution of only some of the oligopeptides, namely
those with h� d� 2, 4, 6, 8, 10, 11, 12.
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with homochiral sequence is smaller compared to that
obtained using I2/KI catalyst, reflecting a different reaction
mechanism.[45] For comparison, Figure 6c shows the distribu-
tion of oligopeptides obtained from the polycondensation of
racemic C18-thio-Glu that yielded essentially a random
distribution of the diastereoisomeric oligopeptides (Fig-
ure 6a, b, c empty bars). Therefore C18-thio-Glu provides an
experimental reference system, more realistic than the
theoretical values for a binomial distribution in a random
process. This result implies that the racemic C18-thio-Glu
crystallizes with enantiomeric disorder of the head groups, as
proposed above. A comparison between Figure 6a, b, and c
shows a distinct bias for the C18-TE-Lys system to form
homochiral diastereoisomers, labeled (h,0) and (0,d), at the
extremities of each distribution for di- to hexapeptides. The
enhanced concentration of the homochiral C18-TE-Lys oligo-
peptides, (Figure 6 a,b), is in agreement with the packing
arrangement of this racemic monomer (Figure 2 c). The amino
group of one molecule is appropriately oriented and in close
proximity to a carbonyl group of a nearest neighbor homo-
chiral molecule (�5.0 ä) to react and form a peptide bond
(Figure 7 a, left). In contradistinction, the amine and carbonyl
groups of two heterochiral molecules related by glide
symmetry are less appropriately aligned for a nucleophilic
attack (Figure 7a, right).

The distribution of the different diastereoisomers for each
oligopeptide length obtained in the polycondensation of the
racemic C18-TE-Glu (Figure 6d) reveals a trend similar to that
of the C18-TE-Lys system towards enhanced formation of
homochiral Rh and Sd peptides vis-a¡ -vis their heterochiral
counterparts, especially for tri-, tetra-, and pentapeptides.
Once again, molecules related by translation along the a axis
within the racemic monomer 2D crystallites undergo prefer-
red condensation. However, this system was found to be less
reactive than C18-TE-Lys yielding a mixture of di- to
pentapeptides and the relative abundance of the homochiral
Rh and Sd peptides is smaller compared to that of C18-TE-Lys.
According to the packing arrangement of racemic C18-TE-
Glu, the distance between the N(amino) and C(carbonyl)
atoms is smaller for molecules related by glide symmetry than
by translation symmetry, however the reaction occurs prefer-
entially between homochiral molecules related by translation,
presumably because the SN2 reaction pathway appears to
depend on the orientation of these groups in the 2D
crystallites (Figure 7b, right, left).

Chiral amplification of the oligopeptides : We will now
describe the structure and the polycondensation behavior of
non-racemic C18-TE-Lys monomers and non-racemic C18-TE-
Glu monomers at the air ± water interface. The MALDI-TOF
MS results clearly show a distinct enhancement of the
homochiral fraction of the Sd oligopeptides (0,d) relative to
that of the heterochiral molecules (h,d) obtained, especially
for penta- to hexa- (hepta-)peptides, upon polycondensation
of 3:7 and 4:6 (R:S) mixtures of C18-TE-Lys monomers
(Figure 8a,c). The diastereoisomeric composition of the
oligopeptide products is compared not only with the theoret-
ical values for a random process (Figure 8 a, c empty columns)
but, once again, with C18-thio-Glu (Figure 8 b, d), our exper-
imental reference system for random polymerization. En-
hanced formation of the homochiral products was obtained
also for the 3:7 and 4:6 (R :S) mixtures of C18-TE-Glu
monomers (Figure 9).

