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Hybrid - block copolymer nanocomposites. characterization of nanostructure
by small-angle X-ray scattering (SAXS)*
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Laboratorio de Nanopdineros y Coloides, Instituto de Cienciasi€as, Universidad Nacional Admoma de Mxico,
Av. Universidad s/n, Cuernavaca, Mor. 6221&EXICO,
e-mail: ARomo-Uribe@fis.unam.mx

Recibido el 19 de abril de 2006; aceptado el 16 de abril de 2007

The nanoscopic order of a series of block copolymer-inorganic nanocomposites was characterized using small-angle X-ray scatt
(SAXS). The nanostructures were obtained via a diblock copolymer directed sol-gel synthesis. The copolymer consists of block:
poly(isoprene) -Pl- and blocks of poly(ethylene oxide) -PEO. The inorganic material consists of a crosslinked sol
3-glycidoxypropyltrimethoxysilane and aluminum-tri-sec-butoxide in a 4:1 mole ratio, to generate an aluminosilicate ceramic. The P!
block is swollen by the ceramic precursor and acts as a nanoreactor for their sol-gel synthesis. The resulting nanostructured hybrid h
as the majority phase. Two series of nanocomposites, designated PI-b-PEO-D and PI-b-PEO-E, were studied; these correspond to 1
PEO and 13 wt% PEO, respectively. The results showed that the nanoscale order characteristic of block copolymers (lamellar, spherica
cubic) is not only achieved in these hybrid nanocomposites, but the molecular assembly offers the possibility of being utilized as a temj
for highly ordered inorganic nanostructures. The amount of inorganic nanofiller and the molecular weight of the blocks define the type
morphology assumed by the nanostructure.

Keywords:Nanocomposites; hybrid polymers; block copolymers; microstructure; X-ray scattering.

Se caracteriz el orden nanogipico por medio de difracon de rayos X a bajangulo (SAXS) de una serie de nanocompuestos amecgs-
copoimeros de blogue. Las nanoestructuras se obtuvieron via sintesis de sol-gel dirigida poneapde bloque. El copwhero esh
formado por bloques de poli-isopreno (PI) y blogues de poli-oxido de etileno (PEO). El materiahimargonsiste en un sol vulcanizado de
3-glycidoxypropyltrimethoxysilano y de tri-sec-butoxido de aluminio @ramolar de 4:1, para generar un@mico de aluminiosilicato. El
bloque de PEO es hinchado por el precursaiceco y actia como nanoreactor para la sintesis sol-gel.iltiio nanoestructurado resultante
tien poli-isopreno como fase predominante. Se estudiaron dos series de nanocompuestos, designados Pl-b-PEO-D y PI-b-PEO-E, los
contienen 15 % g/g PEO y 13 % g/g PEO, respectivamente. Los resultados muestran que el orden nanoescdktiocat@ctepdmeros

en bloque (lamelar, esfico o dibico) tambén se obtiene en estos nanocompuestbsdos, y aderas el ensamblaje molecular ofrece

la posibilidad de ser utilizado como un templete para obtener nanoestructuras altamente ordenadas. La é@ndehtranbcompuesto
inorganico, ascomo el peso molecular de los blogues en el copeto, definen el tipo de morfoltgde las nanoestructuras.

Descriptores:Nanocompuestos; polimeroghidos; copolimeros en bloque; microestructura; difranaie rayos X.

PACS: 81.05.Lg; 83.80.Uv; 81.07.-b; 61.46.-w; 82.80.Ej

1. Introduction tions in catalysis, membrane and separation technology, and

) _ ~ molecular engineering [6,7].
Polymer nanocomposites are constructed by dispersing i
nanofiller material into a polymeric matrix. Different Block copolymers are the basis of products such as adhe-

types of nanofillers are currently utilized, for instance, nan->'VeS: asphalt additives, and upholstery foams. Joining two

oclays, carbon nanotubes, hybrid organic-inorganic nanopaﬂr more chemically distinct polymer blocks, each a linear se-

ticles and polyhedral sislesquioxane (POSS). There are thrdS of identical monomers that may be thermodynamically,

common methods for producing polymer nanocomposites'pcompatible produces this class of macromolecules. Segre-

melt compounding, in-situ polymerization and the solventdation of these blpcks on the molecular scale0 nm)
method [1,2]. can produce a variety of complex nanostructures [8].

