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Abstract

The effect of the second chiral center of diastereomeric N-alkanoyl-allo-threonine on the main 

monolayer characteristics has been investigated. The characteristic features of the 

enantiomeric and racemic forms of N-stearoyl-allo-threonine monolayers are studied on 

thermodynamic basis and molecular scale.

The -A curves of the enantiomeric and racemic allo-forms show similar features as those of 

N-stearoyl-threonine. The compression curves are always located above the corresponding 

decompression curves and the decompression curves can be used as equilibrium isotherms for 

both the enantiomeric and racemic N-stearoyl-allo-threonine. 

The absolute T0-values (disappearance of the LE/LC-transition)  are 4-5 K larger compared 

with the corresponding N-stearoyl-threonines, but the ΔT0 between the enantiomeric (D) and 

the racemic (DL) forms is only slightly larger than that of N-stearoyl-threonine. The 

difference of the critical temperatures Tc, above which the monolayer cannot be compressed 

into the condensed state, between the enantiomeric and the racemic forms is quite small (Tc 

= 0.8 K) and smaller compared to that of the corresponding threonines (Tc = 1.8 K). This is 

consistent with the dominance of the van der Waals interactions between the alkyl chains 

reducing the influence of chirality on the thermodynamic parameters.

GIXD studies of N-stearoyl-allo-threonine monolayers provide information about the lattice 

structure of condensed monolayer phases in Angstrom scale and stipulate the homochiral or 

heterochiral preference in the condensed phases. Comparable to N-stearoyl-threonine, the 

enantiomers exhibit an oblique lattice structure, whereas the racemates form a NNN tilted 

orthorhombic structure demonstrating the dominance of heterochiral interactions in the 

racemates independent of the diasteomeric structure change of the polar head group. The A0 

values are characteristic for rotator phases. The smaller A0 value obtained for the racemic 

monolayers indicate their tighter packing caused by heterochiral interaction.  

The program Hardpack was used to predict the geometric parameters of possible 2-

dimensional packings. For comparison with the experimental GIXD data, the two-

dimensional lattice parameters and characteristic features of the enantiomeric and racemic 

diastereomeric stearoyl-threonine monolayers were calculated and are in reasonable 

agreement with the experimental GIXD data.  
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Introduction

The complex composition of biological membranes containing amino acids at the primary 

structural hierarchy initiated studies using model monolayers. They are frequently used to 

facilitate understanding the complicated physicochemical mechanisms effective in the 

membrane structure.  

In particular, monolayers of N-alkanoyl-substituted amino acid amphiphiles have been 

frequently studied as informative model systems.1  Improvements in the experimental 

preparation of the enantiomeric forms of N-alkanoyl-substituted amino acid amphiphiles have 

been crucial for their using as amino acid-type model substances for chiral discrimination 

studies.1-5 

The main monolayer characteristics of N-alkanoyl substituted threonine amphiphiles, similar 

as those of other N-alkanoyl-substituted amino acid amphiphiles, revealed substantial 

differences to the usual amphiphilic monolayers. Generally it was found that independent of 

the alkyl chain length and chirality in the surface pressure–molecular area (-A) 

measurements of the enantiomeric and racemic forms all compression curves are located 

above the corresponding decompression curves. Additionally under the same conditions the 

-A isotherms of the racemic forms are situated under those of the enantiomeric forms.  

The use of highly-sensitive imaging technique, as Brewster angle microscopy (BAM), 

provided valuable information on the mesoscopic morphology of the condensed phase 

domains formed in the two-phase coexistence region of the monolayers. Large topological 

differences in the condensed phase domains of several amino acid amphiphiles were observed 

and homo- and heterochiral preferences for chiral interaction were discussed. 6-17

Grazing incidence X-ray diffraction (GIXD) results of N-alkanoyl substituted -amino acid 

amphiphiles, defining the lattice structure at the Angstrom level are rather scarce.

However, recent GIXD studies of N-alkanoyl-threonine monolayers have shown that at all 

pressures the enantiomers form an oblique lattice structure whereas the racemates develop a 

NNN tilted orthorhombic structure.18

It is interesting to note that threonine is one of two proteinogenic amino acids with two chiral 

centers and can exist in four possible stereoisomers with the following configurations: 

(2S,3R), (2R,3S), (2S,3S) and (2R,3R). The designation L-threonine is used for one single 

diastereomer, (2S,3R)-2-amino-3-hydroxybutanoic acid. The second stereoisomer (2S,3S), 

which is rarely present in nature, is called L-allo-threonine.19  The other two stereoisomers 

(2R,3S)- and (2R,3R)-2-amino-3-hydroxybutanoic acid are only of minor biological 

importance. So far, as we know, the effect of the second chiral center within the head group of 
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the other diastereomeric form of N-alkanoyl-allo-threonine has been not yet studied, and 

therefore is unknown.  

