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ABSTRACT  

Investigations of Amino Acid-Based Surfactants at Liquid Interfaces. 

(August 2004) 

Dengliang Yang, B.E., Zhejiang University;  

M.S., National University of Singapore  

Chair of Advisory Committee: Dr. Paul S. Cremer 

 

Herein are presented collective studies of amino acid-based surfactants, also 

known as lipoamino acids, at liquid interfaces. Chapter III describes an investigation of 

domain morphology of N-Stearoylglutamic acid (N-SGA) Langmuir monolayers at the 

air/water interface by epifluorescence microscopy. Anisotropic feather-like domains 

were observed in L-enantiomeric monolayers while symmetric circular domains were 

found in racemic N-SGA monolayers. At a surface pressure of 30 mN/m the 

enantiomeric domains melted at 31 °C while the racemic domains melted at 27 °C.  This 

result is exactly opposite to the behavior found in bulk crystals where the racemate melts 

at a higher temperature. These results were explained in terms of different molecular 

packing and hydrogen bonding between bulk crystals and two-dimensional thin films for 

enantiomeric and racemic compounds. Chapter IV summarizes the investigations of 

hydrogen bonding in N-acyl amino acid monolayers by vibrational sum-frequency 

spectroscopy (VSFS). The intermolecular hydrogen bonding interaction between the 
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adjacent molecules through amide-amide groups in N-stearoylalanine (N-SA) is 

characterized by an NH stretch peak at 3311 cm-1. This is the first time that the amide 

NH stretching signals have been detected with the VSFS technique. A similar peak was 

detected at 3341 cm-1 on N-SGA monolayer. The higher frequency indicates that the H-

bond strength is weaker due to the larger size of the glutamic acid residue. The NH 

stretch mode can thus be used as a fingerprint of hydrogen bonding among amide-amide 

groups. A peak at 3050 cm-1 due to hydrogen bonding among carboxyl groups was also 

resolved from the VSFS spectra. Molecular models of intermolecular hydrogen bonding 

were proposed. 
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CHAPTER I  

INTRODUCTION 

Amino acid-based surfactants (AAS), also known as lipoamino acids, are one 

category of biological-based surfactants. They have a number of attractive properties 

such as chemical simplicity, surface activity, biological activity and biocompatibility. 

The lipoamino acids occur naturally in microorganism cell walls. Since 1963 a series of 

lipoamino acid molecules have been discovered in microorganisms.1 The biosynthesis of 

N-acyl amino acid in the marine bacterium, Deleya marina, was reported in 1997.2 In 

2004, a new bacterial N-acyl D-amino acid was isolated from Bacillus pumilus IM 1801.3 

Although the in vivo physiological functions of these compounds are still unknown, a 

few applications have been proposed and demonstrated in pharmaceutical, cosmetic and 

household applications.4 A new class of N-acyl glycine molecules was also found in 

bovine and rat brains that suppresses inflammatory pain.5 Because of the chemical 

simplicity of amino acid-based surfactants, they can be readily synthesized in the 

laboratory. Also, all the amino acids except glycine, possess a chiral center, therefore 

these surfactants have chirality, which is prevalent in biological systems. Due to the 

amphiphilic nature and bio-relevance of these molecules, their surface activities are 

deemed interesting for fundamental investigations, especially in the area of biological 

surface chemistry. 

Despite the potential interest of AAS in fundamental research, literature reports 

of the properties of this category of molecules are scant. Information about preparation, 

This thesis follows the format and style of Langmuir. 
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 structure and properties of AAS is found mostly in the Japanese patent literature. The 

general structure of N-acyl amino acids is shown in Figure 1. The amino acids are 

connected to long-chain fatty acids through an amide bond. Typically, their hydrocarbon 

chains have 14-18 carbons as previously reported.4 The molecules are amphiphilic as 

they have a polar amino acid on one end and a long hydrocarbon chain as a nonpolar 

group on the other end. There is also a chiral carbon center that the amino acid residues 

(except glycine) are connected to. This property makes AAS molecules ideal objects to 

study chiral molecular interactions.  

 

Amino acids       Residues (-R) 
Gly                       -H 

Ala                       -CH3 

Glu                       -CH2CH2COOH 

 

Figure 1. Chemical structure of N-acyl amino acids. 

 

Surfactants (short for surface-active agents) consist of a hydrophilic (water-like) 

head group and a hydrophobic (water-repellent) hydrocarbon tail. They have some 

interesting interfacial properties that are of great theoretical and practical significance. 

When the hydrophobic tail is long enough, the molecules will orient themselves at the 

air/water interface to minimize their free energy. The surface film is one molecular layer 

thick and is usually called a monomolecular layer or monolayer. In 1917, Irving 
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Langmuir put forward evidence for the monomolecular nature of the film and the 

orientation of the molecules at interface.6 The monomolecular film is also called a 

Langmuir film or a Langmuir monolayer for historical reasons. In the Langmuir 

monolayer, the polar end is directed towards the water and the hydrocarbon tail toward 

the air as illustrated in Figure 2a. The amphiphilic molecules can also associate into a 

variety of structures in an aqueous solution. Above a critical micelle concentration 

(CMC), the molecules can also spontaneously aggregate into micelles as shown in 

Figure 2b. The driving force is derived from the hydrophobic attraction at the 

hydrocarbon-water interface, which induces the molecules to associate. The hydrophilic, 

ionic or steric repulsion of the head groups imposes the requirement for them to contact 

with water.  

 
b.a. 

 

 

  

  

Figure 2. Schematic representation of surfactant assembly. (a) a Langmuir monolayer at 

air/water interface; (b) a micelle in aqueous solution. 

 

When the monolayer is compressed at the air/water interface, it will undergo 

several phase transformations, which are analogous to three-dimensional phases such as 

gases, liquids and solids. The state of the monolayer may be monitored by the surface 
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pressure as a function of the area occupied by the molecules. Figure 3 shows a plot of 

the two-dimensional equivalent of the pressure versus volume isotherm for bulk states.  

