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In this work the self-organized mesophases obtained by the ionic interaction of poly(amino acids)
poly(L-aspartic acid (R-Asp) and poly(-glutamic acid) (P--Glu) with the cationic surfactants;£TAB
and GgTAB, as well as the mesoporous silicate materials obtained by addition and hydrolysis of tetraethyl
orthosilicate (TEOS) on the hybridic mesophases, are described. The mesophases isolated-a85H 6.5
were examined by X-ray diffraction (XRD) analysis for their structure, thermogravimetry for their thermal
stability, scanning electron microscopy for their structural features, and circular dichroism (CD) for the
conformation of the polypeptideC,TAB (n = 14, 16) complexes. The mesophases-®Rsp/C,TAB
isolated at pH 7.5 and 8.5 showed in XRD a single peak=at3.45 nm andd = 3.54 nm, respectively,
corresponding to typical hexagonal packing of the micellar aggregates. The mesopha&sp/€r-
TAB isolated at pH 7.5 showed an XRD peakdat= 3.90 nm, corresponding to a similar hexagonal
packing of larger micellar aggregates and also two peakis=aB8.37 nm andd = 1.69 nm indicating a
layered configuration of the micellar sheets. The layered component decreases by the increase of pH
from 7.5 to 8.5 or the addition of small amounts (0.5%) of EtOH. The ®lu/C,,TAB mesophases
isolated at pH 7.5 and 8.5 showed a single XRD peak=at3.60 nm, while the R-GIlu/C;sTAB system
showed also a single XRD peak@t= 4.10 nm. The CD spectra showed that the complexesABp/
C14TAB possess a more random configuration compared to th&RYC,,TAB, which have the tendency
to form a- and 3¢-helices. The mesoporous silicate materials obtained from the systerAsPICis-
TAB/TEOS and P--Glu/C;sTAB/TEOS showed a single XRD peak corresponding to hexagonal pore
arrangement typical in MCM-41 materials. The nitrogen adsorptesorption isotherms of the silicate
mesostructures indicate that they possess high surface areas in the rar@®®0d g* for the Pt-
Asp/C,TAB/TEOS and 10061070 nt g* for the P+-Glu/C,TAB/TEOS and ordered or semi-ordered
porosity depending on the hybridic system used for isolating the corresponding mesophases.

1. Introduction the bounded TAB species are extended outward forming
some kind of micellar aggregates. Consequently, Pantazis
et all® 12 recognized that the system PagF@B can be
employed as substrate for the development of ordered

The interaction of polyelectrolytes with surfactant mol-
ecules is known to lead to self-assembled three-dimensional

strgc;[uresf n agt:eous SOIU;['Ohf'The flrsltfrelgvanr:_lstliﬂles mesoporous materials like MCM-41 and SBA, either in pure
mainly referred to pure poly(styrene sulfondfejhile the silicate form or doped with oxidic species like CuOx, CeQy,

same sysfcem, complexated W|th_surfactants, was studu?d_ Iate[,jmd CoOz. The system PagI@B offers the following
by Antonietti et al®” for potential use as novel hybridic

. . . . advantages over previous methods for preparation of ordered
material. The same group recognized that poly(acrylic acid) g P prep

) T MCM-41314MCM-48516and SBA"®materials: (i) The
(Pac) can be complexated with cationic surfactdtsetyl- ®
N,N,N—trlmethylammc_)nlum broml_de (‘GAB) to form meso- (8) Antonietti, M.; Conrad, JAngew. Chem., Int. Ed. Engl994 33,
phases with interesting polymeric properti€dn that case, 1869.
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method of synthesis is trivial and takes place in one step by
a simple titration of an acidified solution of Pac,T&B,
and tetraethyl orthosilicate (TEOS), plus a metal salt, if
doping with metal oxidic species is wanted. (i) The same
system Pac-(TAB can be used for the development of either
MCM-41 or SBA materials by simple alternation of surfac-
tant GeTAB to Ci4TAB. (iii) The introduction of some
alkaline cations like Mg and Sr in the system Pad-@B-
TEOS results in the morphogenesis of various highly
decorated structures reminiscent of biominetaishile the
introduction of some transition metal cations like Co also
results in patterns of self-organized nanostructured morphol-
ogies!®

