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Solution Properties of Fibrous Chains Constructed of
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Gel-like solutions of N-acyl-L-aspartic acids (C, Asp) and N-dodecanoyl-B-alanine (CipAla) were

investigated by infrared absorption spectroscopy and optical microscopy. The structures of fibrous as-

semblies and their construction mechanisms were discussed. Examination was also carried out on the

addition of 2-ethylhexylamine (2-EHA) as a stabilizer, and its effects on fibrous assemblies were exam-

ined. C1gAsp fibers were stabilized over long periods by the addition of 2-EHA. Amide bonds in amino

acid surfactants played an important part in the formation of high-order structures such as fibrous as-

sembries, globular particles, and crystals. Globular particles produced at high temperature were trans-

formed into fibrous assemblies at room temperature. Two models for this mechanism were pro-

posed.

1 Introduction

It has been reported that aqueous and
organic amphiphilic
molecules present gel-like character, and fi-
brous molecular assemblies are formed in
the gel-like solutions?~?). Fibrous chains
are constructed by the non-covalent self-

solutions of some

organization of amphiphilic molecules, and
fibers constituted by chiral molecules exhib-
it helical sense. Helical structures were
investigated by optical and electron mi-
croscopy V-3~12) ' atomic force microscopy
(AFM)'®, infrared spectroscopy'??, circular
dichroism?, differential scanning calorime-
try™, nuclear magnetic resonance®, X-ray
diffraction?®, small-angle X-ray scattering
(SAXS)10:12) ° and small-angle neutron
scattering (SANS)19:12)  Many investiga-
tions of fibrous assemblies were concerned
in structures of fibers, and some workers
assumed the molecular arrangement in fi-
brous chains in association with the con-
struction mechanism of fibers.

It was confirmed from phase diagrams
that gel-like solutions of chiral N-acyl-1.-
aspartic acids (C,Asp, n=12, 14, 16, 18)
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were obtained at medium pH and lower
temperature!. The cryo-tramsmission
electron microscopic (TEM) observation re-
vealed that helical, fibrous assemblies were
formed in the gel-like solutions. SANS mea-
surement proposed more information about
molecular arrangement in fibers'®. Fibrous
assemblies of C,Asp were not stable, and
the solutions precipitated with time. The ex-
istence of cylindrical fibers in gel-like solu-
tions of N-dodecanoyl-B-alanine (Ci2Ala)
without asymmetric carbon was displayed
by cryo-TEM'). Similar textures were ob-
served even on AFM'®, Small-angyle X-ray
scattering profile presented some Bragg
peaks. The distances calculated from the
peak positions were related to the molecular
arrangement in cylindrical fibers.

In this work, gel-like solutions of C,Asp
and CjpAla are investigated by infrared
spectroscopy and optical microscopy to con-
firm fine structures of fibers and their con-
struction mechanisms. Examination is also
carried out in addition of 2-ethylhexylamine
(2-EHA) as a stabilizer, and its effect for fi-
brous assemblies i1s discussed.
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2 Experimental Section

C,Asp, Ci2Ala, and N-dodecanoyl-L-glu-
tamic acid (C;2Glu) which were supplied by
Mitsubishi Petrochemical Co. Ltd., Japan,
were same samples previously usedin).
2-EHA and standardized HCl and NaOH
solutions were commercial products. Water
was redistilled from alkaline KMnO,4 and
degassed by the ultrasonication under the
reduced pressure.

The pH measurement for aqueous C;gAsp
solutions with 2-EHA was carried out at 25
°C on an Iwaki Glass pH/ion meter A-225
under nitrogen atmosphere. Solutions were
prepared as described before!®).

Phase diagrams were drawn as follows :
CigAsp in water was mixed with adequate
amounts of 2-EHA and standarized NaOH
solution, and the mixtures were dissolved at
85°C. After the solutions were maintained
for 2 h at the desired temperature in a water
bath, the aspect of solutions such as trans-
parent, opalescent, solid, and gel-like was
inspected visually and by using an Olympus
BH optical microscope. Then the tempera-
ture was lowered and the same procedure
was repeated.

