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Abstract: Variable-temperaturéH MAS NMR spectroscopy was used to investigate the local environments
and mobility of deuterons in the manganese dioxide tunnel structures. Five systems were investigated: electrolytic
manganese dioxide (EMD), the model compounds groutite and manganite, and deuterium intercalated ramsdellite
and pyrolusite. Ruetschi deuterons, located in the cation vacancy sites in EMD, were detected by NMR and
give rise to a resonance at 150 ppm at room temperature. These deuterons are righHodA®RNMR time

scale (i.e., the correlation time for motion, is >10-3 s) at room temperature, but start to become mobile
above 150°C. No Coleman protons (in the so-calledk1l and 1x 2 tunnels in EMD) were observed. Much
larger?H NMR hyperfine shifts of~300 and~415 ppm were observed for the deuterons in the tunnel structures

of manganite and groutite, which could be explained by considering the different bonding arrangements for
deuterons in the Xk 1 and 1x 2 tunnels. The smaller shift of the EMD deuterons was primarily ascribed to

the smaller number of manganese ions in the deuterium local coordination sphere. Experiments performed as
a function of intercalation level for ramsdellite suggest that the 1L tunnels are more readily intercalated in
highly defective structures. The almost identical shifts seen as a function of intercalation level for deuterons
in both 1 x 1 and 1x 2 tunnels are consistent with the localization of theskectrons near the intercalated
deuterium atoms. A CurieWeiss-like temperature dependence for the hyperfine shifts of EMD and groutite
was observed with temperature, but very little change in the shift of the manganite deuterons was observed,
consistent with the strong antiferromagnetic correlations that exist above #héeNgerature for this compound.

These different temperature dependences could be used to identify manganite-like domains within the sample
of groutite, which could not be detected by X-ray diffraction.

Introduction At present there are four different structural models for EMD.
Chabre and Pannetier suggested a systematic way to characterize
and classifyy-MnO; by introducing two parameters that quantify

the number and types of structural defects in the intergrowth

Electrolytic manganese dioxide (EMD), a form »MnOy,
is used worldwide as the cathode material in both lithium and

a!kaline_ primary (i.e., n_onrechargeabl_e) batteri_es. EMD is a structure: namely the parametep™ which represents the
highly disordered m?‘te”a" which consists of an intergrowth of ¢4 g of pyrolusite domains in a ramsdellite-based structure
the manganese oxides, ramsdellite (R-Mp@pace group (e pe Wolf disorder), andT," (the microtwinning), which
Pbnm)* and pyrolusite £-MnOy, space group4./mnm)? (Figure represents the number of faults generated by twinning planes
la). The o_ne-dlmensmnal arrays of edge_—sharlng manganesg, ‘o pyrolusite and ramsdellite domaihs.

octahedra in both ramsdellite and pyrolusn.e (and t_hus EMD) * Emp generally contains-4 wt % of structural water in the
are arranged to form tunnel structures, which can incorporate . qta structure, which dramatically influences not only elec-

: Tue :
cations such as protons and’LiThe ramsdellite structure  qchemical properties but also other properties such as the

_codr_nalns larger 1x 2| tunﬂels,dwhere Itk;e notjmon % 2”'d b density and electronic conductivityMany studies have been
Indicates a rectangular shaped tunnel formed on one side yperformed to explore the relationship between structural water
the faces of the double chains of edge-sharing lo@ahedra

d he other by sinal hedra. Smaller 1 | content and various physical, chemical, and electrochemical
and on the %t er ylsmg e octahedra. Smaller1tunnelsare  ,oherties of the electrochemically active Ma@rms? The
present '_n the pyro usite structqre. cation vacancy model, originally proposed by Ruetschi, is the

The disorder iny-MnO,, which broadens and leads t0  most successful model for explaining many of these properties.
selective extinction of certain X-ray diffraction reflections, is | this model, the presence of protons associated with cation
thought to be due to a variety of structural features beyond the 3) De Wollf, P M. D.Acta Crystallogr 1959 12, 341
simple ramsdelhtepyrolusng mtergrowt_h model, mclqdmg the (4) Heuer, A. H.; He, A.; Hughes, P.. Feddrix/ FE Lett. 2000 1 (6),
presence of Mn(lll) sites, cation vacancies, and twinning defects. gsp.
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Figure 1. Schematic representation of (a) the structure of EMD, where “R” represents ramsdellite and “P” pyrolusite domains, and (b) suggested
sites for “Ruetschi” protons in the manganese vacani€iés. The structure of manganifeand proton sites as determined by a neutron diffraction
study?’ (d) The structure of pyrolusiteand possible sites for intercalated protons. (e) The structure of ramsdatidesuggested sites for protons

