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We report the synthesis of alkaline earth induced/containing complex constructions of mesoscale
mesoporous silica particles with novel patterned surfaces and controllable porosity and morphology by
employing a poly(acrylic acid)cetyltrimethylammonium bromide complex template. The addition of
the alkaline earth metals Mg or Sr induced the morphosynthesis of some fascinating curved particles
exhibiting complex discoid and gyroid morphologies with novel patterned surfaces of increased complexity
consisting of platelike fins or regular creased coronas. The use of Ca results in ordinary particles without
long-range morphology. The uncalcined materials possess long-range hexagonal ordering, while upon
calcination the respective loss of order does not affect the particular morphology. The materials are
synthesized and preserve their intrinsic characteristics in a wide range of pH values extending from 5.5
to 9.0. The morphology, the porosity, and the metal concentration of the particles are affected and can
be controlled by the pH. Increase of the latter favors the transformation from discoid with peripheral
platelike fins to gyroid particles with creased, thick coronas in the case of Sr, while for the case of Mg
at pH 9.0 the gyroids embody either discoids with peripheral platelike fins or patterned coronas. At the
lower pH the materials are microporous. When the pH is increased, mesoporous materials are obtained.
In this way porosity is controlled by a simple variation of pH, without the use of surfactants with longer
chains. The amount of metal on the mesostructure is also increased with the pH.

Introduction highly acidic conditions, which do not favor incorporation

Mesoscale chemistry embodying the concepts of morpho- of a high amount of metals_ln the meso_structure. i
synthesis, defect design, and biomimétiésmerges as a The obtained morpholpgles |_nclude fibers, tormd;, ant_j
powerful tool for the rational design of new hierarchical, SPheres as well as discoids, spiral shapes, and gyroids with
functional materials. The ability to sculpture particular SMooth or radially patierned surfaces. Such radial patterns
morphological characteristics on the mesoscale particles, &°" discoid or gyroid particle surfaces are the only ones
process nature handles with great efficiency, is sought by OPServed so far.
the material scientists as it opens new ways for separation, In this work we exploit ionic self-assembly and, specifi-
catalysis, nanoelectronics, and energy technologies. cally, poly(acrylic acid) (molecular weight, MW, 2000 g

At the same time, being able to induce new physical or Mol™%; Pac2)-cetyltrimethylammonium bromide (CTAB)
chemical properties, by incorporation of metals (basicity/ complexes as the template. Polyelectrotyserfactant com-
acidity) or efficient control of porosity of the mesoscale Plexes have been known for quite some time as a new type
particles (micro-/mesoporosity) targeting a specific applica- of highly ordered mesomorphowsganic solids;>"*" and
tion, would be desirable. However, biomimetic morphosyn- their potential, as building blocks, in the synthesis of
thesis has so far been focused main|y on pure silica. A wide functional nanostructured materials has early been identi-
variety of patterns and forms of mesoscale particles have fied!®**Their formation follows a highly cooperative zipper
been developed by making use of either biomimetic silici- mechanism under a stoichiometry of 1:1, driven by Cou-
fication employing various biomolecules or polyelectrolyte
system&?® or by common template systems employing
surfactants of the alkyl-trimethylammonium typ& in
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Table 1. Structural Characteristics and Composition of the Corresponding Samples

% atomi®
HK¢ diameter BET surface area (with respect to Si atoms)
sample code phase (XRD) 108 (R) diod (A) A (m2g™h) Sr or Mg (EDS)

Pac2GgMg 5.5 hexagonal 41.7 31.1 20 1131 1.2
Pac2GeMg 7.5 hexagonal 42.1 36.5 31 1103 3.1
Pac2GeMg 9.0 hexagonal 42.3 36.7 29 915 3.4
Pac2GeSr 5.5 hexagonal 40.2 36.8 20 945 2.3
Pac2GeSr 7.5 hexagonal 41.5 40.3 27 990 4.4
Pac2GsSr 9.0 hexagonal 41.8 41.2 25 992 2.5

aRefers to the uncalcined sampléRefers to the calcined at 60C samples® The psd was calculated according to the Horvdfawazoe (HK) method.