The specimens for infrared absorption
spectrum measurement were prepared on a
KRS-5 window : the solution prepared as
described above was mounted on the win-
dow and solvent was quickly evapolated in
air. Infrared spectra were recorded at room
temperature by a JASCO JRA-2 diffraction
grating infrared spectrophotometer. The
measurement was performed for surfactant
solutions with and without 2-EHA.

Video enhanced microscopy (VEM) for a
gel-like CipAla solution was observed on
Nicon differential interference contrast mi-
croscope NTF 2 equipped with a C 2400 CCD
video camera and a digital image process-
ing system ARGAS-10 (Hamamatsu Pho-
tonics Co. Ltd.)

3 Results and Discussion

3.1 pH Titration Curves and Phase Dia-
grams of Aqueous C,gAsp Solutions
with and without 2-Ethylhexylamine
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Fig.—1 illustrates the preparation scheme
of gel-like solutions. C,Asp solids were dis-
solved at 85°C. If transparent solutions are
cooled down to lower temperature (room
temperature), the solutions precipitate.
However, when the solutions are aged at
high temperature for more than 2~3 h, the
opalescent solutions are obtained. Those so-

80 | (transparent

opalescent

©

t,h
Schematic representation for the prepara-
tion scheme of gel-like C,, Asp solutions.

Fig.—1
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——, with 2-EHA (mole ratio=1.0) ;
---, without 2-EHA (Ref. 11).

Fig.—2 The degree of ionization a of surfactant
as a function of pH for aqueous CigAsp
solutions of 0.1 9% with and without 2-
EHA at 25°C.
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lutions become gel-like at room tempera-
ture. Gel-like solutions transform into gels
or occasionally precipitate after a long peri-
od at room temperature. Gels and precipi-
tates become reversibly opalescent by chang-
ing the temperature. The preparation
scheme is same even if 2-EHA is added.

Fig.—2 shows a pH titration curve at 25°C,
where the degree of ionization a of surfac-
tant is illustrated as a function of pH for
aqueous CigAsp solutions at a surfactant
concentration of 0.1 9% (103 g.cm™) with
2-EHA (mole ratio=[2-EHA]/[ surfactant]
=1.0). The degree of ionization was calculat-
ed by

a :{3_(CH*,total_CH‘,free)/C}/2 ( 1 )
where Cu- tota1 and Cr- free are the total and
free molar amounts of hydrogen ions, re-
spectively. C is the molar amount of surfac-
tant and equal to that of 2-EHA. It was sup-
posed that the degree of ionization of 2-EHA
was unity at pH below 8. The degree of ion-
ization of surfactant changes sharply at
pH=5.5~7 as well as that for solutions with-
out 2-EHA which was already reported!?
and included in Fig.—2. While the titration
curve of solutions without 2-EHA present
two inflections, that of solutions with 2-
EHA changes rather smooth. It is suggested
that the phase transitions resulting from the
hydrolysis of carboxylates are less distigu-
ishable for a C;gAsp system with 2-EHA
than for that without 2-EHA.

Fig.—3 illustrates the temperature-pH
phase diagram for aqueous CigAsp solu-
tions with 2-EHA (mole ratio=0.67) at a to-
tal concentration of 1 9%. Five regions are
distinguished. At high temperature, solu-
tions are transparent at alkaline pH and
opalescent at acid pH. In opalescent solu-
tions, spherical particles are observed on an
optical microscope. At lower temperature,
there is a viscous gel-like region between
two solid regions at acid and alkaline pH. It
is apparent in comparison with the pH titra-
tion curve that the gel-like solutions are ob-
tained at the transition region between car-
boxyl and carboxylate species. Similar tem-
perature-pH phase diagram was already
obtained for aqueous C;gAsp solutions with-
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Total concentration of C;gAsp and 2-EHA is 1 %.