Another approach is the use of block copolymers of high  All block copolymers belong to a broad category of con-
molecular weight to make the transition from the small to thedensed matter sometimes referred to as “soft materials”.
large mesoscopic regime of silica-type nanostructures [3]. IMhese soft materials, in contrast to crystalline solids, are
other words, organic structures formed through self-assemblgharacterized by fluid-like disorder on the molecular scale
can be utilized as structure-directing agents. The final morand a high degree of order at longer length scales. Their
phology is then determined by the cooperative organizacomplex structure is correlated with their properties, for
tion of inorganic and organic molecular species into threeinstance, polyurethane foams are composed of multiblock
dimensionally structured arrays, a concept also discussed topolymers known as thermoplastic elastomers, which com-
the context of biomineralization [4]. This strategy has alreadybine high-temperature resilience and low-temperature flexi-
been successfully used in the preparation of inorganic mesdaility. Pressure-sensitive adhesives are based on linear tri-
porous materials [5]. These materials could also find applicablock copolymers. Moreover, the addition of block copoly-
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mers to commodity plastics, such as polystyrene, can erpatterns are commonly referred to as microphases,
hance toughness, or modify the surface properties for apnesophases or nanophases, depending on the length
plications as diverse as colloidal stabilization, medical im-scale [9].
plantation, and microelectronic fabrication. Recent advances A series of hybrid block copolymer-inorganic nanos-
in synthetic chemistry enable the combination of multipletructures obtained via a sol-gel process were studied using
blocks in novel molecular architectures to produce structure@mall-angle X-ray scattering (SAXS). SAXS is a technique
materials endowed with tailored mechanical, optical, electrithat has been particularly suitable for elucidating the nano-
cal, ionic, barrier, and other physical properties [9]. morphology adopted by the microphase separation typical of
As stated above, modern synthetic techniques make thiéese complex materials. The results show that the different
production of a wide variety of block configurations possi- morphologies adopted by these hybrid nanofillers, say, lamel-
ble. In the context of the present research, a basic and lindar, cylindrical hexagonal, and cubic spherical, are driven
ited classification of these molecular structures is illustratedy the amount of hybrid material. The morphology of mi-
in Fig. 1. The classification is based on two parameters: (1yrodomains formed by pure and simple diblock copolymers
the number of chemically distinct blocks, and (2) linear ver-with only dispersive interactions at a segregation limit is now
sus branched sequencing of the blocks. well understood [9]. The block copolymer-inorganic nanos-
The simplest and most studied architecture is the liniructures characterized here extend such studies as the mor-
ear AB diblock, consisting of long sequences of type Aphology is expected to be rich, though in a sense more com-
monomers covalently bonded to a chain of type B monomergdlicated than the pure copolymer system [3,11,12].
ABA triblocks and (AB)n multiblocks are formed by cou-
pling additional A and B blocks. The use of three or more2. EXperimental
monomer types during polymer synthesis leads to the pros 1 Samples
duction of ABC of other multicomponent molecular archi-
tectures. Moreover, subtle variations in the molecular topolA diblock polyisoprene-b-polyethylene oxide (Pl-b-PEO)
ogy, for instance, ABC vs. ACB, or star-ABC, can lead to was used for the block copolymer directed filler synthesis.
pronounced changes in morphology as well as material propFfwo series of nanocomposites, designated PIl-b-PEO-D and
erties [9,10]. PI-b-PEO-E, were studied. Each set contains PEO fractions
Note, however, that in most chemical synthesis reactiongf 15 and 13 wt%, respectively. The inorganic material con-
normal chemical kinetics results in a distribution of molecu-sists of a crosslinked sol of 3-glycidoxypropy! trimethoxysi-
lar weights, and in block copolymers this results in composidane (CHO)3;Si(CH2;0CH,CHCH,-O (GLYMO) and
tional heterogeneity. This is normally the case for commeraluminum-tri-sec-butoxide Al(OBY; in a mol ratio of 4:1
cially relevant block copolymers [10]. to generate an aluminosilicate ceramic. The synthesis was
The unique properties, and therefore the applications operformed by a PI-b-PEO directed sol-gel synthesis. The
block copolymers, rely critically on their nanoscopic self- PEO block is swollen by the ceramic precursors and acts as a
assembly 4 10 nm scale) in the molten and solid states. Thenanoreactor for their sol-gel synthesis. The resulting nanos-
collective self-assembly produces spatially periodic compotructured hybrids with Pl as the majority phase can be dis-
sition patterns that can exhibit considerable complexity. ThePersed in an organic solvent to generate objects of spherical,
rod-like, or plate-like geometry. PEO acts as an anchor block
inside the ceramic phase, and a thin layer of Pl ‘hairs’ covers
N the resulting nanostructures. The Pl-covered nanostructures
% will then be easily dispersed in a polymeric matrix containing