lombic interactions between the functional groups of the  Then a slow dropwise addition of 0.1 M NaOH with a constant
anionic polyelectrolyte backbone and the cationic surfactant rate of 0.5 mL min’ started taking place under constant vigorous

as We” as hydrophob|c |nteract|ons among the Surfactantstlrrlng for about 4 h. Intermediate Samples were isolated at any
chains. desired pH, which was followed and recorded via a pHmeter during

We first used these complexes as template systems in thethe process. The process of increase of pH leads eventually to

. . precipitation of a white solid, visible at pH 3:3.5. Precipitates
presence of a S_"Ilca source (tetraethyl orthO_S|_I|cate, TEOS) at the final pH 5.5, 7.5, or 9.0 were left for 24 h in the mixture.
for the preparation of pure and copper containing hexagonalypq samples are then subject to filtration, drying at*@0[T, =
as well as pure cubiemBn mesoporous silic# 2 However, 106 °C for poly(acrylic acid)], and calcination at 60C for 2 h
the materials did not bare any particular morphology other with a heating rate 3C min~* under atmospheric conditions.
than hexagonal-like or spherical particles, common in the |nstrumentation and Characterization. Nitrogen adsorption
synthesis of template assisted hexagonal or cubic mesoporouseasurements were performed at 77 K on a Sorptomatic 1990
silica. In an attempt to affect the development of the template Fisons Instrument after outgassing for 12 h at 473 K. X-ray
we proceeded in a first approach to the addition of alkaline diffraction measurements were acquired on a Bruker Advance D8
earths such as Mg, Ca, and Sr, which are the most frequentlysystem using Cu K radiation ¢ = 1.5418 A) with a resolution of
met in natural hierarchical morphogenetic systéns. 0.02°. Scanning electron microscopy (SEM) was performed on a

In the subject system, Pac can act as a carrier of the meta[c]jl.EOL JSM 5600 at 20 kV_equipped ‘.N'th an Qxford energy-
. . . . o . ispersive spectroscopy (EDS) X-ray microanalysis apparatus.
cations, via complexation onto its chain, into the developing
hybrid mesophase. This interference of the cations in the
complexation process of Pac with CTAB, which is respon- Results and Discussion
sible for the complex template formatiéh,?? is likely to ) N
cause topological defects in the evolving mesophase that 12able 1 includes the structural and compositional char-
could orchestrate a morphological shaping at the mesoscale@cteristics of both the Pac24Vig and the Pac2{Sr samples.
However, that effect should be influenced by the particular The X-ray diffractograms of the corresponding samples are
metal cation as the complexation properties are differentiatedShown in Figure 1. All the obtained uncalcined samples
for each metal. Additionally, the complexation process leads PoSS€ss hexagonal ordering, while calcination at 600

to high dispersion of the metals on the mesostrucire. results in loss of order as indicated by the disappearance of
the higher order Bragg peaks (110, 200, and 210).
Experimental Section The adsorptiorrdesorption isotherms are shown in Figure

2. All samples possess high specific surface area ranging
Synthesis Protocol. At ambient temperature 0.70 g of poly-  from 900 to 1100 rhg ™! and a pore size from 2 to 3 nm.
(acrylic acid) (Aldrich) of MW 2000 g mot* was dissolved in 100 For the two series of materials we observe significant
g of water under stirring. The pH of the solution, measured online, iterences in the shape of the isotherms as the pH increases.
was typically pH~ 3'2'.HCI acid is then L.jse.d to set the pH at LS. At pH 5.5 both materials exhibit a type-I adsorption isotherm
Then GgTAB (Merck) is added at a stoichiometric amount with ) . . .
typical of microporous systems with a pore diameter of 2

respect to polyelectrolyte functional groups (3.58 g). After this Al
addition a clear solution was obtained. Finally, 6 mL of TEOS NM.- AS the pH is increased at 7.5 and 9.0, the development

(Merck) and 0.62 g of SIN 0.43 g of CaGl2H,0, or 0.75 g of of mesoporosity is evident from the quite broad condensation
MgNO;-6H,0 were introduced into the mixture so Sié"9, where step atP/Po, = 0.3—0.4 of the adsorption isotherms, with a

