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An investigation of bulk single crystals and crystalline monolayers at the air-water interface of secondary
alcohols bearing 16 and 17 carbons has been carried out in order to investigate their molecular packing.
These “simple” chiral molecules can be seen as model systems; therefore, their study might provide broader
knowledge of how chirality affects the molecular arrangement. The bulk racemic mixtures exhibit racemate
organization, i.e., ordered mixtures of left and right enantiomers, with a head to head packing, whereas the
pure enantiomers present a head to tail arrangement. The former type of motif has been reported for many
amphiphilic molecules, whereas the latter is more rare. In two dimensions, all compounds, pure enantiomers,
racemic mixtures, as well as other mixtures, present a hexagonal rotator phase with lattice parameters close
to 5 Å. The rotational motion suggests the formation of a two-dimensional solid solution. However, upon
heating, monolayers of 2-heptadecanol present a peculiar evolution. For mixtures of the two enantiomers
with ratios between 1:1 and 2:1, the hexagonal phase transforms to a centered rectangular one, due to an
inclination of molecules of about 10° with respect to the vertical. The loss of hexagonal symmetry is attributed
to the formation of a racemate.

1. Introduction

The study of chiral molecules is of great interest in many
different scientific fields ranging from nonlinear optics to
pharmacology because of numerous potential industrial appli-
cations.1-3 Enantiomeric molecules are chemically identical, but
depending on their environment, chiral or not, they can have
drastically different properties; thus, the importance of enan-
tiomeric separation grows constantly with the development of
pharmacology and drug design.4 The focus is usually directed
toward complex molecules of biological interest; however, for
understanding fundamental concepts, aliphatic amphiphiles
molecules present the advantage of being relatively “simple”.5,6

Moreover, they form highly crystalline phases in three (3D) as
well as in two dimensions (2D) and can then be considered as
interesting model systems for different purposes.7 Their crystal-
line bulk and crystalline thin films have been well characterized,
and in each case, the chains impose the overall packing.8

However, it should be possible to at least induce a competition
between the interactions involving the hydrocarbon chains as
against those involving the chiral headgroup to determine the
molecular arrangement. This should be the case in crystals of
simple aliphatic molecules such as secondary alcohols bearing
16 (2-hexadecanol) and 17 (2-heptadecanol) carbons, for which
the packing arrangement can only depends on hydrophobic and

chiral interactions. These particular chain lengths were chosen
because of previous investigations demonstrating that for shorter
chain lengths, in 2D, the thermal motion is wide enough to yield
rotator phases and thus hide the chiral interactions.9,10 The aim
of our study is to highlight the role of the chiral part of molecules
on the 2D and 3D crystalline stacking of secondary alcohols
and perhaps derive more general rules about packing of chiral
molecules. In this paper, we describe the crystalline structures
of bulk compounds and then those of monolayers spread at the
air-water interface before drawing comparisons and infer some
principles governing the two- and three-dimensional packing.

2. Experimental Techniques

Materials and Their Designations.The generic chemical
formulas of a secondary alcohol is CnH2n+1OH. The chiral center
is the second carbon, as shown in Figure 1. This study makes
use of 2-hexadecanol (n ) 16) and 2-heptadecanol (n ) 17),
racemic mixtures (()2Cn and left enantiomer (S)2Cn for both.
(()2C16 was used as received from Fluka. (()2C17, (S)2C16,
and (S)2C17 were synthesized by copper-catalyzed Grignard
methyl oxirane opening.11 Other mixtures will be labeled (xS-
(S)/xR(R))2Cn, xS being the ratio ofSmolecules andxR the ratio
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Figure 1. Schematic representation of a two-alcohol molecule. The *
indicates the chiral center, the second carbon on the chain.
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of R ones (xS ) 100 - xR). The generic notation 2Cn will be
used when the ratio of both enantiomers is not a relevant
parameter.