Notation : L, transparent ; O, opalescent ; Sy, Sg,

solid ; G, gel-like.

Fig.—3 The temperature-pH phase diagram for
aqueous CigAsp solutions with 2-EHA
(mole ratio=0.67).

out 2-EHA . By adding 2-EHA, the gel-
like and solid regions shift to lower pH, and
the opalescent region moves to higher tem-
perature.

The mole ratio-pH phase diagram for
aqueous C;gAsp solutions of 1 9 total con-
centration with 2-EHA at 25°C is shown in
Fig.—4. The solid region at alkaline pH dis-
appears at higher mole ratio than 0.35. The
pH region of gel-like solutions increases
with mole ratio up to 0.5, but the region dis-
appears above mole ratio 1.45. At higher
mole ratio, there is the solid region at acid
pH and the transparent region at alkaline
pH. The gel-like region can be separated in-
to two regions G» and G®. The G region at
mole ratio 0.2~0.8 and pH 4.5~6.4 i1s more
stable than the GB region. Gel-like solutions
in the G2 region do not precipitate for more
than several months. This means that 2-
EHA acts to stabilize the gel-like state of
C,Asp solutions.

Fibrous assemblies are formed in gel-like
C,Asp solutions'?-'2) = where carboxyl and
carboxylate groups coexist, as suggested
from pH titration. Then the hydrogen bond-
ing between COO- and COOH occurs be-
tween fibers, and fibers partly make lateral
arrangement, resulting in the formation of
their network aggregation. C,Asp molecules
in gel-like assemblies rearrange to form
thermodynamically stable crystals, and pre-
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Notation : L, transparent ; Sy, Sy, solid ; G*, GB, gel-like. G4 region is

more stable than GB region.

Fig.-4 The mole ratio-pH phase diagram for aqueous CigAsp solu-
tions of 1 9% total concentration with 2-EHA at 25°C.

cipitates occur with time. 2-EHA ionized at
pH below 8 makes ion-pair with carboxylate
ions. Such ion-pairing disturbs the hydro-
gen bonding between fibers and the crystal
arrangement of C,Asp molecules. Then the
fibers are stabilized. Bulky 2-EHA can be
bound on assembly surfaces but not interca-
lated into assemblies. Such molecular char-
acter is valuable as a stabilizer of fibers.

3-2 Infrared Absorption Spectra of
Aqueous Surfactant Solutions with
and without 2-Ethylhexylamine

Infrared spectra for the dried specimens

prepared from CigAsp solutions of 1 9% total
concentration wth 2-EHA in different re-
gions at 25°C are given in Fig.—b. The wave-
lengths of main absorption bands and their
assignments are listed in Table—1. The
3,265~3,300 cm-1 band which is observed at
all regions is assigned to amide A (hydro-
gen bonded NH str.). The strong amide I
(1,626~1,644 cm™) and I (1,534~1,554 cm™)
bands are observed at the regions except the
transparent region, where a strong COO-
antisym. str. band overlaps on the amide I
and [I bands, since pH of the solution is
7.99. It is suggested that the amide groups
are hydrogen-bonded and take some or-
dered arrangement in C,,Asp assemblies.
1,692~1,706, 1,560~1,583, and ~1,415 cm™!
bands are assignable to C=0 (COOH) str.,
COO- antisym. str., and COO- sym. str.,
respectively. While the COO- antisym. and
sym. str. bands are observed at higher pH,

66

Transmittance

L

1800 I 15.00 IZlﬂﬂ
Favenumber, cn™!

Notations in figure have same meanings as those

in Fig.—-4.