Analysis of the experimental results shows that when
starting with 3:7 and 4:6 (R:S) mixtures of C18-TE-Lys, the
relative abundance of the homochiral (S)-hexapeptides nor-
malized to the corresponding experimental values obtained
for the C18-thio-Glu have enhancement factors of 2.2 and 2.0,
respectively. For the C18-TE-Glu system, the normalized
enhancement factor is 2.0 for both (S)-hexapeptides and
(S)-pentapeptides, obtained from 3:7 and 4:6 (R:S) mixtures,
respectively, of the monomer. These enhancement factors
imply a phase separation of the starting non-racemic mixture
of monomers into racemic and enantiomorphous 2D crystal-
lites and the polycondensation reaction taking place within
such separate domains.

The GIXD patterns measured from the enantiomorphous
and racemic 2D crystallites of C18-TE-Glu are very similar,
therefore in the diffraction patterns we could not detect a
phase separation of the non-racemic mixtures. By compar-
ison, the GIXD patterns measured from the enantiomorphous
and racemic 2D crystallites of C18-TE-Lys are significantly
different. Monolayer samples of racemic and non-racemic
mixtures of C18-TE-Lys prepared from the same number of
molecules were measured by GIXD. However, the patterns
measured from 3:7 (R :S) mixtures of C18-TE-Lys (Figure 1 c)
were very similar to those measured from the racemate
(Figure 1b) in terms of the positions in qxy and qz components
of the scattering vector corresponding to the Bragg rods as
well as their intensities. These results indicate that the
crystallinity in the racemic and non-racemic samples is

Figure 7. Pairs of a) C18-TE-Lys and b) C18-TE-Glu molecules related by translation and by glide symmetry in their racemic 2D packing arrangements shown
respectively in Figure 2 c and Figure 4b, viewed parallel to the water surface. For clarity, only part of the hydrocarbon chains is shown.



Homochiral Oligopeptides 1782 ± 1794

Chem. Eur. J. 2003, 9, No. 8 ¹ 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 0947-6539/03/0908-1789 $ 20.00+.50/0 1789

similar. Two possible packing modes can be envisaged for the
non-racemic mixtures of C18-TE-Lys, either the formation of a
random solid solution or the excess of S-molecules crystallizes
in a ™phase∫ similar to the racemate. In view of the MALDI-
TOF MS results we eliminate
the formation of a solid solu-
tion. A way to rationalize the
packing arrangement of the 3:7
(R :S) mixtures of C18-TE-Lys is
in terms of a line epitaxial
crystallization of the enantio-
morphous (S)-™phase∫ along-
side the racemic ™phase∫ with
the interfacial ™line∫ perpen-
dicular to the ™a∫ axis
(4.9 ä).[46] This ™epitaxy∫ may
have been promoted by the

intermolecular hydrogen bonds
along the a axis between the
secondary amide groups within
the alkyl chains and which in-
duced a change in the tilt direc-
tion of the alkyl chains of the
enantiomorphous ™phase∫ as to
resemble the racemic ™phase∫.
This model is reinforced by the
GIXD pattern of the 2:8 (R :S)
mixture of C18-TE-Lys (Fig-
ure 1 c), which is also very sim-
ilar to that of the racemate
(Figure 1 b).[47]

The relative abundance of
the homochiral oligopeptides
determined by MALDI-TOF
MS was used to calculate the
enantiomeric excess (ee) for
oligopeptide molecules of each
length obtained from the non-
racemic mixtures of the three
monomer systems (Table 1). As
seen from Table 1, the ee values
of the homochiral oligopeptides
obtained from C18-TE-Lys and
C18-TE-Glu increase with the
length and are higher than
the ee of the corresponding
mixture of monomers. The ee
values calculated for the C18-
thio-Glu system, that under-
goes an almost random poly-
condensation are apparently
high; however the relative
abundance of the longer homo-
chiral oligopeptides is very low
(Figure 8b, d) as in any random
process.

