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KEYWORDS Abstract Rare earth organic complex materials have attracted tremendous attention for their
Rare earth organic complex; intrinsic properties and promising practical applications. It is still a great challenge to realize the
Aggregation behavior; rare earth organic complex materials with excellent functional properties and diversified structural
Surfactant; states. Here, the amino acid rare earth surfactant complexes of lanthanum octanoyl-alaninate (La
Liquid state; (oct-ala)z), lanthanum octanyl-serinate (La(ser-oct);) and lanthanum octanoyl-phenylalaninate (La
Glassy state (oct-phe)s) were synthesized by the reaction of C;;H,NO3, C;1H,1NOy, C17;H,cNO5 with LaCls,

respectively. As-synthesized complexes of La(oct-ala); and La(oct-phe); have high solubility in pure
solvent, while the solubility of La(ser-oct); is very low in pure solvent. When the concentration of
the complex solution is lower than the critical micelle concentration, the dissociation phenomenon
of the complex is occurred in the solution. When the concentration of the complex solution is
greater than the critical micelle concentration, the dissociated ligand ions and metal ions will asso-
ciate, which can form micelle aggregates. In addition, the aggregates of the complex gradually
shrink to form aggregates of different sizes and sizes as the solvent continues to volatilize. By fur-
ther heating and cooling, the glassy, crystalline, liquid crystal and other complexes can be obtained.
The rare earth organic low molecular complexes formed by the combination of these rare earth ions
and amino acid ligands can not only obtain the complexes with high rare earth content, but also
have the excellent properties of convenient synthesis, high yield, easy processing, good solubility,
low toxicity and high stability, etc., which can play the special physical and chemical functional
characteristics of the diversified structure state of rare earth organic molecular materials. Therefore,
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in present work, the lanthanum complexes as a functional molecular materials have potential appli-

cations in many fields.

© 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Amphoteric metal soap salts, such as metal salts of fatty acids, play an
important role in daily life. At room temperature, many of the ampho-
teric metal soap salts have very low solubility and difficult to solve in
pure solvents and water/organic solvent mixtures. Thus, it is difficult
for them to gather to form micelles. Furthermore, if micelles are
formed, the ability of micelles to adsorb water is less (Kadoda,
2006). The common metal elements in soaps include calcium, magne-
sium, zinc, lead, aluminum, manganese, iron, cobalt, nickel, molybde-
num, barium, cadmium, etc (Kadoda, 2006). Most of the metal soaps
are not soluble in water and in ethanol. Some of the metal soapscan be
dissolved in turpentine or solvent gasoline; some can be dispersed in
organic solvents. Organometalilc soaps are one of the common lubri-
cants, or polyvinyl chloride (PVC) heat stabilizers. The solubility of
the soaps in water and organic solution is low, which limits signifi-
cantly the application of amphoteric metallic soap. Research work
mainly focuses on the solubility of the metal soap in solvents and its
aggregation behavior in solution at high temperatures (about
100 °C) (Kadoda, 2006; Jiao et al., 2009; lida, 2002; Iida et al., 2004;
lida et al., 2006; Naren et al., 2008; Naren et al., 2009).

In recent years, the octanoyl alanine amino acid series of metal
complexes (such as Mg(oct-ala), and Ca(oct-ala),) received an exten-
sive attention due to the indication of their unique structural diversity
(such as amorphous, glassy state, liquid state), ecological and environ-
mental advantages being beneficial to human health. In addition, the
preparation process and use of these new types of organic substrate
materials are also intensively investigated (lida et al., 2004; Iida
et al., 2006; Gerile et al., 2015). The molecular crystal of metal complex
is formed from neutral molecule, with the center of gravity of the mole-
cule oriented and ordered at low temperature; it usually leads to opti-
cal anisotropy. Besides, molecular glasses of these metal complexes
have excellent flexibility, transparency, uniformity and isotropic prop-
erties. The formation of a thermodynamic non-equilibrium glass state
after freezing molecular motion is a widely used concept in modern
materials science (Wang et al., 2011; Szwarc and Bessada, 1995),
But, examples of studies are scarce on metal complexes at the molecu-
lar level of sol, gel and glassy states of the alkyl chain of metal
complexes.

As the appropriate hydrophilic hydrophobic balance alkyl chain
metal complexes have high solubility and aggregation behavior in
organic solvent rally, the high solubility and aggregation behavior of
these complexes affect the diverse structural properties of the metal
complex. Therefore, the high aggregation phenomenon of the hydro-
philic and hydrophobic equilibrium of the metal complexes in this
paper is the basis, with the ligands carrying the hydrophobic groups
and carrying the hydrophilic groups selected and prepared. Phenylalan
bulky hydrophobic octanoylalanine (=H(oct-phe)) or serin bulky
hydrophilic octanoylserine (=H(oct-ser)) objects are introduced to
replace the original alanine ligand. Hereafter, the metal complexes
were synthesized and separated, with the physical and chemical prop-
erties of these compounds further studied.

Previously, researchers reported that the high stability of liquid
crystal glass is usually formed in the liquid crystal polymer, as a high
performance material applied in many research fields (Seiji and Hirosh,
2014). However, liquid crystal polymers have high viscosity, and in
many cases it is difficult to precisely control the molecular arrange-
ment. On the contrary, La(oct-ser); complex, which is a newly synthe-
sized low molecular weight rare earth compound, has an orientation
control. The orientation of liquid crystal field coordination in solid

state can be maintained easily to form low molecular liquid crystal
glass, and can replace the original liquid crystal materials, looking for-
ward to generating molecular glass materials in many areas of applica-
tion development. In the X-ray diffraction measurement, a sharp
reflection in a small corner shows that the layer structure of the smectic
phase is retained even in the solid phase when the complex appears,
and that these materials do not exibit any characteristic crystallization
peak. We believe that the formation of this clear liquid crystal glass is
due to the Coulomb interaction between anions and cations acting
over long distances.

Coordination compounds, including Metal-organic frameworks
(MOFs) have well-defined pore structures and promising properties
(Yusuf et al., 2017; Azhar et al., 2019; Tang et al., 2016; Kaneti
et al., 2017), are emerging molecular solids with promising properties,
as a precursor for preparing porous hybrid materials, it has attracted
extensive attention. We believe that the rapid development of these
lanthanum complexes in this field can be expected.

Related studies showed that such complexes had small pollution
towards ecology and the environment, and it was beneficial to a variety
of areas, such as organic light emitting diodes, organic solar cells, sin-
gle molecular magnets, rare earth luminescent materials, etc. (Li et al.,
2016; Li et al., 2017; Zhang, 2017), indicating that the new complexes
we synthesized are promising new green environment materials (Iida,
2002; Iida et al., 2004; Iida et al., 2006; Naren et al., 2008; Naren
et al., 2009; Gerile et al., 2015; Li et al., 2017; Zhang, 2017; Naren
et al., 2016; Hua et al., 2011; Du et al., 2003).

