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Hybrid organic-inorganic layered perovskite®{NH3),MnCl, of lyophilic aliphatic cationdR,NH3"
(Ry = CHane1; N = 2, 9) have been studied for their potential as functional additives in poly-
(dimethylsiloxane) (PDMS). The evolution of the microstructure for various nanocomposite assemblies
was characterized by means of X-ray diffraction and electron microscopy. Composites consisted of
exfoliated MnC} layers and enhanced aspect ratio crystallites composed of bundles of a few MnCl
sheets have been prepared. Such local morphology characteristics give rise to an inhomogeneous
microstructure with enhanced surface areas and pronounced structural defects, suggestive of partial polymer
intercalation only for the longer chain systems. The degree to which the two chemical realms interact at
the interfacial regions does not affect the static magnetic properties. The composites display two-
dimensional Heisenberg antiferromagnetic behavigr{ 42 K) similar to that in bulk powders. Electron
paramagnetic resonance finds that the low-temperature spin dynamics of dispersediayiatsl are
determined by the magnons and static solitons as in bulk materials. On the other hand, size-dependent
features and local scale imperfections in the morphology, arising from the composite formation, soften
the low-energy magnetic excitations of the pinned solitons. The interaction of PDMS and organocation
chains affects the dynamics and the orientational ordering of the longer, linear alkylammonium molecules.

Introduction

Composite organieinorganic materials are formed when

are ideal representatives in this field, with a plethora of
interactions forming new claypolymer composite$.The
compositional and structural variations generated by intro-

at least two distinctly dissimilar materials are mixed on a ducing a few weight percent of clay into the polymer matrix

nanometer length scale to obtain unique characteristics by

acquiring synergy between the two chemical spetidsre

specifically, interactions between inorganic layered materials
and organic substances have attracted increasing interest

especially in view of unique hosguest interactions and their
potential in a range of scientific and industrial applicatiéns.
It has been shown that syntheses of such hybgibker by
direct intercalation of polymers into inorganic hosts or by
pre-intercalation of their monomers and in situ polymeriza-
tion opens new routes to construct novel inorgaimolymer
nanoassembligs Although a large number of inorganic
compounds exhibit intercalatidbnapabilities layered silicates
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give rise to nanocomposite materials exhibiting unique
interfacial properties that enhance chemical resistance, me-
chanical strength, thermal stability, and optical transperancy.
Motivated by the extraordinary performance of layered
silicates in nanocomposite design, we search for other
lamellar inorganic solids that by dispersion in an appropriate
organic matrix can display similar multifunctional qualities
in the nanometer length scale. We found a good candidate
among layered organi@norganic perovskite%pf the general
formula (GHzn+iNH3):MX,s — M metal (Mn), X =
halogen (Cl),n = 1—which are prototype models for two-
dimensional (2D) classical spin antiferromagrfefs By
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varying n, the separation between layers can be tuned soln addition, EPR studies revealed that the soliton energy is
that interactions between perovskitic layers can becomesystematically smaller in composite samples compared to
sufficiently weak avoiding the intrinsic interlayer coupling bulk powders, which can be interpreted in terms of the

present in the bulk two-dimensional compounds. Fundamen-increase of concentration of structural imperfections, such
tal magnetic properties of the 2D square-lattice of classical as stacking faults, for example. These centers are most
spins can then be studied experimentally and compared toprobably generated during the exfoliation process.

existing theoretical models. Irrespective bf interlayer

interactions cannot be completely ignored and alternative Experimental Methods

approaches are needed to explore true 2D systems. In view

of that we wanted to test the possibility of the perovksite salt powders, s :NHsCl (n = 2, 9) were synthesized according

exfoliation in a polymer matrix, stability of exfoliated 5 standard solid-state chemistry procedures involving anaerobic
nanoparticles and the impact of delamination on the magneticconditions. The neutral amines were dissolved in distilled water

properties of these particles. Our optimizm laid on the fact with a slight excess of concentrated HCl in a three-neck flask under
that the perovksite intragalleByNHz™ (R, = CH2zq+1) cation inert (N,) gas flow and constant stirring. After-2 h the solutions
is potentially capable of functioning as a compatibilizing were heated at 60C to promote evaporation of water, and then
agent (i.e., organophilic) between the inorganic layers and the powders were removed from the flask and dried under dynamic
the polymer maitrix by ana'ogy to what is known for the Vvacuum (102 mbar) inside a desiccator (fo: 2,9). Hereaﬁer,
protonated amines of clay&.lt is especially desirable to  €thyl- (0 = 2) and nonyl- ( = 9) ammonium when used will be
attain classes of materials based on delaminated sheets as iAPPreviated to E'A.‘ and NOA, reSpe.Ct'Vely' .
the general case the resultant homogeneous mixture of Parent perovskites were synthesized as reported previtusly.

. . . . . a dry controlled-atmosphere (Ar) glovebox, high-purity Man&hd
polymer—inorganic layers may give rise to new physical

. . alkylammonium chloride salt powders were intimately mixed with
properties that are not accomplished by one of the tWo yhe'mqjar ratio 1:2. The mixtures were sealed in Pyrex tubes under

species alone. Therefore the question of interest is how theargon partial pressuré(= 300 mTorr) and heated for 5 days at
MnCl,-based lammelae would function chemically inside the 150°C. At the second stage, the powders were taken back in the
polymer matrix, whereas focus on the physical properties glovebox where they were reground and reacted a+-220°C in
would allow monitoring the electronic functionality of the sealed ampules, filled with'300 mTorr of Ar, for two additional
MnCl,-layers. We stress that this approach could be extendeddays to facilitate the reaction:

to other quasi-2D systems and that it is not limited to the
particular chemical system we have chosen.