Due to complexity of the
factors that affect the reactivity
within two-phase systems, it is

difficult to explain these values of ee. on a quantitative basis.
Qualitatively, however, several aspects depending on the
structure and reactivity within the racemic 2D crystallites
clearly influence the ee. Oligopeptide products of various

Figure 8. MALDI-TOF MS analysis. Relative abundance of the oligopeptides obtained, at the air ± water
interface, from non-racemic mixtures of monomers (solid bars) compared to those calculated for a theoretical
random process (empty bars): a, b) 3:7 (R :S) and c, d) 4:6 (R :S) C18-TE-Lys and C18-thio-Glu non-racemic
mixtures of monomers, respectively.

Table 1. Comparison between the enantiomeric excess (ee)[a] obtained upon polycondensation of 3:7 and 4:6
(R :S) mixtures of C18-TE-Lys monomers, C18-TE-Glu monomers, and C18-thio-Glu monomers.

Starting monomer 3:7 (R :S) ee� 40 4:6 (R :S) ee� 20
C18-TE-Lys C18-TE-Glu C18-thio-Glu C18-TE-Lys C18-TE-Glu C18-thio-Glupeptide

di- 46 48 78 34 27 42
tri- 63 71 80 34 39 54
tetra- 73 82 78 41 46 67
penta- 85 91 63 60 59 77
hexa- 86 � 99.8 51 62 ± 98
hepta- ± ± 0 � 99.8 ± 0

[a] The values of the enantiomeric excess calculated according to ee� 100([S]� [R])/([S]� [R]), where [S] and
[R] represent the experimental relative abundance for the homochiral oligopeptides of each length.
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lengths may be formed within each of the two phases. For
example, only (S)-heptapeptides were formed from the 4:6
(R :S) mixtures of C18-TE-Lys (Figure 8 c) and only (S)-
hexapeptides from the 3:7 (R :S) mixtures of C18-TE-Glu
(Figure 9a), products that were not obtained from the
corresponding racemates.

The polycondensation reaction occurring between homo-
chiral molecules, related by translation symmetry (Sche-
me 2b) within the racemic monomer phases of the C18-TE-Lys
and C18-TE-Glu systems, resulted in the formation of the
homochiral oligopeptides from the minor monomer leading to
a reduction of the ee. To circumvent this drawback, a system
was selected where the polymerization reaction within the
racemic monomer phase occurs between heterochiral mole-
cules related by glide symmetry (Scheme 2a), to form
syndiotactic oligopeptides. Consequently, oligopeptides that
are homochiral and of a single handedness will be formed only
within the enantiomorphous 2D crystallites of the two-phase
system of the monomers, as demonstrated for the system of
C18-Glu-NCA.

The GIXD pattern, (Figure 10a, top), measured from the
enantiomeric C18-Glu-NCA spread on water for a nominal
molecular area of 35 ä2, yields a pseudo-rectangular unit cell
of dimension a� 5.52 ä, b� 8.62 ä, �� 92.5�. From the qz

positions of the maximum intensity of the three Bragg rods
we derive that the molecular chains are tilted by 34.8�
from the surface normal in a direction 15� off the a axis. The
refined 2D molecular arrangement and the corresponding
Bragg rod intensity profiles are shown in Figure 10a (middle,
bottom). Injection of catalyst (nickel acetate) into the water
subphase induces a reaction that could be observed by GIXD
yielding a pattern similar to that shown in Figure 10b (top).
A minor, yet significant, change occurs in the unit cell
that becomes rectangular (a� 5.54 ä, b� 8.58 ä, �� 90�),
in keeping with chains of the polymerized film tilted by
34� from the surface normal in a direction parallel to the
a axis.

The GIXD patterns of race-
mic C18-Glu-NCA on pure wa-
ter (Figure 10b, top), and on
aqueous solution containing
catalyst are similar, namely, no
change in the diffraction pat-
tern was observed during the
reaction. The refined 2D pack-
ing arrangement of the C18-Glu-
NCA monomer molecules self-
assembled into racemic 2D
crystallites and the correspond-
ing Bragg rod intensity profiles
are shown in Figure 10b (mid-
dle, bottom).