2. Experimental

2.1. Materials

The raw material reagents used for synthesizing the metal com-
plexes of amino acids with different polar groups and the stan-
dard reagents used for the measurement experiments are listed:
DL-a-alanine (Wako Pure pharmaceutical), DL-phenylalanine
(Wako Pure pharmaceutical), L-serine (Wako Pure pharma-
ceutical), Octanoyl chloride (Tokyo Chemical), and Lan-
thanum chloride (Wako Pure pharmaceutical). Methanol and
ethanol were distilled, and the water used in this study was
subjected to secondary distillation. The deuterated solvent
(methanol dy (=MeOD)) for NMR measurements was pro-
vided by Merck Co.

2.2. Preparation methods

Ligands and the metal complexes were prepared following pre-
vious reports (Naren et al., 2008; Naren et al., 2009; Zhang,
2017). N-octanoyl-dl-alanine (=oct-ala), N- octanoylserine
(=ser-act), and N-octanoyl-dlphenylalanine (= oct-phe)
were obtained by the reported procedures (Naren et al.,
2008; Naren et al., 2009). The bis(N-octanoylalaninato) (La
(oct-ala);), bis(N-octanoylphenylalaninato) (La(oct-phe);),
and N- octanoylserinenato (= La(ser-act);) complexes were
prepared by reactions of Lanthanum chloride (1.1 x 10.2 mo
1) with the corresponding acylamino acids (3 x 10.2 mol) in
distilled methanol. The obtained complexes were subjected to
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recrystallization treatment using a mixed solution of acetone
and methanol. The elemental analyses of C, H, and N were
performed using Perkin-Elmer model 2400I1. Water content
of the complexes are determined by Karl-Fisher titration.
The purity of the complexes were determined by '*C NMR
spectroscopy. The molecular structure of the complex is shown
in Fig. 1.
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Fig.1 (a) La(oct-ala)s,
complex.

(b) La(oct-ser);, (c¢) La(oct-phe)s

2.3. Measurements

2.3.1. NMR measurements

The '*C NMR spectra in La complex solution were measured
using a JEOL EX-270 FT NMR spectrometer operating at
67.9 MHz. "H NMR self-diffusion coefficient was measured
without rotating the sample at a measuring frequency of
90 MHz and a temperature of 27 °C. The measurements were
performed with a JOEL Mac FX-90 spectrometer. In order to
see the self-association behavior of these complexes in solu-
tion, the self-diffusion coefficient D of the amino acid metal
complex surfactant and of the solvent was measured by Pulsed
Field Gradient Spin Echo (PGSE) (Naren et al., 2008; Naren
et al., 2009; Du et al., 2003).

2.3.2. Vapor pressure depression measurements

The association behavior of these La complexes in methanol
solutions were studied using a Knauer vapor pressure
Osmometer (VPO) at 45 °C. VPO provides the apparent
molecular weight of the complexes. Methods of measurement
were based on our previous reports (Naren et al., 2008;
Mizuno et al., 1998). For Knauer vapor pressure Osmometer
measurements, a temperature difference (7-7,) between a solu-
tion, in which a low molecular weight compound having a
known molecular weight is a solute (Benzyl for methanol solu-
tion), and a pure solvent is measured. The apparent molecular
weight of the lanthanide complexes were obtained through the
relationship between 7" and the concentration of the solute.

2.3.3. Electric conductivities

The dissociation of the octanoyl amino acid ligand from the La
complexes in methanol solution was detected by HORIBA B
173 conductivity meter. The electrical conductivity (x (mS
em™")) was measured using a 0.01 mol dm™ KCI aqueous
solution at 25 + 1 °C (x = 1.41mS cm ') as the standard.
The conductivity of a sample with a volume of less than
5 cm’® can be measured.

2.3.4. Polarizing optical micrographs

The surface morphology of the rare earth complexes was
observed using LABOPHOT-POL Nikon polarized light
microscope. The same specimens were used for the DSC mea-
surements. The glass state material shows isotropic optical
properties, while the crystal and liquid crystal materials show
the anisotropic optical properties.

2.3.5. Calorimetric measurements

The Characterization of the solid state and loss of water from
the solids were followed by DSC (with a Shimadzu DSC-50),
TG-DTA (with a Rigaku TG8101 or with a Shimadzu
DTG-60) in the temperature range 20-250 °C. The samples
(3-5 mg) were placed in aluminum pans and run at a rate of
10 K min ! under nitrogen gas at a flow rate of 15 mL min .
Indium metal was used as standard for temperature and

enthalpy calibrations.

2.3.6. X-ray measurements

X - ray diffraction measurements were carried out in order to
determine the crystalline state and liquid crystal state of the
complex. Wide-angle (20 = 5-60°) X-ray diffractions
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(WAXD) and small-angle (26 1-10°) X-ray scatterings
(SAXS) were measured at room temperature with a 0.8 KW
generator of Cu Ka radiation (PANalytical X’pert Pro) and
with a 1.6 KW generator of Cu Ka radiation (Rigaku
RINT-Ultima III), respectively.

2.3.7. FT-IR measurements

The FT-IR spectra were measured in the range 4004000 cm ™
on a SHIMADZU 8300 spectrometer by the KBr pellet
method for the glassy, crystalline and liquid crystalline speci-
mens. Firstly, after measuring the background, next the main
measurement was carried out. The average of the results
obtained by several measured results and the irregular occur-
rence of the simulated absorption results, a good spectrum
has been obtained from a small sample test. For all samples,
the number of integrations was 24. In particular, the antisym-
metric stretching band of the methylene chain around 2850—
2960 cm ! was qualitatively analyzed.

2.3.8. EXAFS measurements

Extended X-ray absorption fine structure (EXAFS) measure-
ments at the La Lz-edge (5484.0 eV) were performed at room
temperature in transmission mode at the BL-7C station of
the photon Factory, High Energy Accelerator Research Orga-
nization in Japan (KEK-PF). The ring current was 300-
450 mA, and the storage ring was operated with an electron
energy of 2.5 GeV. A reference compound (La(acac),(H-O),
solid) was used to evaluate the validity of the theoretical phase
shift and back-scattering amplitude functions proposed by
Mckale, et al (Silverstein et al., 2014).

3. Results and discussion

3.1. Elemental (CHN) analysis

Crystalline and glass solids are isolated by the following
method. After the evaporation of the reaction solvent, the
La(oct-ala); complex forms a crystalline-amorphous mixture
(the appearance is a white powder), and heated at 110 °C for
2 h and rapidly cooled to form monohydrate isotropic stable
glass state complexes. When a small amount of water is added
from the concentrated methanol solution and the La com-
plexes is separated, an anisotropic stable crystalline monohy-
drate complex is formed. The acetone has been added to
methanol solution, to form monohydrate isotropic stable glass
state complexes (Hua et al., 2011). After the evaporation of the
reaction solvent, the La(oct-phe); complex forms a 1.5 hydrate
White crystalline material, and heated at 110 °C for 2 h and

rapidly cooled to form 1.5 hydrate An anisotropic stable liquid
crystalline state complex is formed (Hua et al., 2011). La(oct-
ser); complexes were obtained by evaporation of solvent
methanol and vacuum drying to obtain optically anisotropic
3 water complexes, the complexes were appear glass transition
point in the DSC test. The above test results show that the for-
mation of a new Aggregation substance state solid. Likewise,
the complex was heated at 110 °C for 2 h and rapidly cooled.
However, this complex still retains the original water content
and anisotropic properties, and does not form isotropic glassy
matter.