Bulk Study. Melting points of powder samples (quantities
≈ 1 mg) were determined by differential scanning calorimetry
(DSC). A Perkin DSC II with sensitivity 20mcal/s was used
with a scanning rate 10K/min in the temperature range (250-
380 K). Melting temperatures reported in the following are those
of the beginning of the melting.

Single crystals of 2C16 were obtained by slow evaporation
of chloroform at a temperature of 6°C. Single crystals of 2C17
were obtained by slow evaporation of xylene at room temper-
ature. X-ray diffraction experiments were carried out at CEA-
Grenoble on a Brucker three circles diffractometer. The
diffracted beam was collected by a CCD two-dimensional
detector. The wavelength was the Molybdenum radiation
(0.710 73 Å). The sample was cooled to-80 °C by a nitrogen
flow. Structures were solved and refined using the program
Xtal3.2 (12). Heavy atoms were refined with anisotropic thermal
coefficients, and hydrogen positions were calculated.

Monolayers Study.By depositing a drop of pure alcohol at
the water surface, a monolayer spreads spontaneously and stays
in equilibrium with the drop which plays the role of reservoir,
able to compensate any loss of matter on the surface by
evaporation or dissolution.13 Temperature is then the variable
thermodynamical parameter (see Table 1 to compare the melting
points of monolayers and bulks). Laboratory techniques used
to study monolayers at the air/water interface are ellipsometry
and surface tension measurements. The setup has already been
described in detail in ref 9. The crystalline structures have been
characterized by grazing incidence X-ray diffraction (GIXD).14

Experiments were carried out at ESRF (European Synchrotron
Radiation Facility) in Grenoble, France. On a ID10B ondulator
beamline, a double diamond monochromator selects a single
radiation ofλ ) 1.38 Å. A double mirror deflects this beam
onto the sample with an incident angleR ) 2 mrad) 0.85Rc
(Rc ) 2.3 mrad critical angle for a water subphase at the energy
of 9keV). The X-ray incident beam is monitored by a NaI
scintillator. A Ge(111) crystal in position of Bragg reflection
analyzes the diffracted beam, giving an angular resolution of
2.5° × 10-3 , corresponding to approximately 2.5× 10-4 Å-1.
A position sensitive detector (PSD) collects the in-plane
integrated intensity as well as the vertical distribution, thanks
to its wide vertical aperture (15 cm). A special circular trough
was designed for these experiments.9

3. Bulk Study

3.1. Thermodynamics.There are three ways of forming
binary mixtures of enantiomers into organized arrays: racemate
(ordered mixture), conglomerate (chiral separation), or solid
solution (disordered mixture).15 These three forms yield typical
phase diagrams (melting temperature vs ratio of enantiomers),
which can be established by DSC and thus allow the determi-
nation of the packing type. In Figure 2a, DSC spectra for powder

samples of 2C16, measured upon heating, are depicted. One
single exothermic peak is observed for concentrations of 50%,
90%, and 100% of (S) molecules, whereas two peaks are visible
for other mixtures, the low-temperature one remaining invariant.
The values are reported in the diagram in Figure 2b. An
idealized representation of a typical diagram of a racemate is
depicted in Scheme 1 for comparison. The existence of an
eutectic point at lower temperature than that of the racemic
mixture proves that 2C16 is a racemate. The result is the same
for 2C17, as was already observed for shorter chains.9

3.2. Crystal Structures. (()2C16. C16H33OH, Mw )
240 g/mol; triclinic, space groupP1h; a ) 5.5818(2) Å,b )
7.9076(3) Å, c ) 37.1269(9) Å; R ) 93.449(1)°, â )
90.010(2)°, γ ) 99.089(1)°; Z ) 4 (two crystallographically

TABLE 1: Melting ( Tm) and Crystallization (Tc)
Temperatures of Bulks (3D) and Monolayers (2D) for
Racemic Mixtures and Pure Enantiomers of 2-Hexadecanol
and 2-Heptadecanol, (()2C16, (S)2C16, (()2C17, and
(S)2C17, Respectively