The objective of the present study is to study the monolayer characteristics of N-stearoyl-allo-

threonine in its enantimeric and racemic state and to compare them with those of the 

corresponding N-stearoyl-threonine. In order to stipulate the specific features of N-stearoyl-L-

allo-threonine monolayer characteristics, they have been investigated on thermodynamic basis 

and molecular scale. The thermodynamic results were obtained from -A experiments, 

whereas GIXD was employed for defining the monolayer structure at Angstrom level. 

Theoretical calculations of the molecular structure were performed to predict the 2-

dimensional packing. The theoretical results are compared with the experimental data.

Experimental Section

The enantiomeric allo-threonine methylester and stearoyl chloride were used in a 

condensation reaction in chloroform and aqueous potassium carbonate to synthesize the 

enaniomeric N-alkanoyl-substituted allo-threonine amphiphiles N-stearoyl-D-allo-threonine 

and N-stearoyl-L-allo-threonine (Fig. 1, left) according to ref 20.  For comparison the 

diastereomeric N-stearoyl-D-threonine and N-stearoyl-L-threonine (Fig. 1, right) are 

presented.  The reaction products were purified by repeated crystallization in methanol. The 

chemical and enantiomeric purity (99%) of the final products were verified by elemental 

analysis and HPLC.

  
HO
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OH

O

OH

HN

HO

O

OH
HN

O OH HO O

NH
HO

      C18-allo-D      C18-allo-L       C18-D            C18-L

Figure 1. Chemical structures of N-stearoyl-D-allo-threonine and N-stearoyl-L-allo-threonine 
(left) and for comparison  of N-stearoyl-D- threonine and N-stearoyl- L-threonine (right). 
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The surface pressure-molecular area (-А) isotherms were recorded with a self-made, 

computer-interfaced film balance using the Wilhelmy method with a roughened glass plate.21 

The N-stearoyl- allo-threonine amphiphiles dissolved in a heptane/ethanol (9:1) (Merck p.a. 

grade) mixture, were spread on water with a specific resistance of 18.2 MΩ·cm, purified by a 

Millipore desktop system. Compression and decompression curves were measured at a 

compression rate of ≤10 Å²/(molecule·min) with an accuracy of the surface tension of  ±0.1 

mN/m and the molecular area  of ±0.5 Å².  

The grazing incidence X-ray diffraction patterns were obtained at the liquid-surface 

diffractometer at the undulator beamline BW1 at HASYLAB (DESY, Hamburg, Germany).22 

For the experiments, a thermostated Langmuir film balance is positioned in an air-tight 

container with a Kapton (polyimide film) window under a helium atmosphere. A 

monochromatic X-ray beam (λ = 1.304 Å) comes into contact with the water surface at a 

grazing incidence angle αi = 0.85αc illuminating approximately 250 mm² monolayer surface 

on the film balance. αc = 0.13° is the critical angle for total reflection of the X-ray beam at the 

water surface.  Slow lateral movement of the trough avoids sample damage by the strong X-

ray beam. For the measurement of the diffracted signal, a linear position-sensitive MYTHEN 

detector system (PSI, Villigen, Switzerland) was used. The in-plane Qxy component of the 

scattering vector was scanned by rotation of the detector, and the out-of-plane Qz component 

of the scattering vector between 0.0 and 0.75 Å-1 was obtained by the vertical strips of the 

MYTHEN. The analysis of the diffraction patterns yields the lattice structures. The Bragg 

peaks (integrated scattering intensity (corrected for polarization, effective area, and Lorentz 

factor) over a certain Qz window) and the Bragg rods (integrated scattering intensity over a 

certain Qxy window) specify the unit cell dimensions (lattice parameters a, b, c , in-plane area 

Axy, cross-sectional area A0, tilt angle t). The ellipse passing through 6 nearest neighbors of 

one chain is used to determine the distortion of the hexagonal lattice by d = (ae
2 – be

