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Porous manganese oxide octahedral molecular sieves (OMS) 3
2 - . L Mvs. H] b)| [Mvs. T (H=25 kOe)
have drawn significant research interest due to their applications | (@] [Wvs.H 50K ‘.(.r )
in catalysis, ion storage and separation, battery electrodes, chemical 100K 52 AT 0K
sensors, and patternifdn addition to the various nanoscale tunnel 22- 200 K 3
. . _iR250K £
structures, one very important feature that makes manganese omde;_ /\gggﬁ &1 ] oterteannn,,,
OMS a unique group of functional materials is the mixed-valent = T 50K I=225K
2 2 1
framgwork manganese (Mn), usually and 4 or 2+, 3%, and 4. g AT O
The importance of mixed-valent Mn is also demonstrated by the H (kOe) T(K)
enhanced ferromagnetism and colossal magneto-resistance effects 40
in the La_,A.MnOs (A = Ca, Ba, or Sr) perovskite systefrand ()]
Mn-doped semiconductors, such as GaAs and ZnO for spintronics 30
(spin-carrier electronics), where mixed-valent Mn plays an im- 2 7T=225K

portant role as the hole carri¢ithe ratio of different valent Mn in
OMS is usually characterized by the average oxidation state (AOS)
of Mn.

Until now, chemical titration methods, such as thiosulfate
titrations or the potential voltametric titrations, are the only major ) o
methods that chemists can rely on to measure AOS of mixed- gggﬁg j‘mgﬂgigeqieg'gérg’}zlﬁ;ﬂiﬂf grm%'\r/'astjég?)(m%’eﬁiﬂ?}g}’eﬁf
valent Mn? Here, we report another method to determine the AOS 25 'kQg; (c) Curie-Weiss fit. The temperaturdg andT, represent magnetic
of Mn for mixed-valent manganese oxides by magnetic measure- transitions. Foll > T, a very good fit to the CurieWeiss law yields 3.74
ments. ug for the effective Mn magnetic moment.

An example is demonstrated using the synthetic potassium
manganese dioxide, KOMS-2, which has nanoscale 2 tunnel
structures constructed by edge and corner sharing of ¢MnO
octahedra. The KOMS-2 was synthesized by the-gel combus- C
tion method® X-ray diffraction (XRD) was used to identify a pure X = T-9 + %o 1)
phase of cryptomelane (JCPDS: 29-1020). In addition, field
emission scanning electron microscope images showed a nanorodyhere is the Curie-Weiss temperatureC is the Curie-Weiss
morphology with a typical diameter of 30 nm and length of 200 constant, angl, represents any temperature-independent contribu-
500 nm. Magnetic measurements were carried out using a Quantumion(s) to the susceptibility, such as diamagnetism of ionic cores.
Design MPMS SQUID magnetometer for temperatures 18 K By both calculation and linear fitting, it was determined that here
= 350 K and applied fields-50 kOe=< H =< +50 kOe. EPR data ., < 1%y and, hence, is negligibleAs shown in Figure 1c, the
suggest that the possible mixed-valence states of Mn in KOMS-2 Curie-Weiss law best describes the paramagnetic behavior for

x=0.0191/(T+297)
(fitting: R*=0.995)
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To explore the applicability of the CurigNeiss law, y is
expressed as eq 1.

here are 3 and 4 (see Supporting Information). KOMS-2 whenT = T, = 225 K, as indicated by the linear behavior
Figure 1a shows the response of magnetizalibin emu/g)  of 1/, versusT. This fit yields a value of = —297 K from the

with applied magnetic fieldH (in kOe) at various temperatur@s intercept andC = 0.0191 emeK/g from the slope {c). Using eq

(in K) for KOMS-2. For temperatur& > 100 K, theM—H curves 2, the Curie-Weiss constant can be related to the effective magnetic

are completely linear and pass through the origin. This linear moment

response oM to H justifies the calculation of a susceptibilify

(in emu/g) byy = M/H to describe the paramagnetic behavior of nﬂeﬁz

KOMS-2. Figure 1b shows the magnetization as a function of = 3k (2
temperature in a magnetic field = 25 kOe. There is a weak B
magnetic transition af; ~ 225 K and a clear transition @ ~ 50
K, which are discussed below. Figure 1c shows the Cufieiss
fit (1/y versusT) for KOMS-2.

