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The synthesis of semiconducting nanocrystals of manganese oxide of controlled sizes and their manipulation

to form ordered arrays is described. Nanocrystalline mixed-valent manganese oxides have been prepared as

colloidal solutions via reduction of tetraalkylammonium (methyl, ethyl, propyl, and butyl) permanganate salts

in aqueous solutions with 2-butanol and ethanol. Reduction with the poorly water miscible 2-butanol produces
aqueous colloids for the methyl, ethyl, and propyl systems, whereas 2-butanol colloids are produced for the
butyl system. The colloids are reddish-brown, have an average manganese oxidation state 279,7nd
have been prepared in manganese concentrations up to 0.57 M. The sols will gel upon aging, and the gel time

depends on the cation, the amount of alcohol, the temperature, and the concentration of manganese. Small

angle neutron scattering (SANS) data indicate that the particles are disklike in shape with radii in the range
20—-80 A and are largely unassociated in solution. Thin films produced from evaporation of the colloid or
spreading of the gel onto glass slides demonstrate long-range order, yielding an X-ray diffraction (XRD)
pattern consistent with a structure of Gtifpe layers of manganese oxide with tetraalkylammonium cations
and water molecules interspersed between the layers. The SANS and XRD evidence are consistent with a

mechanism of self-assembly of unassociated layers upon concentration and evaporation. Consistent with a

mechanism of quantum confinement, UV/visible spectroscopy of the colloids reveals two absorbances, one
near 220 nm and the other in the range 28Q0 nm, blue-shifted from the maxima observed for bulk

manganese oxide (400 nm). When the samples are aged, these bands shift to the red. The growth of particles

in solution with aging, indicated by the shifts in absorbance, has been confirmed by SANS experiments.

Introduction coupled with size-dependent electronic and optoelectronic

Crystallites of nanometer dimensions demonstrate a host Ofpropertiesﬁ. For device manufacture it is not sufficient to _merely_
unusual properties that set them apart from both extended an roduce nanocrystals, and researchers have turned their attention

molecular materials. These properties are due to the electronic 0 techniques for assembling nanocrystals into ordered three-

structure and the surface-to-volume ratio, both of which, in the dimensional array(éj. ith mixed-val .
nanometer regime, are strongly related to $i8@miconductor Manganese oxi es with mixed-valent manganese comprise
nanocrystalline maierials have been an area of intense investiga large class of semiconducting materials with unique proper-
. Y 9%ies8 They find application as cathodes in lithium ion battefies,
tion, and there has been much effort focused on the synthesis L

i . . ; are good oxidation catalystand recently have been found to
and properties of these materials including nanocrystals of

o3 14 A5 : -~ exhibit giant or colossal magnetoresistaftélanocrystalline
f;lr'f: ori)rzlte?g(sjtilrll V;re?di;” terzeg;l(i/(?ir;;lL:;t%Z‘S- (rjoniﬁ?gc;n 4 Mmanganese oxides may produce a new set of properties
Y INte ng area, In ter . prop .~ complementary to those in the bulk, improving or augmenting
applications, is the investigation of semiconductor metal oxide the applications for manganese oxide. While bulk preparations
nanocrystals. Nanocrystalline oxides of Zn, V, Co, Ti, and Ce PP g 5 prep

are of interest as catalysts and photocatalysts, batter materialsha“/e been extensively exploréd?’ there have been few
hosphors. and su )érts becguse of thiir P’1i h sgrface areaI"eported preparations and/or investigations of manganese oxide
phosp ' PP 9 nanoparticled?—2’ Stable nanoparticles of manganese oxide can
* To whom correspondence should be addressed. be difficult to'prepare pgcause of the stron'g tendency OT
t Department of Chemistry manganese oxide to precipitate or coagulate during the synthesis.
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GaAs, many manganese oxides are negatively charged andnanganate salts seem to be stable over a period of months, but
ionically associated with cations including alkali metal cations, the TBA salt readily decomposes to form a gummy dark solid
alkaline earth metal cations, and protons. It is the close within a few weeks.

association of these cations that balances the charge of the Safety Note:The TAAMNO; salts (TAA= TMA, TEA, TPA,
manganese oxide units, permitting condensation into larger gnd TBA) decompose passively upon heating at 800 °C;
particles. Altering this ionic interaction through the incorporation however, ammonium permanganate salts with some degree of
of large, less electropositive organic cations may prove to be aynsaturation in the organic chain (e.g., PhEH;CH,)sN™,
fruitful way to control nucleation and condensation, permitting PhCH(CHs)sN*) undergo explosive decomposition at these
the formation of new manganese oxide structures and nano-temperature$t Extreme caution is recommended if unsaturated
crystalline manganese oxide materials. alkylammonium permanganates are used

We have undertaken a systematic study of the effects of Tma TEA, and TPA manganese oxide aqueous sols of
organic cations on the synthesis of manganese oxides. Althoughp 05-0.2 M manganese concentration were produced by adding
extensively studied in other transition metal oxide systémi8,  he tetraalkylammonium (TAA) permanganate salt to a stirred
previous attempts to incorporate organic cations into the mixture of DDW and 2-butanol in a ratio varied from 1 DDW
synthesis matrix for manganese oxides have been largelyig 0.5-2.0 2-butanol with typical volumes of 200 mL of
unsuccessful because of competition with inorganic cations in ggcn species. In a representative synthesis; 005 M Mn
the synthesis matrix, which induces rapid precipitation or aqueous colloid was prepared from the introduction of 0.502 g
coagulatio”®” A notable exception has been the recent (2 mmol) of solid TEAMnQ to a stirred mixture of 40 mL
preparation of manganese oxide mesoporous materials fromgach of DDW and 2-butanol. The mixture was stirred ¥eh
surfactant$® We have developed a new synthetic route t0 4t room temperature. A dark-red-brown aqueous sol of TEA
manganese oxides that precludes the presence of inorganicmanganese oxide formed as the lower aqueous layer. The
cations. Here, we report the successful preparation of stables_pytanol (top) layer was then removed using a separatory
colloids of lamellar manganese oxide from reduction of tet- fynne|. Some residual 2-butanol (up to 20 wt %) is soluble in
raalkylammonium (tetramethylammonium, tetraethylammonium, the water layef2 To produce gels, sols were either aged at room
tetrapropylammonium, and tetrabutylammonium) permanganatetemperature for days (0.2 M) to months (0.05 M) or in closed
precursors. These materials are unique with respect to anyyials at 65-85 °C for several hours to a day. The TBA
nanocluster manganese oxide materials prepared to date in thaﬁnanganese oxide colloid (0.1 M Mn) is formed in the 2-butanol
they can be prepared at very high concentrations, the particle|ayer in contrast to the TMA, TEA, and TPA sols. Gels of the
size can be controlled, and they are crystalline and can beTga manganese oxide colloid were produced by aging at room

organized into ordered arrays. As such, they open the door fortemperature for several weeks or at®5for several hours in
the rational orchestration of nanoparticles to produce nanostruc-5 sealed vial.

tured materials with designed structtigroperty relationships.