2)/(ae
2 + 

be
2) with ae and be defined the long and short axes of the ellipse, respectively.23, 24 For 

determination of the extent of the crystalline order in the monolayer, the in-plane coherence 

length Lxy was estimated from the full-width at half maximum (FWHM) of the Bragg peak 

using Lxy~0.9(2)/FWHM (Qxy). The thickness of the monolayer was assessed from the 

FWHM of the Bragg rod using 0.9(2)/FWHM(Qz). More details can be found in the 

literature.25-28 

To predict the 2-dimensional packing of the molecules, quantum chemical calculations of the 

molecular structure were performed at which the structures of the single molecules were 

optimized by the program Gaussian 09 29 using the method B3LYP and the basis set 6-31G.29
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The molecular packing was calculated by the program Hardpack. This program uses a Monte 

Carlo algorithm to find the global minimum of the energy of the 2-dimensional packings. The 

molecules are assumed to be semi-rigid with fixed bond length and bond angles and selected 

rotatable groups in the molecule. The 2-dimensional space group can be chosen by the user. 

The energy is calculated by a classical physics model and consists of van der Waals and 

electrostatic interactions between different molecules and rotatable groups. The charges are 

given in form of point charges at the atom positions. Polarization and thermal motion are 

ignored. The parameters for the van der Waals interactions were taken from the DREIDING 

force field,30 the point charges from the Gaussian 09 calculations. For the packing of the 

enantiomers, the 2-dimensional space group p1 was used, for the racemates it was the space 

group pg (which leads to an orthorhombic lattice). For each packing type, a few hundred 

molecular packings with varying cell constants, molecular positions and orientations, and 

seven internal rotations, were produced, and those with the lowest energies were compared 

with the experimental results.

Results and Discussion 

In a recent paper,18 we have investigated C18-L-threonine and the corresponding racemate 

C18-DL-threonine (equimolar mixture of the (2S, 3R)- and the (2R, 3S)-stereoisomers). In the 

present manuscript, we study the two corresponding enantiomeric C18 -L-allo-threonine and 

the racemate C18 -DL--allo-threonine (equimolar mixture of the (2S, 3S)- and the (2R, 3R)-

stereoisomers). The comparison of the thermodynamic and structural results should provide 

information about the effect of the second chiral center within the head group of the other 

diastereomeric forms of N-alkanoyl-allo-threonine. 

The -A measurements of the enantiomeric N-stearoyl-D-allo-threonine monolayers spread 

on pH 3 water and measured at different temperatures in the range between 21 and 31 °C are 

shown at compression (left) and decompression (right) in Fig. 2. The corresponding -A 

isotherms of racemic N-stearoyl-DL-allo-threonine monolayers  measured at different 

temperatures in the range between 19 and 26 °C are presented at compression (left) and 

decompression (right) in Fig. 3.
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Figure 2. -A isotherms of the enantiomeric N-stearoyl-D-allo-threonine monolayers spread 
on pH 3 water and measured in the  temperature range between 21 and 31 °C at compression 
(left) and at decompression (right). 

. 

     
Figure 3. -A isotherms of the racemic N-stearoyl-DL-allo-threonine monolayers spread on 
pH 3 water and measured in the  temperature range between 19 and 26 °C at compression 
(left) and at decompression (right). 

The -A curves of the enantiomeric and racemic allo-forms show the usual shift to higher 

transition pressures with increasing temperature. In both cases, characteristic differences exist 

between compression (left) and decompression (right) of the monolayers assigned as 

hysteresis by Stine et al. for other N-alkanoyl-substituted amino acid amphiphiles.6  For any 

fixed temperature, the compression curves are always located above the corresponding 

decompression curves, as already observed for the N-alkanoyl-threonines.18 This hysteresis 

increases with increasing compression rate.31 Similar studies, realized with monolayers N-

palmitoyl-D-allo-threonine methylester and N-palmitoyl/stearoyl-threonines at different 

compression rates, have confirmed this behavior. According to the results accomplished with 