The two dimensions in the plane of the surface lead to a total kinetic energy of kT, 

which is assumed to produce the surface pressure, and thus lead to an ideal two-

dimensional gas equation7 

    A kTΠ =       (1.1) 

where Π is surface pressure in mN/m, A is the molecular area in Å2/molecule and  is 

the total kinetic energy. In the ‘gaseous’ state (G in Figure 3), the molecules are far 

enough apart that they have little effect on each other. As the surface area of the 

monolayer is reduced, the hydrocarbon chains start to interact. The ‘liquid’ state is also 

called an expanded monolayer phase (E). With the molecular area progressively reduced, 

condensed (C) phases may appear. In this state, the molecules are closely packed and are 

oriented with the hydrocarbon chain pointing away from the water surface.

kT

8  

The coexistence of the condensed and the expanded phases may be observed 

directly by doping the monolayer with a small amount of fluorescence dye. The dye 

generally has different solubility or fluorescence quantum yield in the coexisting phases, 

which provide ample contrast to image phase domains as shown in Figure 4.9 Due to the 

chiral nature of the molecules in the monolayer, the phase domains posses some 

asymmetric features. The microstructures and phase transitions in lipid monolayers have 

been extensively studied.10 A successful theoretic model was proposed by McConnell to 

account for the competition between electrostatic dipole-dipole interactions and line 

tensions of domains.11  
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Figure 3. A schematic surface pressure area isotherm illustrating the states of a 

monolayer.8 G is short for gaseous state, E is short for expanded monolayer phase and C 

is the condensed phase. 
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Figure 4. A fluorescence micrograph showing solid domains formed in a mixture of the 

two enantiomers of dipalmitoylphosphatidylcholine (DPPC). Image was taken at a 

pressure of 9 dyn/cm and an average molecular area of 70 Å2.9 The handedness of the 

condensed domains are related to the molecular chirality of DPPC. 

  

In a first set of studies, N-acyl amino acids were used as a simple model system 

to investigate chirality effects, which are essential for the properties and functions of 

biomolecules such as carbohydrates, peptides and lipids. These biomimetic models can 

be studied more easily than their biological counterparts.12 The chiral discrimination 

effect on chiral molecular interaction was found to be enhanced in two-dimensions. The 

molecular chirality effect is manifested by the microstructure of phase domains in the 

monolayers. Such micron size domains can be observed in situ by optical techniques 
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such as epifluorescence microscopy. Microscopy investigations afford a direct 

observation of how the handedness of molecular assemblies correlates with the phase 

behavior and the morphology of the Langmuir monolayers.13 Often times, racemic 

crystals are more stable than enantiomeric crystals.14 Due to the difference in molecular 

packing between bulk crystals and two-dimensional thin films, the molecular thermal 

stability may be completely reversed. Experimental investigations and molecular models 

of N-SGA are presented in Chapter III. 

 In a second set of studies, amino acid-based surfactants were investigated at the 

air/water interface by vibrational sum frequency spectroscopy (VSFS). The hydrogen 

bonding formation between amide groups and carboxylic groups in the N-acyl amino 

acids monolayers were studied. The results are summarized in Chapter IV. 

In a final set of studies, the lipoamino acids’ interactions with biomembranes are 

investigated. Solubilization of membranes by detergents has been intensively studied 

since the 1970s.15 Amphiphilic molecules such as sodium dodecyl sulfate (SDS) were 

used to extract proteins from protein-containing membranes.16 But there are very few 

studies of interactions of lipoamino acids with membranes. A study of lipoamino acids 

interacting with supported lipid bilayers will be presented at the end of the thesis. 
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CHAPTER II 

EXPERIMENTAL 

Synthesis of N-Acyl Amino Acids 
 

A number of synthetic procedures have been developed over the past several 

years to obtain N-acyl amino acids.4 The most popular method is to prepare the 

molecules from fatty acids and amino acid precursors involving a two-step 

process.17,18,19  First, acid chlorides are prepared by reaction of the fatty acids with 

SOCl2 solvent. Subsequently, the acid chlorides are reacted with the amino acids to yield 

the final products. 

The preparation of N-stearoyl glycine (N-SG) is illustrated in Figure 5. 28 g of 

stearic acid (Aldrich, 95%) was added to 100 mL SOCl2 (Aldrich, 99%) solvent in a 

round bottom flask while stirring. A few drops of DMF was also added. The mixture was 

refluxed in an oil bath for about 4 hours. The crude product is brown in color. Colorless 

liquid stearoyl chloride was obtained by reduced pressure distillation (2 mmHg) at 170 

oC. 3.8 g of glycine (Aldrich, 99%) were dissolved in 50 mL of deionized water. The pH 

was adjusted to 10 by adding NaOH pellets to the solution. 20 mL of stearoyl chloride 

was added dropwise to the aqueous solution while stirring at 30 oC. After 1 hour, the 

mixture was cooled to room temperature and the pH was adjusted to 1 by adding HCl. 

The crude product precipitated out from the aqueous solution, which was filtered and 

washed with water. 
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16

SOCl2,DMF

reflux, 4h NH
OHCH3

O

O
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O

OH
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O

Cl
CH3

O

16
 

Figure 5. The synthesis of N-stearoyl glycine. 

 

 The white powder obtained was subsequently washed with chloroform three 

times and dried in a vacuum desiccator. The molecular structure was confirmed by 1H 

NMR and FTIR. 1H NMR was carried out on a VXR-300 operating at 300 MHz, with 

CD3OD as the solvent and an internal standard (4.81 and 3.31 ppm). The spectrum is 

shown in Figure 6.  The corresponding protons are labeled in the figure. An FITR 

spectrum was acquired in a KBr pellet as shown in Figure 7. Characteristics peaks (cm-1) 

are found at 3339 (N-H), 1705 (C=O), 1640 (amide I) and 1542 (amide II). 
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Figure 7. FTIR spectrum of N-stearoyl glycine in a KBr pellet. 