M = Sr, Ca, or Mg. The molar composition of the mixture was Simultaneous appearance of a hysteresis loop of the desorp-
TEOS/Pac2/GTAB/M/H ,0 = 1:0.013:0.37:0.11:209 (where ¥ tion isotherm, which is more intensively observed in the case
SING,, CaClb-2H;0, or MgNQ;-6H,0). of Mg containing samples. This fact indicates the existence
of a mesoporous network of a relevantly broad psd, as

(20) Pantazis, C. C.; Trikalitis, P. N.; Pomonis, P. J.; Hudson, M. J. observed in the corresponding pore size distribution (psd)
Microporous Mesoporous MateR003 66, 37.

(21) Pantazis, C. C.; Pomonis, P.Chem. Mater2003 15, 2299. d|agra_mS In Flgu,re 2, as well as hlgher connectmty,
(22) Pantazis, C. C.; Trikalitis, P. N.; Pomonis, PJJPhys. Chem. B reflecting the relatively low degree of order of the materials
2005 109, 12574. Iso indi he X-r iagrams of th Icin
(23) ller, R. K.The Chemistry of Silica: Solubility, polymerization, colloid as also ind C"?‘ted by the ay diagrams of the Cf"‘c ed
and surface properties and biochemistiffiley: New York, 1979. samples mentioned above. We should note that the difference
(24) Baes, C. F.; Mesmer, R. Hhe Hydrolysis of CationsKrieger: of the doo spacings between the uncalcined and calcined

Malabar, FL, 1986. .
(25) Mann, S.Biominealization Principles and Concepts in Bioinorganic samples decreases as the pH increases from 5.5 to 7.5 and

Materials ChemistryOxford University Press: New York, 2001. 9.0. This fact indicates lower contraction of the mesostructure
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Figure 1. X-ray diffractograms of the uncalcined and calcined PagiIg (a) and Pac2GSr (b) samples at the pH values 5.5, 7.5, and 9.0 as indicated.
The diagrams of the sample Pagd@g are accompanied with an image of a propellerlike gyroid particle synthesized &t %8 and the diagrams of the
sample Pac2(Sr with a similar particle synthesized at pH5.5. Scale bar at &Am.
or higher thermal stability at increased pH that is probably occupation of the majority of the complexation sites of the
a result of the higher condensation degree of silicon afdms. polyelectrolyte with the cationic surfactant molecules that

The amount of the corresponding metal is also increasedmay also have a higher complex formation constant than the
with the pH. Considering that within the working pH range corresponding one of the metals.
5.5-9.0 the metal compounds of the Mg(ll) and Sr(ll) The shapes of the particles of the sample containing Mg
cations are soluble and do not precipitatine increase of  (Pac2GsMg) synthesized at the pH value 5.5 are depicted
their concentration in the mesostructure with the pH should on Figure 3 (images a and b). They are all well -organized
be due to complexation with the carboxylic groups of the systems in the mesoscale regime. In the first image, image
poly(acrylic acid). However, pH values higher than 7.5, a, we observe a discoid particle which has developed an
where all the carboxylic groups are ionized, should not lead unusual, patterned surface consisting of remarkably regular
to further increase of metals on the mesostructure if they creases in about five ellipsoidal crowns grown in a concentric
were only carried through complexation with Pac. This is way. Moreover, the thickness and size of the creases differ
suggested by the corresponding values in Table 1, whereas we move to the center. The central oval consists of creases
for the case of Sr we observe a decrease of the metal amounthat are thicker, more attached to each other, and compressed
at pH 9.0 compared with the highest value at pH 7.5. Finally, at the edges, the regions of higher curvature. This pattern
we should note that the total amount of metal on the implies that the discoid has been developed byt+2r
mesostructure (24 mol %) is lower than that initially  disclination defect. The formation of the creased surface,
intended (10 mol %). This is presumably due to the whose development was probably synchronized with that of
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d(A%) we additionally observe that the creases may also surround
:‘0 1_?0 120010300 1JO 130 130010200 peripherally the discoid, which is transformed into a pro-
PacZC M T e st Loos pellerlike particle (upper inset image in part b). A magnifica-
600 - w9 * L tion of a similar particle, which interestingly seems to be a
]l . . 10,06 complex construction of a gyroid that has developed a discoid
400 4 f o ‘% I propellerlike corona, may be better appreciated in Figure 1a.
0QQ-0aOAAC 0,04 . .
1 ‘%&@ ! 000000000 | There, the 2¢m long fins have been regularly developed in
200 1, pH=55 fﬁgm pH=55 0,02 even distances among each other and vertically to the surface
{3 % - of the body of the particle.
0 % S 0,00 . . . .
] L oos — At this point we should emphasize that the materials
o 6004 Qg‘?- L e developed in the presence of Ca did not exhibit perfected
"g e F0.06 "o particle shapes as above but provided ordinary, undecorated
Ty 400 £ "I capaod [ £ particles of the same size, lacking any interesting morpho-
Z { = /M L 0.04 %’ logical characteristics. A reason for this will be given in the
>* 2009 1 PH=T75 |4 PH=TS Loz = following section of the mechanistic aspects regarding the
1 . - 4 e N development of the morphosynthetic particles.
800 | _8”83 On the contrary, the use of Sr results mostly in discoid
600 . particles decorated with peripheral fins or coronas as
| . 0,06 observed for the calcined sample Pag&E, synthesized at
0 QOO0 4 L . . . L
400 5 ‘i Goe0000000 [ 1 0 the pH value 5.5. An image (image a) of this sample is shown
1 . in the lower part of Figure 3 as well as in Figure 1b, where
200 £ pH = 9.0 % PH=9.0 | 502 a magnified similar particle with radially developed fins is
1 . \~, '_0 00 seen. Very interestingly in image b of Figure 3, we recognize