The most abundant natural acidic polyelectrolytes, ana-
logues to Pac, are the poly(amino acids) polgépartic acid)
(P+-Asp) and the poly(-glutamic acid) (P--Glu). The
abundance of those substances in the natural world has
very specific reason and target: they act as binders of bas
cations, mainly Ca(ll), either for stabilizing the structure of
shells in larvae and other protozoans which are made of
calcite CaCQ@crystallites?® for destabilizing the development
of ice crystallites in the cold water fishes and other
organismg} 23 or for modifying the development of hy-
droxyapatite crystallites in living organisris:2

It seems that the first systematic attempt to study the
interaction of such acidic poly(amino acids),LfAsp and
P--Glu, with cationic surfactants{TAB (n = 12—22) has
been made by Munoz-Guerra and co-workérs? These
authors have also proposed a model for the configuration of
P+-Asp-GTAB and Pt-Glu-CG,TAB complexes, where the
poly(amino acidic) backbones interact with each other and
are stabilized via the hydrophobic chains of surfactants
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Table 1. Materials Prepared from P+-Asp and C,TAB

sample XRD phase d100 (NM)

P-Asp/Ci4TAB/7.5 hexagonal 3.45
P--Asp/Ci4TAB/8.5 hexagonal 3.54
P-L-Asp/Ci4TAB/EtOH/7.5 hexagonal 3.59
P+-Asp/Ci4TAB/EtOH/8.5 hexagonal 3.62
P--Asp/Ci4TAB/TEOS/uncal hexagonal 3.84
P-L-Asp/Ci4TAB/TEOS/calcin

P-L-Asp/Ci6TAB/7.5 hexagonal 3.90 and 3.371.69

and layer
P-L-Asp/Ci6TAB/8.5 hexagonal 3.84
P-L-Asp/Ci¢TAB/EtOH/7.5 layer 3.26-1.69
P--Asp/CisTAB/EtOH/8.5 hexagonal 3.88 and 3.321.69

and layer
P-L-Asp/Ci6TAB/TEOS/uncal hexagonal 4.13
P--Asp/Ci6TAB/TEOS/calcin ~ hexagonal 3.81

species which form crystalline paraffinic phases. Obviously,
this model is similar to the one proposed for the interaction
between Pac and TAB.&° Furthermore, since the system

iéfDac-(.:.TAB provides ordered mesoporous silicate materials

with the addition of TEOS? 2t is of interest to examine

to what extent the systemsiPAsp/G,TAB/TEOS and P--
Glu/C,TAB/TEOS might result in similar materials. So, the
purpose of this work is to examine the intermediate meso-
phases and the final mesoporous solids obtained by the above
systems.

2. Experimental Section

The synthesis of the materials based on the poly(amino acids)
P-L-Asp and P:-Glu (both from Sigma-Aldrich), the surfactants
C14TAB and GTAB, and TEOS as a source of silica took place
as follows: The calculated amounts of FAsp (molecular weight
(MW) = 5000-15 000) or P=-Glu (MW = 3000-15 000) and
the surfactant were dissolved in distilled water into a 250 mL
beaker. The calculation was such that there was a 1:1 cor-
respondence between the molecules of the surfactant and the
carboxyl groups of the poly(amino acids), using their mean MW.
The obtained solution was acidified by the addition of 0.1 N HCI
to pH 1.5. Then, a slow titration of the acidified solution started
with 0.1 N NH, using an automatic Radiometer Copenhagen
system. The titration was stopped at selected pH values to isolate
samples for characterization. The samples obtained and character-
ized in this way will be designated in the following, for example,
as Pe-Asp/G,TAB/7.5 or P+-Glu/C,TAB/8.5, if no silica source
was added. The final number corresponds to the pH where the
sample was isolated. In some cases a small amount 0.5% of ethanol
was added in the hydrolysis bath and the corresponding designation
will be P4-Asp/GTAB/EtOH/7.5. When TEOS was added as a
silica source in the initial solution, the designation will be, for
example, R—-Asp/G,TAB/TEOS/6.5. The materials thus prepared,
with some of their properties, are shown in Tables 1 and 2 for
P--Asp/G,TAB and P+-Glu/C,TAB, respectively.