Tm, 3D (°C) Tc, 3D (°C) Tm, 2D (°C) Tc, 2D (°C)

(()2C16 43.0 29.0 41.5 44.5
(S)2C16 41.0 34.0 40.2 44.5
(()2C17 36.0 34.0 49.0 50.8
(S)2C17 34.0 32.0 50.0 50.8

Figure 2. (a) DSC spectra of mixtures of 2-hexadecanol (2C16). The
concentration of (S)2C16 within the sample is reported in the inset.
(b) Phase diagram (melting temperature vs ratio of both enantiomers)
of bulk 2C16. Lines do not correspond to any calculations.

SCHEME 1: Ideal Representation of the Diagram
Melting Temperature as a Function of the Ratio of Both
Enantiomers in the Sample, for a Binary Mixture of
Enantiomers Forming a a Racematea

a TE and xE Are the Coordinates of the Eutectic Point. R and S
Correspond to 100% of R and S Molecules.
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independent molecules),V ) 1615.2(1) Å3, dcalc ) 1.01(1)g/
cm3; 5309 reflections,Rw ) 7.8%,R ) 10.2% on refinement
with 515 parameters.

Atomic coordinates and isotropic thermal factors are reported
in the Supplementary Information, and the molecular arrange-
ment is shown in Figure 3. The molecules are stacked in layers
related by a center of symmetry, in a head-to-head organization
usual for amphiphilic molecule structures.8 The layer comprises
the two independent molecules: the chirality of one is well
defined (R for example), whereas the other exhibits enantiomeric
disorder, i.e. has the same probability to be right- (R) or left-
handed (S). If the two independent molecules within a layer
are identical (RR or SS), each layer is homochiral, and the
racemic crystal structure, labeled “homochiral”, is an alternation
of right-handed (R) and left-handed layers (S), related by a center
of symmetry. If the two independent molecules within a layer
are enantiomers (RS), each layer is heterochiral, and the racemic
crystal structure, labeled “heterochiral”, is an alternation of (RS)
layer related by a center of symmetry. The disordered organiza-
tion should be interpreted as the equiprobable superposition of
the homochiral and heterochiral structures.

The carbon skeleton of the two independent molecules
exhibits an all-trans conformation, including the methyl head-
group. The C-O bond is in a gauche position, roughly
perpendicular to the main chain axis. The straight, regular
hydrocarbon chains are arranged according to the common
orthorhombic packing O⊥, observed for n-tricosane or
n-hexadecanol,8,16 which implies a herringbone packing with a
pseudoglide mirror (Figure 3c). Subcell parameters areas )

4.94(2) Å,bs ) 7.42(2) Å,cs ) 2.54(1) Å,R ) 91.5(5),â )
90.5(5), andγ ) 90.1(5). The chains are tilted by 31.0(5)° from
the layer normal in the (as + bs) direction, as indicated in Figure
3c. This tilt can be interpreted as a shift of two methylene groups
alongas and two methylene groups alongbs, as usually described
for n-alcohols.8,17 The average surface and volume per meth-
ylene group are 18.3 Å2 and 23.2 Å3, respectively.