two similar constructions that do not seem to have developed
via a+u screw dislocation, but they rather consist of discoids
with increasing diameters that are placed upon each other.

Figure 2. N, adsorptior-desorption isotherms at 77 K for the Page®s Such structures pinpoint the possibility of a hierarchical
(right) and Pac2@Mg (left) solids at the pH values indicated as well as

corresponding psd’s calculated according to the Horviiazoe method. construction ability of the system.
The particles of the sample containing Mg (PagR@)

Pac2C;Mg - pH = 5.5 synthesized e_\t pH _7.5 are depicted in Figure 4 (image.a).

They are gyroid particles with a smooth peripheral decoration
of small creases near the base as well as on the top. This
morphology is maintained at higher pH 9.0 as shown in
image b and the inset of the upper part of Figure 4. Very
interestingly, in image b we observe two “open” morphol-
ogies that probably represent intermediate stages of gyroid
particle formation. It is very likely that the gyroid morphol-
ogy emerges from a discoidal organization of hybrid micelles
with creased periphery, whose edges bend toward each other.
When the edges meet, diffusion and growth could lead to
the final complex gyroid morphology.

In the lower part of Figure 4, images of the samples
containing Sr (Pac2Sr), synthesized at pH 7.5 (images a
and b) and 9.0 (images c and d), are shown. The inset image
in image b of Figure 4 shows a fully decorated gyroid in
fine detail developed at pH 7.5. As the pH increases from
5.5 (lower part of Figure 3, images a and b) to 9.0, the
particles seem to gradually adopt a gyroid morphology
Figure 3. Representative SEM images of the calcined sample PgRC consisting of intensively creased surfaces.

(upper image ) and uncaloned (mage b and nsets) s wellas caened _echanistic Aspecs of Mesoscale Partice Formation.
in all inset images. The morphologies obtained from similar template systems
that make use of cationic surfactants in acidic conditions and
the discoid, could arise from a complex combination of include fibers, toroids, and spheres as well as discoids, spiral
topological defects and contraction stresses on the evolvingshapes, and gyroids with smooth or radially patterned
silicatropic mesophase, induced by condensation and rigidi- surfaces are believed to be initiated by an elastically
fication of the framework!* in combination with the  deformable hybrid nucleus (seed) of 50 nm in size. Its
complexation of the metals. sustainable growth and shape depends on the interplay of

Image b and the insets present discoid particles of the samecolloidal interactions with the hybrid micelles determined

uncalcined sample with similarly patterned surfaces. There by the synthesis conditiorsonic strength, pH, dielectric
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implies that effects related to silica hydrolysis and condensa-
tion are not of crucial importance in the subject system.
Although their presence could also induce an indirect effect
to silica hydrolysis and condensation rates (e.g., increase of
ionic strength), it is believed that a direct effect of them,
steaming from their complexation with the poly(acrylic acid),
is responsible for the observed morphologies.