Note that the diffraction pat-
tern of racemic C18-Glu-NCA is
very similar to those measured
from enantiomeric and racemic
C18-TE-Glu and C18-thio-Glu
(Figure 3), however the path-
way of the polymerization re-

action is very different. As described above, C18-TE-Glu self-
assembled into racemic ordered 2D crystallites and the
reaction occurred preferentially between homochiral mole-
cules along the a axis, due to appropriate head group orientation
and in spite of the fact that the relevant intermolecular
distance is smaller for molecules related by glide symmetry.
By contrast, according to the packing arrangement of the
racemic 2D crystallites of C18-Glu-NCA, a lattice-controlled
polymerization can occur primarily between heterochiral
molecules related by glide symmetry (Scheme 2a). Such a
pathway occurs, presumably, due to the appropriate ™herring-
bone∫ orientation of the rigid N-carboxyanhydride moieties.
Indeed, the MALDI-TOF MS results are in agreement with
the proposed reaction pathway. The distribution of various
oligopeptides (Figure 6e) obtained upon polymerization of
the racemic monomer shows the formation of heterochiral
oligopeptides in concentrations beyond the theoretical ran-
dom distribution and significantly different from those of C18-
TE-Lys, C18-TE-Glu, and C18-thio-Glu (Figure 6a ± d).

Consequently, a most efficient chiral amplification process
was anticipated for the non-racemic mixtures of C18-Glu-NCA
that may undergo a separation into racemic and enantiomeric
phases. The former (i.e. racemic) primarily yields heterochiral
oligopeptides, whereas the latter (i.e. enantiomeric) yields
oligopeptides that are homochiral and of a single handedness.
The MALDI-TOF MS results clearly demonstrate the for-
mation of short oligopeptides rich in heterochiral diaster-
eoisomers, whereas the longer oligopeptides obtained from
3:7 and 4:6 (S :R) mixtures of monomers are rich in
homochiral sequences of single handedness (Figure 11a, b).
Oligopeptides nine or ten units long obtained from the 3:7
(S :R) mixtures of monomers comprise only compositions
1S :8R and 0S :9R or 1S :9R and 0S :10R , labeled (1,8), (0,9) and
(1,9), (0,10) respectively (Figure 11a). Similarly the 4:6 (S :R)
mixtures yielded octa- and nonapeptides of only 1S :7R and
0S :8R or 1S :8R and 0S :9R compositions, labeled (1,7), (0,8)
and (1,8), (0,9), respectively (Figure 11b).

Figure 9. MALDI-TOF MS analysis; Relative abundance of the oligopeptides obtained, at the air ± water
interface, from non-racemic mixtures of monomers (solid bars) as compared to those calculated for a theoretical

random process (empty bars): 3:7 (a)
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Conclusion

The feasibility of obtaining homochiral oligopeptides with
high relative abundance starting from racemic monomers that
pack in the form of 2D racemic compounds has been
demonstrated for the C18-TE-Lys and C18-TE-Glu systems.
The analysis of the GIXD data yielded the precise packing of
the hydrocarbon chains and a determination of the head
group packing to near atomic resolution where constraints
had been imposed on the intra- and intermolecular distances.
The correlation between the 2D packing arrangements of the

monomers and the composition of the various diastereoiso-
meric products is not straightforward. The enhanced forma-
tion of the homochiral oligopeptides from the C18-TE-Lys
monomer could be rationalized by taking into consideration
the favorable orientations of the amine and carbonyl groups
prior to the formation of the peptide bonds. The preferred
formation of heterochiral oligopeptides could also be corre-
lated with the 2D packing arrangement of the C18-Glu-NCA
monomer. These results provide prima-facie evidence that the
polymerization reaction is lattice-controlled. There is no
simple correlation, however, between the 2D packing ar-