The samples isolated at the chosen pH values during the titration/
preparation procedure were dried at room temperature and then
characterized by X-ray diffraction (XRD) analysis for their structure,
thermogravimetry/differential thermal analysis (TG/DTA) for their
thermal stability, scanning electron microscopy (SEM) for their
structural features, and circular dichroism (CD) for the conformation
of the polypeptide-C,TAB (n = 14, 16) complexes. The XRD
experiments took place in a Bruker Advance P8 system using Cu
Ka radiation { = 1.5418) with a step size of 0.0271. The non-
silicate samples were put in the instrument’s holder in their dried
gel form, while the silicates in their powder form after calcination
at 600°C and the removal of organics (see below) were analyzed.
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Table 2. Materials Prepared from P+-Glu and C,TAB In strongly acidic conditions the equilibrium shifts to the
sample XRD phases  digo(nm) left, and an unappreciable amount of the polsnino acid)/

PL-GIU/CLTABI7.5 hexagonal 3.60 Ci6TAB complex is formed. As the pH increases by the
P-L-Glu/C14TAB/8.5 hexagonal 3.60 addition of NH, the equilibrium moves to the right, and
Etg:ﬂ;ggﬁggg:gg E:igggzg: g'gg gradually a larger amount of organic complex potgmino
P.-Glu/CLTAB/TEOS/uncal hexagonal 4.13 acid)/GeTAB separates from the solution. An insight into
P--Glu/C14TAB/TEOS/calcin hexagonal 3.90 the evolution of the obtained organic complex is provided
Et:g:ﬂ;gﬂﬁgg:g Egigggzg: TS by the conductivity curves in the right-hand side of Figure
P-L-GIU/CyTAB/EtOH/7.5 hexagonal 4.10 1, namely, R--Asp alone, R-Asp/CsTAB, and Pt-Asp/
P-L-Glu/C;TAB/EtOH/8.5 hexagonal 4.10 C16TAB/TEQOS. These curves have similar shapes and bear
P+-Glu/Ci6TAB/TEOS/uncal hexagonal 4.31

the blueprint of the titration curve of the polyamino acid)
alone, which exhibits two points of zero gradient, one at pH
The thermogravimetric tests took place in a STA 449 C Jupiter 4, corresponding to the neutralization of the added HCI acid,

system by Netzsch, using air as a flowing gas (20 mLiand and a second at pH 8 related to the equilibrium of the
a-alumina as a balance. The SEM took place in a Jeol JSM 5600 reaction:

system operating at 20 kV. The samples before each experiment

were exposed to Au vapors for about 60 s, to avoid charge effects WoH o W W o

by creating a conductive metal film on them. Finally, the CD spectra %N—C—Cﬁ‘ + NH,"OH" == +N—C—C$ +HO (g
were recorded at room temperature in a Jasco J-710 spectropho- m m

tometer using 0.1 cm path length quartz cell. The spectra were

obtained from samples isolated at pH 7.5 and 8.5 which were . Lo .
dissolved in a solution of 100 mL 40 + 600 mL TFE (trifluo- The other two conductivity curves show similar trends with