Alkaline earth species show a relatively decreased ten-
dency to suffer hydrolysis and precipitation. This tendency
is further decreased in the order MgCa > Sr and only
above pH 9 the species MgQOHare becoming importart.
This means that within the working pH range the hydrated
cations are the predominant species.

Complexation of poly(acrylic aciéy2° and other carboxyl
compounds such as modified polysacchadtlaad resin¥
with alkaline earth metals has been investigated mainly for
Mg and Ca. They form stable complexes with formation
constants lying in the range 201C° depending on the ionic
strength, the pH, their concentration, the MW of the
polyelectrolyte, and the medium.

Their formation constants follow the order Mg Ca <
Sr and are related to the size of the ions and their hydration
efficiency, which follows the opposite ord&3? The main
complexes formed in the subject system between poly(acrylic
acid) and Mg or Ca considering their concentration in the
Figure 4. Upper part: representative SEM images of the calcined sample reactant solution (30 mM) as well as the concentration of
Pac2GeMg at pH = 7.5 and 9.0 (images a and b, respectively) and Pac (2.5 mM) and carboxylic groups (70 mM) are mainly
yncalcined at pH= 9.0 (insetimage in b). Lower part: r_epresentative SEM MgL for Mg and Cal, for Ca?ﬁ where L= COO". It is
images of the calcined sample Pagg®t at pH= 7.5 (images a, b, and .
insets), at pH= 9.0 (image c) and uncalcined at pH9.0 (image d). Scale also reasonable to assume formation of Sdr Sr on the
bar is 1um in all inset images. basis of the above.
constant, and temperaturand elastic forces. This interplay ~ Moreover, as the pH increases the complexes become more
brings about topological defects that force the developing Stable and their formation percentages increase with a
nanomesophase to adopt a certain shape that eventuallynaximum at pH around’8depending also reversely on the
determines the final particle morphology. ionic strength and analogously on the stability of the

The key factor of the subject system is the pH, which complex. Typically, at pH 8 and ionic strength 0.1 M, which
affects/controls the following procedures that evolve simul- is closer to our case, about 80 and 76% of Ca and Mg
taneously: (i) complexation of the cationic surfactant with complex formation has taken place with formation constants
Pac, that is, the evolution of the template mesophase, (i) 10°3*and 16-%, respectively.
the degree of complexation of the metals with the carboxylic ~ As a conclusion, increase of pH leads to more stable
groups of the polyelectrolyte, (i) the growth and shape of complexes and increase of the degree of complexation, which
the evolving nucleus, and (iv) the hydrolytic polyconden- is expected as the concentration of ionized carboxylic groups
sation of the silica precursor. is increased in return.

As the pH is increased during the synthesis process in a In our system the concentration of Mg and Sr in the solids
stepwise mode with a constant rate, the condensation ratefollows the same trends, with, however, lower values (about
of silica, the degree of PacC,TAB complexation, and the ~ 30% of the initially added Mg and 40% of Sr were finally
degree of metal complexation constantly increase in return.incorporated), which is expected as the rest of the functional
These dynamic processes, which take place in the midst ofgroups are occupied by the cationic surfactant molecules.
the structural evolution and keep the developing system Considering the above we can conclude with a mechanistic

constantly out of equilibrium, should affect nucleation and scheme for the development of the morphosynthetic particles.
growth rates as well as shape of the seed, in a specific, yet

complex and unknown, way with a translational effect on (26) pe stefano, C.; Gianguzza, A.; Piazzese, D.; Sammartaridas.

the final particle morphology. Chem.2004 86, 33.