The hydrogen bond network partially ensuring cohesion of
the crystal is necessarily different for the heterochiral and
homochiral structures. For the former, molecules are linked
together by infinite chains of hydrogen bonds along thea-axis
within a layer (Figure 3d). The shortest oxygen-oxygen
distances are 2.89 and 2.98 Å. The lack of interlayer hydrogen
bonds is the main characteristic of the heterochiral structure. In
contrast, the homochiral structure develops interlayer hydrogen
bonds through the formation of tetrameric oxygen cycles across
the inversion center (Figure 3e) with oxygen-oxygen distances
of 2.65 Å within the layer and 2.91 Å between layers. The
condition for close packing of the methyl groups at the two
ends of the molecules also plays a role in determining the layer
stacking. At the head-head interface, the methyl in position 1
of a disordered molecule is surrounded by the CH chiral carbon,
the oxygen of an ordered molecule, and the headgroup methyl
of a disordered one, depending on the preferred conformation.
The distances are, respectively, 3.85, 3.62, and 3.67 Å,
corresponding to a close packed arrangement. At the tail-tail
interface, the nearest-neighbor carbon-carbon distances are
3.94, 4.09, and 4.22 Å, which is in agreement with distances
observed forn-alcohols.16,17

Figure 3. Crystalline structure of (()2C16: a ) 5.5818(2) Åb ) 7.9076(3) Åc ) 37.1269(9) ÅR ) 93.449(1)° â ) 90.010(2)° γ ) 99.089(1)°.
One molecule in the unit cell presents enantiomeric disorder; the two equivalent positions for the O atom are reported. (a) View along theb axis.
(b) View along thea axis: the circle indicates the inversion center. The structure can be described by a pseudo-orthorhombic subcell;as ) 4.94(2)
Å, bs ) 7.42(2) Å, cs ) 2.54(1) Å, R ) 91.5(5),â ) 90.5(5),γ ) 90.1(5). (c) View alongcs axis: the pseudo orthorhombic unit cell O⊥ is
represented. The arrows indicates the tilt direction. (d) View along theas axis and the hydrogen bonding for an heterochiral layer. (e) View along
the as axis, showing the hydrogen bond tetramer of the homochiral structure.
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(S)2C17.C17H35OH, Mw ) 254 g/mol; triclinic, space group
P1; a ) 4.85025(5) Å,b ) 8.1795(8) Å,c ) 22.912(2) Å;R
) 81.915(8)°, â ) 89.901(9)°, γ ) 76.854(8)°; Z ) 2 (two
crystallographically independent molecules),V ) 873.5(15) Å3,
dcalc ) 0.97(2)g/cm3; 3735 reflections,Rw ) 8.0%,R ) 14.0%
on refinement with 317 parameters

Atomic coordinates and isotropic thermal factors are reported
in the Supplementary Information, and the molecular arrange-
ment is shown in Figure 4. The polar space groupP1 is not
frequently encoutered.15 The molecules are stacked in layers,
these layers related by translation resulting in a head-to-tail
interlayer organization very uncommon for amphiphilic mol-
ecules8 but previously observed.18 Within the layer, the basic
motif consists of two independent molecules related by a
pseudo-2-fold axis (Figure 4c). Both molecules exhibit an all-
trans conformation, including the methyl at the headgroup, so
that the C-O bond is almost perpendicular to the main chain
axis. The chains are tilted by 19(1)° in the direction perpen-
dicular to the plane of the carbon backbone. The chains are all
parallel to each other and arranged according to the triclinic
packing motif T, observed forn-octadecane and the A-form of
fatty acids.8 The triclinic subcell parameters areas ) 4.1(1) Å,
bs ) 5.2(1) Å, cs ) 2.54(2) Å,R ) 73(1)°, â ) 106(1)°, and
γ ) 123(1)°.

The molecules are interlinked by hydrogen bonds of length
2.7(1) Å along thea-axis, namely, within the same layer,

forming infinite chains (Figure 4c). Two oxygen atoms also
make intralayer contacts with neighboring methyl groups with
C-O distances of 3.67 and 3.96 Å, too long to allow the
formation of hydrogen bond between these two atoms. The
interlayer contacts are governed by methyl-methyl interactions
with C-C distances of 3.79 and 3.95 Å.

Approximate Models of (()2C17 and (S)2C16.Single crystals
of (()2C17 and (S)2C16 were also obtained, but their quality
was not good enough to lead to properly refined structures.