roethanol)+ 600 mL CHCN. some important differentiations. The curve of Asp/Cis-
When TEOS was added into the hydrolysis bath, the dried silicate TAB shows a point of zero gradient at pH 4 where the
products obtained were consequently calcined at ®D0Those complexation according to reaction 1 should start. There is
calcined silicate porous solids will be designated in the following no second point of zero gradient at higher pH, because the
as Pe-Asp/G TAB/TEOS/6.5/calcin and they are included in Tables poly(amino acid) has, by now, been complexated according
1 and 2 with some of their properties. The porosity of those tg reaction 1, and therefore reaction 2 is not attainable.
materials was examined by,lddsorptior-desorption porosimetry Nevertheless, it is clear from the curves pHf(mL of 0.1
at 77 K in a Sorptomatic 1990 Fisons porosimeter using the BET N NH) that a larger amount of NHs now needed to reach
(Braunauet-Emmett-Teller) methodology. Before each measure- the same value of bH. because some of it has been spent to
ment the sample~100 mg) was degassed at 18D andP = 103 . PH, . P
Torr for 6 h. The results are in Table 3. neutralize the _produced HBr from reac_tlt_)n 1. '_I'he_prqduced
NH4"Br~ contribute now to the conductivity which is higher
3. Results by 0.2 _(mS cm?). The a_dgition c_)f TEOS does not affect
_ _ appreciably the conductivity, which means that the hydro-
The method of preparation is based on the gradual |yzed silicate products (dimers, trimers, tetramers, and cyclic
neutralization of a Strongly acidic solution (pH 15), contain- Compounds) do not remain free but bound to the hybr|d|c
ing the poly(amino acid), the surfactant, and the source of strycture.
silica, by ammonia solution. Three such typical titration | Figure 2, the CD spectra of the complexes-Rsp/
curves in the form pH= f(mL of 0.1 N NHs) and the ¢, TAB and P+-Glu/C,sTAB isolated at pH 7.5 and 8.5 are
corresponding typical conductivity curves in the form shown. The solvent was a mixture of 100 mk@i+ 600
conductivity= f(pH) (i) in the Pt-Asp alone, (i) after the  m| TFE + 600 mL CHCN.
addition of G¢TAB, and finally (iii) for the system R-Asp/ The XRD patterns of the uncalcined materials-Rsp/

Ci6TAB/TEOS are shown in the left-hand side of Figure 1. ¢ ,TAB and P+-Asp/CisTAB isolated at pH values 7.5 and
Similar kinds of titration curves were obtained with the use g 5 are shown in Figure 3 on the left-hand side. In the right-

P+-Glu/Ci6TAB/TEOS/calcin hexagonal 4.13

COOH* COONH4*

of the P+-Glu (not shown here). . _ hand side of Figure 3, the XRD patterns of the same samples
The formation of hybridic mesophases is envisaged pyqrolyzed/prepared in a bath containing 0.5% EtOH are also
according to the following reaction: shown.

WoH o Won o In Figure 4 on the left-hand side the XRD patterns of the
+N—C—C+ + CTA'Br = +N_C_Cﬁ + H'Br W uncalcined samples RGIu/Ci4,TAB and P+-Glu/CisTAB
" isolated at pH values 7.5 and 8.5 are shown, while at the

right-hand side are similar data after the addition of 0.5%
wheremis the degree of polymerization of the amino acid. EtOH.

COOH* COOC,TA*

Table 3. Specific Surface AreasS, (m? g=2), Pore VolumesV, (cm® g~2), and the Maxima of the psdDmax (nm) Estimated According to the
Method of Horvath —Kawazoe for the Calcined Silicate Materials

S (BET) Vo Dmax observations from the N
sample (m2g1) (cmg~1) (nm) adsorption-desorption isotherms
P-L-Asp/Ci4TAB/TEOS/6.5/calcin 511 0.30 mainly random porosity with extended microporosity
P-L-Asp/Ci6TAB/TEOS/6.5/calcin 816 0.82 2.63 mainly ordered mesoporosity
P-L-Glu/C14TAB/TEOS/6.5/calcin 1076 0.89 2.46 ordered and random mesoporosity

P-L-Glu/C6TAB/TEOS/6.5/calcin 1001 1.12 2.60 ordered and random mesoporosity
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Figure 1. Typical titration curves in the form pk:= f(mL NHs) (left) and typical conductivity curves in the form conductivity f(pH) (right) for the
P-L-Asp alone, after the addition of1gTAB, and for the system P-Asp/CisTAB/TEOS.
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Figure 2. CD spectra of the complexesiPAsp/Ci4TAB (left); P-L-Glu/C14TAB (right) isolated at pH 7.5 (upper part) and 8.5 (lower part) and dissolved
in solutions of 100 mL of KHO/600 mL of TFE/600 mL of CRCN.