Figure 10. GIXD patterns I(qxy,qz), measured (x) and calculated (––) Bragg rod intensity profiles and the refined packing arrangements, viewed
perpendicular to the water surface, of the C18-Glu-NCA 2D crystallites: a) enantiomerically pure and b) racemic. For clarity, only the N�-carboxyanhydride
ring is shown.
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rangement of the C18-TE-Glu monomer and the diatereoiso-
meric composition of the products. We can only rationalize
the preferred formation of oligopeptides of homochiral
sequence by assuming a structural change that might have
occurred in the polar head groups during the polymerization
reaction, without causing a measurable change in the GIXD
patterns.

Lattice-controlled reactions within such self-assemblies
also provide ways to generate homochiral oligopeptides of a
single handedness from non-racemic mixtures of monomers
with a low enantiomeric imbalance. The amplification of
chirality requires that the non-racemic monomers self-assem-
ble such that the racemic component forms racemic 2D
crystallites comprising both enantiomers, whereas the fraction
of the enantiomer in excess separates into enantiomorphous
2D crystallites. Such phase separation follows from the
distribution of the diastereisomeric oligopeptides determined
by MALDI-TOF MS analysis in all the three systems.

The ee of the homochiral oligopeptides is determined by the
packing arrangement and the reaction pathway within the
racemic 2D crystalline phase.[48] The highest ee is obtained in
systems where the reactivity within the racemic phase occurs
solely between heterochiral molecules to yield heterochiral
oligopeptides whereas the fraction of the enantiomer in excess
yields homochiral oligopeptides of the corresponding handed-
ness.

The kinetics of polymerization within the racemic and
enantiomorphous crystalline phases should be different.
Consequently, the distribution of the oligopeptides of differ-
ent length obtained from the two phases should not be
identical. This difference implies that in systems where longer
oligopeptides are formed in the enantiomorphous phase, they
should be of a single handedness, as for example, in the C18-
Glu-NCA systems.

The success of such amplification processes depends on the
degree of phase separation of the non-racemic mixtures of
monomers. From the systems described here, only the C18-TE-
Lys was amenable to study also by GIXD since for the other

systems the diffraction patterns
of the enantiomerically pure
and racemic monomers were
very similar. The GIXD pat-
terns measured from non-race-
mic mixture of C18-TE-Lys are
almost identical to those of the
racemate. However, the MAL-
DI-TOF MS analysis of the
product distribution clearly
demonstrated the phase sepa-
ration. On this basis, the GIXD
results (including Bragg peak
intensities) could be rational-
ized in terms of a change in the
packing arrangement of the
enantiomorphous phase as in-
duced by the racemic phase.[47]

Consequently, several analyti-
cal methods must be used for
the complete characterization

of the systems.
Finally, lattice-controlled polymerization within 2D crys-

talline self-assemblies are associated with the appearance of
nonlinear effects[49] that may lead, in appropriate systems, to
efficient chiral amplification in the formation of biomolecules
and therefore should be of relevance to prebiotic chemistry.
Optimization of such processes, by providing a deeper insight
into the detailed structures of the 2D crystallites as well as by
clarifying the precise reaction pathway, is required. Inves-
tigations along these lines are underway.