With this work we report the preparation of composite after the second treatment at elevated temperatures, the samples
samples made of dispersed perovskitic MiClayers in a were not sensitive to ambient atmosphere conditiongHsD)
poly(dimethylsiloxane) (PDMS) matrix and the influence of anymore.
the nanocomposite formati Hon+1NH3)>.MnCl,—PDM Polymer Nanocomposite FabricationIn the present investiga-

p

(n = 2, 9) on the magnetic properties. When the same tion, we have used PDMS as the matrix to disperse the perovksite,
solvent-based processing method was employed for matrixesalthough polymers such as the poly(methyl methacrylate) or poly-
or poly(ethyl methacrylate), relatively less uniform samples OPtimum viscosity for the PDMS not only favors the current
were obtained, making PDMS the choice of preference. The composite processing technology but also helps to avoid precipita-
morohol ]L the PDMS-b d multicomnonent t m tion, segregation, and phase separation of the perovksite components

orp .O ogy © e' as'e uttico 'po'e SYSeMS i, the polymer matrix. Relatively more uniform nanocomposites
was first characterized by using a combination of X-ray

) ) k a were then attained as favorable viscosity, minimum shrinkage and
diffraction (XRD) and conventional transmission electron tast curing, properties difficult to achieve with the other polymers,

microscopy (TEM). We found that as-prepared composites made our PDMS-based systems more homogeneous under speed
consist of either exfoliated Mn€layers or enhanced aspect mixing.
ratio crystallites, composed of bundles of a few Mp&lieets, The raw materials that were required for the preparation of
while exploring their size dependency nnThe composites  polymer nanocomposite were PDM8y = 64 000; PS 445, United
still show a transition to a three-dimensional (3D) ordered Chemical Technglogles), tr|methylsnyl-terr'mn.ated poly(dimethyl-
Neéel state, while it seems that the transition temperaftige ( co-hydromethyl)siloxane copolymer (cross-linking agent; HMS-301,
~ 42 K) is not strongly affected by the nanoparticle Gelest, Inc.), Ptdivinyltetraemthyldisiloxane complex (SIP 6830.0,
morphology. The electron paramagnetic resonance (EPR)GeIeSt’ Inc.), and. MﬁperOV.Sk'te (Ff' nanOf'l!erS)' To investigate

. the effect of particleffiller dispersion, a series of the organically
measurements in bulk (RH3),MnCl, powder samples

d h | i . modified perovskite- PDMS-based nanocomposites were prepared.
emonstrate that, at low temperatures, nonlinear magnetlcln a typical procedure, the parent Mperovskite powders were

excitations or spin solitons determine the dynamical spin mixed with tetrahydrofuran (THF) solution (10 wt %) to form slurry.
correlation function as probed by the line width of the EPR The slurry was stirred for 12 h and then ultrasonicated for 25 min
signal in the vicinity of the magnetic transition. Such a two- to minimize particle agglomeration and avoid the segregation of
dimensional behavior is also apparent when systems ofthe insoluble Mn complex.(CnHzn+1NH3),MnCl,—PDMS} nano-

dispersed MnGllayers are measured for various composites. composites were prepared by speed mixing the appropriate amount
of MnCl, complex/THF slurry with vinyl-terminated PDMS and

Hybrid Perovskite SynthesesVarious alkylammonium chloride

2[C,HansNHCI ] + MnCl, — (C,Ha;NHg) ,MNCI,,

(11) Wang, Z.; Massam, J.; Pinnavaia, T. J.Falymer-Clay Nanocom-
posites Pinnavaia, T. J., Beall, G. W., Eds.; John-Wiley & Sons (12) Wortham, E.; Zorko, A.; Arcon, D.; Lappas, Rhysica B2002 318
Ltd.: Chichester, 2000; pp 127149. 387.
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trimethylsilyl-terminated poly(dimethyto-hydromethyl)siloxane
copolymer (MeHSIO) (reactivity ratia,= 2) at 3000 rpm for 57

min. THF solubilizes PDMS, reduces the viscosity of the polymer,
and improves the polymeffiller (Mn complex) interactions. After
complete evaporation of THF, a stoichiometric amount of platirum
divinyltetramethyldisiloxane (MeHSIO:P+ 50:1) catalyst was
added to the mixture and speed mixed for an additional 30 s. The
resulting material was allowed to cure at room temperature for a
minimum 2 h. In the present work we synthesized composites with
only 3.5(1)% weightR,NHz),MnCl4 (n = 2, 9) in PDMS. Although
lower weight perovskite dispersions could be realized, they were
too dilute thus making difficult the characterization of the hybrid
system’s morphology. On the other hand higher density perovskite
composites were avoided, as phase-separated mixtures were easily
achieved.

Materials Characterization. To monitor the formation and
structure variation in these materials XRD analyses was carried
out with a Rigaku D/MAX-2000H rotating anode diffractometer
(Cu Ka radiation) equipped with secondary pyrolytic graphite
monochromator. Room-temperature powder patterns were collected
for the polycrystalline R,.NH3).MnCl, (n = 2, 9) compounds. In
the case of the perovskitd®DMS composites, the specimens were

2
=

(%]

o

Intensity (arb. units)

20

10

o

—_
o
—
-
w

Intensity (arb. units)