In Figure 5, the XRD patterns of the silicat@calcined Finally, in Figure 9 typical N adsorptior-desorption
materials, as well as those for thelcinedsamples of R- isotherms for the silicate porous materials obtained after
Asp/CeTAB/TEOS and P--Glu/C,cTAB/TEOS isolated at  calcination of the samples RAsp/G,TAB/TEOS ( = 14,
pH 6.5, are shown 16) and P:=-GIu/G,TAB/TEOS ( = 14, 16) are shown

together with the pore size distribution (psd) estimated

In Figure 6 the TG/DTA signals are shown for the samples
g g P according to the HorvathKawazoe (HK) method.

P-L-Asp/CisTAB/TEOS and P--Glu/C;sTAB/TEOS.
In Figures 7 and 8 typical SEM micrographs are shown 4. Discussion

for all the samples in the form of triplets as follows: The The complexes which are formed by the interaction of
upper micrographs correspond to the dried hybridic phasespoly(amino acids) and the surfactantsT@B are expected

of poly(amino acid)/GTAB; the middle micrographs cor-  to be typical comb-like structures like those proposed by
respond to thencalcined samplgsoly(amino acid)/GTAB/ Munoz-Guerra and co-worket$:2° The backbones of the
TEOS; and the lower micrographs correspond to the SEM structures are the poly(amino acids). CD spectra of the
for the calcined samplepoly(amino acid)/GTAB/TEOS. complexes R-Asp/C4TAB (left) and P+-Glu/Ci4,TAB
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Figure 3. Left part: XRD patterns of the samplesPAsp/Ci4TAB (upper part) and R-Asp/CisTAB (lower part) isolated at pH values 7.5 and 8.5. Right
part: Similar to those in the left part but with the addition of 0.5% EtOH. The peaks indicated by stars correspegitA®. C

3 6nm P-L-Glu/C ,TAB/7.5 3.6nm P-L-Glu/C TAB/EtOH/7.5
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Figure 4. Left part: XRD patterns of the samplesLPRGIu/Ci4TAB (upper part) and R-Glu/Ci6TAB (lower part) isolated at pH values 7.5 and 8.5. Right
part: Similar to those in the left part but with the addition of 0.5% EtOH. The peaks indicated by stars correspesitA®. C

(right) are shown in Figure 2. The samples of the latter show the turns form 13-member rings bridged by internal hydrogen
distinct features of helicity, that is, a positive band at 192 bonds. The @-helix contains a sequence of three amino acids
nm and two negative bands at 26809 nm and 222225 per turn, and the turns form 10-member rings bridged by
nm. The percentage of the secondary structures in both casemternal hydrogen bond@:33 The percentage of the@and
was estimated using the CD deconvolution (CDNN program) 4,3-helices can be estimated using the following semi-
described by Bohm et &t.In the case of R-Glu/C,TAB empirical relationshipg?

the mesophase was constituted of almost 100% helical )

structures. It is well-known that the presence of TFE, in such % 3,-helix = 100[0,0¢21 500]
cases, induces the development of helicity because it
decreases the interaction of helices with external hydrogen
bonds. These helical structures caroieelix, otherwise 4- % a-helix = 100[(6,,, + 3000)/33 000]

helix, and/or the so-called;@helix.3? The a-helix (or 4z

helix) contains a sequence of four amino acids per turn, andwhere 0,3 and 6, correspond to the maxima of the
adsorption bands at 208 and 222 nm. Using these semi-
(31) Bohm, G.; Muhr, R.; Jaenicke, Rrotein Eng.1992 5, 191. empirical fitting relationships, the ratio [% ;ghelix]/

and
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Figure 5. XRD patterns of the silicate materialsLPAsp/CisTAB/TEOS as well as R-Glu/Ci;sTAB/TEOS isolated at pH values 6.5: left, uncalcined

samples; right, calcined samples.
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Figure 6. TG and DTA of the samples RAsp/C;sTAB/TEQOS, as well
as of Pt-Glu/Ci6TAB/TEOS isolated at pH values 6.5.

[% o-helix] was found to be around 70:30 in the case of
samples R-GIlu/C4TAB isolated at both pH 7.5 and 8.5.
Nevertheless, in the case of lPAsp/Ci4TAB the whole

structure, always according to the analysis CDNN program,

is made up of around 1/3 antiparall@isheet, 1/33-turn,

and 1/3 random coil configurations. In that case, it is not

possible to estimate the percentage of particular helices.