The space group of (()2C17 should beP21/n, with a )
8.00(1) Å,b ) 4.96(1) Å,c ) 44.7(1) Å,â ) 91.51°,1 and a
measured density of 0.96 g/cm3. There are four molecules in
the unit cell, related by symmetry. The length of thec axis is
in agreement with a bilayer structure. The carbon atoms are in
all-trans conformation; however, the position of the oxygen atom
could not be determined, implying molecular disorder. The glide
symmetry and the length of thea ) 8.00 Å andb ) 4.96 Å
axes are compatible with an orthorhombic chain packing O⊥
similar to that of (()2C16. In the (()2C17 structure, the
molecules are tilted of about 15° along thea axis, as for the
(S)2C17. Comparing the two racemic structures (()2C16 and
(()2C17 recalls of the packing arrangement of alkanes19 or
n-alcohol;20 namely, even numbered chains are tilted whereas
the odd ones are not.8 This odd/even effect is manifested in
some physical properties, including the melting points.21,22We
found a similar behavior for racemic secondary alcohols (Figure

Figure 4. Crystalline structure of (S)2C17: a ) 4.85025(5) Å,b ) 8.1795(8) Å,c ) 22.912(2) Å,R ) 81.915(8)°, â ) 89.901(9)°, γ )
76.854(8)°. (a) View along theb axis. (b) View along thea axis. The stucture can be described also by a triclinic subcell withas ) 4.1(1) Å, bs

) 5.2(1) Å, cs ) 2.54(2) Å, R ) 73(1)°, â ) 106(1)°, γ ) 123(1)°. (c) View alongcs, showing also the hydrogen bond network. The arrow
indicates the tilt direction.
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5): melting temperatures are also strongly dependent on the
parity of the chain, which can also be due to different packing
energies due to different tilts.

For (S)C16, lattice parameters area ) 4.81(1) Å, b )
8.25(1) Å,c ) 42.63(1) Å, andγ ) 103.7°,3 and the density is
0.98 g/cm3. R and â are 90° thus the space group should be
monoclinicP21. Molecules are stacked in layers related by the
2-fold screw axis alongc, resulting in a head to tail organization.
The crystallographic motif within a layer consists of two
molecules parallel to each other. All carbon atoms are in all-
trans conformation, including the headgroup methyl; thus, chains
are packed according to the triclinic packing T. This approximate
model seems to be similar to that of (S)2C17, in terms of chain
tilt also, which would be explain the monotonic evolution of
melting temperatures with chain length for pure enantiomers
(Figure 5).

3.3. Molecular Organization of 2-Alcohols.As for most
chiral compounds, these particular secondary alcohols (2C16
and 2C17) crystallize as racemate. Wallach’s rule states that
racemate are denser than their chiral counterpart;15,23 thus, for
2C16, this result could have been anticipated by comparing the
densities of the (S)C16 (0.97 g/cm3) and (()2C16 (1.01 g/cm3).
For 2C17, the pure enantiomer (S)2C17 and the racemic (()-
2C17 crystals have similar densities,∼0.97 g/cm3; thus, the
Wallach rule is ambiguous. The origin of the heterochial
behavior has to be found in the crystalline structure.

Orthorhombic chain packing O⊥ is observed in racemic
crystals of (()2C16 and (()2C17. The O⊥ packing exhibits
pseudoglide planes by construction.25 Two independent mol-
ecules should be related by these pseudosymmetries, but then
cannot be of the same handeness (R and S). Among the two
hydrogen-bond axis possibilities alongas or bs, only alongbs

are the oxygen-oxygen distances up to 3 Å, as exemplified by
the (()2C16 structure (Figure 3c). Because the pseudoglide
mirror is perpendicular to hydrogen bond axisas the C-O bonds
are shifted bycs/2 (Figure 3d) and should originate in the tilt
alongas. Triclinic chain packing T is observed in the case of
pure enantiomer crystals (S)2C16 and (S)2C17. The T packing
exhibits a 2-fold axis by construction.25 The carbon backbones
of the two independent molecules are related by a pseudo-2-
fold screw axis, which induces a shift ofcs/2 (Figure 4a).
Consequently the 2-alcohol molecules must have the same
handedness.