The structure, particle size, and optical properties of these
colloids, as well as their self-assembly into layered phases
incorporating tetraalkylammonium cations, will be described.

Dark-red-brown TMA, TEA, and TPA manganese oxide
ethanolic/aqueous sols were prepared in manganese concentra-
tions of 0.05-0.1 M manganese by adding the appropriate
TAAMNO, salt to a mixture of DDW and ethanol in a volume
. ratio of 40:1 or 2:1 and stirring fol/, h. Sols were aged for 4
Experimental Procedures h to 5 days at room temperature to produce gels, with the longer

Materials. All chemicals were used as received without 9elation times required for sols with the higher (40:1) DDW-
further purification. Tetramethylammonium (TMA) and tetra- {0-€thanol volume ratio. Samples of 0.1 M sols of TBA were
ethylammonium (TEA) bromide were obtained from Alfa (98%). formed for a DDW/ethanol ratio of 2:1, and a precipitate is
Tetrapropylammonium (TPA) bromide was obtained from Fluka formed when the ratio of DDW/ethanol is 40:1. Use of neat
(98%) and tetrabutylammonium (TBA) bromide from Aldrich  2-butanol or ethanol immediately produces a brown gelatinous
(99%). Potassium permanganate and maleic acid were obtainednanganese oxide precipitate for all cations.
from Pfaltz and Bauer, 2-butanol (99%) from Aldrich, absolute =~ TPA manganese oxide aqueous sols and gels were produced
ethanol from Aaper, and sucrose from United States Biochemi- using maleic acid or sucrose as reducing agents in water. Sucrose
cal. (1 g, 2.9 mmol) was dissolved in DDW (25 mL), and solid

Synthesis Tetramethylammonium (TMA), tetraethylammo- TPAMNnO, (0.5 g, 1.64 mmol) was added to form a 0.38 M
nium (TEA), tetrapropylammonium (TPA), and tetrabutylam- manganese solution. The mixture was stirretfd todissolve
monium (TBA) permanganate salts were made from tetraalkyl- the permanganate salt, after which time a reddish brown
ammonium bromide (TAABY) salts and potassium permanganate manganese oxide sol formed. The sol gelled within 2 days at
according to the literature preparation for TBAMR® In a room temperature. Maleic acid (0.155 g, 1.3 mmol) was
typical synthesis 5.013 g (15.5 mmol) of TBABr dissolved in dissolved in 40 mL of DDW, and TPAMNn{1.22 g, 4 mmol)

20 mL of distilled deionized water (DDW) was added dropwise Was added to produce a 0.1 M manganese solution. A red-brown
with stirring to a solution of 2.190 g (13.9 mmol) of KM@ sol formed after'/, h of stirring, and within 2 days it had

50 mL of DDW. The resulting purple precipitate was filtered partially gelled. Addition of another 0.158 g of maleic acid
and dried at room temperature to yield 4.7 g of TBAMr(gield resulted in complete gelation within 5 min.

94%). The presence of TAA cations in the permanganate salts Average Oxidation State Titrations. The total manganese
was confirmed by IR analysis. The TEA and TPA salts were content of TPA and TEA manganese oxide agueous sols was
titrated for total permanganate by reduction toa¥irfollowed determined by removing the soluble alcohol component by
by titration to Mr?* with a standard potassium permanganate gently heating to ca. 78C followed by filtration. The resulting
solution in the presence of pyrophosphate, and found to be sols were dissolved in concentrated hydrochloric and nitric acids,
stoichiometric®® The TMAMNO, salt was recrystallized from  and the MA" was titrated to MA" in sodium pyrosulfate
water to prepare a potassium-free salt. The salts were stored irsolution using potassium permangan®@n the basis of the
amber bottles away from the light. TMA, TEA, and TPA per- total amount of manganese present, the average oxidation state
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of manganese was determined by reduction of the sol t"Mn  were reduced to form manganese oxide colloidal solutions using
with ferrous ammonium sulfate and back-titration of the excess 2-butanol, ethanol, maleic acid, or sucrose as reducing agents.
iron with potassium permangandfeTwo independent samples  The reaction of 2-butanol with tetraalkylammonium (TAA)
were measured for both TEA and TPA colloids. No measure- permanganate in water is a two-phase reaction owing to the
ments of average oxidation state were done either for TMA poor miscibility of the two solvents (2-butanol is soluble in water
because of the instability of the sol toward gelation or for the up to 20 wt %). The TAA permanganate salts have a low
TBA sol because the organic component (2-butanol) interferes solubility in both water and 2-butanol, with the tetramethylam-
with the determination. monium salt being the most water-soluble and the tetrabutyl-

Elemental Analysis A Perkin-Elmer model 2380 flame  ammonium salt being the most 2-butanol-soluble. The solid
absorption spectrometer or model P40 inductively coupled permanganate salts were added to a stirred mixture of 2-butanol
plasma with atomic emission spectrometer (ICP-AES) was usedand water, and manganese oxide sol formation occurred within
to confirm the total manganese concentration in the sols and to%/, h. For the tetramethylammonium (TMA), tetraethylammo-
check for the presence of sodium or potassium in the sols. Thenium (TEA), and tetrapropylammonium (TPA) salts, the reddish-
sols were dissolved in concentrated hydrochloric and nitric acids brown manganese oxide colloid forms in the aqueous layer,
and diluted with DDW for the analysis. whereas for tetrabutylammonium (TBA), the colloid is mainly

X-ray Diffraction Studies. Samples were prepared by soluble in the 2-butanol layer. The initial sols are pH neutral,
pipetting small amounts of the sol onto glass slides and allowing but when heated for a few hours or room-temperature-aged for
the solvent to evaporate to produce a thin film or by spreading a few weeks the pH increases td.1. The average oxidation
a thin layer of the gel onto a slide. A Scintag XDS-2000 state of manganese was determined to range from 3.70 (3) to
diffractometer utilizing Cu K« radiation was used to obtain  3.79 (3) for the TPA and TEA aqueous sols and is consistent
diffraction patterns. with results obtained from XANES studiés.