10

Chem. Mater., Vol. 17, No

o

[}

' MH:' |||
Amine

Cl
Mn

(NOA),MNCL, |
A

(EA),MnCI,

A

\_‘_/_'__J_,J I'\_H__ILL '

|.
|.,
|
\

o silllil=<

I 1 L I L

I
] II
| L
o~
_,—‘/

EA-PDMS_-

A<

. 5, 2005201

9

10 11

cut out from the bulk material in the form of a thick ribbon. The
quantitative analysis of the diffraction data, involving complete
prof!le fitting l?y the LeBail pattern (_jecomposmon methiSayas (001) basal reflections of the perovksitic layers from (a) the bulk powder
carried out with the FULLPRO¥ suite of programs. (CaH2n+1NH3)2MnCl4 samples i = 2, 9) (inset: graphical representation

Ultrathin slices (70 nm thick) of the samples were prepared by Of the (GHan+1NH3),MnCls two-dimensional structure) and (b) the hybrid
cutting them out from the bulk perovskit®DMS composite 1 (Cottan+1NHs)MnCl,~PDMS material specimen, in the form of thin

; e . . . : rectangular slice cut out from the as-made composites.
materials utilizing cryogenic{150 °C) microtoming. TEM inves-
tigations were performed with a JEOL 1200EX (120 keV). TEM  (sjlicates) one can envisage the role of perovskite to be
photographs were taken with the §<_:att¢_er|ng contr_ast in the brlght- analogous to that of clay nanoparticle additives in polymer
field mode, up to 100 000 magnification to assign the relative | o0 silicate nanocomposites. To rationalize the necessity
contributions of the nanoscopic aspects of the hybrids to their - . -
for the chemical syntheses described previously and to probe

macroscopic response. In this way darker lattice fringes would ificati in the phvsical behavi
correspond to periodic stacking of the (heavier element) perovskite modifications in the physical behavior between parent and

layers, whereas the organic matrix would be represented by theCOmMposite systems, let us introduce some special structural
variable shading (due to local density fluctuations) surrounding. features justifying the selection the-@ perovskites as the
The static magnetic properties of the materials were investigated active motifs for new functional (nano)assemblies. Figure
by dc susceptibility measurements on a Quantum Design MPMS 1a shows the XRD powder patterns for every one of the
superconducting quantum interference device (SQUID) magnetom-(C,Hzn+1NH3),MnCl, (n = 2, 9) O-1 perovskites. LeBail
eter. Data were obtained under zero-field cooled (ZFC) and field pattern decomposition of these data supports the orthorhom-
cooled (FC) protocols, between 4.5 and 300 K, for both bulk pic symmetry of their crystal lattice and allows indexing of
powdered organieinorganic (C-I) perovskite samples and their e Bragg peaks upon tf@mcaspace group in agreement
pol){mer composites. Measurements were carried in applied ﬁ_eldswith earlier reportds The strong layering nature of these
of either 0.5 k.G for the powder samples or 1.kG for th? COMPOSItes. systems is exemplified by the observation of intense, sharp
The modification of the ground-state magnetic properties, especially (00) (I = 2m; n = integer) reflections, which are character-
for the filled polymer containing inorganic layers and the associated ™’ o 9 ' o
spin dynamics, were further studied by the EPR technique. X-band istically shifted tO_W"ird 'O_WGr angles V_V'th prqgresswe Increase
EPR spectra were collected on a commercially available Bruker Of the organocation chain length. This confirms the enhanced
E580 FT/CW spectrometer working at Larmor frequency of= interlayer separatiord (= c¢/2), of the MnC}, sheets upon
9.5 GHz, equipped with an Oxford Cryogenics cryostat. The the intercalation of longer chain alkylammoniumHGz,1-
temperature stability was better th&0.1 K. In all samples studied ~ NH3* groups. The present results, in agreement with earlier
by EPR we used the same cooling protocol: slow cooling from reports!® show that the separatiahbetween layers is varied
room temperature to-60 K taking a spectrum every 5 K. After  glmost linearly upon increasingvalues. This effect served
that the ter_nperatu_rg step was decreased to 1 K, while in the vicinity 55 incentive for choosing these materials as candidate
of magnetic transition data were taken every 0.5 K. “loading agents” for novel polymer nanocomposites in
analogy to the plethora of organophilic clay applications. The
ability of hybrid perovskites to self-assembl@ato nano-
structures of multilayered inorganic sheets interleaved by
bilayers of organic cations (inset Figure 1a), while possessing
weak van der Waals interactions between their organic tails,

26 (deg)
Figure 1. X-ray diffraction patterns showing Bragg scattering from the

Results and Discussion

Structure of O—I| Perovskites. In view of the develop-
ments of polymer composites containing inorganic fillers

(13) LeBall, A.; Duroy, H.; Fourquet, J. LMater. Res. Bull.1988 23,
447,
(14) Rodfguez-Carvajal, JPhysica B1993 192 55.
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21, 57. Depmeier, WJ. Solid State Chenl979 29, 15.
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Table 1. Evolution of the Interlayer Spacing,d, and Particle Size Characteristic8 upon Increasing Alkylammonium Chain Lengths,
CnHantaNH3™ (n = 2, 9), As Determined from the XRD (002) Basal Reflections

bulk parent perovskite polymer nanocomposite
primary? primary? secondary
b/rad no. of by/rad no. of bo/rad no. of
compound d/A x 1073 LJA layers dy/A x 1073 La/A layers do/A x 1073 LpA layers
(EA)2MnCly4 11.024 1.66 838 76 11.107 2.95 471 42 11.806 2.90 480 41
(NOA)MnCly4 26.566 1.24 1119 42 25.927 3.05 454 18 27.988 5.32 260 9

ancluding peak broadeningdp, average crystallite sizé,, and number of coherently stack layet$002) reflections.

as compared to the stronger hydrogen bonding of the'NH effect is less pronounced for the short-chain (BA)Cl4-
to the inorganic sheets, makes them good candidates tobased hybrid material (Figure 2b). Near the primary
undergo exfoliation processes when they become dispersedNOA),MnCl, particle-polymer interface there is significant
in the favorable, lyophilic environment of a polymer-based disruption of original crystallite structure, with the PDMS
matrix. penetrating the interior of the particle, giving rise to both