Two Monomers Three Monomers

SN

Q J -

-

PI due to their compatibility. Figure 2 shows a schematic di-
agram of the organic-inorganic synthesis. For each series of
nanocomposites, the concentration of inorganic component
AR ABA ABy ABC ey was varied. The synthesis of these nano-materials has been
= described in detail elsewhere [3,11,12]. The preparation con-

fﬁi AB sisted of dissolving 0.5 g of PI-b-PEO copolymer in a 1:1
(Igw mixture of chloroform and tetrahydrofuran. Under moderate
J/g\/ stirring a prehydrolyzed solution of 4:1 GLYMO:AI(OB}

(ABA tAB);  ABCstar  ABC heterc-am was added, and after 2 hrs the mixture was transferred to a
FIGURE 1. Schematic diagram illustrating the classification of petri dish at 60 to 7aC. Thg temp_erature was helq for 1 hr
Jor further solvent evaporation. Finally, the formation of the

block copolymers based on the number of monomer types an . hi db Ivi h
topology (linear versus branched sequencing). Each color reprenanocomposne was achieved by applying a heat treatment at

sents a polymer block composed of a linear sequence of same-type’ 130°C unde_r vacuum for 45 minutes. The procedur_e was
monomers, with monomers types A, B and C shown as blue, red’€peated for different concentrations of the metal alkoxide so-

and green, respectively. The insets on the upper-left side show twdution in the block copolymer, and thin films of about 0.5 to
representative monomer chemical structures. 1 mm thick were thus obtained; these are listed in Table I.

o

Branched
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TABLE |. Block copolymer and hybrid nanocomoposites studied in this research. The number average molecular weight was determine
Cornell University.

Sample Polymer % PEO Mass Ratio (inorg/polym) M, * (g/mol)
Pl-b-PEO PI-b-PEO-D 15 0 14,200
PD-2 Pl-b-PEO-D 15 0.984 14,200
PD-5 Pl-b-PEO-D 15 121 14,200
PD-10 Pl-b-PEO-D 15 1.06 14,200
PE-1 Pl-b-PEO-E 13 0.54 29,200
PE-2 Pl-b-PEO-E 13 0.51 29,200

. . . 2 _1 .
@ 09\ " (H3L‘.0)38i/\/\(\<l configuration is 0.03:0.225A~!. The magnitude of
N 0

Al{OBu®),

the scattering vectaris defined as

B 47 - sin 6

q= Ty 1)

where is the radiation wavelength, aridis Bragg's
scattering angle. The experimental setup is shown in
Fig. 3.

(2) 1D SAXS traces were obtained using the 18 KW rotat-
ing anode DMAX 2500 X-ray generator (Rigaku Inc).