Small Angle Neutron Scattering (SANS) StudySANS data Room-temperature aging of the TEA and TPA manganese
were obtained on the time-of-flight small-angle diffractometer qxide sols results in gel formation in anywhere from a few weeks
SAD at the Intense Pulsed Neutron Source (IPNS) of Argonne (9.2 M manganese concentration) to several months (0.05 M
National Lab®® SAD uses pulsed neutrons with wavelengths in - manganese concentration). The time period required for gelation
the range 0.514 A and a fixed sample-to-detector distance of ¢an pe dramatically decreased te24 h by aging of the sols
1.504 m. The scattered neutrons are measured by usinga 64 4t 65-85 °C in sealed vials. Likewise, TBA manganese oxide

tional counters, while the wavelengths are measured by time-temperature and in several hours at 85 However, TMA
of-flight by binning the pulse to 67 constant/t = 0.05 time manganese oxide sols gel rapidly, within a few days to a few

channels. The instrument thus provides a useful range of yeeks at room temperature.
momentum transferd = 4x sin@@/A), where 6 is half the
scattering angle antlis the wavelength of the probing neutrons)
of 0.005-0.35 AL, The reduced data for each sample are
corrected for the backgrounds from the instrument, sample cell,
and the solvent. The reduced data are placed on an absolut
scale by using a polymer melt sample containing an equal-
volume mixture of deuterated and hydrogenous high molecular
weight polystyrenes whose absolute cross section is kriféwn.
Colloidal solutions of TEA manganese oxide were prepared
using DO/2-butanol, and the residual 2-butanol was removed
by rotoevaporation. Samples of 0.40 M concentration of
manganese were contained in 2 mm cells. Heating was ac-
complished ex situ using a water bath at°@for aging of the

For the TMA, TEA, and TPA sols the aqueous layer retains

a certain amount of residual 2-butanol (up to 20 wt %).
Complete removal of organic solvent resulted in increased
resistance to gelation. Heating for days to weeks, depending

n the manganese oxide concentration, was required to effect
the sol-to-gel transition. The introduction to the pure aqueous
sol of an aliquot of methyl ethyl ketone, acetone, or ethanol
equal to 5-10% of the sol volume resulted in gelation within
4 h at 85°C.

Reduction of the TAA permanganate salts using water/ethanol
mixtures likewise produced reddish-brown sols for all TAA
cations. In contrast to the above, these sols gel fairly readily at
colloids. room temperature (within a few hours to a few days). Decreasing

Transmission Electron Microscopy (TEM). Transmission the ratio of water to ethanol decreases the time required for
electron microscopy (TEM) data were obtained at 100 kV using gelation, and use of neat alcohols (2-butanol or ethanol) results

a Philips EM420 electron microscope. Samples were prepared!” immediate formation of a particulate gel or precipitate._With
by placing a drop of 0.40 M TEA manganese oxide colloidal the TPA permanganate salt, aqueous sols are formed with both

solution, with the volatile organic component removed by maleic acid and sucrose and they form dark reddish brown gels

rotoevaporation, on a carbon-coated copper grid and allowing Within a few days.
the water to evaporate. The particle size distribution was  Structural Characterization. The formation of long-range
obtained by measuring the size-e80 particles from a fim at ~ order in sols and gels was investigated by X-ray diffraction
300 000 magnification using a magnifying loop with a reticle. (XRD). The XRD pattern of a 0.05 M TEA manganese oxide
UV/Visible Spectroscopy UV/visible spectra were obtained ~ sol prepared by evaporation of the solvent on a glass slide is
on an HP8452A spectrophotometer using a 0.2 cm quartz cell.illustrated in Figure 1. The film, as prepared, consists of
The sols were diluted to concentrations of betweer 505 manganese oxide in an oily, noncrystalline matrix of TAAOH.
and 5x 1074 M Mn for the measurements. Gels were washed Four to six reflections, evenly spaced ifi,2are observed, in
and resuspended in water, and the particulate matter was filterecaddition to two weak asymmetric reflections at 2.504 and 1.444
on a coarse frit to produce solutions suitable for spectroscopic A. The reflections were indexed and refined on a trigonal cell

studies. (P3), as indicated for the TEA case in Table 1, and the pattern
is consistent with an expanded birnessite (layered) strutiute.

Results The highest spacing reflection, the (001), corresponds to the

Synthesis and SotGel Transformation. Tetraalkylammo- interlayer spacing. Similar patterns are observed for all of the

nium (methyl, ethyl, propyl, butyl) permanganate precursors TAA cations studied. Aqueous sols and gels produced using
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Figure 1. X-ray diffraction pattern of a thin film of TEA manganese oxide on glass prepared by evaporation of solvent from the colloid. The
pattern is consistent with a layered manganese oxide structure with tetraalkylammonium cations between the layers, and the reflections have been
indexed on a trigonal cella = 2.889 (1),c = 17.049 (13) A,y = 120°. The (001) reflection corresponds to the interlayer spacing.

TABLE 1: Lattice Parameters and the Observed and
Calculated d spacings from a Least-Squares Refinement for
a TEA Manganese Oxide Structure Produced from TBA
Evaporation of TEA Manganese Oxide Colloids onto Glass
Slides

space group, trigonal3
lattice constantsa = 2.889 (1) A,c = 17.049 (13) Ay = 120

— . . TPA
hklindices obsdi spacing (A) calcdl spacing (A) ,;‘

001 17.059 17.048 =

002 8.536 8.524 ‘GE)

003 5.697 5.682 =

004 4.264 4.262 0

005 3.405 3.409 = TEA

100 2.504 2.502 =

110 1.444 1.444 &

2-butanol or ethanol were crystalline, whereas the use of neat

alcohols, maleic acid, or sucrose produced amorphous materials.
The observed interlayer spacings are dependent on a number TMA

of factors, including the identity of the interlayer cation, the

concentration of manganese in the sol, and the aging time and

temperature of the sol. The structural transformations in this L s B S B

system are complex; however, a reproducible set of reflections 5 10 15 20 25

for each cation system can typically be obtained if samples are o

allowed to age sufficiently and dry completely before the XRD 2-Theta (7)

pattern is obtained. Typical XRD patterns are displayed in Figure Figure 2. Representative X-ray diffraction patterns obtained from thin

2. Generally for TEA, TPA, or TBA, interlayer spacings occur films prepared from colloids of the four tetraalkylammonium cations

intherange 1517 & wherees for TMA an rtaiayerspaotg | SWAe Lerius Henioe! eances S e imenes, deperchy

ZI 305:22 AA)ISacr)gt?Jlgseedr\?en(?. ?:r;gsm; gfgsgleogs_rgze jfﬁ%n: canpbepobtained if the slides have been briefly kru)eated teCr0

samples have an initial phase with a (001) reflection at 12.5

and 13.8 A, respectively, which shifts to4%7 A upon heating. layer stacking order or crystallite size. Gel formation results in

XRD patterns obtained from TEA, TPA, and TBA manganese a broadening of the XRD reflections as illustrated in Figure 3c,

oxide gels typically have an interlayer spacing o146 A, and further aging of the gels for weeks at room temperature or

lower than those of the parent sols. The TMA gels are nearly days at 85C can result in complete loss of the layer stacking

amorphous. order. The TMA system is unique, demonstrating broad reflec-
Freshly prepared manganese oxide sols evaporated onto glassons that do not appreciably sharpen upon heating.

slides initially have broad XRD patterns (Figure 3a). Aging of  As indicated in curves a and b of Figure 4, successive XRD

the sol at room temperature for days to weeks, or atBD°C patterns obtained on freshly prepared samples of a TEA

for a few hours, results in a sharpening of the XRD reflections, manganese oxide gel reveal no XRD reflections when the

as indicated in Figure 3b, consistent with an increase in the sample is wet. Upon drying to a paste, broad reflections appear,
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TABLE 2: Effect of Aging Time at 70 °C on the Radius of
Gyration (Rgy) for Manganese Oxide Particles in a 0.40 M