The all-trans chain conformation, independent of the chirality
or the number of carbon atoms, indicates that the headgroup
conformation is essentially imposed by the steric hindrance
larger for the methyl group than the hydroxyl group, which is
then in a gauche conformation. Nevertheless, secondary alcohols

reproduce the same hydrogen bonds motifs asn-alcohols24 but
within a same layer due to the orientation of the hydroxyl group,
almost perpendicular to the chain axis. The (S)2C17 and
probably (S)2C16 structures accommodate a zigzag motif by
shifting the molecules by one carbon atom (pseudo 2-fold screw
axis) within a same layer. In the case of (()2C16, the same
hydrogen bond network can be formed for the heterochiral
structure via the pseudoglide mirror. The similarity between
2C17 and 2C16 hydrogen-bonded lattices is clear by comparing
the molecular packing along thea axis in Figure 3b and Figure
4b. The structure of (()2C17 is not accurate enough to see a
motif for the hydrogen bond network; however, the disorder
can be seen as a way to have the same kind of hydrogen bonds
on either sides of the layer.

4. Monolayers

The monolayers on water of pure enantiomers, racemic, and
other mixtures of 2C16 and 2C17 have been characterized.
These films are crystalline and stable with time at constant
temperature.

4.1. 2C16 Monolayers, Enantiomeric, Racemic, and Mix-
tures. All these phases yield a single diffraction peak, indicative
of a hexagonal arrangement of molecules (Figure 6). The lattice
parameterahex ≈ 5 Å is slightly longer than those of close
packing of aliphatic chains; the thermal expansion rate is large
(∼1.0 10-3 Å/K), and the Bragg peaks of the different phases
are very narrow (coherence length is about 0.5µm), typical of
a rotator phase.26 Whatever the ratio of (R) and (S) enantiomers,
monolayers present the same hexagonal phase but with different
lattice parameters. Our method of preparing monolayers allows
the molecules to diffuse freely from the reservoir to the film
and vice-versa; thus, the concentration in the monolayer is not
necessarily the same as that of the reservoir drop.27 Our results
demonstrate that the interface does not favor one single ratio
of enantiomers. This conclusion is confirmed by other experi-
ments performed with a solid drop. In this case, the pressure is
decreased by about 10mN/m, and we observed that (()2C16
and (S)2C16 monolayers are no longer crystalline. However,
for other enantiomeric mixtures, the condensed phase remains
crystalline, still appearing in hexagonal symmetry but where
the coherence length is affected, as exemplified in Figure 7,
for the monolayer of (60(S)/40(R))2C16. The full width at half-
maximum (fwhm) of the Bragg peak is larger when the drop is
solid. The peak suddenly becomes narrower when the drop melts
and the surface pressure rises. Such an evolution of the
monolayer may be interpreted as a transition from a hexagonal
to a rotator hexagonal phase atT ) Tm - 4 °C. In Figure 7,
one can also see a dramatic increase of the peak width one

Figure 5. Comparison between 3D melting temperature of (() racemic
mixtures and (O) pure enantiomers vs chain lengthn for secondary
alcohols.

Figure 6. Diffraction pattern of a monolayer of (()2C16 atT ) 41
°C. The peak maximum is atqxy ) 1.461 Å-1, and the full width at
half-maximum corresponds to a coherence of a few micrometers.
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degree below the melting of the film. Surprisingly, it is only
observed for the intermediate mixtures and not for pure
compounds for which neither the intensity nor the width of peaks
evolve with temperature. The decrease of crystallite size
indicates that the monolayers of intermediate mixtures contain
more defects than racemic or enantiomeric monolayers due to
their “non ideal” enantiomeric ratios, which leads to a progres-
sive softening of the film close to the melting. All these results
are compatible with the observation that there is no spontaneous
chiral separation of the molecules within the monolayers.