Structure and Morphology of Composites.To under- small (inset Figure 2a; “region 1”) openings near the edge
stand the electronic and magnetic properties of the dispersedandlarger gaps (inset Figure 2a; “region 2") between layer
inorganic filler particles we studied their assembly and stacks. At the same time the interior of the crystallites shows
average size within the polymer matrix by means of “local fluctuations” in the layer stacking, indicating the
combined TEM and XRD studies. The evolution of the presence of defect structures (e.g., stacking faults; inset
composite system’s morphology upon tH&NH3z),MnCl, Figure 2a, “region 3"). Thesénhomogeneitiexan be a
(n = 2, 9) perovskite incorporation demonstrates the influ- source of disagreement between the interlamellar space
ence of the alkylammonium chain length in the microstruc- magnitude estimated by theerage structure determined
ture. by XRD and thelocal structure resolved by TEM observa-

A preliminary inspection of the XRD patterns (Figure 1b) tions.
of the as-prepared perovskitpolymer composites, reveals Figure 2b presents the case {fEA),MnCl,—PDMS}
“secondary” peaks at Bragg angle)(systematically lower  where the original crystallite structure shows relatively higher
than the anglesdf) corresponding to the “primary” (0P |ayer disorder, without coherent stacks of layers in proximity
basal reflections of the parent perovskites (Figure 1a). These(| > 400 nm) and with smaller “longitudinal” dimensions
secondary peaks are found, for example,t=2 7.48 for when compared to that ifi(NOA),MnCl,—PDMS}. The
the {(EA).MnCl,—PDMS} nanocomposite material and at  disordered layer groupings 6(EA),MnCl,—PDMS} appear
20, = 3.18, 6.32 and 9.44 for the {(NOA).MnCl,— to maintain their gallery heights while layer delamination is
PDMQ . The Secondary reflections in all cases were indexed more pronounced at the interfacial regions of the WL‘
on the basis of the same orthorhombic lattice symmetry crystallites. Therefore, individual layers together with small
(Cmcg as to that adopted by the parent perovskites. In stacks of MNCP~ sheets, of longitudinal dimensions 50
principle their lower angle shift would suggest an expanded 150 nm, randomly distributed within the polymer, result in
c-axis unit cell and a moderate increase in the interlayer 5 heterogeneous microstructure for the EA-containing samples.
d-spacing ¢). The extent to which the perovskite lamellar - on the other case, bundles of Mp&lsheets composed of
structure is primed apart, during the polymer composite enhanced aspect ratio (NOMJCl, crystallites (namely,
formation, for various length (t2n+1NHs" groups is com-  200-400 nm longitudinal dimensions) that orient themselves
piled in Table 1. We note a marginal change in the case of with one another allow for a highly anisotropic ordered
the EA composites, with however, a more pronounced layer microstructure (Figure 2a). The larger area TEM images for
“opening” (>2 A) in the NOA composite samples. As a  the NOA-containing materials also demonstrate the mechan-
number of factors? unrelated to the intrinsic chemical/ jcal flexibility of the “filler” perovskitic inorganic layers, as
physical functionality of the filler particles (e.g., sample they bend smoothly while forming their stacks in individual
geometry, smoothness of sample surface, perovskite conrystallites (Figure 2a).
centration, etc.), may also affect the Bragg peak positions In summary, TEM finds that although intercalation by

agget::]es'r%g&”;'?}iiégsge ;ng,:é?:ﬁ;tslzo?gSairvggtsxc?ItjhePDMS in the interior of the MnGlbased layer stacks is
Pa ' ; Y . P hot afforded in a uniform way, moderate flocculation and
microstructure in such hybrid materials.

. . . separation of the original crystallites by the surroundin
a. Transmission Electron Microscopy.The TEM experi- P g y y 9

t | . £ diff l . hile all organic matrix does take place near the boundary of the
ments resolve regions of different layer spacing, while allow primary particle-polymer interface.
us to discuss the arrangement of individual layers, stacks of

layers inside the composites, or both. EGNOA),MnCl,— b. X_—ray Diffraction Considerations. As seen by TEM
PDMS nanocomposite material, bright-field TEM micro- and witnessed by the double-peak structure of the XRD probe

graphs show bundles of layers of the (NGM)NCl, perovs- (Figure 1b), mainly the modulation of the interlayer spacing

kite particles al ~ 300-400 nm apart (Figure 2a). This at the particle-polymer interfacial regions should be re-
sponsible for the apparent increase of the interlayer space.

(16) Vaia, R. H.: Liu, W.J. Polym. Sci. Part B: Polym. Phy8002 40 Combining the information from the average structure probed
1590. by XRD work with microscopic TEM observations, we
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Quantitative analysis of the XRD intensity profile comple-
ments the TEM analysis as it allows characterizing to some
extent thelayer-to-layer correlationsnside the nanocom-
posite. The degree of layer stacking (forming perovskite
particles dispersed in the polymer matrix), addressing particle
size, internal disorder effects, or both, can be evaluated by
thebroadeningandweakeningf the intensity for the primary
and secondary basal reflections (Figure 1b). As the width of
the peaks is inversely proportional to the coherence length
of the scattering entities, Bwer boundfor the coherent
stacking (along c-axis) of the perovskitic layers can be
estimated. This is approximated by calculating the average
crystallite size through the Scherrer formula= (0.9)/(b
cod)), whereb is full width at half-maximum (fwhm) in
radians (Table 1). Although in the bulk powdered perovs-
kites, the average fwhm of the primary (002) XRD peaks
displays some reduction upon increasing alkylammonium
chain length, when the (E2n+1NH3),MnCl, (n = 2, 9) are
dispersed in the PDMS, importantly, we find the primary
(00l) peaks to become at leas60% broader. Furthermore,
the secondary peaks, in the composites, which have “grown”
due to partial polymer inclusion in the interlayer space of
the perovskite, appear to have developed broader with the
increase in the number of carbon atoms in thEl & NHs™
groups.