N-palmitoyl-D-allo-threonine methylester monolayers at different compression rates, the 
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slowest compression curve approaches the decompression curve. Thus, the decompression 

curves can be used as the best representation of the equilibrium isotherms for both 

enantiomeric and racemic N-alkanoyl-substituted threonine amphiphiles.31  Consequently, the 

decompression curves can be used as equilibrium isotherms for both the enantiomeric and 

racemic N-stearoyl-allo-threonine.  The observed extended horizontal plateau region, 

characteristic for the coexistence of fluid and condensed parts of the monolayer during the 

first-order phase transition, is gradually more inclined and less extended with increasing 

temperatures. A theoretical model developed to understand the dynamic -A experiments 

using different compression rates of the N-palmitoyl-D-allo-threonine methylester monolayers 

provided a reasonable explanation for the compression curves and the corresponding 

hysteresis.31  

The temperature dependence of the phase transition pressure (t), determined as the kink point 

in the –A isotherms, offers interesting information about the thermodynamic characteristics 

of the transition between the fluid and condensed phases. Fig. 4 presents the t-T relationship 

of the N-stearoyl- allo-threonine monolayers on pH 3 water.  The slope dt/dT of the linear fit 

to the experimental data amounts to 1.481 mN/(m·K) for the enantiomeric N-stearoyl-D-allo-

threonine and 1.13 mN/(m·K) for the racemic N-stearoyl-DL-allo-threonine. The 

corresponding values obtained for N-stearoyl-D-threonine (1.768 mN/(m·K)) and for N-

stearoyl-DL-threonine (1.245 mN/(m·K)) have been added.18 The linearly fitted curves reach 

zero pressure (t=0 mNm--1) at the following T0-values: 297.2 K (24.0 °C) for N-stearoyl-D-

allo-threonine and 293.7 K (20.5 °C) for N-stearoyl-DL-allo-threonine, respectively, which 

are clearly larger (4-5 K) compared to the corresponding N-stearoyl-threonines. The slopes 

are quite similar, but the temperature of the LE/LC-transition pressure is clearly higher for the 

N-stearoyl-threonines compared to the corresponding N-stearoyl-allo-threonines, ~8 K for the 

D-enantiomers and ~6 K for the corresponding racemates.
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Figure 4. Temperature dependence of the main phase-transition pressure πt of enantiomeric N-
stearoyl-D-allo-threonine monolayers (left) and racemic N-stearoyl-DL-allo-threonine 
monolayers (right) spread on pH 3 water. The experimental points are red circles (●). For 
comparison, the corresponding values (black circles, ●) of N-stearoyl-D-threonine and 
racemic N-stearoyl-DL-threonine have been added.

The LE/LC-transition disappears at the T0-values. The ΔT0 of 3.5 K between the enantiomeric 

(D) and the racemic (DL) forms of N-stearoyl-allo-threonine is only slightly larger compared 

with the corresponding difference (ΔT0 = 2.9 K) between the enantiomeric (D) and the 

racemic (DL) forms of N-stearoyl-threonine.

The transition entropy (S), presented in Fig. 5, is calculated using the two-dimensional 

Clapeyron equation, S = A× dt/dT, based on the experimental data of the temperature 

dependence of the phase transition pressure (dt/dT) and the area change (ΔA).  The absolute 

ΔS values increase as the temperature decreases, indicating the increase of the condensed 

phase ordering at lower temperatures. The linear fit and extrapolation to zero S stipulate the 

critical temperature Tc, above which the monolayer cannot be compressed into the condensed 

state. The Tc difference between the enantiomeric and the racemic forms is quite small (Tc 

= 0.8 K) and only slightly smaller compared with that observed for the corresponding 

threonines (Tc = 1.8 K). The strong van der Waals interactions between the long alkyl chains 

reduce in both diastereomeric forms the impact of chirality on the thermodynamic parameters 

which is even smaller in N-stearoyl-allo-threonine monolayers.
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Figure 5 Temperature dependence of the entropy change S at the LE/LC phase transition of 
enantiomeric N-stearoyl-D-allo-threonine monolayers (left) and racemic N-stearoyl-DL-allo-
threonine monolayers (right) spread on pH 3 water. The experimental points are red circles 
(●). For comparison, the corresponding values (black circles, ●) of N-stearoyl-D-threonine 
and racemic N-stearoyl-DL-threonine have been added.

GIXD studies of N-stearoyl-allo-threonine monolayers were performed to obtain information 

about the characteristic features of the lattice structure of condensed monolayer phases in 

Angstrom scale. The measurements of have been carried out at 20 °C on pH 3 subphase at 

different lateral pressures.  