TEA Manganese Oxide Colloid Calculated from a Guinier
Plot2

aging
time (h) sphere
70°C  Ry(A) radius (A) H(A) LA Hn(A) LnA

(@)

)

2 The particle thicknesH) and lamellar radiusl() calculated from
a modified Guinier analysis for sheetlike particles and analyzed for a
squat cylinder are presented and comparetitoand L, for a full
profile fit to a squat cylinder. The initial sample is best modeled as a
(C) sphere with a radius calculated from fRevalue. Fit at low Q (0.013-
0.040 A1), ¢Fit at highQ (0.034-0.24 A,

z initial  15.7 (11) 20.3 (14)

Z 25 19.7 (11) 15.5 (20) 27.1 (15) 17.0 (12) 31.4 (3)
g (b) 7.5 24.8(12) 18.5(9) 34.3(17) 14.5(10) 38.1(3)
A= 16 34.1(10) 22.7 (12) 47.3(25) 16.6 (10) 48.5 (4)
o 96  53.9(23) 22.2(6) 75.7(32) 12.3¢7y5.6 (47
.g 96 13.4 (8) 60.2 (6}
%

&~

Small Angle Neutron Scattering (SANS) Small angle
neutron scattering (SANS) was employed in order to gain

5 10 15 20 25 30 35 information about the kinetics of particle growth and the shape
o and size of the colloidal particles in solution. A 0.40 M TEA
2-Theta (7) manganese oxide sol free of 2-butanol was produced by

Figure 3. X-ray diffraction patterns obtained from thin films prepared  cONcentration (rotoevaporation) of a 0.1 M sol prepared with
from TPA manganese oxide colloids and gels: (a) freshly prepared D20. Samples were placed in 2 mm quartz cells, and heating
colloid; (b) colloid heated at 70C for 1 h; (c) gel produced from  (70°C) was performed ex situ with a water bath. The scattering
heating at 70°C for 12 h. data for the initial sample and samples heated for 2.5, 7.5, 16,
and 96 h are presented in Figure 5 as-ttmg plots of the
scattering intensity as a function of momentum transgeiThe
(@ scattering is characterized by a linear region at lggtwhich
bends over to produce a region of nearly zero slope atQow
With increased heating time, the scattering intensity increases
and the bendover moves to low@r
The radius of gyratiorRy, is the root-mean-squared distance
of all the atoms from the center of the particle and can be
(b) obtained from the data at lo® (QRy < 1)8 In this region,
the scattering intensit)(Q) = I, e"¥R*3 and a plot of Inf) vs
@ (Guinier plot) yields a slope proportional & and the
y-interceptl, = NpVr¥(op — ps)2 where Np is the number of
particles in the unit volumeVp is the volume of the particle,
andpp andps are the scattering length densities of particle and
solvent, respectively. These plots, presented as an insert in
Figure 5, yield a linear region for all samples studied, and the
Ry values are presented in Table 2. For sheetlike particles the
(c) scattering data can be analyzed using a modified Guinier
approximation for randomly oriented sheetlike particles in
solution in whichl(Q) 0 Q2 e~ ¥R? (R, is the thickness factor).
Plots of In((Q) Q?) vs @Q?, presented in Figure 6 for samples
heated from 2.5 to 96 h, yield linear regions with slopes-8f
from which the plate thickneds = R(12)2 can be calculated.
2-Theta (°) These plots show a shift in the bendover to lov@wvalues
Figure 4. Successive X-ray diffraction patterns obtained from a TEA With increased heating time. Values for the plate thickness are
manganese oxide gel cast onto a slide: (a) wet gel; (b) sample allowedPresented in Table 2, and the average obtained thicknesz0is
to dry at room temperature; (c) sample annealed at@®or 5 min. A. From the plate thickness, the lamellar dimensions can be
estimated using a cylinder modg}? = L%2 + H/12 whereL
representative of the TEA-incorporated layered structure. Ther-is the radius of the disk. Results range from 27 to 76 A,
mal treatment of the evaporated colloid or gel on the glass slide depending on the heating conditions, and are presented in Table
at 60-80 °C for 1 h results in a shift of the interlayer spacing 2. The initial sample was treated as a spherical partRdgere
to a characteristic value for each cation, as indicated in Figure = Ry(5/3)"2, yielding a spherical radius of 20.3 (14) A.
4c for TEA. This is accompanied by a sharpening of the XRD A fit of the whole scattering profile yields similar resufts.
reflections consistent with an increase in long-range order or The fits to the data are presented as lines in Figure 5, and the
crystallite size, just as is observed for aging the colloid in parameters are given in Table 2. Good fits are obtained for
solution. TMA sols and gels lose all layer ordering under these samples heated at 2.5, 7.5, and 16 h. For the sample at 96 h,
conditions, and no shift is observed. reasonable fits are not obtained for a full profile refinement.
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Figure 5. Successive small angle neutron scattering (SANS) data of scattering intensity as a function of momentum @gfisferg 0.40 M

TEA manganese oxide colloid. The sample was heated ex situ in a water bath for up to 96 h total heating time. The lines represent fits to a squat
cylinder of heightHy, and radiusL,, and account for incoherant scattering in the background (0.027)ciGuinier plots for all samples are
presented in the inset, and the lines represent the linear fits. The results of the fits are presented in Table 3.
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Figure 6. Results of a modified Guinier plot for sheetlike particles for a 0.40 M TEA manganese oxide colloid heated from 2.5 to 96@.at 70
A background subtraction of 0.027 cfnwas applied to the data to account for incoherant scattering. Results of the fit are presented in Table 3.

Instead data were fitted separately in a IQaregion (0.013- difference of scattering length densities of the particle and the
0.040 A1) and a high@ region (0.034-0.24 A1), The average  solvent>® When the solvent system scattering length density is
thicknessH, is ~15 A, slightly smaller than that obtained in  matched to that of the particles in question, the scattering from
the modified Guinier fit. The plate radiRy, obtained from the these particles can be nulled. The calculated scattering length
full profile refinement, are in good agreement with those density for MnQ (pyrolusite), based on a density of 5.026
obtained from the radii of gyration. glcm®, is rp = 2.74 x 10'° cm~2, which is equivalent to a 50:

A plot of Ry as a function of heating time is presented in 50 mixture of BO and HO. Data were collected on 0.20 M
Figure 7, showing a clear increaseRpat longer heating times.  manganese oxide colloids with this solvent system, but no
Ry values range from 15.7 (11) A for a freshly prepared sample scattering was observed, suggesting the particles formed are a
to 53.9 (23) A for one heated for 4 days at%D. A plot of the dense MnQ@ phase.
plate radiusL or Ly, as a function of heating time yields a Transmission Electron Microscopy (TEM). TEM data were
similar trend (Figure 7). obtained in order to verify the SANS data with respect to particle