Such broadening effects, determined by the length of the
coherent X-ray scatteringerpendicularto the layers, suggest
that the length over which coherency exists for crystallites
formed in the composites must decrease. As a matter of fact
if we estimate, from the primary reflections, the number of
MnCls2~ sheets stack together to form the dispersed particles
we find that there is a radical diminution of the number of
layers (Table 1). The crystallitsize reductionis further
pronounced when polymer inclusion is feasible, as the 2
shift of (0d) secondary peaks to lower angles gives rise to
a larger p co9)] term and therefore a smallér. This is
true for the longer chain (NOAMNClI,-containing compos-
ites, but not for the short-chaifi(EA).MnCl,—PDMS}
system. For the former we estimatbeterogeneougarticle
size, ranging from 45 nm (110 nm bulk powder) associated
with unintercalated to 26 nm in the partially intercalated

Figure 2. Larger area bright-field TEM image of composite specimens: CrySta_Hltesl' ) ) o
(a) {(NOA):MnCl,—PDMS} and (b){ (EA).MnCl,—PDMS}. The former Rationalizing the causes that possibly produce deviations

displays layer groupings with mutual crystallite ordering in the interparticle between the XRD and TEM extracted Iength scales. for the
regions of the PDMS matrix. The arrows indicate the areas of the composite '

shown in magnification as insets: (a) primary particle with small and large coherent layer-to-layer correlations (representgd_ by the
crystallite opening$1, 2}, layer intergrowths and stacking fau{ts}; (b) number of parallel stacked MngClayers and their inter-

a r_egion of comppsite showing randomly distributed crystallites and lamellar Separation) in these hybrids, someone may claim
individual perovskitic layers. . . . .

contributions that either were not accounted for in the

previous calculations or because structural features were
postulate (vide infra) that these hybrid composite materials difficult to resolve through the employed experimental tools.
display aheterogeneou@n terms of size, arrangement, and The origin of the former, for example, can be strain
stacking of layers) local-scale morphology, assigned to (i) associated with the crystallite interfacial regions, that is likely
intercalatedregions, contributions from near the boundaries to broaden further the XRD peaks and the latter may be
of the crystallites with the polymer (“secondary” XRD related to the presence of defect structures that may introduce
reflections, defined,) and (i) unintercalatedregions at the  uncertainty in the interlayer spacing and therefore “misin-
interior of the particles themselves (“primary” XRD reflec- terpret” the spatial extent of their stacking. The weak Bragg
tions, defined;). Table 1 compares the relative changes in scattering received from such complex polymer hybrids limits
thed-spacing of the MnGisheets in powders and composites the usage of methodologies based upon full profile (Rietveld)
as derived from the XRD studies. analysis that otherwise help clarifying such issues.
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Magnetic Response of Compositedn a model system 0.07 1 . ; ; ; : .
approach, the simplest two-dimensional (2D) magnet would 0.061 FC ° ngfpv(v)‘jved’er 1
consist of a quadratic arrangement of spins coupled by the o o EA-PDMS
isotropic Heisenberg exchange interacttdn= —JS-S. A 0.05 rq® » NOA-PDMS 4

fairly good approximation for such a 2D antiferromagnetic

Heisenberg square lattice is the present family of metal

organic compoundsRiNH3),MnCl,.*” Here the MA" ions

are arranged in quadratic layers, octahedrally coordinated

by ClI ions (inset Figure la), while double sheets of

organophilicalkylammonium groups Ei.n1NHs* separate

the MnCj inorganic layers. By varying, the separation 000b
" 0 50 100 150 200 250 300

between layers can be tuned. Intuitively, weak exchange Temperature (K)

interaction between the layers should scale witkhile _ . . -

. . . L S Figure 3. Temperature evolution of the dc spin susceptibilitymeasured
leaving the superexphange interactions within t_he |nQ|V|duaI in a SQUID magnetometer for powder and polymer composites bfAG:-
Mn?* sheets essentially unchanged. However, in an ideal 2D NHs):MnCls (n= 2, 9). Data shown were collected under field-cooled (FC)
maanet no maanetic orderin finite transition temperature conditions. The line over the powder data is a fit to the CuitMeiss law.

. agnet O agnetic o dse gat . te transition te p? .atu € Powder samples were measured at an external fietd 0.5 kG and the
is theoretically allowed? TO attain a nonzero transition  ppms composites dt = 1 kG. In all cases 3.5% weight perovskite was
temperature one needs to introduce either interlayer exchangéncorporated in the polymer matrix.

interactions or some other type of magnetic anisotropy,

including Ising or DzyaloshinskyMoriya interaction.