 

 The above reaction is quite straightforward; however, one still needs to take 

precautions with the reaction conditions during stearoyl chloride addition. Temperature 

needs to be kept at 30 oC or below. At higher temperature, hydrolysis of the stearoyl 

chloride into stearic acid will compete with the acylation reaction. It is also necessary to 

keep the pH value around 10 to have the amine group unprotonated for the acylation 

reaction.  
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 The synthesis of N-stearoyl glutamic acid (N-SGA) is similar to the prepration of 

N-SG. After stearoyl chloride is prepared, enantiomeric and racemic glutamic acids can 

be conjugated to the precursor. The synthesis was reported earlier by Takehara20 and 

Zhang.21 Briefly, glutamic acid (1 mol) was dissolved into a water/acetone mixture. 

NaOH (2 mol) was added to convert the glutamic acid into disodium glutamate. Stearoyl 

chloride (1 mol) and NaOH (1mol) in water were added dropwise to this solution while 

stirring at 30 oC and pH 12. After two hours, the mixture was cooled and acidified with 

HCl. The precipated crude crystals were washed with petroleum ether to obtain pure 

crystals. At a ratio of 40 % acetone, the maximum yield of 90 % was achieved. The 

structures of the compounds were confirmed by FT-IR and 1H NMR. (L-enantiomer) IR 

(cm-1): 3339 (N-H), 1731 (C=O in carboxylic acid), 1644 (amide I) and 1542 (amide II). 

The 1H NMR measurements were carried out on a Bruker DMX-400 instrument 

operating at 400 MHz in CD3SOCD3. Characteristics chemical shift (δ, ppm) and proton 

information are as follows: 0.97 (t, 3H, -CH3), 1.35 (m, 28H, -CH2-), 1.58 (t, 2H, -CH3 

attached to chiral center), 1.86 (m, 2H, -CH2-), 2.05 (m, 2H, -CH2-), 4.3 (m, 1H, -CH-, 

chiral center). The molecular structure is shown in Figure 8. 

 

Figure 8. The molecular structure of L-N-stearoylglutamic acid.  The carboxylic acid 

groups are labeled α and γ. 
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Methods for Langmuir Monolayer Morphology Studies 

Experiments were carried out in an apparatus called a Langmuir trough. The 

trough is usually made of a hydrophobic materials such as Teflon to contain the 

subphase water and movable barriers that span over the water surface. A schematic 

diagram of this apparatus is shown in Figure 9. Spreading solutions are usually prepared 

by dissolving molecules in volatile solvents such as chloroform. The molecules are 

confined on the water surface by the barriers. The molecular area in the monolayer can 

be changed by closing or expanding the barriers. The surface pressure is defined as the 

difference between the surface tension of the pure fluid and that of the film-covered 

surface 

   0γ γΠ = −      (2.1) 

where γ and γ0 are surface tensions in absence and presence of the monolayer. The 

pressure can be measured by the Wilhelmy plate method as shown Figure 10. 

 

 

 

 

 

 

 

 

Balance with  
Wilhelmy plate

Trough with subphase 

Barrier 

Microscope 

Monolayer covered surface 

Barrier

Figure 9. Schematic representation of a Langmuir trough. 
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In this method, a rectangular plate made of platinum or even a piece of filter 

paper is partially immersed in to the subphase. The force due to surface tension is 

measured as 

( ) ( ) 1 1 12 cosp p p p p pF gl w t t w gt wρ γ θ ρ= + − h        (2.2) 

where pρ  is the density of the plate, ρ  is the density of the liquid and θ is the contact 

angle of the liquid on the solid plate. If the plate is completely wet by the liquid (i.e. 

), the surface pressure is determined from the following equation: ( ) 1=cos θ

     (2.3) ( )/ 2 / 2 ,  p p p pF t w F w if w tγ  Π = −∆ = − ∆ + = −∆  p

 

 

w t 

F 

θ 

l 
h 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. Wilhelmy plate method for measuring the surface pressure.  
 
 

For the imaging of domain microstructure in Langmuir monolayer, a 

fluorescence dye is incorporated into the monolayer spreading solution. The details of 

the experiment in Chapter III is described in following paragraph.  

The spreading solutions for monolayer formation were prepared by dissolving 

either the L or the racemic form of N-SGA into a 14:1 chloroform-ethanol solution at a 
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concentration of 2.3 mM. The solutions were then doped with 0.5 parts per thousand 

Texas Red-DHPE (Molecular Probes, Eugene, OR). NaCl and CuCl2 solutions were 

prepared by dissolving the 99.99% pure salts into water from a NANOpure Ultrapure 

Water System (Barnstead, Dubuque, IA). The pH values of the solutions were adjusted 

by concentrated HCl and NaOH solutions. Monolayers were formed on a Nima 601M 

Langmuir trough (Nima Technology Ltd., England) equipped with a Wilhelmy plate for 

measuring the two-dimensional surface pressure. The trough could be fit onto the stage 

of a Nikon E800 epifluorescence microscope. The subphase temperature was controlled 

by a circulating water bath connected to the Teflon body of the trough. Domain 

observations were carried out using a 40x objective lens. All images were captured by a 

1024b Micromax CCD camera and processed with Metamorph software from Universal 

Imaging Corp. 

 
Vibrational Sum Frequency Spectroscopy Studies  

In VSFS experiments, two input beams at frequency of ω1 and ω2 are focused at 

the interface of a medium to generate an output beam at the sum frequency of 

ω= ω1+ ω2. Usually ω1 is kept in the visible range while ω2 is tuned in the infrared range 

to scan over the vibrational resonances of the molecules. The resonantly enhanced sum 

frequency response is then obtained from the sample according to the sum frequency 

generation selection rules as have been reviewed elsewhere22,23. Briefly, in the electric-

dipole approximation, only media that lack inversion symmetry will have a sum 

frequency response. The intensity ISFS is proportional to the square of second-order 
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nonlinear susceptibility, χ(2) which can be divided into two parts, a frequency dependent 

resonant term, χR
(2)  and a nonresonant term, χNR

(2)  . 