The elemental (CHN) analyses were performed using
Perkin-Elmer model 2400II. For La(oct-ala); glassy and La
(oct-ala); crystalline, the 1-hydrates were used for the elemen-
tal analyses; the La(oct-phe); liquid crystalline and La(oct-
phe); crystalline, the 1.5-hydrates were used for the elemental
analyses; the La(oct-ser); liquid crystalline, the 3-hydrates
were used for the elemental analyses. Table 1 shows the calcu-
lated and measured values of C, H, N elemental analysis for
crystalline, liquid crystalline and glassy state Lanthanum com-
plexes. The water content in the Complexes was examined by
Karl fischer titration method. In addition, the chemical com-
position of the Lanthanum (III) complexes was determined
using '*C NMR Nuclear magnetic resonance (NMR) spec-
troscopy (lida et al., 1997; lida et al., 1998; lida et al., 2002;
Hua et al., 2003; Perju et al., 2015; Hua et al., 2007). As can
be seen from Table 1, the measured and calculated values of
these elements are within the allowable error range. Further-
more, the results of elemental analysis and '*C NMR analysis
results are consistent, and the chemical composition of the rare
earth complexes can be determined to be [CH3(CH,)e-
CONHCH(R)COO];La-xH,0 (R is CH;, CH,OH, CH,C¢Hg;
xis 1, 2, 3).

3.2. Solubility in pure solvent systems of metal complexes

Table 2 shows the solubility of octanoylalanine complexes in
various pure solvents at 25 + 1 °C. According to the reported
classification (Naren et al., 2008; Naren et al., 2009), the solu-
bility of the complex was divided into three categories: (1)
more than 10% (g/mL); (2) from 0.1% (g/mL) to 10% (g/
mL); and (3) less than 0.1% (g/mL). At 25 + 1 °C, first weigh
0.03 g of sample, add 300 pL of pure solvent, observe the sol-
ubility, if there is a dissolution phenomenon, judge it as more
than 10% (w/V); if there is a non dissolution phenomenon,
continue to add the solvent (each addition amount is
100 pL), judge it as 10% — 0.1% (w/V) when there is a disso-
lution phenomenon between 300 uL and 30 mL; If the above
conditions are not solved and the amount of added solvent is

Table 1 Elemental analysis of the rare earth solid complexes.
Metal complexes Calculated value % Measured value %
C H N C H N

La(oct-ala);-H,O crystalline 49.55 7.81 5.26 49.43 7.73 5.49
La(oct-ala);-H,O glassy 49.55 7.81 5.26 49.49 7.75 5.52
La(oct-ser);-3H,O liquid crystalline 44.80 7.52 4.75 4491 7.12 4.92
La(oct-phe);-1.5H,0 crystalline 59.06 7.25 4.05 58.86 7.14 3.89
La(oct-phe);-1.5H,0 liquid crystalline 59.06 7.25 4.05 58.86 7.24 3.81
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Table 2 Solubility (g/mL) of the lanthanum (III) octanoyl-
carboxylates in various solvents at 25 £+ 1 °C.

Solvent La(oct-ala); La(oct-phe)s La(oct-ser)3

Water
Methanol
Ethanol
Cyclohexanol
Hexanol
Dichloromethane
THF
Ethylacetate
Cloroform
Diethylether
Benzene
Dioxane
Cyclohexane

1: >10%, 2: 0.1-10%, 3: <0.1%.

WM WR—RN — — — — = — W
W= W — NP s — =W
L)L LW W W WWWW—m — W

more than 30 mL, it is considered that the solubility is less than
0.1%. As shown in Table 2, the solubility of La(octnt); of the
metal soap complex is very low and almost insoluble in the sol-
vents listed. The presence of amino acid polar groups La(oct-
ala); and La(oct-phe); makes the solubility in pure solvents
higher. La(octnt); was almost insoluble in all the sovlents
tested in this study. These results in Table 2 show that the sol-
ubilities of the acly-alaninates are remarkably higher than
those of the carboxylates. The low solubility in water and
organic solvents leads to the limitation of the application of
amphoteric metal soap such as La(octnt);. Therefore, there is
an urgent need of developing the organic rare-earth complexes
with good solubility in water and organic solvents (Li et al.,
2016; Iida et al., 2006; Naren et al., 2008; Naren et al., 2009;
Gerile et al., 2015).

3.3. 3C NMR spectra of the rare earth complexes in methanol
solutions

The purity of the lanthanum complexes were studied by ele-
mental analysis using '*C NMR and moisture tests. Table 3

3 - ol - L L] - : bt bl L] s nd - -
: ¢ La(oct-phe), |]
E 4 La(oct-ser),
: A © La(oct-ala), |}
-~ 2F °c 4
g & ) -
z [ o ]
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[ o *
0 E PR S S TS S S [ T —
( 0.5 1 15
m{mol kg!
Fig.2  Electric conductivities (K) of La(oct-ala);, La(oct-phe)s,

and La(oct-ser); in methanol as a function of the concentration
(m) of the complex.

shows the '*C NMR chemical shift results of the ligand and
lanthanum complexes in methanol from 0 to 200 ppm. The
NMR results of the lanthanum complex show eleven different
13C chemical shifts, which correspond to eleven different func-
tional groups. The NMR spectrum of La(oct-phe); complex
shows 15 resonance peaks since it contains a benzene ring.
Furthermore, the '*C NMR spectra of the ligands and com-
plexes can be used to determine the purity of the rare earth
complexes and to further determine the chemical structure of
lanthanum complexes.

3.4. The dissociation of metal complexes in solution

The degree of convergence of the metal complexes in the
methanol solution was obtained by measuring the self-
diffusion coefficient of the lanthanum complexes. The decrease

Table 3 Chemical shifts of the '*C NMR spectra of the rare earth complexes in the methanol solution and the corresponding chemical

attribution.