Experimental Section

Materials : R- and S-N�-stearoyl-lysine-thioethyl ester (C18-TE-Lys) and R-
and S-�-stearyl-glutamic-thioethyl ester (C18-TE-Glu) were synthesized by
the reaction of the corresponding N�-Stearoyl-Lys(Boc) and �-stearyl-
Glu(Boc) with thioethanol followed by removal of the Boc protecting
group with trifluoacetic acid. N�-Stearoyl-Lys(Boc) was synthesized by the
reaction between with N-hydroxysuccinimide of stearic acid and Boc-Lys-
OH (BACHEM AG), according to standard procedures. For the normal
series of compounds, we used stearic acid (Aldrich) and for deuterated
compounds we used perdeuterated stearic acid (D35 98% Cambridge
Isotope Laboratories). �-Stearyl-Glu(Boc) was synthesized from the
reaction of Boc-Glu-OFm (BACHEM AG) with stearyl alcohol (Aldrich)
for the normal series of compounds and per-deuterated stearyl alcohol
(D37 98 % EuroIsotope) for deuterated compounds.
N�-carboxyanhydrides of R- and S-�-stearyl-glutamic acid (C18-Glu-NCA)
were synthesized from the corresponding long-chain amino acid �-stearyl-
glutamic acid (C18-Glu), according to a reported procedure.[50] In the
synthesis of C18-Glu we used either stearyl alcohol or per-deuterated stearyl
alcohol.[51] R- and S-�-stearyl-glutamic thio-acid(C18-thio-Glu) were ob-
tained from the corresponding C18-Glu-NCA with H2S in the presence of
2,6-lutidine at �10 �C.[52]

Characterization of compounds

R-, S- C18-TE-Lys (C17H35 chain): 1H NMR (400 MHz): �� 0.9 (t, 3 H), 1.27
(br m, 31 H), 1.45 ± 1.8 (br m, 8H), 2.16 (t, 2H), 2.9 (q, 2H), 3.28 (q, 2H),
3.51 (t, 1 H) 5.5 ppm (s, 1H); FTIR (KBr pellet): �� � 3327, 2928, 2859, 1702,
1642, 1549, 1463, 1208, 1141 cm�1; ESI-MS: m/z : 457.8 [M��H].

R-, S-C18-TE-Lys (C17D35 chain): 1H NMR (400 MHz): �� 1.27 (t, 3H), 1.45
(m, 2H), 1.5 ± 1.8 (m, 6H), 2.88 (q, 2H), 3.28 (q, 2H), 3.5 (t, 1 H) 5.6 ppm (s,

Figure 11. MALDI-TOF MS analysis; Relative abundance of the oligopeptides obtained, at the air ± water
interface, from non-racemic mixtures:
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1H); FTIR (KBr pellet): �� � 2919, 2853, 1702, 1642, 1549 cm�1; ESI-MS m/
z : 492.9 [M��H].

C18-thio-Glu (C18H37 chain): 1H NMR (400 MHz): �� 0.9 (t, 3H), 1.3 (br m,
30H), 1.77 (m, 2H), 2.5 ± 2.6 (m, 2 H), 2.90 (t, 2 H), 4.28 (t, 2H), 4.72 ppm
(m, 1H); FTIR (KBr pellet): �� � 3208, 2916, 2850, 1736, 1591, 1532, 1472,
1260, 1200 cm�1; ESI-MS: m/z : 416.5 [M��H].

C18-thio-Glu (C18D37 chain): 1H NMR (400 MHz): �� 2.5 ± 2.7 (m, 2H),
2.97 (t, 2H), 4.79 ppm (t, 1H); FTIR (KBr pellet): �� � 3200, 2190, 2088,
1733 cm�1; ESI-MS: m/z : 453.76 [M��H].

C18-TE-Glu (C18H37 chain): 1H NMR (400 MHz): �� 0.88 (t, 3 H), 1.28 (br
m, 35 H), 2.35 (m, 2H), 2.6 (t, 2 H), 3.0 (q, 2H), 4.08 (m, 2 H), 4.28 ppm (m,
1H); FTIR (KBr pellet): �� � 2919, 2853, 1736, 1726, 1660, 1467, 1208,
1135 cm�1; ESI-MS: m/z : 444.5 [M��H].

C18-TE-Glu (C18D37 chain): 1H NMR (400 MHz): �� 1.27 (t, 3 H), 2.2 ± 2.35
(m, 2H), 2.59 (m, 2 H), 3.0 (q, 2 H), 4.7 ppm (t, 1 H); FTIR (KBr pellet): �� �
2190s, 2088s, 1733, 1648s, 1208 cm�1; ESI-MS: m/z : 481.86 [M��H].