One advantage of neutrons over X-rays is the ability to size and to gain an idea of the polydispersity of particle size in
contrast null specific scatterers in the solution, using the ratio the samples. Data were obtained on the initial (unheated) sample
of hydrogen (negative scattering length) to deuterium (positive from the SANS analysis for comparison. A TEM image and
scattering length) in the solvent system. The magnitude of the particle size distribution histogram for a 0.40 M TEA manganese
coherent scattering signal is proportional to the square of the oxide colloid in which the 2-butanol was removed by roto-
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Heating Time (hours) Figure 9. Successive UV/visible spectra of a 0.053 M TEA manganese
. - - ’ - . ide colloid aged up to 22 d at room temperature. Samples were diluted
Figure 7. Change in the radius of gyratioRy, and the spherical (initial oxi A 9 .
sample) or lamellar radius of the manganese oxide particles as a function'© @ Manganese concentration of %310 M for the studies.

of heating time for a 0.40 M TEA manganese oxide colloid in which . ; - i
the 2-butanol has been removed by rotoevaporatiémthe radii calcu- gﬁeBcl:‘tlrEu% OI?f;egtoosf:gA'gll@Eioagélggrs]e%r; tg?(i(lj’]ev /S\/e;|5|ble

lated from the modified Guinier plots and a squat cylinder model, and

Lm is the radii obtained from full profile fits to a squat cylinder model. €1 €2
(mol Mn) x (mol Mn) x
(a) 50 nm conditons  A;(hm) Ltcm!  J,(hm) L lcem?
freshly prepared 212 6726 312 6700
6 days, 25C 218 6254 334 7245
14 days, 25C 220 6085 346 7386
22 days, 25C 220 6021 354 7545
1h,70°C 218 7085 332 8049
4 h, 70°C 220 6941 356 8838
7h,70°C 222 6700 368 9960
alcohol-free sol, 226 377 22020
1 week, 85°C
redissolved gel 222 388

aSamples were diluted to 5.8 107* M for the studies.

Spectroscopic StudiesThe colloids were diluted to con-
centrations of (£5) x 10* M and examined by UV/visible
spectroscopy. The position and intensity of the absorbance bands
are monitored as a function of aging time at room temperature
(Figure 9) and 70°C for a 0.053 M aqueous TEA sol. The
absorbance maxima and absorptivities are presented in Table
e e i 3. Freshly prepared colloids have a broad absorbance band with
(b) ‘ a maximum ;) at 312 nm and an absorbance tail out to 600

45 e 1 nm. Additionally, there is a weaker absorbance banyidt 212
’ . nm. Both bands shift to lower energy upon aging at room
temperature for days to weeks, or at®@for hours. In addition

40

33 : to the energy shift in the absorbance bands, there is also an
30 increase in absorptivity for the lower energy band) @nd a
2 | o decrease for the higher energy bahg) as the samples are aged.

The greatest shifts are generally observed for the gel that has
been redissolved by agitation for several hours in water. A plot
of absorbance as a function of concentration in the regien 5

H H 10°%to 5 x 104 M TEA manganese oxide for the freshly

70 80 90 -

Relative Frequency (%)

prepared sol obeyed Beer’s law, and no shif.ofor 1, was
observed in this concentration range. The samples diluted to
concentrations of (&5) x 1074 M Mn for the UV/vis studies
showed only small changes in absorbance maximeb(8m)

or absorptivity (76-500 (mol Mn) L™t cm™1) over a period of
o ) e weeks at room temperature.

Figure 8. (a) Transmission electron microscope image of manganese ~The TPA manganese oxide sols show the same trend as a
oxide nanoparticles prepared from a 0.40 M TEA manganese oxide function of aging conditions as the TEA sols. The UV/visible
colloid in which all residual volatile organics have been removed by data for a 0.046 M Mn sol as a function of aging time at room
rqtoeva_poration. (b) Histogram _of p_article size illustrating the range of temperature are presented in Table 4. The absorbance maxima
dispersity. The mean particle size is 5555 A. are at lower energies than those observed for the TEA
evaporation are presented in Figure 8. The distribution of particle manganese oxide sols, and they do not shift as quickly or to
sizes is a bell curve, with a mean of 55:51.5 A (6 = 13 A). the same extent.

60
Particle Size (A)




Manganese Oxide

TABLE 4: Effect of Room-Temperature Aging on the
UV/Visible Spectrum of a 0.046 M TPA Manganese Oxide
Sok

€1 €2

(mol Mn) x (mol Mn) x
conditions Ar(hm)  L7tcm Ay (nm) Ltcm™
freshly prepared 206 7633 294 7207
6 days, 25C 208 7236 296 7116
14 days, 25C 216 6365 328 7417
22 days, 25C 216 6329 334 7384

aSamples were diluted to 4.6 104 M for the study.

Discussion
Synthesis of Manganese Oxide Colloidg here are a variety

J. Phys. Chem. B, Vol. 103, No. 35, 1999423

The presence of mixed-valent manganese (betwe2@and
+4) results in residual negative charge on the manganese oxide
lattice, assuming a minimum of oxygen deficiencies. Anywhere
from a few equivalents to a large excess (on the order &f 10
of 2-butanol or ethanol can be used in the reactions, but higher
concentrations of alcohol result in faster reaction times (on the
order of minutes). Nevertheless, the average oxidation states
of aqueous sols of TPA and TEA manganese oxides were in
the range 3.763.79, suggesting that the oxidation state of
manganese is determined by the reducing ability of the organic
reagent. Continued heating with the organic reagent above 100
°C will result in reduction of the manganese oxide as indicated
by a change in color to light brown and the identification of
y-Mn(O)OH (manganite) by X-ray diffraction. The control of

of successful techniques for the synthesis of nanocrystals andoxidation state by the reducing ability of the organic reagent is
nanostructured materials, including reverse micelle syntheses?lso observed in the reaction of sucrose with KMn&ven with

and template or gueshost syntheses using membranes or
zeolites?! Difficulties in the preparation of nanoparticles of

the large excess of sucrose present, the average oxidation state
of manganese remains above $3ctive forms of manganese

manganese oxide lie in their strong tendency to condense, aoxide are frequently used as oxidizing agents in organic
tendency due in large part to the presence of hard metal cationssyntheses; however, the activity is strongly dependent on

in the synthesis that promote the condensation. The ability to
make colloidal “jellies” of manganese oxide through reduction

synthetic condition§? Under the conditions in which the TAA-
containing colloids are prepared, manganese oxides with oxida-

of permanganate salts using sugars and various other organidion states near 4 are stable in the presence of organic species

compounds has been noted for a long tihand recently, these

with alcohol, aldehyde, and alkene functional groups at room

gels have been reinvestigated, resulting in new synthetic routesteémperature.

to both layered and tunnel manganese oxide matefiafs®’
Coagulation or condensation remains a problem in these
systems. A better way to control the nucleation process and
prevent association is needed in order to prepare nanocrystals
A promising route to nanocrystals of manganese oxide may be
found by replacement of hard cations in the synthesis procedure
with soft organic cations, such as tetraalkylammonium cations,
which have been shown to successfully control condensation
in a variety of other nanocrystal syntheS&sncorporation of
the tetraalkylammonium moiety into the starting permanganate
salt followed by reduction with organic alcohols is a successful
and facile strategy for the preparation of crystalline nanoparticles
of manganese oxide with well-defined sizes.