Peak Sequence Functional Group Chemical Shift ((3)/ppm)

H(oct-ala) La(oct-ala); H(ser-ala) La(ser-ala); H(oct-phe) La(oct-phe);

C-1 —COO0— 175.51 182.3 175.828 180.1 175.7 182.3

C-2 —CH— 48.88 51.7 62.535 63.2 54.8 57.6

C-3 —CHj;, —CH, 17.375 17.0 55.657 56.6 38.0 39.1

C-4 —C=0, —C¢H¢* 175.42 176.3 173.064 175.6 127.1-137.7 127.6-139.1
C-5 —CH,—, —C=0* 36.355 36.6 36.438 36.6 175.2 176.1

C-6 —CH,— 26.482 26.5 26.375 26.4 36.4 37.2

C-7 —CH,— 29.79 29.8 29.65 29.8 26.4 27.3

C-8 —CH,— 29.724 30.0 29.724 30.0 29.4 30.6

C-9 —CH,— 32.447 32.5 36.438 324 29.5 30.4

C-10 —CH,— 23.257 233 23.183 232 322 34.2

C-11 —CHj;, —CH,-* 14.1 14.1 14.1 14.1 23.1 24.1

C-12 —CH;* - - - - 14.1 14.1
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in the solute self-diffusion coefficient indicates the interaction
between solute and solute. Before discussing the aggregation,
we verified the probability of the dissociation of the ligand
from the metal complexes in solution at lower concentration
ranges. Fig. 2 shows the conductivity of three lanthanum com-
plexes, La(oct-ser);, La(oct-ala)s;, and La(oct-phe)s, in metha-
nol as a function of the concentration (Mass molar
concentration, Abbreviated as m) of the complex. The magni-
tude of the conductivity of the lanthanum complexes is in the
order of La(oct-ser); > La(oct-ala); > La(oct-phe);. As the
concentration increases to about 0.1-0.3 mol/kg, the conduc-
tivities of all three La complex solutions increa indicating that
dissociation occurs in the complex solutions. When the con-
centrations are higher than 0.3 mol/kg, as the molar concentra-
tion of mass increases, the conductivities of the complexes
solution start to decrease. This is due to the aggregation behav-
ior of metal ions and ligand ions in the solution the formation
of aggregate state.

3.5. Self-assemblies of the metal complexes in solutions studied
by TH NMR self-diffusion

'"H NMR self-diffusion coefficient measurements provides
powerful information in monitoring the degree of aggregation
in solutions (Hua et al., 2003; Iida et al., 2004; McKale et al.,
1988; Iida et al., 1996; Kawabe et al., 2008). In this study, self-
diffusion coefficients of the La complexes of oct-ala, oct-phe,
and oct-ser, which were used to study the degree of aggrega-
tion of the metal complex in methanol, were obtained using
'"H NMR self-diffusion. The decrease in the solute self-
diffusion coefficient indicates the interaction between solute
and solute.

Fig. 3 shows the self-diffusion coefficient D versus the
molar concentration of the complex. The results show that
the self-diffusion coefficients of lanthanum complexes decrease
as the molar concentrations of the complexes increase. There is
a turning point for the La(oct-ala);/CH;OH solution at the
rare earth complex concentration of about 0.4 mol/kg. The
turning point was observed by vapor pressure results measured
at the same concentrations of the complexes studied. This
turning point is at the critical concentrations of dissociation/
aggregation of the lanthanum complexes in methanol indicat-
ing the beginning of the aggregation. As shown in Fig. 2, the
turning point for La(oct-ser); complex is near a concentration
of 0.15 mol/kg, the La(oct-phe); complex near 0.2 mol/kg, and
the turning point of the La(oct-ala); complex is also near
0.2 mol/kg. The turning points of La(oct-ser); and La(oct-
phe); complex in methanol are similar. In general, when the
aggregation of the surfactant molecules in the solution gradu-
ally increases, the movement of the particles in the solution is
hindered, and the diffusion coefficient is reduced (Naren et al.,
2008; Naren et al., 2009). In addition, with the continuous
evaporation of the mixed solvent, the complex aggregates
shrink gradually, and aggregates of different sizes are formed.
With further heating and cooling after the aggregation, glassy
complexes can be obtained.

It is possible to estimate the molecular size (stalk radius) of
free solute in methanol using the diffusion coefficient in a
methanol solution. With the estimation of the size of the metal
complex using the Stokes - Einstein equation, the diffusion
coefficient (D) obtained at a low concentration range can be
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Fig. 3 Plots of the Diffusion coefficient of the lanthanum
complexes as a function of solute concentration at 25 + 1 °C (a)
La(oct-ala); in methanol, (b) La(oct-phe); in methanol, (¢) La(oct-
ser); in methanol.
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used directly (Demus et al., 1998). The self-assembly of the
Lanthanum(III) complexes at high concentrations was
reported as the onset of the formation of the glassy state by
solvent-cast method (Naren et al., 2008). There is a trend that
the Lanthanum(III) complexes having lower critical concentra-
tions to form aggregations in solutions tend to form more ani-
sotropic assemblies in the solids than those having higher
critical concentrations, for example La(oct-ala);. At a temper-
ature of 25 £ 1 °C, considering the dissociation of the coordi-
nation part of the metal complex, the Stokes radius of La(oct-
ala)s is calculated in a concentration range of 0.2-0.5 mol/kg,
while the Stokes radii of La(oct-phe); and La(oct-ser); are cal-
culated in a concentration range of 0.1-0.2 mol/kg. At
25 £ 1°C, when n = 0.57 MPa of the heavy methanol is used
(Badawi et al., 2007), the estimated Stokes radius of the com-
plexes studied are as follows. The order of the magnitude of
the Stokes radii of the metal complexes in the infinite dilution
solution is: La(oct-phe); < La(oct-ser); < La(oct-oct)s, with
values of 1.0 nm, 1.3 nm and 2.0 nm, respectively. Small differ-
ences in polar groups of the complexes results in small differ-
ences in their diffusion coefficient (Stokes radius).

3.6. Dissociation of metal complexes in methanol and the
observed vapor pressure drop

The La complexes were found to form aggregates in methanol
deduced from the self-diffusion coefficient change. In order to
determine the aggregation number of aggregates of these com-
plexes in the solution, the vapor pressure drop of methanol
was examined using the reported method (Naren et al.,
2009). Fig. 4 shows the results of the vapor pressure drop of
La(oct-ala);, La(oct-phe);, and La(oct-ser); in methanol. The
results were calculated using the apparent molecular weight
method (Iida et al., 2002; Sato and Watanabe, 2010), where
the dissociation of complex ligands in methanol and other
solutions was assumed to be minimal. The vapor pressure
depression(AP) is proprortional to the temperature difference
(AT) between the solvent-wetted thermistor and the solution-
wetted one, where AT was directly detected (Demus et al.,
1998). The aggregation number of associations was determined
from the following equation.