So, the presence of Glutamic acid results in mesophases
with more ordered characteristics. This is also apparent in
the XRD data (Figure 4). On the contrary, the presence of
aspartic acid results in a mixture of conformations, that is,

1/3 antiparallej3-sheet, 1/3-turn, and 1/3 random cail. In

(32) Haynes, S. R.; Hagius, S. D.; Juban, M. M.; Elzer, P. H.; Hammer,
R. P.Peptide Res2005 66, 333.

(33) Krikorian, D.; Panou-Pomonis, E.; Voitharou, C.; Sakarellos, C.;
Sakarellou-Daitsiotou, MBioconjugate Chenm2005 16, 812.

P-L-Asp/CyTAB, pH=7.5
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: T RS

P-L-Asp/Cy TAB/TEOS, pH=6.5

Calcined

P-L-Asp/CTAB/TEOS, pH=6.5 P-L-Asp/Cs TAB/TEOS, pH=6.5

Figure 7. Left part: Typical SEM micrographs for the samples-Rsp/
C14TAB (top); P+-Asp/Ci4TAB/TEOS/uncalcined (middle), and IRAsp/
C14TAB/TEOS/calcined (bottom). Right part: As in the left part but for
C16TAB instead of G4TAB.

other words, the mesophases contain heterogeneous and
disordered components. This situation is also reflected in the
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P-L-Glu/C,,TAB, pH=T.5 P-L-Glu/C s TAB, pH=7.5 in Table 1. Namely, the P-Asp/CsTAB/7.5 sample pos-

' sesses a hexagonal structure with inter-micellar distance at
3.90 nm plus a layer structure with interlamellar distance at
3.37 nm. When the pH increases to 8.5 the whole structure
is switched to hexagonal. The addition of 0.5% of EtOH
results in the transformation of the LPAsp/CsTAB/7.5
sample to a totally layered structure and af-Rsp/CisTAB/
EtOH/8.5 partly to a hexagonal and to a layered one. The
interlamellar structures are well-organized as seen by the
double reflections, the main around 3.23 nm and the
second-order reflections at 1.69 nm. It is suggested that the
two structures are transformed to each other by folding of
the layered micellar aggregates to cylindrical ones and vice
versa.

The inorganic silicate materials obtained after the calcina-
tion of the hybridic samples P-Asp/CsTAB/TEOS/6.5 and
P+-Glu/C;sTAB/TEOS/6.5 show clearly in XRD ordered
porosity similar to that observed in the well-known MCM-

Calcined 41 material$? as seen in the XRD spectra in Figure 5. The
P-L-Glu/C\sTAB/TEOS, pH=6.5 P-L-Glw/CisTAB/TEOS, pH=6.5 distance between the centers of the pores is around 4.0 nm,
which is practically similar to the analogous structures
obtained by the system PagiTAB'% 12 instead of poly-
(amino acids)/@TAB. This leads to the conclusion that the
mechanism of development of micelles is similar in both
cases.

The distance 4.13 nm observed between the mesopores
of silicate material, obtained after calcination at 6@ of
the sample R-GIu/C,sTAB/TEOS/6.5 (Figure 5), is less than

Uncaleined
P-L-Glw/Cy TAB/TEOS, pH=6.5 P-L-GIw/C; TAB/TEOS, pH=6.5

Figure 8. Left part: Typical SEM micrographs for the samples-&lu/

C1LiTAB (top); P+-GIu/C.TAB/TEOS/uncalcined (middle), and RGIu/ the distance of 4.31 nm for the uncalcined sample. The
C1TAB/TEOS/calcined (bottom). Right part: As in the left part but for ~ shrinking should be due to the removal of organics. As it
Ci6TAB instead of G4TAB. can be seen in Figure 6, at this temperature the organic part