FIGURE 2. Schematic diagram illustrating the synthesis of the

inorganic-organic nancomposites and the possible microphases ac- The instrumen:[) is equipped with a copper anode (wave-
cessible to these hybrid materials. length A=1.54 A). The generator was operated at 50
KV and 200 mA. The SAXS camera works in the sym-
X-ray metrical transmission mode using a 3-slit collimation
source XY-Stage Beam Stop

system and vacuum chamber. The scattered radiation
was recorded using a scintillation counter. A Ni-filter
is used to filter the ‘white radiation’ generated by the
Cu anode. The sample-to-detector distance is 28.5 cm.
A /I The diffraction angle range attained by this configura-
\ / tion is 0.0820go 2.0°26, which translates into a scat-

A) . e
Cross-coupled Pinhole system Sample Evacuated Detector tering vectorg range of 0.0056-0.143A L
Gobel Mirrors beam path

FIGURE 3. Experimental set-up for NanoSTAR® small-angle 2.3. Sample-to-detector distance calibration and back-
X-ray scattering system (Bruker-AXS). ground correction

2.2.  Small-angle X-ray scattering The calibration of the sample-to-detector distance and d-

The morphology of the block copolymer-inorganic nanocom-SpaCing were carried out using silver behgnate [_13]. Figure 4
posites was studied using small-angle X-ray scatteringlOWs the SAXS pattern and corresponding azimuthally av-
(SAXS). Two instruments were utilized: faraged -|nten5|ty as a function of the scafttenng vector. This
is a typical Debye-Scherrer pattern and it shows two reflec-
(1) 2D SAXS patterns were obtained using the Nanos+tions corresponding to th@éd1 and002 peaks. The Debye-
tar UY system manufactured by @ker-AXS. A Scherrer rings are used to center the position of the incident
sealed tube X-ray generator with Cu target (wavelengttX-ray beam. On the other hand, the reflection maxima are
)\:l.54,&) and focal point of 0.4x 8 mm was utilized. used to determine the sample-to-detector distdnc&ilver
The generator was equipped with cross-coupléb&s  behenate shows intensity maximagat; =0.1074A~! and
mirrors, and it was operated at 40 KV and 35 mA. gg0»=0.2152A~!, which correspond to a Braggispacing
The SAXS camera works in symmetrical transmissiond001:58.53,& andd002:29.19,& [13]. The sample to detector
mode using a 3-pinhole collimation system. A sample-distanceD is thus obtained using the relatiéan 26 = /D,
to-detector distance of 105 cm was used. The SAXSwherer is the distance from the pattern’s center to a given re-
patterns were recorded using the HiS'I®Rposition flection, say001. Based on the first and second order reflec-
sensitive area detector also manufactured bykBr-  tions shown in Fig. 4, and carrying out the calibration at least
AXS. The scattering vectog range attained by this three times,D was determined to be 105 cth 0.5%. The

Rev. Mex. is. 53 (3) (2007) 171-178
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contribution of background incoherent scattering due mainlaperture of 120 mrad. Images were recorded using a slow
to air scattering was determined by removing a sample fronscan CCD camera (lateral resolution 2Kl K pixels, 14-bit

the SAXS camera. The SAXS pattern and correspondingray values).

intensity trace thus obtained are shown in Fig. 5. The az-

|mgthally averaged |r_1ten3|ty trace ;hows thz?\t parasmc scargl Results and discussion

tering due to the main beam is efficiently eliminated as the

background scattering is mostly constant over the entire scag 1 Microphase separation

tering range, and there is only a slight increase in background

contribution in the lower limit 0.01 to 0.0& 1.

2.4. Transmission Electron Microscopy (TEM)

Microphase separatiois driven by chemical incompatibili-

ties between the different blocks that make up block copoly-
mer molecules. In the simplest case of a diblock copolymer
such as PI-b-PEO, there is only the issue of compatibility

For TEM, the films were stained using osmium tetraox-between the dissimilar isoprene and ethylene oxide blocks.
ide (OsQ). The stained samples were embedded in TechHowever, note that, unlike binary mixtures of low molecular

novit glue and sectioned at-50°C using a Reichert cryo-

weight fluids, the entropy of mixing per unit volumen of dis-

microtome. Ultra-thin sections of about 50 nm were thussimilar polymers is small (varying inversely with molecular

obtained. TEM was performed on a LEO 992(tungsten

weight) [9,10]. Therefore, even minor chemical or structural

filament) microscope operated at 120 KV, using an objectivalifferences between Pl and PEO blocks are sufficient to pro-

a0l

a2

Intensity (a.u.)