2(2) (2) (2)
SFS vis IR R NR vis IRI I I I Iχ χ χ∝ = +      (2.4) 

where visI and IRI designate the visible and IR beam intensities respectively. The 

resonant term can be expressed as  

(2)
n

n
R

n IR n n

A
i

χ
ω ω

=
− + Γ∑       (2.5) 

where ,nA nω , IRω and are the oscillator strength, resonant frequency, frequency of the 

IR beam, and damping constant of the nth vibrational resonant mode, respectively. is 

the product of the infrared and Raman transition dipole moments as well as a phase 

factor, their orientational vector average, and their number density at the interface.  

nΓ

nA

The instrument in our lab has been described elsewhere24,25. Briefly, the 1064 nm 

radiation source came from a mode-locked Nd: YAG laser (PY61c, Continuum, Santa 

Clara, CA), operated at a 20Hz repetition rate with a peak width of 21 ps. This beam was 

used to pump an optical parametric generation/amplification (OPG/OPA) stage (Laser 

Vision, Bellevue, WA) to produce a tunable IR beam (from 2800 to 3600 cm-1) in 

addition to a frequency doubled beam at 532 nm. A Langmuir trough (Model 601 M, 

Nima Technology Ltd., Coventry, England) equipped with a Wilhelmy plate was used to 

control the  surface pressure of the amphiphilic amino acid at air/water interface. The IR 

and visible beams were aligned over the surface of monolayer with incident angles of 

510 and 420, respectively. A schematic diagram of the instruments is shown in Figure 11. 
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Figure 11. Schematic diagram of the VSFS system. 

 

Methods for Supported Lipid Bilayer Studies 

Solid supported lipid bilayers were prepared as previously reported. Briefly, 

lipids were dissolved in chloroform and allowed to dry under a stream of nitrogen 

followed by desiccation under vacuum for 2 h. The lipids were reconstitutioned in PBS 

buffer (pH 7.2) and extruded seven times through two polycarbonate filters with 50 nm 

pores.  The lipid vesicles spontaneously fused to a well-cleaned glass surface to form a 

continuous planar lipid bilayer. Excess vesicles were flushed away with water. The 

supported bilayer used in these experiments was 99% egg phosphatidylcholine (egg PC; 

Avanti Polar Lipids, Alabaster, AL) and 1% Texas-Red dihexadecanoyl-

phosphatidylethanolamine (TR-DHPE) (Molecular Probes, Eugene, OR).   
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The lateral diffusion of the lipid bilayer was determined by fluorescence recovery 

after photobleaching (FRAP). This method has been developed and adopted by many 

groups.26,27,28 An Ar-Kr mixed gas laser was used to photobleach the fluorescence dye 

doped lipid bilayer. After bleaching for 2 seconds, the black spot was found as shown in 

Figure 12. Time lapsed pictures were taken every 5 second for 5 min. The intensity of 

the spots was measured afterwards with Metamorph software. The initial intensity was 

taken as F , the intensity in the pot after bleaching was taken as F , the 

fluorescence intensity recovery 

( )K ∞ ( )0K

( ) ( )
( ) ( )

0
0

K K

K K

F t F
F F

−
∞ −

versus time is plotted in Figure 13. The 

data can be fit to the following equation: 

( )0 1 bxy y a e−= + −      (2.6) 

The half time t was determined from solving 1/ 2 ( )1/ 2
1
2

f t = . The diffusion rate can then 

be determined by the following formula 

    
2

1/ 24 D
wD
t

γ=       (2.7) 

where w is the beam width, Dγ  is determined upon beam shape, type of transport and 

bleaching parameter K.26 
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Figure 12. Images of a lipid bilayer after photobleaching and recovering. 

 

 

Figure 13. Fluorescence recovery curve of 1%TR-eggPC bilayer on glass. 
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CHAPTER III 

ON THE THERMAL STABILITY AND THE DOMAIN MORPHOLOGY OF  

N-STEAROYLGLUTAMIC ACID MONOLAYERS 

Introduction 

 Over the last two decades there has been considerable interest in the phase 

behavior and domain morphology of chiral molecules in Langmuir films.12,29 Two-

dimensional molecular assembly at the air/water interface can be easily manipulated to 

study chiral molecular recognition30 in general and homochiral evolution31 in specific. 

The molecular chirality effect is manifested by the microstructure of phase domains in 

the monolayers. Optical techniques such as epifluorescence microscopy and Brewster 

angle microscopy (BAM) allow in situ observations of such micron size domains.  

 N-acyl derivatives of amino acids have been intensively studied for their 

pronounced chiral discrimination effects.13,32-35 Microscopy investigations allow a direct 

observation of how the handedness of molecular assemblies correlates with the phase 

behavior and the morphology in Langmuir monolayers.35 Herein, we report a 

comparative study of the domain microstructures of N-SGA monolayers. The molecular 

structure is shown in Figure 7. The morphology of enantiomeric and racemic monolayers 

was studied under different subphase conditions, which revealed a striking difference in 

molecular interaction strengths between the enantiomeric and the racemic films. In bulk, 

the racemic crystals are generally more stable than the enantiomeric crystals.14 This is 

also the case for the compounds we synthesized. Curiously, however, we found that the 
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enantiomeric monolayers were more stable than the corresponding racemates in the 

presence of acidified subphases at the air/water interface.  

 One possible explanation for the inversion of stability upon going from three 

dimensions to two involves the role of amide-amide hydrogen bonding (H-bonding). In 

fact, H-bonding has already been suggested as a key factor in the molecular assembly of 

amino acid-based surfactants on monolayers and micelles.30,36 For example, Stine 

replaced the hydrogen on the amide nitrogen with a methyl group that removed the H-

bonding capacity of N-stearoylvaline.37 After preparing monolayer films, he observed a 

change from anisotropic dendritic domains to isotropic round domains resembling those 

of fatty acids.38 Hühnerfuss and co-workers also implied the importance of H-bonding in 

chiral discrimination studies of N-stearoylalanine monolayers by pressure-area isotherm 

and infrared reflection-absorption spectroscopy studies.39 Furthermore, Huang and 

coworkers showed that achiral amphiphilic barbituric acid (BA) derivatives can form 

spiral domains in Langmuir-Blodgett (LB) films.40 In this case, it was suggested that the 

directional H-bonding in BA molecules determined the morphology of the 

supramolecular aggregations. The above results lead to the hypothesis in the present 

experiments with N-stearoylglutamic acid that the carboxylic acid group attached to the 

chiral center imposes a geometric restriction on the formation of an H-bonding network.  