Additional information is necessary to distinguish between
an ordered racemate or a solid solution. The “classic” phase
diagram (melting temperature vs ratio of both enantiomers) has
been established (see Table 2). The melting temperature was
directly measured by ellipsometry, and the melting entropy was
deduced from the slopes of surface tension versus temperature
curves.28 The melting temperatures and entropies for monolayers
of (()2C16 and (S)2C16 are almost the same. From these result,
we may conclude that the racemic compound forms a solid
solution since the formation of a racemate (ordered mixture)
would imply a difference of at least the value of mixing entropy
of the liquid phase, which isRln2 ) 0.5kB, between racemic
and enantiomeric phases.

4.2. 2C17 Monolayers, Enantiomeric, Racemic, and Mix-
tures. Monolayers of (S)2C17 have a behavior very similar to
that of 2C16, namely, a hexagonal packing with a large
coherence length (of about 0.5µm) until the melting of the
monolayer. However, for (()2C17, the monolayer structure
undergoes change upon heating. At low temperatures, a single
diffraction peak is observed (Figure 8a), significant for a
hexagonal phase. Increasing temperature induces a splitting of
the Bragg peak (Figure 8b). These two peaks can be indexed
as the{02} and{11} reflections of a centered rectangular cell
a ) 5.01 Å, b ) 7.50 Å. The intensity distributions along the
Bragg rods exhibit maxima atqz ) 0.11 Å-1, corresponding to
molecules tilted by about 10° from the surface normal along
the direction of theb axis (Figure 8b), which explains the loss

of hexagonal symmetry. This transition, from a hexagonal rotator
phase to a herringbone arrangement, is reversible with temper-
ature. A similar transition, but shifted from 43 to 44.5°C, is
observed for (75(S)/25(R))2C17. Similar solid-solid transitions
have already been reported for long chain acids,29 but this is
the first time to our knowledge that a solid-solid transition in
monolayers is found to be dependent on the ratio of enantiomers.
Increasing the ratio of (S)2C17 in the sample shifts the transition
temperature toward the melting temperature of the film. For a
(90(S)/10(R))2C17 monolayer, this transition is no longer
detectable since only one diffraction peak is observed, whatever
the temperature. The hexagonal arrangement remains stable,
however, close to the melting a softening of the monolayer is
detected as for 2C16 mixtures. These results are summarized
in Figure 9. This phase diagram contradicts the possibility of a
chiral separation. Moreover the melting entropies of (()2C17
and (S)C17 differ by 1kB; thus, this compound is probably a
racemate (see Table 3).

5. Comparison between 2D and 3D Crystal Structures

The racemic mixtures of the 2-alcohols tend to pack in
disordered heterochiral arrangement in both the two and three-
dimensional crystals. In sections 3.3 and 4, we have shown that
the chiral part of molecules plays an important role on the
molecular arrangements. We can now compare the structures
of a “free” monolayer at the water surface, and that of a layer
within the three-dimensional counterpart.

The conformation of the carbon backbone was found to be
all-trans in bulk crystals so that the C-OH bond is parallel to
the layer plane participating in intralayer O-H‚‚‚O hydrogen
bonds. Regarding monolayers, the area per molecule, which is
less than 21.5 Å2, is consistent with an all-trans conformation.
Previous studies of such monolayers on water had indicated
that the C-OH bond points toward the water, which implies a
gauche conformation of the methyl group at the water surface.10

Thus, molecules at the air-water interface cannot be directly
interlinked by O-H‚‚‚O hydrogen bonds by rather make
hydrogen bridges via water molecules from the subphase.