% (emu/mol)

99999999@9999999999?

the particular morphology of the perovskite crystallites) the
In the section Structure and Morphology of Composites, fraction of uncorrelated “surface” spins in dispersed samples
it was demonstrated that when these systems are dispersef increased as compared to “bulk” spins. Such surface
in the favorabldyophilic PDMS environment, the subsequent  moments, lacking coherent nearest-neighbor superexchange
polymer nanocomposite formation affects the morphology interactions, lead to disordered spin configurations that give
of the perovskitic particles and results in smaller crystallite rise to a reduced average moment magnitude. However, the
dimensions or even exfoliated layers. During such a processoyerall temperature dependence of the high-temperature spin
one expects that a relative proportion of the surface spinssysceptibility is very similar in all cases. The broad maximum
will increase compared to bulk powder. The enhanced of the y(T) in both bulk and composite samples around
specific surface and finite size effects are thus expected to~60-70 K is indicative of the presence of antiferromagnetic
play an important role in dispersed samples. Furthermore, correlations in these low-dimensional magnetic systems. The
as revealed by the TEM and XRD data, there are numeroustemperature dependence of the magnetic moment in the
defects formed during the exfoliation process, which may ma_gnetica"y ordered phas'é 6 TN) is also Worthy of further
influence the spin dynamics and the magnetic ordering of discussion. The canted spin component of the antiferromag-
the nanOpartiCles. On the other hand the interaction betweerhetica”y Coup|ed MA" moments gives rise to a weak
the PDMS and organocation chains is envisaged to affectferromagnetic behavior beloW. This is evident in bulk as
the dynamics and orientational ordering of the alkylammo- well as in composite samples as a sharp upturn in the
nium molecules. To this extent, it is especially interesting susceptibility and a moderate deviation between ZFC and
to probe existing or enhanced magnetic anisotropies due toFC measurements. The behavior was attributed before to the
the modified crystallite topology in such composites. In the antisymmetric DzyaloshinskyMoriya exchange interaction
following paragraphs we therefore examine the impact that originating from the tilting of the MnGl octahedral units
size-dependent correlations can have on the magnetic properiside the layer8® We believe that the difference in the
ties of such nanoscale hybrids. way the weak ferromagnetic moment develops lays on the
a. Bulk Magnetic Properties. In Figure 3 we compare  inhomogeneous microstructure met in the composites. The
the field-cooled dc magnetic susceptibiligyT) for all the enhanced surface areas and pronounced structural defects of
(CiH2n+1NH3)2MNCl4 (n = 2, 9) materials dispersed in the the inorganic particles produce a certain degree of spin
PDMS to those in bulk powder form. While there is no disorder (due to “broken” exchange bonds at the nearest-

substantial change in the characteristiceNerdering tem- neighbor Mn-lattice sites), which in turn gives rise to a
perature Ty, the magnitude of the magnetic moment in the “distribution” of Néel temperatures and exchange constants.
pristine bulk samplé&'?is by a factor of~2 larger than In the composites the large diamagnetic contributions of

the corresponding moment size in dispersed samples. Wethe polymeric molecular chains to the paramagnetic spin
note that such a reduction in the magnetic moment has beersusceptibility lead to a deviation of théT) from the Curie-
observed before in different nanostructured magnetic materi- Weiss behavior,@/(T — 8)), an effect that prevented us from
als!® A plausible explanation assumes that (due to the extracting a value for the magnitude of the effective magnetic
enhanced surface area, in addition to defects presented bynoment in the paramagneficrange. For the bulk powder
samples, we corrected the molar susceptibility for the

(17) van Amstel, W. D.; de Jongh, L. Solid State Commuri972 11, diamagnetism of the constituent atoms and the alkylammo-
1423. nium chains (estimates based on the procedure developed

(18) de Jongh, L. JMagnetic Properties of Layered Transition Metal - EA o 6
CompoundsKluver Academic Publishers: Dordrecht, 1986. by Pa’\‘Sé:Aal resulted IR giamagnetic 180 x 10°® emu/mol

(19) Kodama, R. HJ. Magn. Magn. Mater1999 200, 359. and Ygiamagnetic ~ —340 x 10°® emu/mol). Then we ex-
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tracted an averag@esxl{= (8C)¥?) ~ 6.6 (4)ug (110= T =<
300 K), that within the experimental errors approaches the
theoretically expected;5.92 ug, for a high-spin,S = %/,
Mn?* state. Furthermore, CurigNeiss fitting of they(T)
data, for powdered perovksites with varying organocation
chain length i = 2, 9), allowed a large negative paramag-
netic Curie temperaturéf(&~ —130 (5) K, that postulates
to growing antiferromagnetic correlations already at elevated
temperatures.

b. Microscopic Electronic Response by EPRComparing
the behavior of the bulk ©I1 perovskite powders to the EPR
response arising from the lower dimensional inorganic
layered microstructure afforded in the composite system,
useful conclusions are drawn on the type of interactions met
in anisotropic Heisenberg magnets. One can determine the
temperature dependence of the paramagnetic, spin-only
susceptibility by measuring the intensity of the EPR signal.
This has the advantage of being free from “parasitic”
diamagnetic susceptibility signal arising from the organic

Chem. Mater., Vol. 17, No. 5, 20056205
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Figure 4. Temperature dependence of the total EPR spin susceptibility in

constituents of the hybrid system. The purpose is to provide EA and NOA, powder and composite samples. In both (a) and (b) “crossed”

insight on the spin dynamics in the particular 2D topology
achieved by increasing the organocation (alkylammonium)
chain length.