        

Figure 6. Contour plots of equal intensity vs. the in-plane component Qxy and the out-of-plane 
component Qz of the scattering vector of N-stearoyl-D-allo-threonin (left) and N-stearoyl-DL-
allo-threonin (right) monolayers on pH 3 subphase at 14 mN/m and 20 °C. The racemate 
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forms a NNN tilted orthorhombic structure (2 out-of-plane diffraction peaks) whereas the 
enantiomer exhibits an oblique unit cell (3 diffraction peaks). 

Fig. 6 presents representative contour plots of equal intensity versus the in-plane component 

Qxy and the out-of-plane component Qz of the scattering vector for N-stearoyl-allo-threonine 

monolayers at 14 mN/m and 20 °C.  The enantiomer shows three Bragg peaks at all pressures 

investigated. The Bragg peak positions, their full-widths at half-maximum, and all lattice 

parameters obtained at different surface pressures are listed in Tables 1 and 2.

Table 1. Bragg peak and rod positions and the corresponding Full-Widths at Half-Maximum 
of the enantiomeric N-stearoyl-D-allo-threonine monolayers as well as the lattice parameters 
of the monolayers at different lateral pressures and 20 °C

Bragg Parameters
π, mN/m Qxy, Å-1 Qz, Å-1 Qxy, Å-1 Qz, Å-1 Qxy, Å-1 Qz, Å-1

4.9 0.974
0.031

1.14
0.32

1.345
0.009

0.49
0.30

1.399
0.012

0.65
0.30

14.0 0.978
0.045

1.13
0.32

1.346
0.010

0.48
0.28

1.404
0.015

0.65
0.29

23.0 0.979
0.056

1.11
0.31

1.348
0.013

0.47
0.29

1.404
0.015

0.64
0.30

Lattice Parameters
π, mN/m a/b/c, Å α/β/γ, ° d t, ° Axy, Å2 A0, Å2

4.9 4.906
6.775
7.047

138.5
113.7
107.8

0.4001 49.5 31.6 20.6

14.0 4.898
6.741
7.031

138.4
114.0
107.6

0.3988 49.1 31.5 20.6

23.0 4.894
6.738
7.018

138.4
113.9
107.7

0.3982 48.6 31.4 20.8

Table 2. Bragg peak and rod positions and the corresponding Full-Widths at Half-Maximum 
of the racemic N-stearoyl-DL-allo-threonine monolayers as well as the lattice parameters of 
the monolayers at different lateral pressures and 20 °C

Bragg Parameters
π, mN/m Qxy, Å-1 Qz, Å-1 Qxy, Å-1 Qz, Å-1

4.8 0.982
0.032

1.20
0.32

1.370
0.014

0.60
0.32

14.0 0986
0.031

1.18
0.32

1.371
0.013

0.59
0.32

23.3 0.987 1.18 1.373 0.59
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0.034 0.32 0.020 0.32

Lattice Parameters
π, mN/m a/b=c, Å α/β=γ, ° d t, ° Axy, Å2 A0, Å2

4.8 4.913
6.854

138.0
111.0

0.386838 50.7 31.4 19.9

14.0 4.911
6.829

137.8
111.1

0.383578 50.1 31.3 20.1

23.0 4.904
6.822

137.9
111.1

0.384013 50.1 31.2 20.0

The structure of the condensed monolayer phase of the enantiomer is oblique with strongly 

tilted chains (Fig. 6, left). The two Bragg peaks at larger Qxy and smaller Qz values are close 

to each other so that the structure is near to an orthorhombic one with NNN (next-nearest 

neighbor) tilted alkyl chains, as observed for the racemate (Fig. 6, right). The transition from 

the oblique lattice structure, as detected for enantiomeric monolayers, to orthorhombic 

structure, as can be found in racemic monolayers, demonstrates clearly the formation of a 

compound with congruent transition point by the dominant heterochiral interactions in the 

racemic mixture.  

These results show a considerably smaller alkyl chain cross-sectional area with ~20.0 Å2 for 

the racemate compared to that of the enantiomer with ~20.7 Å2.  Both values are characteristic 

for rotator phases implying free rotation of the alkyl chains. However, the smaller A0 value of 

the racemic monolayers in comparison to the enantiomeric monolayers indicates the tighter 

packing of racemic structures suggesting heterochiral interaction.  It is interesting to note that 

the tilt angle t with respect to the surface normal is with 50° extremely large, nearly 

independent of the lateral pressure and quite similar to the one of the corresponding 

diastereomers D-threonine and DL-threonine. 