TAAMNO,4 (TAA = TMA, TEA, TPA, TBA) salts were
prepared and isolated from the reaction of TAABr and KMnO
salts in water and subsequently reacted with a variety of organic

reagents to prepare reddish-brown manganese oxide coIIoidaId

solutions. Manganese oxide sols were formed with maleic acid
sucrose, ethanol, and 2-butanol as reducing agents. The initia
ratios of TAAMNQO, to sucrose or maleic acid were chosen to
mimic sok-gel reactions with KMn@, which ultimately pro-
duced a layered manganese oxide (birnessite) for sucrose and
tunnel-structured material (cryptomelane) for maleic &&i&®

The maleic acid is added stoichiometrically on the basis of the
mechanism and a desired oxidation state between 3.5 and 4 o
manganesé® whereas the sucrose is added in large excess. The
reaction of secondary alcohols to ketones with permanganate
salts to produce Mt or Mn®* oxides is described below in eq

1 (Mn*") and eq 2 (M&"):

2MnO,” + 3RCH(OH)R —
2MnO, + 3R(C=0)R + 2H,0 + 20H (1)

MnO,” + 2RCH(OH)R —
MnO,” + 2R(C=O)R + 2H,0 (2)

Primary alcohols can be expected to react in a similar manner,
producing aldehydes and carboxylic acids.

Successful formation of a stable manganese oxide sol in the
TAA system is due to the absence of metal cations, which have
long been known to have a coagulating effect on manganese
oxide sols?” as well as the dispersive ability of the TAA cations,
which act to keep manganese oxide colloidal particles apart.
Consistent with this analysis, addition of small amounts of
sodium or magnesium salts to TAA manganese oxide sols
induces immediate precipitation of manganese oxide phases.

Sol-Gel Transformation. Gelation, which occurs rapidly
in the KMnQO, maleic acid or sucrose systems, can be well
controlled by use of TAA cations in the synthesis matrix. In
the TAA system, the gel time is dependent on a number of
factors including the size of the TAA cation, the amount of
organic reducing phase present in the sol, manganese concentra-
tion, and the temperature.

The effect of the TAA cation on the sebel properties
epends on the size of the monovalent cations. For aqueous

' solutions of the same concentration under the same conditions,
lthe order of gelation as a function of TAA cation is as follows:

TMA > TEA > TPA. Association between the negatively
charged manganese oxide particles is governed by the ability
8f the cation to counter this negative charge through association.
Thus, the smaller cations have less dispersive ability and

anganese oxide colloids prepared with TMA gel the quickest.

or the sucrose and maleic acid system, it is also possible to
compare the gelation time for an alkali metal cation relative to
a tetraalkylammonium cation. Consistent with the proposed
dependence on size, it takes several days for a gel to form in
the TPA system relative to a few minutes to an hour in the
potassium syster.54-56

The presence of residual or added organic reducing agents
increases the propensity toward gelation. Removal of the residual
2-butanol component from aqueous sols of TEA or TPA by
rotoevaporation or heating produces sols that are more stable
toward gelation and in some cases do not gel after heating for
months. These colloids can be induced to gel by subsequent
addition of ethanol, 2-butanol, or 2-butanone. The fact that gels
form with simple alcohols is in contrast to the potassium
permanganate system above, in which sols and gels are only
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formed for maleic acid, sugars, and polyols. Simple alcohols

such as ethanol and 2-butanol induce precipitation of manganese

oxide when reacted with potassium permangabfatéultifunc-

tional organic agents may be necessary for the formation of a I
cross-linked gel network and to prevent precipitation of
manganese oxides in the presence of alkali metal catfons.
However, in the TAA system, even with simple alcohols the

sols will form gels, indicating that multifunctional organic com-

ponents are not necessary for manganese oxide condensation.

In the 2-butanol system, room-temperature aging of aqueous
manganese oxide sols with TEA and TPA forms gels, but the
process is very slow. For low manganese concentrations (0.05
M or lower), gelation can take several months, whereas for I
concentrations of 0.2 M, gelation takes place within several
weeks. The most rapid formation of a gel occurs upon heating
the sols in closed vials at 685 °C, decreasing the gel time to
a duration of a few hours to 1 day. This suggests that
condensation or agglomeration is accelerated with increasing
temperature and manganese concentration. The aging process
is accompanied by an increase in pH. Initial sols are pH neutral
but become basic over a period of days at room temperature or

" e 2
hours at 65-85 °C. This formation of hydroxide is consistent Q Ov d+ 56
1 '
® e o

with the known mechanism for the reaction of permanganate
salts with alcohols (see eqgs 1 and 2).

Manganese Oxide Structures in Solutions and in Thin
Films. The presence of a crystalline phase within the colloids ‘
prepared by reduction with alcohols is the first indication that Figure 10. lllustration of simple structural models for the TAA-
a crystalline phase can be obtained in the manganese oxidePccluded manganese oxide colloids based on zero, one, and two layers
system by a setgel method without subsequent heating. Other of hydration between the cation and manganese oxide layers. The large
sol—gel experiments with manganese oxides using K\aad spheres represent TAA cations and the small gray spheres water.
sucrose or fumaric/maleic acids produce an amorphous phaserABLE 5: Correspondence of the Predicted Interlayer
at room temperature. Heating of the gel above 356 required Spacing from the Structural Models Presented in Figure 5
for the formation of crystalline phasé&53-56 Our studies with ~ With the Observed Interlayer Spacing for TBA, TPA, TEA,
TAAMNO, salts reported here, as well as those of Bach éfal., and TMA Incorporated Manganese Oxide Colloid$

indicate that the reaction of these salts with sucrose and maleic o predicted  obsd
or fumaric acid likewise produces amorphous phases at room catonsizé interlayer — interlayer
temperature. cation A inclusion model  spacing (&) spacing (A)
The process of self-assembly occurs upon evaporation of the TBA  9.5-105 III 11:;517 8 12'86
coIIoiq ontQ flat surfaces or gelation, resulting in layered strug- TPA  8-9 | 125-135 125
tures in which slabs of manganese oxide are separated by cations Il 15.3-16.3 16.0
and water. The lamella are composed of £gipe edge-sharing TEA 6.5-75 1l 16.6-17.6 17.0
MnOs octahedra, and the structures produced can be modeledTMA 6.0 collapsed structure 9.6
as an expanded hexagonal bimes¥ifThe structure has been aBased on manganese oxide slab thickness of 4.5 A and a van der

confirmed by EXAFS studi¢$ and is similar to a number of ~ waals radius of water of 2.8 &.Szostak, R.Molecular Siees:
other layered materials found in the transition metal sulfide, Principles of Synthesis and Identificatioran Nostrand Reinhold: New
oxide32:3362:65 and phosphate systeffsThe high intensities ~ York, 1989; p 95.

of the (00) reflections relative to the (100) and (110) are a direct manganese oxide slabs. The intermediate model, model I,
result of the preparation technique resulting in strong preferred corresponds to a total of one effective layer of water (2.6 A) in
orientation due to the lamellar particles settling on tiedaces. addition to the TAA cations. Interlayer spacings consistent with
The thin film samples reported here are not appropriate for model 11 are only observed for the larger cations TPA and TBA

detailed compound investigation, because of the matrix of and may be due to the arrangement of the water molecules in
TAAOH, 2-butanol, and water. Studies are underway on washedthe hydration sphere of these cations, or partial interleaving of

and dried gels and will be the subject of another paper. water molecules between the alkyl chains.