T T T T
0.05 0.10 015 020 0325

q (A1)

duce excess free-energy contributions that are usually unfa-
vorable to mixing.

If the blocks of a copolymer melt were not connected
by covalent bonds to each other, the thermodynamic forces
would lead to amacrophaseseparation. Macrophase sep-
aration is a state of coexistence of bulk phaseg, oil
and vinegar separate into macroscopically-sized droplets in
a salad dressing. In a block copolymer, however, entropic
forces from the covalent linkages counterbalance the thermo-
dynamic forces driving phase separation. These forces (also
called chain elasticity) reflect the requirement that, to keep
the dissimilar Pl and PEO portions of each molecule apart,
copolymers must adopt extended configurations. As there are
fewer configurations available to extended polymer chains
than those in their native randomly coiled state, an entropy-
restoring force is generated that serves to limit the phase sep-

FIGURE 4. SAXS pattern of silver behenate standard and semilog-2ration between Pl and PEO blocks to mesoscopic dimen-
arithmic plot of azimuthall-averaged intensity trace as a function of SIons. The entropic force law is approximately Hookean, and

scattering vectog. CuKa radiation was used.

Intensity (a.u.)

W

T T T T 1
0.05 0.1 15 0320 0.25

0 0
q{A)

provides the basis for understanding the elasticity of rubber-
like materials [10].

3.2. Diblock copolymer microphases

The parameters that characterize the block molecular struc-
ture are:

(1) the overall degree of polymerizatiaN, which is the
total number of monomers per macromolecule, and

(2) the compositionf4 = Na/N, whereN4 is the num-
ber of A monomers per macromolecule [10].

For a symmetric diblockf4 = fp = 1/2. At low temper-
atures (large¢ap), the segregation is strong, leading to mi-
crodomains that are nearly pure in A and B, separated by in-
terfaces that are much narrower thanldmaellar domain pe-

FIGURE 5. Background contribution to SAXS intensity. 2D pattern fiod A. This microphase separation is achieved provided that
and azimuthally averaged intensity trace as a function of scatteringhe symmetric diblock copolymers have high enough molecu-

vectorg.

lar weight or that these are strongly incompatible blocks. Let

Rev. Mex. Fs. 53 (3) (2007) 171-178
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us point out that mean-filed theories have been used to pre-
dict the phase diagram of diblock copolymers, including theTasLE 11 Intensity maximum position (in nanometers) obtained
order-disorder transition (ODT), and the results compare welirom SAXS patterns. Scaling corresponds to lamellar nanophase.
with experimental phase diagrams [9]. However, this topic is

beyond the scope of this work and will not be discussed any S2mPle  Lamellar 1 2 3 4 5
further. PD-2 Observed 339 168 113 81 6.2

As stated above, thlamellar (L) microphase is stable Theoretical 339 169 113 85 6.7
for nearly symmetrical diblocks, whileleexagonally packed PD-5 Observed 225 109 7.6 y .
cylinder (C) phase is stable for diblocks with intermedi- Theoretical 225 112 75