N = M/Mw = k.vtd/ (kpn/Mw)

where M is the apparent molecular weight [g mol~'] of the
aggregate, M., is the complex molecular weight [g mol~'] of
the monomer, and kpn [Kg™' g] is the gradient of AT. kstd
is a constant depending on the solvent and apparatus used.
The concentration at which the aggregates were observed
was similar to the concentration at the turning point of the
self-diffusion coefficient. The aggregation number of associa-
tions were calculated from the results using benzyl solutions
for calibration. Fig. 4 shows the vapor pressure depression ver-
sus the concentration of the metal complex in methanol. The
results show that there is a turning point for La(oct-ala); at
a concentration of 0.4 mol/kg (Fig. 4(a)). When the concentra-
tion is lower than 0.4 mol/kg, the aggregation number of La
(oct-ala); calculated is 0.9, and the aggregation number of
La(oct-ala); is 2.6, when the concentration equals to and
greater than 0.4 mol/kg. For La (oct-phe)s, the turning point

o - ¥ » L . L - » L . - - - L
P (2)
P -m ol \\‘ B
€ [ e
=] | .
> 4of ]
(1] 3 )
£ ! .
5 ol R
5— -w n- “\ \'. )
- . ‘~...
< 80 i "
-80 L .,
-1w [ 2 o 8 o g 8 a2 o o o
0 300 600 900
m' /g kg™
0 """"" frrvrverewy frrrrreewy
:".\ (b) h
— 10} b b
% . “'~‘:~..- F
— 4 e L) - “
> 20f e
s [ ]
3 .| ]
g =0 1
= ]
T aof h
Dl ST E— T — )
m' Ig kg™
o""!""l""""'l""
3 (c) 1
10k, Y
E b @ -
: : “\ :
: 20 . -
S T :
E r \‘*‘ L
2 g} .
S' . '\. “
b : ..‘ :
< . “. L
“40F “e, .
.w'--..lA.--l..--l--..l:’\-'
0 100 200 300 400 500

m' /g kg-1

Fig.4  Vapor pressure depression (xAT) of (a) La(oct-ala);-H,O
methanol, (b) La(oct-phe);-1.5 H,O methanol, and (c)
La(oct-ser);-3H,O methanol as a function of the concentration
of the metal complex (g/kg).
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appeared at a concentration of 0.2 mol/kg (Fig. 4(b)). When
the concentration is less than 0.2 mol/kg, the aggregation num-
ber of La(oct-phe); calculated is 5, and the aggregation num-
ber of La(oct-phe)s is 9, when the concentration is equal to
and greater than 0.2 mol/kg. For La(ser-ala)s;, the turning
point presents at a concentration of 0.15 mol/kg (Fig. 4 (c)).
When the concentration is smaller than 0.15 mol/kg, the aggre-
gation number of La(ser-ala); calculated is 2.5, and the aggre-
gation number of La(ser-ala); is 3.5, when the concentration is
equal to or larger than 0.15 mol/kg. These complexes begin to
aggregate at very low concentrations. Here, using the absolute
value of the slope kpn of AT, k,; > k,, was obtained for the
La complexes. In addition, for the order of aggregation num-
bers, La(oct-ala); < La(oct-ser); < La(oct-phe)s;, which was
obtained by the diffusion coefficients and by comparing the
association concentration of the La complexes in methanol.
It is easy for the complex molecules to associate due to the
stacking effect of the phenyl groups on the side chains of the
amino acids. The hydrogen bond formation of the hydroxyl
group significantly affects the association of the complex in
methanol.

In principle, as long as the nature of the solution changes
with the generation of micelles in the solution, there is a turn-
ing point with the concentration curve, the concentration of
which is the critical micelle concentration (CMC), so that the
critical micelle concentration is obtained by plotting. CMC
can be used as a measure of the surface activity of surfactants.
The smaller the CMC, the lower the concentration required to
form micelles by this active agent, and the lower the concentra-
tion at which surface adsorption is saturated. When the con-
centration of the complex solution is lower than the critical
micelle concentration, the dissociation of the complex occurs
in solution. When the concentration of the complex solution
is greater than the CMC, the dissociation of the ligand ions
and metal ions occur in association, and micelles form. When
the concentration gradually increases to a certain number,
many surfactant molecules immediately combine into large
groups to form “ micelles ”, and the movement of particles
in the solution is hindered so that the diffusion coefficient of
the substance is reduced (lida et al., 1996; Ishii, 1994). In the
non-aqueous system, the adsorption of water increases, and
the surfactant in the solution only shows high-level rendezvous
behavior (the formation of reverse micelles). In addition, with
continuous evaporation of the mixed solvent, the complex
aggregates gradually shrink, and different sized aggregates
form. Further heating and cooling can form glass state, liquid
crystal state, and other rare earth complexes.
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3.7. The aggregation of metal complexes in chloroform

The aggregation of the metal complexes formed by hydropho-
bic interaction is the result of the interactions between the
solute and the solvent and the solvent and the solvent. As
shown in Fig. 4, for the complexes in methanol, aggregations
occur at high concentrations. However, for metal complexes
in chloroform, aggregations occur at low concentrations. The
results of the '*C NMR, diffusion coefficients, and vapor pres-
sure measurements for the metal complex chloroform solu-
tions show that no peak was observed in the self-diffusion
experiment of the heavy d-CDCl; solution of the La(oct-
ala); complex. The '3C NMR spectrum of the La(oct-ala)s

complex in chloroform and the full width at half maximum
of the peak were obtained. The increase in the concentration
of the complex results in a significant increase in the full width
at half maximum.(Table 4).

In addition, for the diffusion (Fig. 5) and vapor pressure
measurements (Fig. 6) in the vicinity of 0.25 mol/kg, the aggre-
gation number of La(oct-ala); is 11 when the concentration is
equal to or greater than 0.25 mol/kg. The transition curve of
the diffusion coefficient of the Lanthanum complex in chloro-
form as a function of the solute concentration shows a turning
point at a low concentration of about 0.25 mol/kg, indicating
that the Lanthanum complex in chloroform starts to form
aggregates at a low concentration.

3.8. Polarized microscopic observation of lanthanum complexes

Fig. 7 shows the surface morphology of the crystal state of
Lanthanum Complex by polarizing microscope. It can be seen
that crystalline (Fig. 7 (a), (c)) and liquid crystalline.1 (Fig. 7
(d), (e)) showing a colorful color, opaque. The glassy material
(Fig. 7(b)) has uniformity, strong transparency adn no color,
which is almost close to the inorganic glass morphology.
Through the observation of the surface morphology of the
complex, we can obtain the information on the crystal state
and the glass state structure.

3.9. DSC and TG-DTA studies of the various structure states of
Lanthanum complexes

In order to determine the glass transition point, melting point,
melting enthalpy and the melting point, the DSC experiments
were carried out. The DSC curves are shown in Fig. 8. The
glass state solid of monohydrate La(oct-ala); complex showed
a glass transition point at 70 °C, with two sharp endothermic
peaks appearing in the crystalline solid. The same La(oct-ala);
crystalline state and the La(oct-phe);-1.5H,0 complex isolated
from the methanol solution also showed two sharp peaks. The
optical anisotropy of the La(oct-phe);-1.5H,O complex
obtained by the different purification and separation methods
showed a glass transition point at around 60 °C. The melting
enthalpy of this complex is very small (4H(La(oct-
phe);-1.5H,0) ~ 7.68 kJ mol™'), being decomposed when
heated to above 220 °C. The other symplectic acyl amino acid
compound is decomposed at above 250 °C. The optical aniso-
tropy of the La(oct-ser);*3H,0 complex obtained by the differ-
ent purification and separation methods showed a glass
transition point at around 70 °C, with the complex heated
up to be more than 198 °C to lose 3H,0.