     
Figure 7.  Alkyl chain tilt angle (as 1/cos(t)) of N-stearoyl-allo-threonine vs. lateral pressure. 
Left: enantiomeric C18, right: racemic C18. The experimental points are red circles (●). For 

Page 11 of 19 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
D

ec
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 1

/1
7/

20
20

 1
0:

25
:4

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/C9CP06304H

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9cp06304h


comparison, the corresponding values (black circles, ●) of N-stearoyl-D-threonine and 
racemic N-stearoyl-DL-threonine have been added.

Therefore, the transition pressure into a non-tilted phase, calculated by extrapolation towards 

1/cos(t) = 1 assuming linear relations between pressure and molecular area and a constant 

cross-sectional area in the condensed phase,32 cannot be determined (see Figure 7).

As already discussed for the diastereomers stearoyl-D-threonine and stearoyl-DL-threonine, a 

strong hydrogen bonding network between the head groups is formed which prevents on one 

hand the change of the alkyl chain lattice and leads on the other hand to a large in-plane area 

requirement of the head groups. Due to the smaller chain cross-sectional area, the chains have 

to tilt strongly to optimize their van-der-Waals interactions by filling the space above the head 

groups.  Correspondingly, such strong head group interactions have been discussed as the 

reason for the observed high and almost constant distortion d values. As can be seen in Figure 

8, the d values of the diastereomeric N-stearoyl-allo-threonine (both the enantiomeric and 

racemic forms) are even higher than those of the corresponding N-stearoyl-threonine. 

Therefore, a strong hydrogen bonding head group network can be assumed as reason also for 

the special feature of the diastereomeric N-stearoyl-allo-threonine monolayers showing high 

and nearly constant distortion d values despite large cross-sectional areas typical for rotator 

phases.

Figure 8.  Distortion of the chain lattice versus sin2(t) of N-stearoyl-allo-threonine. Left: 
enantiomeric C18, right: racemic C18. The experimental points are red circles (●). For 
comparison, the corresponding values (black circles, ●) of N-stearoyl-D-threonine and 
racemic N-stearoyl-DL-threonine have been added.
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Calculations on the basis of the program Hardpack were performed to predict the 2-

dimensional packing of the N-stearoyl-allo-threonine and the corresponding N-stearoyl-

threonine molecules. For each packing type a few hundred molecular packings with varying 

cell constants, molecular positions and orientations, and seven internal rotations, were 

produced, and those with the lowest energies were used. For comparison of the diastereomeric 

monolayers the two-dimensional lattice parameters of the enantiomeric and racemic stearoyl-

threonine were calculated. The lattice parameters of the unit cell, the tilt angles t, the in-plane 

areas, Axy, and the cross-sectional area of alkyl chains, A0, are listed in Table 3. 

Table 3. Optimized two-dimensional lattice parameters of stearoyl-allo-threonine and 
stearoyl-threonine
C18-compound a, Å b, Å c, Å , ° , ° , ° Axy, 

Å2

A0, 

Å2

t, °

D-allo-threonine 5.05 6,94 7.75 140.3 118.5 101.2 34.4 18.3 57.9

DL-allo-threonine 4.69 6.39 6.39 136.9 111.5 111.5 27.4 18.8 56.6

D- threonine 4.58 6.74 7.12 141.5 113.7 104.7 29.9 18.0 53.1

DL-threonine 4.94 6.67 6.67 136.5 111.7 111.7 30.6 17.9 54.3

Particularly, it should be highlighted that the used quantum chemical procedure allows the 

determination of the fundamental monolayer characteristics. All calculated values of the 

characteristic features are in reasonable agreement with the experimental data, obtained by 

GIXD (see Tables 1 and 2 for stearoyl-allo-threonines and Table 2 in ref. 18). The calculated 

lattice parameters of the unit cell agree well with the experimental GIXD data and verify the 

difference between the oblique structure obtained for the enantiomeric forms and the 

orthorhombic structure obtained for the racemic form. The calculated data corroborate also 

the results of the GIXD measurements that the diastereomeric difference between the polar 

headgroups is only marginal. Also, the calculated A0 values and the calculated tilt angles t 

with respect to the surface normal agree reasonably with the experimental  GIXD results.This 

is interesting to note  because  the chosen assumptions correspond only roughly with the 

experimental conditions.