As a result of its intrinsic complexity some mechanistic 7 Soeogtgganl%lc.; Gianguzza, A.; Piazzese, D.; Sammartaiia/&hta
aspects of the system will be mentioned in a first attempt to (28) Ogawara, K.: Kawazoe, S.; Tamura, T.; Kawauchi, S.; Satoh, M.:
rationalize the development of the morphosynthetic particles, 29) *ﬁ&’;“iysaé?aéhz‘;'y?ﬁé?n?%% 3%74173-3
based on a combination of the data mentioned in the context(zo) crescenzi, V.; Dentini, M.; Meoli, C.; Casu, B.; Naggi, A.; Torri, G.
of this work with those of relevant literature. Int. J. Biol. Macromol.1984 6, 142.

The formation of the particular particle morphology is 83 Eﬁﬁfﬁaﬁ,ﬁf%’uégﬁﬁﬂéﬁﬁ? % 42??;1.Rutland, M.: Clagsson, P.
realized only in the presence of the metals, which possibly M.; Masliyah, J.Langmuir2001, 17, 8321.

Pac2C;sMg - pH="17.5 Pac2Ci:Mg - pH=19.0
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Figure 5. Possible bending of the polyelectrolyte chains caused by complexation of the alkaline earth cations with the carboxylic groups on the backbone
of the former that could lead to curved micelles (b) in contrast to the case of the absence of metals in the reactant solution (a). The topolagfical consta
increase of curvature in the hybrid elastic mesophase is suggested to be able to generate the observed discoid and gyroid particles with tredhighly cur
decoration patterns.

In the absence of the metals the system generates straighinicelles. In fact the atomic concentration of Ca at the solids
cylindrical micelles, which result to no particular particle isolated at pH 9 was 2%, about two times lower than
morphology?%2tit is known that poly(acrylic acid) gradually — expected.
adopts a stretched conformation with the increase of%pH.
In the presence of the metals, complexation of the latter with
poly(acrylic acid) functional groups is possible. The com-  Concluding the above results, we were able to develop
plexation is possible to cause the chain contraction of the discoid and gyroid mesoscale, mesoporous silica particles,
polyelectrolyte as has been suggested for the system PacWith patterned surfaces in the form of peripheral platelike
Ca2329 whose extent and intension should depend on the fins and regular creases by employing a poly(acrylic aid)
complexation degree, which is increased with the pH and CTAB complex template in the presence of Mg and Sr. Their
complexation strength, which is also increased from Mg to significant role in the synthesis of these particular shapes is
Sr as well as with increase of pH. defined by the fact that the metal-free reaction system is
According to this line of thinking, the bended polyelec- incapable of inducing morphosynthesis. However, whether
trolyte chains as a part of the combined micelle and it is their existence on the mesostructure or a more subtle
mesophase formation, as has been described previusly, effect of them in the reactant mixture that leads to these novel
should lead to curved micelles that could generate discoid Morphologies remains to be answered. The particles appear
particles at low pH (images in Figure 3), which could be in the whole optical field of the image baring various degrees
transformed at gyroid particles at higher pH (upper image Of perfection. The system achieves at the same time
in Figure 4b), where extensive curvature will have been morphosynthesis and metal introduction as the former
induced by the higher concentration of the metals and the Necessitates the latter. Moreover, the porous structure, the
more stable metal complexes. Moreover, the constantly Metal concentration, and the morphology of the particles can
increased topological curvature, induced by the constantbPe controlled by the simple variation of pH, depending also
increase of the metals in the elastic hybrid mesophase,on the metal. The materials preserve their intrinsic charac-
homogeneously spread on the particle bodies could lead toteristics in a wide range of pH values extending from 5.5 to
the highly curved decoration on them, which is culminated 9.0. The physicochemical properties of the materials with
at the particles containing Sr at pH 9 (Figure 5). respect to application in heterogeneous catalysis (biodiesel,
Finally, we should make a comment for the absence of Methane reforming), the effect of other metals, and the
similar particles in the presence of Ca. In this work the use possibility of manipulating a hierarchical <_:onstruct|on ab|ll|ty_
of CaCb instead of Ca(N@),, that is, the Cf (about 60 mM) of the system, after further rqsearch in the mechanistic
anions instead of the NO anions, could possibly inhibit ~ Pathways of the morphosynthetic particle development, are
the complexation of Ca with the carboxylic groups of the [OPICS currently under investigation.
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