Proposed structural models consistent with the observed Organic cation incorporation into layered structures has been
interlayer spacings are presented in Figure 10, and the assigneobserved in a number of systef#$+66-69 Among the manga-
ment of observed TAA manganese oxide phases is indicated innese oxides, phyllomanganates similar to those that self-
Table 5. Calculated interlayer spacings are based on theassemble as thin films in the TAA manganese oxide colloidal
dimensions of the manganese oxide layer, the van der Waalssystem described here have been reported from exchange of
radius of water, and the size of the TAA cations. Model | long-chain alkylammonium cations into birnessites. Interlayer
assumes the absence of a hydration layer between the TAAspacings of up to 25.6 A are obtained for the intercalation of
cation and manganese oxide layers, although water moleculesdodecylammoniuni® Exchange of dodecylammonium has made
may be present in the same plane as the TAA cations. Model possible the incorporation of Keggin ions to form pillared
Il represents an expansion of 5.6 A relative to model I, birnessiteg? In situ preparations of birnessites via oxidation of
consistent with water layers between the TAA cation and the Mn(OH), in the presence of dodecyltrimethylammonium hy-
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droxide have likewise produced intercalates with interlayer to produce a buffer between the cations and the manganese oxide
spacings of 25.4 A! However, these previously reported slabs or from the uptake of additional water from the environ-
expanded phyllomanganates are fundamentally different from ment. The net effect in terms of interlayer spacing is a half-
the ones reported here, owing to their large crystallite size. layer of water on either side of the cation (model Il, Figure
SANS studies have indicated that the manganese oxidel0). This effect may be attributed to the structure of the
lamella are not formed during the evaporation process but arehydration sphere for TPA or TBA or the partial interleaving of
formed in solution. However, the manganese oxide/tetraalkyl- Water molecules between the alkyl chains.
ammonium cation sandwich-type layer structures do appear to In contrast to the TPA and TBA cases, thin films prepared
be a consequence of the evaporation process. A linear region isrom evaporation of the TEA manganese oxide colloid generally
observed in the modified Guinier plot (Figure 6) for samples produce only a single phase. Despite the small size of TEA
heated 2.5 h or more, suggestive of particles with a platelike (6.5-7.5 A) relative to TPA (8-9 A) and TBA (9.5-10.5 A),
shape, and the full pattern can be modeled as a squat cylindethe interlayer spacing for the TEA manganese oxide structure
with thicknesses of 1520 A. This thickness is consistent with  is larger than that for the TPA and TBA manganese oxides.
thec parameter observed in the thin film TEA manganese oxide For TEA manganese oxide, an interlayer spacing of 17.0 A is
intercalates (17.0 A). Thus, it appears that the lamella are aggre-obtained and corresponds to two hydration layers of water, in
gated to a small extent, resulting in MPOEA/MnOy sand- addition to the TEA cation, between the layers (model I, Figure
wiches in solution. This is in contrast to the null scattering 10). This structure is analogous to the structure of-Mg
experiment that suggests that the manganese oxide sol has thbirnessite, a phyllomanganate in which the cation is surrounded
same scattering length density as pyrolugitdnO,), consistent by a sphere of hydratioff.
with the scatterers having a structure of a condensed-phase man- The TMA cation is unique in this series in that the structures
ganese oxide rather than the low-density structure of TAA inter- formed in thin films of TMA manganese oxide are poorly
calated manganese oxides. Since the null scattering experimentsrdered as indicated by the broad peaks obtained in the XRD
were performed at a lower manganese oxide concentration tharpattern. While indicative of a layered structure, the interlamellar
the aging studies, it is possible that the assembly of lamella intospacing of 9-9.6 A is too small to reflect a simple TMA
sandwich structures only occurs above a critical concentration. intercalate based on model | (10.5 A), Il (13.3 A), or 11l (16.1
The formation of intercalated structures only at high con- A). Decomposition of TAA cations under strongly basic
centrations or upon evaporation is consistent with XRD results. conditions has been notédhowever, infrared studies and C,
XRD patterns of wet samples, such as the one presented inH, N analysis suggest that the TMA cation remains intact in
Figure 4a, show no diffraction, suggesting that the layers are the manganese oxide colloié. The pattern is very similar to
self-assembling with the tetraalkylammonium cations directly those obtained when dried gels of TBA, TPA, and TEA are
on the glass slide and do not achieve structural order until nearly ground, and it is likely that it arises from a collapsed structure
all the solvent has been removed. The fact that little or no in which TMA cations are no longer intercalated between the
association is observed in solution can be attributed to the weaklayers’® This is in direct contrast to the well-defined layered
interactions between the negatively charged manganese oxidestructure obtained with TMA in the vanadium oxide sysf&m.
particles and the large tetraalkylammonium cations and is the  The size of the cations and their hydration sphere are different
same effect responsible for the stability of the colloidal system in solution than when trapped between the layers of manganese
to coagulation or precipitation. The ability to associate and oxide, as reported here. In solution, TBA is the most hydrophilic
delaminate layered structures has been observed in a numbeand TMA the least, and the size of the hydrated cation scales
of clay systems, disulfides, and more recently, in some perovs-with the size of the nonhydrated cati#h2 However, another
kite type niobates and titanat&s$®72 74 Significant attention  factor that may come into play is the effect of the cation on the
has been focused on delamination of layered structures becausevater structure in the hydrating layer. In aqueous solutions, TBA
in their delaminated form they readily undergo ion exchange and TPA are known to be structure makers, promoting the
and can be used for the formation of nanocomposite matétials. formation of a hydrogen-bonded network of the water molecules
The interlayer spacings resulting from the evaporation of in their vicinity8-82 TMA is a structure breaker, and TEA is
colloids onto glass slides, or in the gels, are very sensitive to neutral. Thus, TBA and TPA may be expected to have a
the treatment history of the colloid and the evaporation process.hydration sphere that is ordered differently from that of TEA
The manganese oxides produced with larger cations (TBA, TPA) or TMA. Furthermore, the longer alkyl chains of the TBA and
show a greater diversity of interlayer spacings than the smaller TPA cations may permit some nesting of the wéfefhe
cations (TEA, TMA). The TBA and TPA systems have an initial ~ structural ordering, nesting, or a combination of the two effects
structure associated with freshly prepared manganese oxidemay explain why the TEA cation results in interlayer spacings
colloids. The interlayer spacings observed in these structuresincreased by 5.6 A over that predicted from a naked TEA cation,
are 13.8 and 12.5 A, consistent with tetraalkylammonium cations Whereas TPA and TBA have an interlayer spacing reflective
sandwiched between layer structures with no associated layer$nly of the TAA cation or expanded by 2.8 A.
of water shielding the TAA cations from the manganese oxide = Some sense of the disorder in the self-assembled structures
layers (model I, Figure 10). Such structures have been observedtan be probed by XRD. The asymmetric line shape observed
for layered TiQ with TBA as intercalant® The relatively poor for the (100) and (110) reflections is indicative of turbostratic
stability of this structure is demonstrated when the colloid is stacking®? in which the hexagonal lattice of one layer is rotated
heated or aged at room temperature or the slide with the about c relative to the lattice of the adjacent layer and/or
deposited film is heated, resulting in a swelling of the layers to translated in thab plane. This is a common short-range order
16.6 and 16.0 A for TBA and TPA, respectively. The difference effect observed in a number of cla§fsThe general broadening
in the interlayer spacings between these two phases amounts tof the (00) reflections can arise from variation in the interlayer
2.5-2.8 A and corresponds to the van der Waals radius of a spacing or small crystallite size. Some assessment of the
single water molecule (2.8 A} This may result from a interlayer order can be made by comparing peak broadening in
structural rearrangement of water molecules around the cationssamples under different treatment conditions. Generally, freshly
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glass slides. In this case, the increase in order is probably a
function of an increase in the lamellar radius (vide infra), which
may facilitate stacking within the structure.