C18-Glu-NCA (C18H37 chain): 1H NMR (400 MHz): �� 0.88 (t, 3H), 1.25
(br m, 32 H), 2.1 ± 2.3 (m, 2 H), 2.55 (t, 2 H), 4.09 (t, 2H), 4.37 (t, 1H),
6.22 ppm (s, 1H); FTIR (KBr pellet): �� � 3276, 2919, 2851, 1857, 1848, 1812,
1770, 1735, 1241, 1182, 933 cm�1; ESI-MS: m/z : 414.52 [M��H].

C18-Glu-NCA (C18D37 chain): 1H NMR (400 MHz): �� 2.1 ± 2.3 (m, 2H),
2.62 (t, 2 H), 4.45 (t, 1 H), 6.28 ppm (s, 1H); FTIR (KBr pellet): �� � 3268,
2204, 2085, 1846, 1802, 1768, 1733, cm�1; ESI-MS: m/z : 461.46 [M��H].

As catalysts, we used nickel acetate ¥ 4H2O (Aldrich), I2/KI prepared by
dissolution of crystalline I2 (1.9 g, 7.5 mmol; Merck) into an aqueous
solution of KI (0.4�, 60 mL) and AgNO3 (Aldrich).

Sample preparation : The solutions (0.5 m�) of the amphiphile monomers
were prepared in chloroform for C18-TE-Lys, C18-TE-Glu, and C18-Glu-
NCA, or in chloroform with 1% TFA for C18-thio-Glu. The solutions were
spread on water for a nominal molecular area (area of the trough divided
by the total number of molecules contained in the spreading solution) of
35 ä2, corresponding to �70% monolayer coverage. The temperature of
the water subphase was 20 �C, except for C18-Glu-NCA where the water was
cooled to 4 �C(or to close to 0 �C). Under these conditions, the surface
pressure did not increase above 1 mN m�1. GIXD measurements were
performed after cooling to 4 �C and purging with cold helium. For the
monolayers of C18-TE-Lys, C18-TE-Glu, and C18-thio-Glu, the polyconden-
sation reactions were initiated by addition of concentrated aqueous
solutions of I2/KI or AgNO3 catalysts into the subphase beneath the
monolayer to reach a final concentration of 1m� and 5 m�, respectively.
For the monolayers of C18-Glu-NCA, the polymerization was initiated by
addition of concentrated aqueous solutions of nickel acetate to reach a
concentration of 5m�. The reaction time was two to four hours.

MALDI-TOF MS : After the reaction, the monolayer films were com-
pressed with the barrier and the material, observed by visual inspection,
was collected from the liquid surface, transferred to a glass vial and dried
under vacuum. Samples for the MALDI-TOF MS analysis were then
prepared by dissolving the dry material in chloroform containing 1%
trifluoroacetic acid. One microliter of this solution was deposited on top of
a matrix deposit (1:1 v/v of dithranol solution in chloroform and NaI
saturated solution in THF) on the instrument holder. The MALDI-TOF
positive-ion mass spectra were obtained in reflector mode from two
different instruments at the Weizmann Institute (Bruker Biflex 3) and at
the University of Paris VI (Perceptive Biosystems, Voyager Elite), both
equipped with a N2 laser. External calibration of the mass spectra was
achieved using calibrating peptide ( Substance P, ACTH 8-39) in the
studied mass range. Only singly charged ions, [M�H]� , [M�Na]� and
[M� 2Na�H]� with the expected isotopic pattern, were observed. Other
ions with the same isotopic pattern were often observed and shifted by
�m/z of 4 units and 6 units and 113 units with respect to [M�Na]� and
[M� 2Na�H]� , presumably resulting from the gas-phase reaction of these
species or formation of an adduct with one trifluoroacetic acid ion (114
units). The nature of these ions is currently under investigation. Deutera-
tion of the different compounds being not complete, but lying in the range
98.6 % (C18-TE-Glu), 97.9% (C18-TE-Lys), a program was developed by
using Visual Basic (V5.2) to derive the complex isotopic pattern of the
oligopeptide species from that of the monomers comprising either
protonated or perdeuterated hydrocarbon chains. In these experiments,
the isotopic pattern for a given oligomeric species containing protonated
and deuterated units and the mass precision (better than 0.1 unit) are