wherekg is the Boltzmann constant,s is the effective magnetic
moment (magnitude in Bohr magnetar), andn is the number

of magnetic atoms per unit sample mass. A valugef= 3.74ug

is obtained for the effective magnetic moment of mixed-valent Mn

Ig‘gggﬁng;t""oe}t‘;r@;cssde”ce' (Mn** and Mr#t) in KOMS-2 from eq 2. (For the calculation, the
§ Department of Chemistry. standard formula for cryptomelane, Kiyys, was used.)
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Table 1. AOS Determination by the Magnetic Method

ref value measured deviation
sample? AOS? AOS¢ difference error

KOMS-2 (600°C) 3.85 3.88 +0.03 +0.8%
MnO 2.00 1.95 —0.05 —2.5%
Mn,O3 3.00 3.01 +0.01 +0.3%
Mn3zO4 2.67 2.49 —0.18 —6.7%
y-MnO; 3.98 4.04 +0.06 +1.5%
B-MnO, 4.00 4.23 +0.23 +5.8%
OMS-5 3.85 3.93 +0.08 +2.0%
OMS-6 3.84 3.83 —-0.01 —0.3%
KOMS-2 (reflux 100°C) 3.87 3.83 —0.04 —1.0%
KOMS-2 (80°C) 3.72 3.78 +0.06 +1.6%

a Details of sample information are provided in the Supporting Informa-
tion. b Reference values of titration/theoretic ACSeasured AOS values
by the magnetic method.

The negative value for the CuridVeiss temperatur® = —297
K indicates the strong antiferromagnetic interactions between the
Mn moments. The weak magnetic transitioiTat= 225 K agrees
with the results by Sato, which is sensitive to the synthesis
conditions® Sato also suggested that weak ferromagnetism occurs
at T,, which then disappears at lower temperatures. An alternative
explanation is that the cusp-like behavior shown in Figure 1b might
indicate an antiferromagnetic transition where tHeNemperature
is Ty ~ 30 K.

The summation of the magnetic moment from each ion{Mn
and Mrft) produces an effective magnetic moment in the system.

If the atomic fraction of MA* out of the total Mn isy, then

Uedmn =Y X (@Wyna+ T (1 = Y) X (@)yna+ 3

consisting of 3 and 4" with Mn3* in the low spin state. As stated
before, the titration method is interfered by any dopant redoxable
ions leading to imprecise AOS evaluation. For the magnetic method,
if the dopant redoxable ions are “diamagnetic” (no unpaired
electrons), such as % (3d°), then they will not possess any
magnetic moments, and thus, the AOS analyses will not be affected.
Therefore, the magnetic method may be extended for the AOS
measurements of ion-doped manganese oxide OMS, which is
inappropriate for the titration method. If the dopant ions are not
diamagnetic, this method may not be used to determine AOS of
Mn. However, by comparing the magnetic behavior of OMS before
and after doping, this method may be used to determine if the dopant
ions are present as individual clusters or are doped into the
framework of OMS, which is very difficult to characterize even
with HRTEM and EXAFS techniques. That is, magnetic methods
can be used for identification of minor/impurity phases in para-
magnetic or ferromagnetic samples as also pointed out by Wold.
The requirements are that (1) the systems should show €urie
Weiss behavior over a temperature range and (2) there are no more
than two paramagnetic ions present.
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If Mn3* is in the high spin state, the effective magnetic moment
of Mn*™ and Mr#* will be larger than 3.8%g, which is apparently
higher than the one observed here (3 Therefore, this suggests
that Mre* is in the low spin state for KOMS-2. Indeed, for R
(d% under octahedral fields, Jahiteller (JT) distortion usually
occurs to lower the system’s ground state, resulting in a high spin
state of Mi™ (t3,,€'5).° However, the presence of higher valence
state ions, such as Mh, can suppress the JT distortion on MA°
When the ratio of MA/Mn3* is higher than some critical point,
such as 0.40.5, the JT distortion on M1 is negligible'©2

Therefore, the ratio of Mt to Mn®* can be resolved from eq
3, which is 87.5-12.5%. This gives an AOS of 3.88 for manganese
in the KOMS-2, which is in good agreement with the titration results
(AOS = 3.85+ 0.05)5>11

This magnetic method has also been applied to other samples
such as 2x 4 (OMS-5) and 2x 3 (OMS-6) tunnel structure
manganese oxides and commercial MnO,,® and MO, As
shown in Table 1, the magnetic method produces AOS results in
excellent agreement with the titration/theoretical reference AOS
values. A maximum deviation error &f7% is obtained for the 10
different examples.

A magnetic route has been successfully applied to determine the
AOS of both mixed-valent framework Mn and single oxidation
states of Mn in manganese oxide OMS. The general procedure
includes (1) obtaining CurieWeiss constant by the Curie-Weiss
fit of 1/y to T, (2) calculatinguess using eq 2, and (3) calculating
AOS using eq 3. The results from the magnetic method are in good
agreement with titration results. The magnetic route confirms that
framework manganese in KOMS-2 and OMS-6 is mixed-valent,
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