Experiments done as a function of pH, divalent ion content, temperature, as well as 

molecular modeling help to reinforce this idea. 

 L-enantiomeric and racemic N-SGA were synthesized from stearol chloride and 

glutamic acid as reported earlier.41 The melting points and heats of fusion of the 
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compounds were measured with a Perkin-Elmer Pyris 1 Differential Scanning 

Calorimeter (DSC). Samples of 7-8 mg were weighted on an analytical balance and 

sealed in aluminum pans. Heating thermograms were acquired in the range from 25 to 

150 oC at a scan rate of 10 oC/min. The heat of fusion was calculated directly on the 

Perkin-Elmer software. 

Powder x-ray diffraction (XRD) was carried out with a Bruker D8 Diffractometer 

in Bragg-Brontano mode with Cu Kα radiation at room temperature. Powder samples of 

L-enantiomeric and racemic N-SGA compounds were spread on the sample holder and 

pressed with a glass slide. The data were corrected at angles from 1.500o to 60.060o. 

 Domain images were acquired in procedures described in Chapter II. Image-Pro 

Plus version 4.0 (Media Cybernetics) was employed to obtain statistics of the domain 

sizes for the racemic monolayers. Space filling molecular models were generated with 

ACD/ChemSketch and 3D Viewer (Advanced Chemistry Development Inc., Canada). 

 

Results and Discussion 

Domain Morphology 

 Langmuir films of enantiomeric and racemic N-SGA were formed on an acidified 

subphase at pH = 2.1 with 10 mM NaCl.  The surfactant was spread at the interface from 

solutions containing 0.05 mol% TR-DHPE for visualizing domain formation by 

epifluorescence microscopy. The monolayers were compressed to 20 mN/m at 21.5 oC 

and anisotropic feather-like domains were observed in the enantiomeric monolayers as 

shown in Figure 14a. The typical size of the spine was 40-60 µm in length and 4.5-7.5 
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µm in width. Vertebrae branched out of the spine with sizes varying from 5.5 to 12 µm. 

Curiously, they branched out only on one side of the spine and only in one direction with 

respect to the long axis of the domain.  Such phase domains could be observed at 

pressures as low as 10 mN/m. When the monolayer was further compressed to 30 mN/m, 

the microstructure morphology of the domains did not change significantly, although 

some of the spines were broken as signified in Figure 14b.  

 

        

a. b. 

  

Figure 14. Domains of an N-SGA L-enantiomeric monolayer on a pH = 2.1, 10 mM 

NaCl subphase. The scale bar represents 20 microns. The surface pressures are (a) 20 

mN/m, (b) 30 mN/m, respectively. 

 

 The domain size in racemic N-SGA monolayers was found to be much smaller 

than for the pure enantiomer and no domains could be found at surface pressures below 

28 mN/m.  They readily formed, however, above this pressure (Figure 15a). Statistical 
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analysis of these isotropic domains at 30 mN/m was performed on 146 spots. The 

average size was 4.1 µm with the overwhelming majority of the domains falling within a 

size range of 3.5 to 5.5 µm (Figure 15b).  The lack of asymmetry in the domain 

morphology almost certainly indicates a lack of chiral segregation between the D and L 

enantiomers. Instead, the isotropic nature of the domains suggests the D and L molecules 

pack together, which cancels out any asymmetry in the line tension. 
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Figure 15. (a). Domains of an N-SGA racemic monolayer on a pH = 2.1, 10 mM NaCl 

subphase. The scale bar represents 20 microns, images were taken at 30 mN/m. (b). A 

histogram of domain sizes over the 146 samples. 

 

Melting Temperatures 

 The thermal phase transition results measured by DSC in bulk N-SGA are 

tabulated in Table I. The racemic surfactants display higher melting points and fusion 
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enthalpies than the enantiomers. The 23.5 kcal/mol difference in the enthalpies of fusion 

indicates stronger molecular interaction in the racemic crystals. The increase in entropy 

upon fusion is about 55.9 cal/K mol greater in the case of the racemic crystals.  This 

suggests that they are better ordered in the crystalline solid phase than the enantiomeric 

crystals. In contrast to the bulk, epifluorescence microscopy studies demonstrated that 

the two-dimensional domains of the racemic monolayers actually melted at a lower 

temperature than the L-enantiomeric domains (27 oC vs. 31 oC at 30 mN/m).  

 

Table I. Melting points, fusion enthalpies and entropies of N-Stearoylglutamic acid 

molecules 

Samples Melting Point, fT  

K 

Enthalpy, o
fH∆  

kcal/mol 

Entropy, o
fS∆  

cal/K/mol 

L-Enantiomer 387.4 24.7 ± 1.5 64.0 ±  4.0 

Racemic Compound 401.9 48.2 ±  1.7 119.9  4.2 ±

/o o
f f fS H∆ = ∆ T  
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X-ray Diffraction Patterns 

The bulk N-SGA racemic compound has a higher degree of crystallinity than the 

enantiomer as demonstrated by their powder x-ray diffraction patterns as shown in 

Figure 16. Diffraction peaks were found at d-spacings of 42.41, 21.20, 14.28, 10.60, 8.48 

and 7.06 angstrom in both samples, while the racemate has sharper peaks. This indicates 

that molecules in the racemate sample are better ordered in bulk. Unfortunately, we were 

unable to grow crystals of high enough quality to solve their crystal structures. The 

samples seem to have order only along one direction. The first six peaks can be indexed 

to be (001), (002), (003), (004), (005) and (006). Although it is hard to index peaks at the 

angle ranges from 20o to 25o, it did not escape our notice that the racemate compound 

has more distinct diffraction peaks in the range. The samples were also checked with 

small angle x-ray scattering (SAXS) from angle 0.005o to 4.500o. There is no other peak 

with d-spacings larger than 42.41Å. The distance is approximately twice that of the 

monolayer thickness as measured with atomic force microscopy on LB films of the same 

compounds.42  
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Figure 16. Powder x-ray diffraction patterns of L-enantiomeric and racemic N-SGA 

compounds. 