Quantum Confinement Effects and Particle Growth of
Nanocrystalline Manganese OxidesThe optical properties

® . oz . ® . ° observed in semiconducting nanocrystals are a direct result of
. 2" o o guantum confinement effects that arise when the size of the
e . e / . particle becomes smaller than the exciton (electioole pair)

in the bulk materia$®> The exciton is in fact in an excited state,
and quantized levels arise from the band diagram of the bulk,
with a band gap that is size-dependent. Thus, optical absorbance
is a powerful tool to probe particle size and particle growth
when the semiconducting crystallites are on the order of
nanometers in size.

(a) For the manganese oxide colloidal system, two absorbance
bands are observed that shift in energy and intensity as a function
of time. These consist of a high-energy band near 220 nm and
low-energy band in the region 29390 nm with a broad tail

. o * out into the visible. It is this broad tail that is responsible for
s = < == the intense red-brown color of the colloid. Both bands shift to
S e ° S ST ¢ the red with time, although the lower energy band has a more
s 2 . ® o == pronounced shift, and the absorptivity of the lower energy band
L S increases, whereas that of the higher energy band decreases.
m® @ o @ e e Similar bands have been observed in discrete Mn(IV) complexes
'®°<.gm;m> @ o f@ . with alkoxy ligands and attributed to charge-transfer bafids.

Given the high molar absorptivities (6062 000 (mol Mn)
L~1cm™), it is reasonable to assign the bands in the manganese
(b) oxide colloidal particles in a similar manner. Such absorbances
have also been observed in other manganese oxide colloidal
systems, including those produced;byrradiation of KMnQ?3
and those prepared by reaction of KMn@ith organic
compounds containing carbeearbon double bond®, and
similar to the data presented here, the bands were observed to
shift to lower energy with aging time. However, these studies
were performed with colloids of very dilute concentrations (1
x 1075 M), whereas those presented here can be prepared and
are stable in concentrations as high as 0.57 M because of the
dispersive effect of the tetraalkylammonium cations.

These absorbances occur at a lower wavelength than that
observed for bulk manganese oxide, which has a maxima at
400 nm?” and are consistent with quantum confinement due to
the small particle size. The shift with respect to time suggests
that the particles are growing, resulting in a decrease in the band
gap. This is consistent with the greater degree of order observed
Figure 11. Schematic illustration of the self-assembly process that in heated colloids evaporated onto glass slides, as larger lamella
takes place on glass slides to produce a layered manganese oxidgyould be expected to form a more ordered structure, and
structure with tetraalkylammonium cations intercalated between the . qistent with the tendency of the system to gel rapidly upon
layers: (a) una_ss_ocnated partlcles_free-ﬂoatlng in s_olutlon, (b) initial heati hich be attributed to th ticl ttaini
structure, consisting of small regions of crystallinity, formed from Pfa_l mg,_W Ic ?a” € altributed 1o the particles a aining a
evaporation of colloids onto glass slides; (c) well-ordered structure Cfitical size. As illustrated by the absorbance data in Table 3,
produced from heating the colloid in solution or annealing the thin such growth is more pronounced at high temperature, suggesting
film sample described in (b). The disks represent the negatively chargedthat increased temperature results in an increased rate of
disklike manganese oxide particles, and the filled black circles are the condensation or agglomeration. The smallest energy gap,
tetraalkylammonium cations. corresponding to the largest particle size, is observed for a gel

prepared samples have broader reflections than thin film sampleghat has been temporarily resuspended by vigorous shaking.
that have been annealed, indicating more disorder. A schemeApparently, once the particle size has become sufficiently large
for the self-assembly process on glass slides is presented inf0 gel, there can be no reversal through hydrolysis or defloc-
Figure 11. Initially, manganese oxide plates are largely free culation, or such a reversal is temporary. Within a few days
f|oating in solution. Upon evaporation on a g|ass s|ide’ |ayer flocculant fibrous partiC'eS settle out of the dilute solution into
stacking occurs; however, there is a large degree of disorder,Which the gel has been resuspended.

resulting in the broadening of the (QGeflections. Annealing The growth is also dependent on the identity of the TAA
of the samples permits the plates to rearrange, resulting in largercation. A comparison of the room-temperature data from Tables
areas of order and the concomitant sharpening of the XRD 3 and 4 reveals that growth occurs more rapidly in the TEA
reflections. Relatively narrow XRD peaks are also obtained system than in the TPA system. This is consistent with the
when the colloids are heated in solution prior to deposition on smaller size of the TEA cation being less effective at dispersing
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the manganese oxide particles or being more effective atare prepared in a delaminated form and can undergo self-
balancing charge on the manganese oxide particles, permittingassembly to produce layered structures. This combination of
more facile condensation. physical properties and the facility of ordered structure formation
The interpretation of the shifts observed in the UV as due to make these colloids promising starting materials for the design
an increase in the size of the absorbing particle (a decrease inof sensors, catalysts, and battery materials. Future work will
the band gap) has been confirmed with the SANS study. To focus on luminescence properties of the colloids, the effect of
get sufficient scattering, more concentrated solutions (0.40 M alcohols on particle growth, characterization of the TAA man-
TEA manganese oxide) were studied, and the volatile organic ganese oxide gels, and the preparation of thin films from the
component was removed by rotoevaporation, since coherentcolloidal solutions for catalytic and electrochemical applications.
scattering due to small bubbles of 2-butanol was found to inter-
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