sufficiently well defined to correctly assign the monomer composition of
the various observed ions. Mass spectra resulted from a signal average of at
least a few hundreds of laser shots in different spots of the target in order to
get a reliable statistic about the ion peak. The good statistic is obtained
when the isotopic distribution of an ion species corresponds to that
expected from the calculation. Mass assignments were made using both m/z
measurement and isotopic distribution (different from protonated and
deuterated monomers). A good agreement was found on both instruments
for the observed ions and their relative abundance.

We use the following notation code of the oligopeptide molecules: (h,d)
designates a molecule comprising h S(deuterated) repeat units and d
R(protonated) repeat units, with n�h� d, being the total number of repeat
units. The relative abundance (ra) of each type of oligopeptide (h,d) is
obtained by dividing the intensity of all the ions from a particular molecule
to the total intensity of the ions from all the molecules of the same length, n.
For example, the relative abundance of a tetra-peptide (4,0) composed of
four R(protonated) chains, is calculated with Equation (1).

ra(4,0)� intensity(4,0)/intensity{(4,0)� (3,1)� (2,2)� (1,3)� (0,4)} (1)

The relative abundance of the tetrapeptide (2,2) composed of two
R(protonated) and two S(deuterated) chains is calculated with Equa-
tion (2).

ra(2,2)� intensity(2,2)/intensity{(4,0)� (3,1)� (2,2)� (1,3)� (0,4)} (2)

A very similar ionization yield is expected for the (h,d) oligopeptides of the
same length n� h� d, due to identical chemical properties. In addition, the
very close masses of those compounds and the very close ion velocities in
the TOF mass spectrometer allow to expect similar detection efficiency.[53]

Thus the ion intensity of the different (h,d) oligopeptides are directly and
reliably comparable.
The enhancement factors where calculated by dividing the relative
abundance of any oligopeptide by the corresponding experimental values
obtained for the C18-thio-Glu system that was found experimentally to
undergo an almost random polycondensation.

GIXD measurements : These were performed by using the liquid ± surface
diffractometer mounted at the BW1 synchrotron beamline at Hasylab,
DESY, Hamburg. Details about the experimental technique and the
instrument were reported elsewhere.[22] The measured GIXD patterns are
represented as two-dimensional contour maps of the scattered intensity,
I(qxy, qz), as a function of the horizontal qxy and vertical qz components of
the scattering vector. The unit cell dimensions of the 2D lattice are derived
from the qxy positions of the Bragg peaks. The full width at half maximum of
the Bragg peaks (corrected for instrument resolution), FWHM(qxy), gives
an estimate of the crystalline coherence lengths Lhk� 0.9(2�/FWHM(qxy))
associated with each h,k reflection. Bragg rod intensity profiles are the
intensity distribution along qz , I(qz), derived by integrating across the qxy

range for each of the Bragg peaks. The full width at half maximum of the
Bragg rod intensity profiles, FWHM(qz), gives a first estimate of the
thickness d� 0.9(2�/FWHM(qz)) of the 2D crystallites. More accurately,
the intensity at a particular value of qz in a Bragg rod is determined by the
square of the molecular structure factor �Fh,k(qz) � 2. The 2D packing
arrangement is determined by performing X-ray structure factor calcu-
lations, using atomic coordinate molecular models constructed using the
CERIUS2 molecular package,[37] and rigid-body structure refinement, using
the SHELX-97 program[38] adapted for 2D structures.
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