Fig.—5 Infrared absorption spectra for aqueous

C1gAsp solutions of 1 9% total concentra-

tion with 2-EHA.

the C=0 str. band is dominant at lower pH.
This suggests that the content of carboxyl
and carboxylate species depends on the pH
of CigAsp solutions. It should be noticed
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Table—1 Infrared absorption bands®) and their assignments for aqueous surfactant solutions of
1 94 total concentration at 25°C.

Surfactant RegionP) i\/g‘zilg pH |Amide A| Amide I | Amide [ | C=Ostr. anti(s:}(r)rg._ str.
C12Glu L 6.80 | 3,350 s 1,643 m | ~1,530 sh - 1,582 s
CioAla L 6.86 | 3,300 m 1,626 sh 1,545 sh - 1,592 s
Ci2Asp L 10.67 | 3,299 m | ~1,640 sh | ~1,520 sh - 1,578 s
CigAsp/2-EHA L 0.50 7.99 | 3,280 m 1,639 sh sh - 1,583 s
Ci2Asp 0 3.41 | 3,278 m 1,649 s 1,526 m 1,699 s -
C12Glu Ge 1.77 | 3,316 m Y rhey -
CioAla C 6.16 | 3,317 s 1,644 s 1,581 s 1,707 s -
CreAsp® 582 | 33085 | 16455 | 1950 | 1M00m | ~1570sh
C1gAsp G 6.11 | 3,298 m 1,637 s 1,540 m 1,705 m -
CigAsp/2-EHA GA 0.50 5.16 | 3,266 m 1,635 s 1,034 m 1,692 m -
CigAsp/2-EHA GB 063 | 6.95|3300m| 1,64lm | 1,554s | 1,706 m 1,57 s
CigAsp Sq 3.70 | 3,278 m 1,652 s 1,528 m 1,693 s -
CigAsp/2-EHA S1 1.02 5.63 1,626 s 1,536 m 1,704 m -
CygAsp So 8.42 | 3,285 s 1,638 s - 1,695 m ~1,560 s
CisAsp/2-EHA Se 0.10 7.73 | 3,300 m 1,644 m 1,542 s 1,703 m 1,562 s
2-EHA 3,300 m - - = -

a) s, strong ; m, medium ; sh, shoulder.

b) L, transparent ; O, opalescent ; Ge, gel ; C, fiber ; G#, GB, gel-like ; Sy, Sy, solid.

c) Ref. 11).

that the gel-like solutions are in the coexis-
tent region of the carboxyl and carboxylate
species. This is consistent with the result
from the pH titration.

Infrared spectrum measurement was also
carried out for CigAsp, CipAla, and Ci2Glu
solutions (1 95) without 2-EHA in different
regions at 25°C, as illustrated in Fig.—6.
The wavelengths of main absorption bands
and their assignments are listed in Table—1,
where the corresponding data for aqueous
Ci6Asp solution'?) are also included. The
phase diagrams and the characteristics for
those solutions were previously reported!V).
At 25°C, a Ci2Asp solution at pH 3.3~4.7 is
opalescent, while a Ci6Asp solution is gel-
like at pH 4.8~5.8 and C;2Ala and Cy2Glu
solutions are gel-like at acid pH. Aqueous
surfactant solutions are all transparent at
alkaline pH.

Aqueous surfactant solutions with and
without 2-EHA displayed similar spectra
and their similar pH dependence, except for
a Ci3Glu gel solutions. Amide [ and II
bands are at 1,626~1,652 and 1,526~1,554

Transmittance

Ci26lu, L

C126Glu,Ge

CizAla, L

CizAla,C

Il

1
1800

Fig.—6

s
1500

Favenumber, cn™!
Notation : L, transparent ; Ge, gel ; C, fiber.

L
1200

Infrared absorption spectra for aqueous

C12Glu and C;pAla solutions of 1 %.
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cm™!, respectively. It may be noted that the
wavelengths of amide bands are between
those of the characteristic absorption bands
for @-helix and B-structure of polypeptide.
Therefore, the ordered conformations in
molecular assemblies of amino acid surfac-
tants can not be specified from infrared
spectra.