By comparing the melting enthalpy change of complexes
with different polar groups, 4H, (La (oct-ala);-H,O crys-
talline) (~13 + 94 kJ mol™") > 4H,, (La (oct-phe)s-1.5H,0
crystalline) (=52.05 + 1545 kJ mol™") > AH,(La(oct-
phe)s-1.5H,0 liquid crystalline) (~7.68 kJ mol™'), separately
described low temperature enthalpy change values and high
temperature enthalpy change values. The melting enthalpy val-
ues reflect the degree of crystallization of the solids.

Fig. 9 presents the TG-DTA curve of lanthanum com-
plexes, among which TGA is the curve of thermal gravimetric
analysis, and DTA the endothermic curve of the complex.
Fig. 9 shows that the TGA curve of the Lanthanum complex
has a significant weight loss step, and that the weight loss
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Table 4 The '*C NMR spectrum results of the La(oct-ala); complex in chloroform showing the full widths at half maximum of the
observed peaks at various concentrations of the complex.

m (mol/kg) 14.5 ppm 22.65 ppm 29.25 ppm 31.75 ppm
(C-11) (C-10) (C-7, C-8) (C-9)
0.05 58.10 48.40 91.90 67.70
0.10 71.50 76.60 127.70 95.70
0.2 76.40 89.10 159.10 101.80
0.3 96.60 158.60 248.30 169.20
0.4 142.90 210.10 362.00 250.00
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Fig. 5 Plot of the diffusion coefficient of La(oct-ala); in
chloroform as a function of solute concentration.
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Fig. 6 Vapor pressure depression (xAT) of (a) La(oct-ala);-H,O
in chloroform as a function of the concentrations (g/kg) of the
metal complex.

Fig.7 Optical textures observed patterns of complex (a)
crystalline La(oct-ala); *H,O; (b) glassy La(oct-ala);*H,O; (c)
crystalline  La(oct-phe);-1.5H,O;  (d)  liquid  crystalline
La(oct-phe);-1.5H,0; (e) liquid crystalline La(oct-ser); *3H,0.

can determine the molar mass of the complex lost water. The
decrease corresponds to 1.0, 1.5 and 3 mol water per mol of
the metal complex for the 1.0, 1.5 and 3 hydrate complexes,
respectively.

3.10. WAXD and SAXS profiles for the solid state

Fig. 10 shows WAXD patterns of crystalline, glassy state and
liquid crystalline lanthanum complexes in the test range of
20 = 0-60°. Fig. 10(a) and (b) is for the La(oct-ala); diffrac-
tion pattern, (c) and (d) is La (oct-phe); diffraction pattern,
and (e) is La(oct-ser); diffraction pattern. The glassy La(oct-
ala);, liquid crystalline La(oct-phe);, and liquid crystalline La
(oct-ser); complexes containing 1, 1.5 and 3 water molecule
display broad amorphous diffraction peaks and complexes
comprising crystalline La(oct-ala);-H,O and crystalline La
(oct-phe);-1.5H,0O molecules demonstrate sharp crystalline
diffraction peaks. The flattest baseline and the highest peak
are seen in the crystalline La(oct-ala);-H,O and crystalline
La(oct-phe);-1.5H,0O complex. On the other hand, for the
glassy La(oct-ala);, liquid crystalline La(oct-phe); and liquid
crystalline La(oct-ser); complex, the baseline is waved to the
largest extent and the peak intensity is the lowest. A compar-
ison of three complexes shows that La(oct-ala); and La(oct-
phe);-1.5H,0 complexes have a trend to be easily crystallized,
and that La(oct-ser); complexes tend to vitrify easily. The
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Fig. 9 TG-DTA measurements of the complex (a) crystalline La
(oct-ala);*H,O, (b) glassy La(oct-ala);*H»O, (c) crystalline La(oct-
phe);-1.5H,0, (d) liquid crystalline La(oct-phe)s-1.5H,0, (e) liquid
crystalline La(oct-ser); *3H,0.
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Fig. 10  WAXD patterns of lanthanum complex.

broad scattering curve appearing at around 20 = 23-26°
originates from the methylene-methylene entanglement inter-
action and indicates the loss of in-plane ordering, i.e. disor-
dered alkyl-chains. These profiles are independent of the
method for the formation of the glassy state (precipitation
from solution or annealing treatment) and liquid crystalline,
but depend on the Polar functional groups of ligands.

The 1 water molecule glasses La(oct-ala); *H,O, 3 water
molecule liquid crystal glass La(oct-ser);*3H,O and 1.5 water
molecule La(oct-phe)s;-1.5H,O complexes have broad amor-
phous diffraction peaks. The complexe containing 1 water
molecules crystalline La(oct-ala);*H,O and 1.5 water molecule
crystalline La(oct-phe);-1.5H,0O complex take on sharp crys-
talline diffraction peaks. Polarizing microscope observation
indicates that the unique liquid crystal glass in the glass tran-
sition point is near the anisotropic nature. This rare and pre-
cious liquid crystal glass is formed by anionic and cationic
coulombs acting over very long distances.

The peak half-widths increase in the order of glassy La(oct-
ala);*H»O (peak half-width = 8.4°) (Fig. 11(b)) < liquid crys-
talline La(oct-ser);-3H,O (peak half width = 10°) (Fig. 11
(¢)) < liquid crystalline La(oct-phe);-1.5H,O (peak half
width = 10.2°) (Fig. 11(d)). These results indicate the impor-
tance of the order and disorder in lanthanum complexes. This
order reflects the magnitudes of the disordering of the crystal
states, liquid crystal states and glassy states, following the
order of the Polar functional groups of ligands. However,
there is a direct relationship at the glass transition tempera-
tures and Liquid crystal phase transition temperature (The
lower transition temperatures are observed at 75, 60, and 70
oC, for glassy La(oct-ala);-H,O, liquid crystalline La(oct-
phe);-1.5H,0, and liquid crystalline La(oct-ser);*3H,O com-
plexes, respectively).

Small angle X-ray scattering (SAXS) experiments were per-
formed to confirm the cyclical nature of the metal complexes.
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Fig. 11 SAXS profiles for (a) crystalline La(oct-ala);-H,O, (b)
glassy La(oct-ala);-H»O, (c) crystalline La(oct-phe);-1.5H,0, (d)
liquid crystalline La(oct-phe)s-1.5H,0, (e) liquid crystalline La
(oct-ser);-3H,0.