Static Properties. The calibrated EPR signal intensity, at
room temperature, for dispersed (EMNCl, and (NOA)-
MnCl, in PDMS corresponds {@et = 4.0 ug andues = 4.4
us, respectively. The paramagnetic effective magnetic mo-

ment appears reduced compared to values obtained in bulk
powders, in agreement with the magnetization measurement

described above. Also the temperature dependence of th

EPR signal intensity, observed in bulk samples, does not

deviate from that reported in previously published resiilts.
The spin susceptibility, given by the intensity of the EPR
signal, is characterized by a broad maximum arot7@® K
and is rather similar for all the samples at temperattires

60 K (Figure 4). In a 2D square-lattice Heisenberg model

the spin susceptibility at high temperatures can be analyzed

by the expressich

2 —R7T)\2
By (1+ L( ﬂJ)) )

=3\ 1= L(=p)

where the only free parameter is the intralayer exchange

coupling constand, given byJ = JYS+ 1), with S= %/,

for Mn?* ions. HereL(x) is the Langevin functiong the
Lande factor, 5 = 1/KT, and k the Boltzman constant.
Unconstrained fit using eq 1 (taking into account only
measurements between 60 T < 300 K) allows for an
estimate of the magnitude of the average intralayer exchang
coupling constant) ~ —7.5 K, for both bulk and PDMS-

based samples (Table 2). On the basis of these measuremen
we can conclude, that the intralayer exchange does not vary
substantially from sample to sample; i.e., it does not change

considerably either witm nor with the dispersion in the
PDMS matrix and the composite formation.

Interestingly, we find an EPR signal even in the magneti-
cally ordered phase. This response, Tat< Ty, is not

(20) Benner, HPhys. Re. B 1978 18, 319.
(21) Curely, J.; Rouch, Physica B1998 254, 298.

symbols represent measurements of bulk powder, while “solid” symbols
are due to PDMS-based samples. The line over the EA data below
indicates the Curie-like contribution that survives in the EPR spectra of
bulk powders. Insets in (a) and (b) show the temperature dependence of
the individual components arising from the deconvolution of the EPR spectra
in the composites into two Lorentzian lines. The “high-temperature”
component (1) vanishes &, while the “low-temperature” component (2)
appears to develop already just abdwe The latter completely dominates

the spectrum at lower temperatures.

attributed to an antiferromagnetic resonance type signal.

Z(Nhile it is possible that this is due to some paramagnetic

impurities, its intensity quantitatively differs in bulk and
composite samples, making its origin worthy to be investi-
gated further. For instance, in bulk (NOMA)nCl, sample

the EPR susceptibility nearly vanishes beldw= 41 + 2

K and only at very low temperatures a very weak EPR line,
with a Curie-like dependence, appears (Figure 4). On the
other hand in PDMS-based samples one can notice the
deviation of the EPR signal from a simple Lorentzian line
shape already a few degrees kelvin abdyeThe difference

in the line shape can be modeled as a superposition of two
overlapping Lorentzians. Then one can naotice that the “high-
temperature” signal 1 disappears &, while the “low-
temperature” signal 2 increases strongly with decreasing
temperature (inset, Figure 4). This approach then supports a
“dual” nature for the EPR response in the vicinity of the
Néel temperature. Taking into account the structural con-
siderations discussed in Structure and Morphology of
Composites, we envisage that the “low-temperature” signal

ejs mainly due to the spins located at or near the many

structural defects, including the surface and stacking faults,
Psf the composites.

Low-Energy Magnetic Excitations. Furthermore, the
dynamic spin correlation function in the paramagnetic phase
and the magnetic anisotropy are probed by the temperature
dependence of the EPR line width. To this extent, some
marked differences between samples composed of short and
long GHan+1NH3™ groups are observed even at room
temperature. In (EAMNnCls-basedii = 2) samples, the peak-
to-peak EPR line width at 300 K is comparable, namely,
AHp, = 23.8 and 23.5 G in bulk and dispersed samples,
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Table 2. Intralayer Exchange Coupling Constant,J, and the Neel Ordering Temperature, Ty, Extracted from the Calibrated EPR Signal

Intensity@
bulk parent perovskite polymer nanocomposite
compound JIK TwK EgK JIK Tn/K EgK
(EA)2MNCls —7.5(2) 41(2) 673(20) —7.6(2) 42(2) 636(20)
(NOA)>MnCl,4 —7.8(3) 43(2) 570(30) =7.7(1) 43.5(2.0) 528(20)

aThe activated behavior of the line width, eq 2, allows the magnitude of the pinned soliton eBegrgy be estimated.

respectively. On the contrary, the difference is large in 1000 £ e o
(NOA),MnCl, (n = 9) samples. The room-temperature peak- F %l ] o
to-peak EPR line width in bulk powder &Hp, = 31.1 G, S wf g ] p

while it is AHpp, = 23.8 G in the composite. Such an increase 100 £ £ 52 e et S

in the EPR line width of bulk samples may be attributed to
the enhanced magnetic anisotropy in (NGMNCl,. This

has been recently suggested to be the cause for the raise in
the magnitude oTy with increasingn.?? On the other hand,

o -
0 100 200 300 3
T(K) 0

AH-AH, (Gauss )

O EA powder
in PDMS-based (NOAMNCI, sample the room-temperature [ . NOA powder
line width is almost the same as {iEA),MnCl,—PDMS} 1k = NOA-PDMS
composite. We believe that the interaction between the 0:4 . ST . 0-8 ——

organophilic alkylammonium chain with the PDMS plays a
major role here.
Early detailed investigatioﬁ%on the (C;H2n+1NH3)2MnCI4 _Figure 5. Temperature dependence_of the EPR line wimﬁ, — AHjin,,

. . just above the Nal temperature, having subtracted the high-temperature
compounds have shown that coupling of the dynamical linear contribution. The solid lines represent the fit to the eq 2. Inset:
motion of the alkylammonium groups to the tilting pattern displays the characteristic temperature evolution of the EPR line width for
of the MnCk octahedra gives rise to ordedisorder transi- ~ ©one of the composites, i.e., tifNOA);MnCl;—PDM$}, before the

. . . . . subtraction of the linear term.