 

Molecular Models 

 In the case of the thin film, the morphology and thermal stability of the domains 

is probably largely mediated by the directionality of the H-bonding. Space-filling 

molecular models are shown in Figure 17. The α-carboxyl group attached to the chiral 

center is seen to have a significant effect on the molecular packing. Furthermore, shorter 

H-bond lengths are possible in the model for the enantiomeric monolayers. This is 

significant as shorter bond lengths allow stronger hydrogen bonding and increase 
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thermal stability. Indeed, this is exactly what is found in the case of proteins, amide-

amide hydrogen bonding energies vary widely in proteins. The N-H---O=C hydrogen 

bond geometries of biomacromolecules can vary in length from 1.96-2.26 Å and bond 

angles can vary from 152-161o.43 This leads to bond energy variations between 2-10 

kcal/mol. Thus, it is already well established that H-bond strength in amide-aminde 

bonds is very sensitive to the distance and angle between the NH and O=C groups. 

 

        

b. a. 

Figure 17. Space filling models of (a) L:L and (b) D:L N-SGA molecular interactions. The 

Carbon, Nitrogen, Oxygen and Hydrogen atoms are in cyan, blue, red and white, 

respectively. Atoms involved in H-bonding atoms are colored in green. 

 

 The above findings for N-SGA show some analogy to thermal transition and 

monolayer stability studies of stearoylserine methyl ester (SSME).30 In that case it was 

also found that the racemic crystals melt at a higher temperature than those of the 

enantiomers. Unfortunately, melting temperatures are not available for monolayer 

domains in that case.  However, pressure-area isotherm data as a function of temperature 
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suggest that more tightly packed portions of enantiomeric monolayers are thermally 

more stable.  This is tantalizing evidence that a reversing of the melting point order of 

enantiomers and racemates when going from three dimensions to two dimensions might 

be general.  Such a hypothesis will need to be tested on a wide range of systems to verify 

its validity.  

 

Monolayer Stability with pH and Divalent Cations 

 Under the conditions described above (pH 2.1), the carboxylic acid groups of N-

SGA should be fully protonated. Indeed, confining a two-dimensional array of such 

groups to a thin film interface actually increases their pKa relative to the bulk.44 In order 

to induce some deprotonation, the pH of the subphase was increased to 6.2 at 30 mN/m.  

In this case, repulsive electrostatic forces are directly introduced into the system and the 

α-carboxylic acid group of the glutamic acid should be ionized to a greater extent than 

the γ-carboxylic acid due to its closer proximity to the amide bond.45 Figures 18a&b 

show the epifluorescence micrographs of the L-enantiomeric and the racematic 

monolayers, respectively. As can be seen, the increase in pH profoundly affects the 

former system while leaving the latter almost intact. In fact, the domains from the chiral 

system have almost completely disappeared with only a few very small spots found.  By 

contrast, the average domain diameter of the racemate was reduced modestly from 4.1 to 

3.2 µm. This data shows the profound effect that electrostatic forces can have on very 

closely packed structures such as chiral domains. On the other hand, the more loosely 

packed racemic domains are far less affected. 
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 In a final set of experiments, we wished to discern the effects of divalent metal 

ions on enantiomeric and racemic Langmuir monolayers.  This was proposed because it 

is believed that the electrostatic bridging of the carboxylic acids should be much stronger 

than the effect of hydrogen bonding. Indeed, it is well established that the complexation 

of metal ions with the headgroups of fatty acids generally causes the Π-A isotherm of 

the monolayer to be more condensed.46 This in turn affects the alkyl chain conformation 

as noted by ellipsometry and grazing incidence X-ray diffraction (GID) techniques.47,48  

In the present studies, the L-enantiomeric and racemic monolayers were investigated 

upon the addition of Cu2+ at pH 6.2. Here, we observed that even the domain formation 

in the racemic monolayers was completely disrupted as shown in Figure 18c&d. Cu2+ 

ions are specifically known to have strong chelating effects with surface-confined 

carboxylic groups.49,50 Most likely, such strong interactions overrode weaker 

intermolecular amide-amide H-bonding. 
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d. 
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Figure 18. Domains of L-enantiomeric (a,c) and racemic monolayers (b,d) were observed 

on NaCl and CuCl2 subphase respectively. The bars represents 20 microns. 
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Conclusions 

 Herein we have demonstrated that the pure enantiomeric form of the amino acid 

based surfactant, N-stearoylglutamic acid, forms asymmetric phase domains in two 

dimensions at the air/water interface.  These domains are more thermally stable than 

those found from the corresponding racemate.  This result is exactly the opposite of bulk 

behavior where the racemate is more stable.  Studies as a function of pH, molecular 

modeling data, as well as literature president point to more favorable hydrogen bonding 

in two dimensions to explain this inversion. 
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CHAPTER IV  

INVESTIGATIONS OF HYDROGEN BONDING IN AMINO ACID AMPHIPHILES 

AT AIR/WATER INTERFACE BY VIBRATIONAL SUM FREQUENCY 

SPECTROSCOPY (VSFS) 

Introduction 

Hydrogen bonding (H-bonding) is an essential component of structure and 

function of biological molecules.43 There is a great deal of literature concerning the 

effect of H-bonds formation on three-dimensional structures of polypeptides and 

proteins. The α-helix and β-sheet structures are two good examples of how the 

secondary structures of proteins are influenced by amide-amide H-bonds.51 However, 

there are very few reports about hydrogen bonding on protein interfacial structure. It is 

still a very challenging experimental problem to probe the surface structures of proteins 

although their interfacial properties are recognized to be important in fields such as 

medical implantation, drug discovery and biological sensor development.52-54  

This problem can now be tackled with a new and powerful surface technique 

called sum-frequency generation (SFG), which is able to selectively probe molecules at 

the interfaces of liquid.55 Protein adsorption on various surfaces has been studied by 

VSFS during the past four years.25,56,57 Information on the molecular response of the 

protein and water molecule alignment under proteins at different interfaces has been 

obtained. However, the surface structures of proteins, such as hydrogen bonding, still 

cannot be resolved at the molecular level because of the complexity of protein structures.  
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N-acyl amino acids are one category of lipoamino acids, which have structural 

similarity to protein surface structures. Their molecular structures are shown in Figure 1. 