The SAXS profile is expected to provide information on
supramolecular structures in solid states. Fig. 11 shows the
SAXS patterns of crystal state, liquid crystal and glassy state
rare earth complexes in the test range of 20 = 0°~ 10°. From
Fig. 11 we can see that crystal and liquid crystal complexes dis-
play the sharp Bragg reflection, with the glassy state metal
complexes displaying the amorphous diffraction peak width.
The SAXS analysis reflects the short range order and disorder
characteristics of the rare earth complexes. The extension of
the diffraction peak of the glassy state presents that the glassy
state is essentially an over cold liquid, and that its structure is
characterized by short range order and long range disorder. La
(oct-ser); solid has a translucent appreance and demonstrats
birefringence. Above T,, the hard solid gradually changes to
a rubberlike material in maintaining anisotropy up to approx-
imately 180 °C. La(oct-ser); complexes present anisotropy in
polarized light microscopy, and the disordering in WAXD as
well as the ordering in SAXS is characteristic of anisotropic
glass and is similar to that observed in liquid crystal. Thus,
it was identified that the oct-ser complex assumed an anisotro-
pic glass state, which has been reported in a few cases of metal
complexes. We attempted a reduction of water for La(oct-ser);
but the trihydrate was unchangeable without decomposition.
Larger water content and/or the presence of the hydroxyl
group in the serinate complex might have assisted the enhance-
ment of anisotropy for the molecular assembly to form an ani-
sotropic glass.

The XRD determination of the intermediate structure of
amino acids metal complexes has been reported by researchers
(Nakamura et al., 1992; Tajima et al., 2002). In addition, an
empirical equation for evaluating the magnitude of the mole-
cule has been proposed (Marques et al., 1998; Knyazev
et al., 2008). Based on these reports, the La(oct-ala); and La
(oct-phe); with two layers of crystalline state of the molecular
length of 2.5 nm and 2.1 nm from the SAXS test results can be
obtained with an increase in the liquid crystal and glass surface
d-interval configuration following order: liquid crystalline La

Table 5 The d-spacing estimated from SAXS profiles.

Metal complexes 20/° d/nm
La(oct-ala);sH,O crystalline 3.38 2.5
La(oct-ala);sH,O glassy 4.09 2.1
La(oct-phe)s-1.5H,O crystalline 4.42 2.1
La(oct-phe);-1.5H,0 liquid crystalline 4.51 2.0

La(oct-ser);-3H,0 liquid crystalline 3.31 2.7

(oct-phe);-1.5H,O < glassy La(oct-ala);-H,O < liquid crys-
talline La(oct-ser);-3H,O (in Table 5).

The above results show that the glass state is formed in a
wide range, that the alkyl lock is arbitrarily filled, and that
the glass state of d-spacing estimated is shorter than that of
the crystalline state. The wide diffraction peak of the glass
state indicates the disorder of the molecular structure. The lig-
uid crystal glass state is mainly characterized by the fact that
the center of gravity of the molecule is frozen, with the struc-
ture of the liquid crystal in order. It is easy for the optical ani-
sotropic glass state to form the same structure as the crystal
body complex.

3.11. FT-IR profiles for the solid state

These conformational differences in the alkyl chains between
the glassy and the crystalline states were also observed in the
methylene stretching mode of the IR spectra in the range
28502960 cm ™. In the glass state La(oct-ala); complex, the
d-half value width of the peak in this range is significantly lar-
ger than those in the crystalline state recorded in Table 6. This
broadening arises from the lower ordering of the alkyl chains
due to the gauche conformation. A comparison of liquid crys-
talline La(oct-ser); complexes, crystalline La(oct-ala); and La
(oct-phe); complexes of d-half value amplitude indicates that
La(oct-ser); half value amplitude variable width, La(oct-ser)s
Complex d-half value amplitude is 119 cm~'. The FT-IR test
results can be obtained from the liquid crystal and glass
surface d-interval configuration following the order increase:
crystalline  La(oct-phe);-1.5H,O < crystalline La(oct-
ala);-H,O < liquid crystalline La(oct-phe);-1.5H,O < liquid
crystalline La(oct-ser)3;-3H,O < glassy La(oct-ala);-H,O. from
the above test results it can be seen that the liquid phase mate-
rial has a unique mesophase property. In addition, this broad-
ening rises from the lower ordering of the alkyl chains due to
the gauche conformation.

We attempted to monitor the lanthanide coordination
spheres using FT-IR in the range 400-700 cm~' (Bennett
et al., 1989; Binnemans et al., 2000; Imura and Suzuki, 1985;
Yang et al, 1996). A characteristic peak appears at
550 cm ™!, which can be assigned to the lanthanide-O stretch-
ing bond. Furthermore, symmetric stretching vibrations of
the carboxylate group, vsym, are detected at 1410 cm™! and
the asymmetric stretching vibrations, vasym at 1550 cm ™', in
the present oct-ala complexes. The oct-phe complex is pro-
duced in the aromatic C-H stretching absorption band in the
range 3100-330 cm~'. The oct-ser complex has an O-H stretch-

ing vibration absorption peak in the range of 500-850 cm ™.

Table 6 The IR line widths (cm™") for the peaks in the range
of around 2850-2860 cm ' for the lanthanides complexes in the

crystalline and glassy states. The estimation errors
are + 4 cm™ .

Metal complexes Ajem™!
La(oct-ala);-H,O crystalline 83
La(oct-ala);-H,O glassy 155
La(oct-phe)s-1.5H,O crystalline 60
La(oct-phe);-1.5H,0 liquid crystalline 97
La(oct-ser)3-3H,O liquid crystalline 119
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These La complexes are observed at 3400 cm ™! near the broad

peak of the OH™ stretching vibrational of water molecules,
suggesting that complexes are indeed present in water mole-
cules. These DTA-TG analysis results are in agreement; in
addition, 500 cm ™! in the vicinity of the vibrational peak detec-
tion of water molecules are detected, thus determining the La
complexes for water molecules to participate in coordination
(Imura and Suzuki, 1985; Yang et al., 1996).