It has been confirmed that fibrous assem-
blies in gel-like C,Asp and C;z2Ala solutions
and vesicular assemblies in opalescent sur-
factant solutions are formed with the struc-
ture of ordered molecular arrangement!1):12),
Such ordered structure is kept even in solid
state, even if it is rearranged from the origi-
nal one. The amide bands in transparent so-
lutions are usually not separated from the
strong COO- antisym. str. band, but the
amide I band (1,643 cm™) observed for the
transparent C;2 Glu solution supports the
formation of the ordered structure, which
may be assumed to be small vesicles or mi-
celles.

The infrared absortion spectrum of a
C12Glu gel solution displays no characteris-
tic amide bands, which are assigned for
polypeptide, indicating that there is no or-
dered structure in the gel solution. Instead
of it, many absorption bands are observed.
Those bands can be assigned to vibrational
modes for isolated amino acid surfactants.
Molecules in gel aggregate into oil droplets
in disordered arrangement'”). The infrared
absorption result is consistent with such
structure.

3:3 Video Enhanced Microscopic Obser-

vation of a Gel-like C;,Ala Solution

When CjzAla molecules in aqueous acidic
medium are incubated for more than 2 h at
high temperature, the transparent solutions
change to be opalescent'”. If the solutions
are cooled down to room temperature, they
transform into the gel-like solutions.

VEM observation was carried out for a
gel-like Ci2Ala solution of 1 9% at pH 6.16.
Bundles of fibrous assemblies are observed.
When the VEM photograph is compared
with that for 1/10 dilution of a 1 9% solution,
fibers are dispersed from bundles, as seen
in Fig.—7 (a). Similar texture of bundles
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(a)

(a) at room temperature (before heating) ; (b) 90

s at room temperature after heated ; (c) 145 s ;

(d) 180 s.

Fig.—7 VEM photographs of molecular assem-
blies in 1/10 dilution of a 1 % C;5Ala so-
lution (pH=6.16).

and dispersed fibers was already observed
by the electron microscopy!?) and the atomic
force microscopy'?.



Vol. 44. No. 4 (1995)

When the 1/10 dilution is heated at high
temperature, fibers disappear and globular
particles are formed in the opalescent solu-
tion. The heated solution was kept at room
temperature and observed at VEM. While
globular particles are maintained even at
90 s (Fig.—7 (b)), short fibers are partly
formed after 140 s. Fibers grow longer
(Fig.—7 (¢)), globular particles disappear,
and all changes finish at 180 s (Fig.—7 (d)).
These observation suggests that globular
particles transform into rod shape. The sug-
gestion of this process was also obtained
from electron microscopic observation'!).
Tubular assemblies were formed in vesicu-
lar Ci2Asp solutions, and vesicles contacted
with tubes.

3.4 Formation Process of Fibrous As-

semblies

It is apparent from VEM observation that
globular C;y Ala particles are formed at
high temperature and they transform into
fibrous assemblies at low temperature. Two
kinds of processes are possible for the tran-
sition from globular assemblies to tubes.
One mechanism is the aggregation of globu-
lar particles (process I ). Globular particles
linearly aggregate by the interparticle inter-
action and rearrange to fibers. Another
kind of possibility is the transition of struc-
ture from globular assemblies to tubes
(process 1). Schematic representation of
possible mechanisms is illustrated in Fig.—
8.