They are analogs to C-terminal peptides, which have a peptide bond and an amino acid 

residue in the end. The molecules are thus useful mimic systems to investigate protein 

interfacial structure. In particular, N-SG molecules mimic aspartic acid residues on the 

hydrophilic surface of proteins, which plays an important role in ion channel 

formation.58 The investigation of interfacial properties of N-SG monolayers formed at 

air/water interface should provide some insights into aspartic acid rich domains in 

proteins. The NH stretch signal from an amide group is resolved for the first time with 

the VSFS technique. The vibrational mode can be used as fingerprint of amide-amide H-

bond formation for structural analysis and molecular recognition.59 H-bond formation 

between carboxylic acid groups was also investigated on the N-acyl amino acids 

assembly at air/water interface. 

The VSFS experiments were carried out under the conditions as discussed in 

Chapter II. Briefly, L-N-SGA, L-N-SA and N-SG monolayers were formed on a Nima 

Langmuir trough. If not specified, L-enantiomers were used in this chapter. A Phosphate 

Buffer Saline (PBS) solution was prepared as the subphase for the spreading of the 

molecules. Spectra were taken with the ssp polarization combination mode. The acquired 

spectra were processed and plotted in Origin 7.0 (OriginLab Corp.). Molecular models 

are drawn in ACD-ChemSketch. 
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Results and Discussion 

Hydrogen Bonding in N-SA Monolayers 

Shown in Figure 19 is the spectrum collected from L-N-SA monolayers on a pH = 

2.5 subphase. Four bands are resolved from 2700 to 3000 cm-1, corresponding to the CH 

moieties’ vibrational modes. The band at 2874 cm-1 is the symmetric stretch of the CH3 

group. In these molecules, this band should correspond to the methyl groups at the end 

of the hydrocarbon chains. The peak at 2834 cm-1 was assigned to the methylene groups 

of the chains. The band is not detectable in VSFS if the chain is in the all-trans 

configuration. Therefore, gauche defects are present in the monolayer.60 The peak at 

2936 cm-1 corresponds to the asymmetric stretch of the CH3 group. Two peaks were 

found in the range from 3000 to 3550 cm-1 as shown in Figure 19b. A peak at 3311 cm-1 

was clearly resolved. This peak was assigned to the hydrogen bonded NH stretch in the 

amide group.61 The peak at 3050 cm-1 was previously reported in the VSFS study of a 

fatty acid at the air/water interface. It was assigned to disrupted H-bonds at the interfaces 

because the authors argued that formation of cyclic dimers was very unlikely for fatty 

acid monoalyer.62 With this same molecule, the study of IRRAS suggested there are two 

forms of carboxylic acid dimers at the air/water interface at different surface pressures.61 

It was clearly shown that a peak at 1730 cm-1 changed to 1705 cm-1 with increasing 

surface pressure, indicating out-of-plane cyclic dimer formation on L-N-SA at a surface 

pressure of 20 mN/m.  Data was also collected at 30 mN/m on L-N-SA monolayers as 

shown in Figure 20. Based on this investigation and other literature, a molecule model of 

the H-bond formation in L-N-SA at an interface was proposed in Figure 21a. 
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Figure 19. VSFS spectrum of N-stearoyl-L-alanine acquired at pH = 2.5 (PBS), 

. a. the CH region, four bands at 2834, 2874, 2902 and 2936 cm20 mN/mΠ = -1 were 

resolved; b. the OH and NH region, two bands at 3060 and 3311 cm-1 were resolved. 

 

Hydrogen Bonding in Other N-acyl Amino Acid Monolayers 

The H-bond formation of other amino acid amphiphiles was also investigated. 

VSFS spectra of L-N-SA, L-N-SGA and N-SG are shown together in Figure 20. The NH 
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peak in L-N-SGA was found to be 3341 cm-1, which is 30 cm-1 higher than that of N-SA. 

It clearly indicates that the H-bond strength is smaller than that of L-N-SA. This is 

presumably due to the larger size of glutamic acid residues. Furthermore, a peak at 3560 

cm-1 shows up distinctly. This peak is assigned to a monomeric form of the carboxylic 

acid.63 Again, because of steric hindrance in L-N-SGA, the carboxylate group may not 

able to form a cyclic dimer as it does in L-N-SA. The molecular model is shown in 

Figure 21b. The NH stretching peak of N-SG is very weak as shown in Figure 20c. 

There is a strong reason to argue that H-bond formation is present in this monolayer as 

the N-SG molecules readily form highly ordered monolayers even at very low surface 

pressure. This stability comes from the hydrogen-bonding network. Indeed, only CH3 

vibration modes are found from its VSFS spectrum. This indicates that the molecules 

contain few defects. Because the VSFS was operated at ssp mode, dipoles parallel to the 

surface would not show up strongly in the spectrum. A molecular model of this system is 

shown in Figure 21c. 
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Figure 20. VSFS spectra of N-stearoylalanine (N-SA), N-stearoylglutamic acid (N-SGA) 

and N-stearoylglycine (N-SG) on a pH = 2.5 PBS surphase at 25 mN/mΠ = . 
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Figure 21. Schematic illustration of the formation of intermolecular hydrogen bonds 

between amide groups and carboxylic acid groups. R is the hydrocarbon chain -C16H34. 
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In a final set of experiments, hydrogen bond formation between N-SG molecules 

was investigated at different surface pressures. Figure 22 shows the VSFS spectra of the 

monolayer formed on a pH = 2.5 PBS subphase. At surface pressures as high as 50 

mN/m, there is a distinct peak at 3050 cm-1. This indicates that the carboxylic groups 

started to form dimers at this pressure. Hydrogen bonding between carbonyl and 

hydroxyl groups formed only when the molecules were sufficiently close. 
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Figure 22. VSFS spectra of N-SG at different surface pressures. The peak at 3050 cm-1 

shows up at high surface pressure. 
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Summary 