ate levels of compositional asymmetry. Whén < 1/2,
the smaller A blocks pack into the interiors of cylinders.
This energetically preferable configuration allows the longer
B blocks to reside on the convex side of the A-B inter-
face, which affords them more configurational entropy (or
reduction of the elastic energy). With still more composi-
tional asymmetry, the hexagonal phase gives wayliody-
centered cubic sphericé6) microphase. There are two more
microphases in diblock copolymers that have been predicted,
and observed, namely the perforated layers (PL) and the gy-
roid (G) microphases [9,10].
The SAXS trace of the neat copolymer Pl-b-PEO with
15 wt% PEO {pr50=0.15) is shown in Fig. 6a. The charac- 7S
teristic morphology of the discontinuous domains in the neat, 5 re 7. (a) SAXS pattern of nanocomposite PD-2. The second-
copolymer and in their nanocomposites was determined fromg thirg-order reflections can be easily appreciated. Pattern ob-
the scattering vectoy values of higher order reflections rela- tained after 1000 s exposure (b) Azimuthally averaged intensity
tive to the first-order reflection. Note that, due to the compo-race as a function of scattering vectoiThe inset shows the SAXS
sition of the block copolymer, a body-centered cubic spherpattern obtained after 10 s exposure.
ical microphase would be favored. This is indeed the case;
the intensity trace in Fig. 6a shows a first-order reflection ag 3. Nanophase in hybrid nanocomposites
gz0.0406A—1, which corresponds to a spacingdf 154.6
A (d=2-7/g). There are also higher order reflections whichThe microstructural analysis carried out shows that, despite
are positioned at 0.0578, 0.07031 and 0.1878. These  the cubic microphase being favored by the pure block copoly-
correspond to spacings of 108.7, 89.4 and $8.3he posi-  mer with fp50=0.15, the inclusion of the inorganic mate-
tions of the secondary maxima relative to the first-order rerial greatly influences the morphology of the nanocomposite.
flection follow the scaling: 22, 3'/3 and 7/2. The scaling  Figure 7a shows the 2D SAXS diffraction pattern for the PD-
corresponds to a cubic spherical nanophase [9] in the neat nanocomposite containinfprzo=0.15 and an inorganic-
PI-b-PEOfpr0=0.15 copolymer. The correct assignment of organic mass ratio of 0.98. The pattern, obtained after 1000 s
morphology was corroborated by TEM, Fig. 6b. The con-exposure, shows a series of Debye-Scherrer rings, confirm-
trast in the micrograph arises from the stained poly-isoprenghg the existence oficrophase separatioin the hybrid
domains by Os@and these appear black. TEM indeed con-nanocomposite. The intensity around the azimuth is mostly
firms the spherical nanophase separation in the neat bloakiform, and indicates that there is no preferred orientation
copolymer Pl-b-PEQfp0=0.15. in the plane of the film. Figure 7b shows the azimuthally av-
eraged intensity trace of the pattern. The 2D SAXS pattern
shown as an inset in Fig. 7b was obtained after a 10 s expo-
sure; note that the inner first-order reflection that is overex-
posed in Fig. 7a is now clearly resolved. The intensity trace
shown in Fig. 7b shows higher-order maxima, indicating that
S 7% e e there is long-range order in the hybrid material. Strikingly,
the positions of the secondary maxima are integer multiples
of the first-order reflection (labeled &} indicating the exis-
tence of alternatintamellar microdomains with a long-range
i i spatial order. A lamellar morphology results in relatjveal-

q (AN ues of¢;=1, 2, 3, 4, .... [9]. The observed positions of each
FIGURE 6. SAXS intensity trace of parent PI-b-PEO block copoly- r€flection for PD-2 (in units of nm) followed by theoretical
mer with frz0=0.15. The positions of the intensity maxima cor- maxima positions, are listed in Table Il. The theoretical posi-
respond to a cubic spherical symmetry. tions are obtained by dividing the scattering vector of the

PD-10 Observed | 21.2 112 7.1 5.9 -
Theoretical 21.2 10.6 7.1 5.3

=
&

Intensity (a.u.)

@ f{

2%

I*g? (a.u.}
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amount of nanofiller, not by the composition of the parent
TaBLE lll. Intensity maximum position (in nanometers) obtained block copolymer.

from SAXS patterns. Scaling corresponds to hexagonal cylindrical ~ The short range order was investigated by using wide-
nanophase. angle X-ray scattering (WAXS). The WAXS pattern of PD-2
Sample Hexagonal cylindrical 1 5'/2 7Y/2 13!/2 15/2 is shown in Fig. 8. This pattern shows only an amorphous
halo with maximum intensity at~§0.26 A~! that corre-

PE-1 Observed 485 - 181 - 12.3 . . °
] sponds to an average intermolecular correlation of 24.2
Theoretical 48.5 18.3 12.5 The merged azimuthally-averaged intensity trace obtained
PE-2 Observed 339 16.6 129 9.2 -  from the SAXS and WAXS techniques is also shown in
Theoretical 33.9 15.1 128 9.4 Fig. 8. The intensity trace shows clearly the existence of a

long-range nanoscopic order, and this does not imply spatial
order at the intermolecular scale.