For the 2C16 alcohol, the 2D and 3D phases are similar both
exhibiting disorder. In the racemate of the 3D system, the
disorder is enantiomeric. The 2D structure exhibits rotational
disorder, which masks any effect of chirality although the system
has been identified as a solid solution. For the 2C17 alcohol,
the racemic phases in 2D and 3D are similar, both being
racemates. The (()2C17 monolayer appears in a rectangular
unit cell exhibiting a herringbone packing, implying a nonro-
tational phase, similar to the O⊥ phase in the 3D crystal. The
lattice parameters for the 2D and 3D counterparts are similar,
slightly greater for the monolayer. In 2D crystals where
molecules are freer to move in the horizontal plane, the
competition between chain-chain and chiral interactions lead
to larger distances between molecules. These effects should be
enhanced by increasing the chain length, which would reduces

Figure 7. Evolution of full width at half-maximum (fwhm) for the
Bragg peak of a (60(S)/40(R))2C16 monolayer vs (melting temperature
Tm - sample temperatureT).

TABLE 2: 2D Thermodynamical Phase Diagram of
2-Hexadecanola

% (S)2C16 Tm ( 1 (°C) aL ( 0.5 (Å2) ∆Sm ( 0.3 (kB)

50 43.6 29.1 7.3
60 43.2 27.4 5.7
75 42.8 28.1 6.7
90 - - -

100 41.2 28.8 7.1

a From left to right, the ratio of (S)2C16, melting temperature (Tm),
area per molecule (aL), and entropy (∆S).

TABLE 3: 2D Thermodynamical Phase Diagram of
2-Heptadecanola

% (S)2C17 Tm ( 1 (°C) aL ( 0.5 (Å2) ∆Sm ( 0.3 (kB)

50 49.1 30.0 8.6
60 49.5 28.9 7.3
75 49.0 30.2 8.4
90 49.5 29.5 7.7

100 50.0 29.6 7.8

a From left to right, the ratio of (S)2C17, melting temperature (Tm),
area per molecule (aL), and entropy (∆S).
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the mean distance between chains because of van der Waals
forces and thus enhance the influence of the chiral part on the
molecular packing. This model is consistent with the observation
that the racemic monolayer of the longest chain length studied
(2C17) is not a solid solution.

Previous results show an odd/even effect on physical proper-
ties such as melting temperature for aliphatic compounds,
alkanes or alcohols, in 3D crystals.30 This effect is due to a
difference in molecular tilt vis a vis the layer plane; the even
chains are tilted, whereas the odd ones are not in order to
optimize the packing of the terminal methyl groups. We
observed an odd/even effect on melting temperatures for racemic
bulks of 2-alcohols (Figure 5) which might be related to
difference in tilt, as found in the structures of (()2C16 and
(()2C17. An odd/even effect has also been previously observed
in alcohol monolayers due to difference in orientation of their
C-OH groups with respect to the water surface.20 In contrast,

the 2-alcohol molecules are aligned normal to the water surface
for chain lengths between 12 and 16 implying no odd/even effect
in two dimensions. The 2C17 is the only system we studied
exhibiting tilted chains.

6. Conclusion

We have shown that (()2C16 and (()2C17 crystallize as
racemate in three dimensions. In these structures, the molecules
are stacked head to head into layers, within which cohesion is
partially ensured by intralayer hydrogen bonding in addition to
the obvious chain-chain interaction. The two compounds are
disordered, identified as enantiomeric for (()2C16. The layers
in the pure enantiomeric crystals (S)2C16 and (S)2C17 are
arranged head to tail, an unusual motif for amphiphilic
molecules. The two-dimensional crystal structures of 2C16 and
2C17 on water are different: 2C16 forms a solid solution due
to a high thermal disorder, whereas the 2C17 forms a racemate.
This result seems to show that chiral interactions become more
manifest for the longer chain system that we account for in terms
of stronger chain-chain interactions with increasing chain
length.
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