3.12. Optical absorption properties

The optical absorption properties of the lanthanum complexes
were characterized by UV-Vis absorption spectroscopy. The
results are shown in Fig. 12. UV-Vis absorption spectrum
measurements of lanthanum complexes were carried out in
methanol solution in the range 200—-1000 nm. The absorbance
of the three lanthanum complexes is zero or less after 400 nm,
indicating that the complexes have no optical absorption prop-
erties in the visible range. For clarity, Fig. 12 displays the

34 (a)

~

2 >

= 2

=

g e | 70 T ramo VL
2 12.80mmol/L

_5 14 10.24mmol/L)
o — 8 Smmol )

T v T
200 250 300 350 400

Wavelength/nm

44 (b)
¥ 34
v
1
=
o= ]
- - .
'i — 13.22mmol/L]
= 9.91mmol'L
« 14 7.93mmol/L)
(— 6.61mmol/L]
O+
T T T
200 250 300 350 400
Wavelength/nm
4
(c)
34
v
“
=
< 0
a2 -
§ —24.13mmol'l.
24 — 1 6.09mmol/L
- 12.06mmol/L.
9.65mmol 1.
4
200 250 300 350 400

Wavelength/nm

Fig. 12 UV-Vis spectra of (a) La(oct-ala)s, (b) La(oct-phe)s, (c)
La(oct-ser); complexes in different concentration.

absorbance only in the range 200400 nm. For each lanthanum
complexes, there ultraviolet absorption peaks can be observed
in the range of 200400 nm. The optical absorption is related
to the type of chemical bond. UV-Vis spectrum of La(oct-
ala); and La(oct-ser); shows only one band at 216 nm which
attributed to n-m* transition, because they have C=O chro-
mophore. But the absorbance of La(oct-ser); is larger than
that of La(oct-ala); due to an extra hydroxyl group. The
hydroxyl group combines with atoms in the solvent to form
hydrogen bond, which can enhance the optical absorbance of
the complexes (Seiji and Hirosh, 2014; lida et al., 1997).
UV-Vis spectrum of La(oct-phe); shows two bands at
216 nm and 256 nm which are attributed to n-n* and n-r*
transitions respectively. It not only has a C—0O chromophore,
but also a benzene ring chromophore. For the same complex,
the absorbance increases with the concentration of the solu-
tion. La(oct-phe); has the best optical absorption performance
in solution, and it has a wide ultraviolet absorption range and
strong absorbance (Amax = 3.3). It can be used as a good
optical absorption material.

3.13. EXAFS profiles for the solid state and solution state of the
lanthanum complexes

To further obtain the local structure of the rare earth com-
plexes, we studied the microstructure information of the rare
earth atoms, the type of interconnecting atoms (La-O), the dis-
tance between atoms (r), the inner potential correction(D Ej),
the Debye-waller factor(s) and coordination numbers(CN)
using EXAFS. EXAFS is a powerful technique to determine
the local structure of a specific element for non-crystalline sys-
tem, that is, EXAFS has element selectivity (Yang et al., 1996;
Sato and Watanabe, 2010; Ishii, 1994). The coordination state
(Rare Earth Ion-O Bonding Coordination) of solid state and
concentrated methanol solution of rare earth complexes was
studied by EXAFS.

In order to reveal the coordination state around the lan-
thanide ions clearly, we performed EXAFS experiments for
La(oct-ala);, La(oct-phe);, and La(oct-ser); complexes in both
solid and solution states. The least square fitting of atomic
spacing, coordination number, etc. of the EXAFS results are
shown in Table 7. Table 7 shows that the CN of the oxygen
atoms around the lanthanum atom are always maintained as
7.0-7.3 in the La(oct-ala); diversification states (For crys-
talline, glassy, solution, liquid crystalline, etc.), and as 6.5—
7.0 in the La(oct-phe); diversification states, and as 7.0-7.2
in the La(oct-ser); diversification states. The EXAFS results
of the lanthanum complexes were compared with the results
of the crystalline state of La(acac);-2H,O. The coordination
number of the La-O binding of lanthanum complexes is almost
equal to 8(6 + 2) for all samples studied. In general, the coor-
dination number (CN) (La-O) of the oxygen atom near the
lanthanum atom is considered to be 6, and the coordination
number of more than 7 is the result of the coordination of
metal ions with water. The coordination number of lanthanum
complexes is almost the same in the complex solid and in the
solution of the complex.

The above test results can be seen, EXAFS test results pro-
vides a rare earth neighbor atoms structure information, And
abnormal X-ray scattering provides periodic well ordered and
disordered atomic distribution of information.
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Table 7 Structural parameters from EXAFS analysis of the lanthanum complexes.

Lanthanum Complexes Bond CN r/nm AE/eV 10°c/nm R/%
La(acac);-2H,O crystalline La-O 7.8 0.252 15.4 10.9 1.47
La(oct-ala);-H,O 1 mol kg "MeOH solution La-O 7.0 0.255 14.4 10.9 1.23
La(oct-ala);-H,O crystalline La-O 7.2 0.254 14.1 11.1 1.37
La(oct-ala);-H,O glassy state La-O 7.3 0.254 14.3 11.5 1.25
La(oct-phe)s-1.5H,0 0.5 mol kg~ MeOH solution La-O 6.3 0.249 14.0 11.0 1.03
La(oct-phe);-1.5H,O crystalline La-O 6.5 0.251 14.1 11.1 1.01
La(oct-phe);-1.5H,0 liquid crystalline La-O 7.0 0.252 14.2 11.2 0.95
La(oct-ser);-3H,0 1 mol kg~' MeOH solution La-O 7.1 0.252 14.0 11.1 1.22
La(oct-ser);-3H,O liquid crystalline La-O 7.2 0.254 14.2 11.2 1.38

The R factor is defined as [ (k) obs — k> (k)care] /[ (k)ops]> 100. The error bar of r and C.N. were estimated by varying the £ value (+ 10 ¢V) and
the values (£0.01 A), respectively. The estimated error bars in the C.N. and r values are = 10% and £ 0.03 A, respectively.

4. Conclusion

In summary, new multifunctional amino acid lanthanum surfactant
complexes, La(oct-ala);, La(ser-oct);, and La(oct-phe); were success-
fully synthesized by the solution chemical method with a product yield
of 85% and high purity through the reaction of C;;H; NOs,
C1H,NOy, C7H,NO; with LaCls, respectively. Structural charac-
teristics of the lanthanum acylaminocarboxylates related to the forma-
tion of aggregates were explored by changing the head groups of the
ligands. Results show that the effect of different polar ligands on the
properties of metal complexes is significant. The presence of amino
acids, which contains polar groups, oct-ala and oct-phe, make the sol-
ubility of the lanthanum complex higher in pure solvents, but oct-ser
complex preferred protic solvents to aprotic solvents. The smaller
the critical micelle concentration (CMC) and the lower the concentra-
tion required to form micelles by this active agent, and the lower the
concentration at which surface adsorption is saturated. When the con-
centration of the complex solution is lower than the critical micelle
concentration, the dissociation of the complex occurs in solution.
When the concentration of the complex solution is greater than the
CMC, the dissociation of the ligand ions and metal ions occur in asso-
ciation, and micelles form. When the concentration gradually increases
to a certain number, many surfactant molecules immediately combine
into large groups to form “‘micelles”, and the movement of particles in
the solution is hindered so that the diffusion coefficient of the sub-
stance is reduced. In addition, the complex aggregates gradually shrink
and different sized aggregates form with continuous evaporation of the
mixed solvent. Further heating and cooling lead to form the glass state,
liquid crystal state, and crystal state rare earth complexes.

The rare earth amino acid complexes are formed by the combina-
tion of nontoxic amino acid ligands with good solubility and rare earth
ions can effectively reduce the toxicity of rare earth ions in life body,
which can be applied in solar cell devices, polychromatic display, med-
icine and many other fields.
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