The SAXS results from the PD-5 and PD-10 nancom-
posites also showed an integer scaling in the position of
the diffraction maxima. Therefore, one concludes that these
nanocomposites also exhibit lamellar morphology. The ob-
served position of each reflection for these samples, followed
by the respective theoretical maximum positions, is listed in
Table Il.

Figure 9 show the SAXS diffraction pattern for the
nanocomposite PE-2, which corresponds to the block copoly-
1 mer Pl-b-PEO withfpg5=0.13 and an inorganic-to-organic
mass ratio of only 0.51. The pattern exhibits multiple scatter-
ing maxima that follow to the scaling=1, 3'/2, 41/2, 71/2,

o
s o o THVWS

Intensity (a.u.)

o = o o e i 9l/2 121/2  relative to that of the first-order reflection.

q (A7) The maximum positions imply the existence of hexagonally-
FIGURE 8. Wide-angle X-ray scattering pattern of nanocomposite Packed cylindrical microdomains, with long-range spatial or-
PD-2 and merged azimuthally averaged intensity traces obtained irler [9]. Due to composition considerations, it is suggested
the SAXS and WAXS configurations. The wide-angle amorphousthat the PEO-inorganic material forms the cylindrical mi-
halo demonstrates that there is no crystalline order in the material.crodomains. The SAXS pattern of the hybrid PE-1 also de-
scribes to a cylindrical microdomain. The observed position
of each reflection for PE-1 and PE-2, followed by theoretical
maximum positions, are listed in Table IlI.

i

3.4. Interdomain spacing

From the SAXS analyses, one can determine dhierage

*g? (a.u.)
|-a—m—m—

§% = interdomain distance Pi.e. the domain identity period
(] e 13% for the lamellae, the nearest-neighbor distance between the
w microdomains for the cylinders and the spheres, and the
average radius Rof cylinders or spheres. The interdo-
¢ main distanceD can be determined from the corresponding

Bragg spacings [9], for instance, for lamellar microdomains
e D = dyo1; for hexagonally-packed cylindrical microdomains

] L L. 0.2 D = \/4/3 - d100; and for the spherical microdomains, with

. ) . . simple cubic (sc) symmetry) = d1oo and for body-centered

F . SAX f h PE-2 .

IGURE 9. SAXS intensity trace of hybrid nanocomposite cubic (bcc) symmetry) — \/3/—2 -dy10. The Bragg spac-

(PI-b-PEO-E). Fraction of PEO is 0.13 and inorganic-to-organic X - . . . .
mass ratio is 0.51. The periodic nanostructure describes a cylindriind iS determined from the multiple-order diffraction maxima
cal morphology. (for instance, for lamellar microdomaig; - sin fpo; = A,
wherel = integers andpo; = D/1).
first order maximum by the factor shown at the top of each  Diffraction maxima associated with isolated particle scat-
column. tering were not observed in the SAXS traces. However, it is
Thus, these results have shown that the inorganimoted that the radius of the cylinders (spheres) in the nan-
nanofiller not only preserves the long-range spatial ordendomains can still be determined from space filling consider-
characteristic of monodisperse block copolymers, but thetions, based on the geometry of the microphasehexago-
nanophase in the hybrid nanocomposite is now driven by theal cylindrical or cubic), and the volume fraction of the minor
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phase, ¢ pro_ceramic [14]. The relations between volume @ f:.,'j". ®)
fraction, ¢, and the radiusR, of the microdomains for each ety
given morphology are reported elsewhere [15]. The charac- . "-"“-'7 *
teristic morphology, the values of the spacihgand the in- M.A:*ﬂh
terdomain spacind estimated directly from the diffraction

[ . ..0 ?
W“kﬁ;‘g@{:{“ﬂr" y

I*q? (a.u.)
I*g® (a.u.)

patterns are summarized in Table IV.