Hydrogen bond formation in N-acyl amino acids at the air/water interface was 

investigated. The NH stretch frequency can be correlated with the size of the amino acid 

residues on the molecules. It was found that smaller amino acid residues such as alanine 

gave rise to a peak at lower frequency. This indicates that the strength of H-bonds 

among amide groups is stronger due to the smaller size of the amino acid residues. The 

hydrogen bonding between carboxylic groups is also found to be sensitive to the distance 

between the two groups. 
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CHAPTER V 

SUMMARY 

During the course of my study in the chemistry department at Texas A&M 

University, my major interest focused on biological surface chemistry. This is a dynamic 

and interdisciplinary field that is both challenging and rewarding for graduate study. The 

problems in this area are experimentally challenging because there are not many tools 

that have specific access to the surface of biomolecules. In other words, it is difficult to 

differentiate surface signals from bulk ones. Another challenge is the difficulty of data 

interpretation. The complexity of the structure and dynamics of biomolecules is one 

thing. The difficulty of interpreting results obtained from aqueous environments is 

another. It is notoriously difficult to characterize surface properties at a liquid interface. 

For example, the alignment of water molecules at interfaces is still a subject for 

speculation.  

The approach taken in this thesis is to find simple model systems and address the 

complicated surface problems in real biological environments. Amino acid-based 

surfactants (AAS) were investigated because I believe that they can provide valuable 

information about protein interfacial properties, given their surface activity and 

biological relevance. Indeed, the molecules shown in Figure 1 have the same chirality 

that is prevalent in biological molecules. They also have peptide bonds that are essential 

for intermolecular hydrogen bonding. They possess amino acid residues that mimic 

hydrophilic portion of protein surfaces. More importantly, these molecules are 

amphiphilic, and they are able to form monomolecular films at the air/water interface, 
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which is very convenient for manipulations and thus provides an opportunity to study the 

dependence of molecular packing and phase behavior on molecular interactions. 

 The first part of my research dealt with chiral molecular interaction. The choice 

of AAS was motivated by the attractiveness of their structures. All the naturally 

occurring amino acids (except glycine) have a chiral center. After being conjugated to a 

hydrophobic hydrocarbon chain, they assemble at the air/water interface to form 

Langmuir monolayers. The microstructures of the monolayers were investigated by 

epifluorescence microscopy, which took advantage of the variable partitioning of the 

fluorescence dyes in the two-dimensional phases. From the domain morphology study, a 

correlation between molecular chirality and domain handedness was established. Further 

observations of melting behavior of the phase domains at a two-dimensional interface 

revealed the striking fact that the chiral molecular interaction strength in the 

enantiomeric and racemic forms can be totally inverted compared to that of three-

dimensional crystals. There are a wide variety of amino acids derivatives that can be 

used for this type of study. This system is thus valuable to probe chiral molecular 

interaction. 

In the second set of experiments, the focus switched from chiral molecular 

interactions to the interfacial properties of these molecules at the air/water interface. In 

particular, hydrogen bonding network formation was investigated. From the comparison 

of three N-stearoyl amino acids, it was established that the strength and the direction of 

the amide-amide hydrogen bonding at interfaces are affected by the size of the amino 

acid residues. This came from the discovery of the NH stretching mode in the VSFS 
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spectra. It was the first time that the peak was resolved from molecules at an interface 

with this technique. The frequency of the peak gives some information about the 

strength of the hydrogen bonding among amide groups. It is expected that among the 

glutamic acid derivatives, the hydrogen bonds are weaker due to their larger residue size. 

Indeed, the frequency of NH peak of alanine derivatives is 30 cm-1 lower. The glycine 

derivative is expected to give the strongest hydrogen bonding, and thus the lowest NH 

peak frequency. However, the peak was not found our VSFS spectra with ssp. This leads 

to the modified model about the orientation of the head groups. It is speculated that the 

NH in N-SG is parallel to the surface and thus not active in the ssp mode. On the 

contrary, due to the asymmetric properties of N-SA and N-SGA molecules, the 

molecules are titled at the air/water interface and thus become active with this 

polarization combination. Together with recent studies of N-SA monolayers by IRRAS, 

a molecular model of hydrogen bonding between carboxylic groups is proposed. Now, 

there is a more detailed understanding of the hydrogen bonding among amino acids 

residues which may be similar to the hydrophilic surfaces of proteins. The property and 

the function of proteins may have something to do with the hydrogen bonding at 

interface.  

Another interesting note to this thesis is about surfactant behavior on 

biomembrane surfaces. This problem has been extensively studied and reported 

previously. Surfactants are commonly applied to solublize membrane proteins from the 

cell membranes. Experiment results and literature research show that conventional 

surfactants such as SDS completely solubilize bilayers at concentrations close to their 
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CMC. Although it was also reported that SDS can extract Ca2+-ATPase from liposomes 

before solulilizing them, there is very little selectivity of the surfactants towards the 

membrane components. By contrast, amino acid-based surfactants were found to be able 

to selectively remove hydrophobic components from the biomembranes without 

solubilizing them. It is speculated that hydrogen bonding plays an important role in the 

surfactants aggregation as well. They are most likely aggregated through hydrogen 

bonding, and it thus becomes difficult for the molecules to partition into membranes like 

other surfactants, such as SDS, Trixton X-100 and CTAB. Instead of forming mixed 

micelles with lipid, they can more favorably remove hydrophobic dyes from the lipid 

bilayers. From the experiments conducted on supported lipid bilayer doped with 

fluorescence dyes, it was found that N-SG could selectively remove the more 

hydrophobic Texas-Red DHPE but not the NBD-DHPE. This finding may lead to the 

development of agents that can selectively remove ligands such as anthrax toxin from 

membrane surfaces. Because of their biocompatibility, the amino acid-based surfactants 

may have great potential for biomedical applications.  
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