. _ has practically been removed from the hybridic sample and
XRD spectra (Figure 3). The ellipticity of the samples only the inorganic phase remains which accounts for the 35

containing glutamic acid is higher because this amino acid 37% of the original mass. Assuming in a schematic way that

is an inherent strong inducer of helices, as shown by Chouy, hybridic material is built up of units of the forX[Si—

and Fasman some time agfo. , 0]~ Y[~CO—~NH—CH—CH,—CH,~OCO-ATC,d, it can
The formed micellar aggregates are organized spontaneg gasily verified thax:Y should obtain values around 4:0

ously in a closed packed hexagonal structure in the case 0f4_5, in other words about four to five layers of {SD] units

P+-Glu, independently of the surfactant employeg,TaB cover each micelle. The formation of such micellar ag-

or C;6TAB, the pH of isolation of the sample, 7.5 and 8.5, gregates could be imagined along the following reaction path.
or the presence of small amounts of ethanol, as it can be

easily verified by the XRD results in Figure 4, which are 4(Si-[OEt])) + 16H,0 +

also summarlzed in Table 2. The inter-backbone distance is [—CO—NH—CH—CH,—CH,~OCO-ATC,J —
3.60 nm in the case of the system.®&Iu/C,TAB and 4SI(OH) —[—CO—NH—CH—CH.—CH.—OCO—
increases by 0.5 to 4.1 nm in the system-B{u/C,;sTAB i(OH),~ 2 2

for obvious reasons. ATC,g + 16EtOH (3)

For the samples based on.FAsp, the complexation with . ] ) )
C1TAB leads to mesophases similar to those described abovet Should be kept in mind that the above reaction 3 is
for the P+-Glu with the difference that the distance between Schematic and does not include the condensation of the hydro
the micellar aggregates tends to be somehow lower by almostSilicate species or the sites on which they are attached on
0.1-0.2 nm, as a result of the shorter side chain of aspartic the soft organic backbone, a problem unsolved for the
acid compared to that of glutamic acid. A distinct difference moment. Nevertheless, if two hybridic micellar aggregates
with the above cases appears in the samplesABp/Cie- are in contact to each other, the combined silicate wall/shell
TAB. In this case the micellar aggregates tend to self- Should be about-810 [Si—O] units thick, corresponding to
organize in two phases, one the usual hexagonal closedl0—12 ”ﬂ”;lgs observed experimentally in usual MCM
packing MCM-41 type structure, plus a layer structure as materials. . o
seen in the XRD results in Figure 3, which are summarized _ T1he SEM micrographs of the hybridic samples-Asp/

C14TAB/7.5 and Pe-Asp/CisTAB/7.5 are in the upper part
(34) (a) Chou, P. Y.; Fasman, G. Biochemistry1974 13, 211; (b)1974 of Figure 7, while of the hybrldlg samplesUDGIu/OMTA_B/
13, 222. 7.5 and P:--Glu/CisTAB/7.5 are in the upper part of Figure
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Figure 9. Left Part: N, adsorption-desorption isotherms for the calcined samplaes&sp/C4,TAB/TEOS/6.5 (upper part) and RAsp/CsTAB/TEOS/6.5

(lower part) and the corresponding psd estimated according to the Heikattazoe method. Right part: As in the left part but for#&lu instead of
P--Asp.

8. In all cases, the whole optical field appears as a corrugated Eventually, the final silicate products obtained after the
sheet, but the wrinkles apparent on the surface have morecalcination of the above mesophases are in the lower parts
or less parallel directions. This anisotropic development of of Figures 7 and 8. Those silicate materials are practically
wrinkles in the corrugated hybridic sheet should be directed amorphous.

by the backbone of the structure which is the polg(nino From the N adsorption-desorption isotherms of the
acids) bridged with the (TAB surfactants groups. There aré  |qjnaq samples RB-Asp/G..TAB/TEOS/6.5/calcin and P-
various knots, shallow cavities, and heterogeneities on th'SAsp/CleTAB/TEOS/&5/ca|cin (upper and lower parts of the

anisotropically wrinkled/corrugated hybridic sheet, which left-hand part of Figure 9, respectively), as well as of the

reflect the imperfections of the structure due to Various . oles R-GIu/CiTAB/TEOS/6.5/calcin and R-Glu/Cie-

reasons, for example, loops of the backbones and gaps i . . ) )
the matching between the surfactants groups. Those heter(?-T AB/TEOS/6.5/calcin (as previously butin the right part of