015 0 005 oot 015 a0

q% (A?) q? (A?)
FIGURE 11. Plot of leg® as a function ofg® for (a) PE-2 and
(b) PD-2. These are typical positive and negative deviations from

] Porod’s law.
To corroborate the correct assignment of the SAXS pat-

terns to a lamellar and a cylindrical morphology, the hybrid
nanocomposites were also examined by transmission electroi A
microscopy (TEM). Figure 10 shows the TEM micrographs
corresponding to samples PD10 and PE2. The contrast ir
these micrographs arises from the poly-isoprene, stained witr
osmium tetraoxide (Osf) and appearing black. The micro- <=
graph of PD10 (Fig. 10a) clearly shows lamellae. On the
other hand, the micrograph of PE2 (Fig. 10b) shows hexag-
onally packed cylinders in the two most typical projections.
Note the smaller distance in the lamellar and hexagonal spa
ing in the TEM micrographs (12 and 28 nm, respectively)
relative to that indicated by the SAXS results (see Tables |
and ). This is a result of the contraction of the ultrathin sec-
tions normal to the plane of the nanophases which is drive%_G_ Nanophase boundaries
by free energy minimization [16].

3.5. Nanophase morphology by TEM

é:_IGURE 12. Three-dimensional SAXS patterns of PD10 hybrid
nanocomposite for two different directions of the X-ray beam with
lrespect to the sample coordinate frame, as schematically depicted
in the inset. Intensities are not normalized.

Porod analysis was carried out on the SAXS data using a
protocol derived by Kobersteiat al. [17]. Positive devia-

TABLE IV. The characteristic nanophase, the values of the spaciions from Porod's law were observed in plots el as a
ing d, and the interdomain spacin@ of hybrid nanocomposites ~ function of ¢ for samples PD-10, PE-1 and PE-2; Fig. 11a

calculated directly from SAXS data. shows typical results. The positive slope in the high angle
range suggests the presence of sharp boundaries among thi
Sample Firstorderq d(nm)  D(nm) Morphology nanophases, and the possible presence of isolated phase mix
(nm™1) ing. This is correlated with the TEM results. On the other
Pl-b-PEO 0.406 dy0 OF 15.46  Cubic, sc hand, negative deviations from Porod's law were observed

for samples PD-2 and PD-5, Fig. 11b. These results suggest

d110=15.46  18.9 Cubic, bcc .
e that the boundaries among the nanophases for these sample

PD-2 0.181 doo1=33.9 33.9 Lamellar

are diffuse.
PD-5 0.279 dpo1=22.5 22.5 Lamellar
PD-10 0.296 doo1=21.2  21.2 Lamellar 3.7. Orientational effects
PE-1 0.129 d100=48.5 56.0 Cylindrical . . . . .
100 y. . Finally, we discuss the orientational effect induced by the
PE-2 0.185 d100=33.9 39.2 Cylindrical

solvent-cast method , which is part of the preparation pro-
cedure of these materials. Three-dimensional (3D) SAXS
patterns for two different orientations of a film of PD2 sam-
ple (which exhibits a lamellar nanophase) with respect to the
X-ray beam are shown in Fig. 12. The patterns are not nor-
malized in order to enhance their features. When the X-ray
beam is directed along the @xis, the results show that, in
the g;-g, plane (the film plane), only a ring of continuous
intensity is observed. However, when the X-ray beam is di-
rected along the g(or q,) axis, the results show that in the
g,-0. plane there are two strong, narrow peaks. These peaks
are positioned on the.gaxis, and this result indicates that
FIGURE 10. Transmission electron microscopy images of (a) PD10 the lamellae are oriented parallel to the surface of the film.
and (b) PE2 hybrid nanocomposites. The results demonstrate that the solvent-cast technique is able
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to induce macroscopically aligned samples for the lamellagive more accurate values for the nanostructural distances
hybrid nanostructure. We note that the film thicknesses ofhan, say, TEM —transmission electron microscopy- due to
these samples is significant{ mm), and therefore surface- the radiation damaged caused by TEM, which leads to the
induced morphological transitions and related effects for veryshrinkage of the samples and their inner distances. Finally,
thin films can be neglected [18]. understanding block copolymer directed nanoassembly at a
fundamental level may also be of key importance for devel-
oping specific architectures over extended length scales for a
wide range of inorganic materials.

The results of this investigation have demonstrated that the
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