The necessary of preceding construction
of vesicles was also recognized in the forma-
tion process of fibrous C,Asp assemblies'?).
Vesicles are formed at high temperature,
and fibers are transformed from vesicles
when the temperature is lowered. The incu-
bation time is needed for the formaion of
fibers because of the rearrangement of or-
dered molecules. The assembly formation
concerned with the incubation time was re-
ported for helical fibers of dimyristoyl-5"-
phosphatidyldeoxycitidine®.  Phospholipid
vesicles, which were prepared by ultrasoni-
cation treatment, converted into fibers after
the dispersion was incubated for 10 h at 25
°C. When globular C;g2Ala particles are vesi-
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Process | Process 1

Fig.—8 Schematic models for the formation pro-
cess of fibrous CigsAla assemblies from
vesicles.

cles, the formation process of fibrous
Ci2Ala assemblies may be resemble to that
of C,Asp fibers.

Possible models of C,Asp and CiAla
fibers were estimated with the aid of the
electron and atomic force microscopy and
the small-angle neutron and X-ray scatter-
ing!'®. It was concluded that C,Asp fibers
can be the double strand or the super helical
strand of helical bilayer strands. Such
structure does not necessarily need vesicle
as a precursor. However, the electron mi-
crograph explained the existence of fibers
contacted with vesicles'V. Vesicles were far
larger than the diameter of fibers. This
may support the mechanism where fibers
are formed by the transformation or the
protuberance of vesicles. It was revealed
that nonhelical Ci2Ala fibers took cylindri-
cal structure with uniform diameter which
was consisted of multilamellar layers with
common, constant width!® . Such structure
suggests the role of multilamellar vesicles
as a precursor. The formation of fibrous as-
semblies from vesicular bilayers may be a
model for the formation of projected organi-
zations from native membranes.

(Received Nov. 9, 1995)

References
1) B. W. Hotten and D. H. Birdsall, J. Colloid

69



308

2)
3)

4)

5)

6)

7)

8)

9)

70

Sci., 7, 284 (1952).

A. Rich and D. M. Blow, Nature, 182, 423
(1958).

N. Ramanathan, A. L. Currie, and J. R.
Colvin, Nature, 190, 779 (1961).

T. Tachibana and H. Kambara, J. Am.
Chem. Soc., 87, 3015 (1965) ; T. Tachibana,
S. Kitagawa, and H. Takeno, Bull. Chem.
Soc. Jpn., 43, 2418 (1970).

H. Hidaka, M. Murata, and T. Onai, .
Chem. Soc. Chem. Commun., 1984, 562.

N. Nakashima, S. Asakuma, J.-M. Kim,
and T. Kunitake, Chem. Lett., 1984, 1709 ;
N. Nakashima, S. Asakuma, and T. Kuni-
take, J. Am. Chem. Soc., 107, 509 (1985).
J.-H. Fuhrhop, P. Schnieder, J. Rosen-
berg, and E. Boekema, J. Am. Chem.
Soc., 109, 3387 (1987) ; J.-H. Fuhrhop, P.
Schnieder, E. Boekema, and W. Helfrich, .
Am. Chem. Soc., 110, 2867 (1988) ; J.-H.
Fuhrhop, S. Svenson, C. Boettcher, E.
Rossler, and H.-M. Vieth, J. Am. Chem.
Soc., 112, 4307 (1990).

P. Terech and R. H. Wade, J. Colloid. In-
terface Sci., 125, 542 (1988).

H. Yanagawa, Y. Ogawa, H. Furuta, and
K. Tsuno, Chem., Lett., 1988, 269 ; J. Am.
Chem. Soc., 111, 4567 (1989).

J. Jpn. Oil Chem. Soc. (YUKAGAKU)

10) P. Terech, Colloid Polym. Sci., 269, 490
(1991) ; J. Phys. Il France, 2, 2181 (1992).

11) T. Imae, Y. Takahashi, and H. Muramatsu,
J. Am. Chem. Soc., 114, 3414 (1992).

12) T. Imae, N. Hayashi, T. Matsumoto, and
M. Furusaka, submitting.

MBI FIs & » TREFES e
HAHESH DA R

ARFHES - KPR &
A BERFEEEACER (T464 4 0B i TR A7)

N-7 Y V-L-7 235 F B (C,Asp), N-KF%H
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