i ifi 2 N1
geneities are less profound in the case of hybridic samplesF'%.uretgé’ the ZpeCTC tﬁurfgg_ar areig (Elml 9 )_I_%/vere i
containing glutamic acid, compared to the ones with aspartic estimated according to the methodology. he corre
acid. This is in line with the fact that the last provides less sponding values _e;re in Table 3. together with the pore
ordered structures in the XRD results (compare Figure 3 volumesV, (e ) and the maximum of the ps®fax

containing aspartic acid to Figure 4 containing glutamic acid). pore diameter) estimated according to th? method of Hor-
It is also worthwhile to mention that for the sample.P- vath—Kawazoe. The development of the silicate mesoporous

Asp/GieTAB/7.5, the image normal to the sheet reveals a materials from the gorresponding me;ophases is e-nvis.aged
layered structure (see upper left image in Figure 7). The to take place according to the schematic path shown in Figure

layers in this figure have thickness between 30 and 300 nm.10.

This is in line with the XRD results in Figure 3 thatreferto ~ The shape of the isotherm for IPASp/CsTAB/TEOS/

the same sample, which indicates clearly a layered config- 6.5/calcin indicates that this sample possesses mainly random
uration, as discussed above. porosity (upper-left-hand part of Figure 9) in the micropore

The SEM micrographs of the uncalcined samplesA&sp/ range, as presumed from the psd. This is in line with the
C1TAB/TEOS/6.5 and R-Asp/CicTAB/TEOS/6.5 are inthe ~ XRD data (see Table 1 and Figure 5) which do not show
middle part of Figure 7 and of the uncalcined samplas P- any ordered Bragg reflections. The surface area is around
GIu/C1 TAB/TEOS/6.5 and R-GIu/C,¢TAB/TEOS/6.5 in 511 n¥ g™*. On the contrary, the sampletPAsp/CsTAB/
the middle part of Figure 8. Careful observation reveals that TEOS/6.5/calcin (lower left part of Figure 9) shows much
the samples based om4TAB tend to be more irregular,  higher surface area around 816 g1* and ordered porosity
while the ones based ondTAB tend to form some kind of in line with the XRD data in Figure 5. The psd shows a
tiny slabs sometimes developed to scaly structurasARBp/ narrow maximum of pore diameters at 2.63 nm which should
C1sTAB/TEOS/6.5) or to peculiar wrinkles, not parallel any be compared with the value of 3.81 nm found by XRD: The
more, but crossing each other or starting from a common difference 1.18 nm corresponds to the thickness of the silicate
point (P+-Glu/Ci;sTAB/TEOS/6.5). walls.
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$$ss¢s¢ 5. Conclusions
Sratadnas e In this work it has been shown that it is possible to develop
structurally hierarchical micellar aggregates using as a
%%gg%%% backbone poly(amino acids), like IPAsp and P:-Glu. On
%3.55552 the acidic side chains of those polyelectrolytes, cationic
£7575787%7% surfactants such as,CAB (n = 14, 16) can be bound.
Finally on the external surface of such organic hybridic
entities a thin silicate shell can be formed via hydrolysis of
a proper source of silica, like TEOS. These mesophases may
yield after calcination mesoporous silicate materials with

O= ordered porosity. To the best of our knowledge this is the
Hexagonal structures first time such hybridic phases have been used for the

Poly-amino acids

Layer structures

Surfactants

Figure 10. Comb-like ionic complexes of P-Asp and Pe-Glu with the development of mesoporous silicate materials.
surfactants €TAB (left), which led either to layer structures or to cylindrical The precursor mesophases are complex and can be

micelles with hexagonal symmetry and eventually to MCM-41 type silicate

materials (right). manipulated by the kind of self-organized species participat-

ing in their development, especially the kind of poly(amino
acid) and the kind of surfactant. Samples based erG
The isotherms for the samplesLRGIU/C1,TAB/TEOS/ and G4TAB tend to provide more ordered and less complex
6.5/calcin and R-GIlu/C;sTAB/TEOS/6.5/calcin (right part systems.
of Figure 9) show mixed ordered and random mesoporosity. Acknowledgment. We acknowledge financial support to
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