Figure 9 shows the package of two molecules, quantum chemically calculated for stearoyl-D-

allo-threonine (1), stearoyl-rac-allo-threonine (2). stearoyl-D-threonine (3) and stearoyl-rac-

threonine (4). The conformations of the headgroups were obtained by the same packing 

calculations.
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Figure 9. Visualization of 4 selected theoretical packings: (1) stearoyl-D-allo-threonine, (2) 
stearoyl-DL-allo-threonine. (3) stearoyl-D-threonine and (4).stearoyl-DL-threonine  

Each theoretical packing is shown as a pair of 2 neighboring molecules, viewed along the 

horizontal surface plane. In the case of enantiomeric packings (1 and 3), both molecules are 

related by a simple translation parallel to the plane of the figure. In case of the racemates (2 

and 4), the molecules are additionally related by a mirror plane parallel to the plane of the 

figure, i.e., they have D- and L-form. The mirror plane exchanges front with back parts of the 

molecule.

Conclusions

Substantial differences exist between the main monolayer characteristics of N-alkanoyl 

substituted threonine amphiphiles and the usual amphiphiles. In a recent study,18 the special 

features of N-alkanoyl substituted threonine amphiphile monolayers have been presented.  

However, the other diastereomeric form, N-alkanoyl-allo-threonine, has not yet been studied. 
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To fill this gap, N-stearoyl-allo-threonine monolayers have been used to investigate their 

special thermodynamic and structural features in order to obtain information on the effect of 

the second chiral center within the head group in the present paper.

The -A curves of the enantiomeric and racemic allo-forms show similar features as those of 

N-stearoyl-threonine. The compression curves are always located above the corresponding 

decompression curves, and the decompression curves can be used as equilibrium isotherms 

for both the enantiomeric and racemic N-stearoyl-allo-threonine.

The temperature dependence of the phase transition pressure (t) provides information on the 

thermodynamic characteristics of the transition between the fluid and condensed phases. It 

indicates a lower LE/LC-transition pressure for the N-stearoyl-allo-threonines in comparison 

to the corresponding N-stearoyl-threonines with ~8 K for the D-enantiomers and ~6 K for the 

corresponding racemates.

The T0-values for the disappearance of  the LE/LC-transition of the N-stearoyl-allo-threonines 

are 4-5 K larger compared with the corresponding N-stearoyl-threonines. However, the ΔT0 = 

3.5 K between the enantiomeric (D) and the racemic (DL) forms is only slightly larger than 

that of N-stearoyl-threonine (ΔT0 = 2.9 K).

The difference of the critical temperatures Tc, above which the monolayer cannot be 

compressed into the condensed state, between the enantiomeric and the racemic forms is 

rather small (Tc = 0.8 K) and even smaller compared to that of the corresponding threonines 

(Tc = 1.8 K). This is consistent with the dominance of the van der Waals interactions 

between the alkyl chains reducing the influence of chirality on the thermodynamic 

parameters.

GIXD studies of N-stearoyl-allo-threonine monolayers provide information about the lattice 

structure of condensed monolayer phases in Angstrom scale and stipulate the homochiral or 

heterochiral preference in the condensed phases. Analogous to N-stearoyl-threonine, the 

enantiomers reveal an oblique lattice structure, whereas the racemates form a NNN tilted 

orthorhombic structure demonstrating that the dominance of the heterochiral interactions in 

the racemates is independent of the diasteomeric structure change of the polar head group. 

The transition to the orthorhombic structure clearly indicates dominant heterochiral 

interactions in the condensed phase of racemic mixtures resulting in the formation of a 

compound with a congruent transition point. The A0 values are characteristic for rotator 

phases. The smaller A0 value obtained for the racemic monolayers corroborate the tighter 

packing caused by the heterochiral interaction. 
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Quantum chemical calculations of the molecular structure were performed to predict 

theoretically the 2-dimensional packing. The obtained results show that the used quantum 

chemical procedure allows the determination of the fundamental monolayer characteristics. 

The two-dimensional lattice parameters and characteristic features of the enantiomeric and 

racemic N-stearoyl-allo-threonine as well as N-stearoyl-threonine monolayers were calculated 

and are in reasonable agreement with the experimental GIXD data.  
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The effect of the second chiral center of diastereomeric N-alkanoyl-allo-threonine 

on the characteristic features of the enantiomeric and racemic forms of N-stearoyl-

allo-threonine monolayers are studied on thermodynamic basis and molecular 

scale and compared with the corresponding threonines.
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