tions (To-p: followed by change in the lattice symmetry) in

the bulk perovksite samples, which apparently shift from follow approximately an Arrhenius lagf, namely, AH O
To-p = 200 K, inn = 3, toward room temperatufewith expEsT). Here Es = 47JF is the soliton energy. More
further increase im. XRD analysis has shown (in X-ray precisely the EPR line wid# should change according to

TV T

Diffration Considerations) that in thg¢ (NOA),MnCl,— the following relation:

PDMS} sample the interlayer distance of the perovskite

increases by at leag A during the composite formation. T| 435/ T \32 273 T\4.| .0

This suggests partial intercalation of the polymer chains ~ z_ﬁ(g) + T(E) | )

between the layered structure that in turn inhibit the
reorientational dynamics of #l2,+1NHs™ chains through  where yo = (1/8)J and S = %,. The main temperature
steric interactions. The structure then appears “stiffer”, i.e., dependence comes from the temperature dependence of the
attains a relatively stronger interlayer bonding and in this correlation lengtf#8
respect even thg(NOA),MnCl,—PDMS} sample becomes
“similar”, in terms of layer coupling, to (EAMnCl,-based £E= 1 e F(E_s) 3)
materials. This behavior is reflected in the temperature 8e™2,/2 2T
dependence of the peak-to-peak EPR line width for the NOA
composite, with the subsequent lowering of the order After subtracting the high-temperature linear line width,
disorder transition (as marked by important Changes in the the remaining contribution to the line Shape indeed follows
slope of the otherwise linedH,,(T) curves) from the~290 the above-mentioned activated type of behavior and is nicely
K value, observed in the bulk powder NOA materialTto p fitted to eq 2. The least-squares fitted curve(s) together with
~ 200 K24 a low-temperature data are shown in Figure 5. The extracted
Below 70 K in all four samples the EPR line width starts Pparameters are compiled in Table 2. For example, the derived
to increase substantially. This low-temperature region is a value of the soliton energy for the bulk (EAINCl, powder
fluctuation region where the spin excitations determine the IS Es = 673 K. The latter is in fairly good agreement with
EPR line width. Both static solitons coupled to magnons and the magnitude oEs determined by utilizing equatioBs =
magnons themselves were suggested before as the maidJS andJ values extracted from the temperature-dependent
source of broadening between 70 K andy.? In this case EPR susceptibility. We notice though that the extracted

the temperature dependence of the EPR line width shouldsoliton energy is somehow smaller in bulk (NGRMNCl,
sample. The decrease is even more dramatic when PDMS-

(22) Lee, K. W.; Lee, C. H.; Lee, C. E.; Kang, J. Rhys. Re. B 200Q based samples are compared (Table 2). The observed

62, 95. - reduction ofEs resembles the effect of impurity centers to
(23) Heger, G.; Mullen, D.; Knorr, KPhys. Status Solidi A975 31, 455.

Heger, G.; Mullen, D.; Knorr, KPhys. Status Solidi 4976 35, 627;

Kind, R. Ferroelectrics198Q 24, 81. (26) Waldner, FJ. Magn. Magn. Mater1983 31—34, 1203. Waldner, F.
(24) See Supporting Information. J. Magn. Magn. Mater1983 54—57, 873.
(25) Zaspel, C. E.; Grigereit, T. E.; Drumheller, J.Rhys. Re. Lett.1995 (27) Zaspel, C. E.; Drumheller, J. Eat. J. Mod. Phys. B.996 10, 3648.

74, 4539. (28) Takashi, MPhys. Re. B 1989 40, 2494.
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pin-down solitons in two-dimensional Heisenberg antifer- partial polymer intercalation is witnessed at the interfaces
romagnet$’ For instance, from the relative diminution of of (NOA),MnCl,—PDMS, giving rise to increased structural
Es in {(EA).MnCl,—PDMS and comparison to earlier defects, including surface and stacking faults. The interpen-
theoretical calculatio®® we can estimate that-0.5% etration of the PDMS polymer chains and alkylammonium
nonmagnetic impurities can be present in the perovskite groups in the interlamellar NOA-based perovskitic space
lattice. Assuming this occurs in the longitudinal dimension results in relatively stronger interlayer bonding, inhibiting
of an extended layer stack we calculate~a¥0-nm particle the dynamics of the alkylammonium part of the perovskitic
size. This is comparable to the values estimated from thestructure. We find that the major characteristics of the
TEM measurements. Therefore, wherever the PDMS chainsmagnetism, pertaining to a 2D antiferromagnetic Heisenberg
tend to enter into the layer stacks, it is a cause for defect behavior, explored in bulk powders survive also in the
structure formation that can influence the low-temperature composites. However, the finite size effects enter into the
spin dynamics. systems through numerous structural irregularities related to
The EPR data appear to correlate well with the structural regions of partial PDMS intercalation and the enhanced
and morphological observations involving the composite surface area in addition to defects created during the
formation. Though finite particle size effects appear not to composite formation. In turn these modifications of the local
have a significant result on the bulk magnetic properties (e.g., microstructure can suppress the degree of long-range mag-
magnitude ofTy and nature of the transition), local scale netic order while in confined geometries act as nonmagnetic
imperfections in the morphology “soften” the low-energy pinning centers for the low-temperature solitonic excitations.
magnetic excitations (pinned solitons). Also the increased Therefore the dynamical magnetic properties of the dispersed
surface-to-volume ratio in dispersed samples is clearly samples seem to follow some of the changes in the particle
reflected in the reduction of the effective moment measured morphology. Further investigations on longer chain perovs-

by the intensity of the EPR signal. kitic compounds and utilization of alternative conditions for
the polymer composite formation could eventually afford
Concluding Remarks nanoscale MnGt -based layers of enhanced functionality

. to that in analogous silicate nanocomposites.
We have prepared polymer composites based Rp (
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