at a reduction level 0f<0.5, i.e., MNOOH (0 < x < 0.5)% (f) The X-ray structure of groutite and suggested sites for protdite atomic

positions for the two proton sites, in tleedirection, in (b), (c), and (f) are = 0 for “H” and z = ¥, for “H”. The approximate geometries of the
oxygen atom bonded to the protons are shown in circles, the atoms with a smaller radius representing manganese.

vacancies, the “Ruetschi” protons (Figure 1b), are proposed to Despite much work in this field, many unanswered questions
provide a quantitative explanation of the cathode’s capatity. remain as to the exact location and nature of these protons,
These protons are associated with nearbyMrations. Other which have direct bearing on why some EMD preparations
protons, termed “Coleman” protons, which are associated with produce materials that function as high-capacity primary bat-
Mn3* cations in the tunnels of the EMD structure, have also teries, while others show very poor electrochemical beh&vior.
been suggested; these were proposed (by Ruetschi) to be mor&he poor crystallinity of EMD and ramsdellite has prevented
mobile than Ruetschi protons. Chabre and Pannetier, howeveraccurate structural determination of the positions of the protons
have pointed out that there is no evidence for the two distinct in these materials by diffraction methofis this present work,
sets of protons. These protons can, however, be clearlywe apply?H solid-state magic angle spinning (MAS) NMR
distinguished from those in the form of molecular water spectroscopy to investigate the electronic and magnetic environ-
adsorbed on the microporous surface of EMD, since the latter ments of the protons in EMD and related materials. We show
are removed at~150 °C, while the former are removed that we can detect th#H resonance of the Ruetschi protons,
progressively by heating at temperatures betwe&h0 and 400 allowing both the mobility of these deuterons and their local
°C.12 Chabre and Pannetier, in their microtwinning model, have environment to be probed. For comparison, deuterated forms
also proposed different crystallographic environments for the of two different manganese hydroxides with relatively well-
cation vacancies from those proposed in Ruetschi’'s model, thedetermined crystal structures, manganiteMnOOH, space
vacancies concentrating in the Mn sites in the twin plane; the group B2,/d)1617 and groutite ¢-MnOOH, space group
shorter Mt —Mn“* distances than those found in the regular Pbnn),'8-20were also investigate@H MAS NMR spectra were
lattice were proposed to destabilize the MnOctahedra, acquired from partially reduced samples of the manganese
lowering the energy for vacancy formatién. dioxide tunnel structures, pyrolusite and ramsdellite, to probe
The magnetic properties of manganese dioxide and hydroxidethe changes in structural and electronic local environments of
phases have been extensively studied, and the magnetidhe deuterons during the reduction pathways of these systems.
susceptibility ¢) has been shown to increase from pyrolusite Figure le-f shows the schematic structures of the model
to y-Mn0,.13 Variable-temperature magnetic studies on these compounds investigated and their suggested proton sites from
systems show that strong antiferromagnetic (AF) couplings X-ray and/or neutron diffraction studiég.!”19.21
between manganese ions persist at ambient temperatures (i.e., 2H NMR spectroscopy has been widely used to study a variety
well above the Nel temperature) and are responsible for a Of solid systems including polymef3biological moleculeg?
reduction in the magnetic moments of the manganese ions from (14) Bizette, H.; Tsai, B.Proceedings of the Conference on the
those predicted from the spin-only formula. This coupling is Polarization of Mattey Paris, April 4-9, 1949.

extremely strong in pyrolusitg3(MnO,; Néel temperature 84 ggg gﬁg‘;ér"'lj\?t- JJZ “l’lﬁg?a-ﬁg;? fgglg' 955- 163
K*4) and manganite)tMnOOH; Neel temperature 45 K). (17) Dachs, HZ. Kristallogr. 1963 118 303.
(18) Gruner, J. WAM. Min.1947, 32, 654.
(10) Ruetschi, PJ. Electrochem. Sod.984 131, 2737. (19) Glasser, L. S. D.; Ingram, lActa Crystallogr.1968 B24, 1233.
(11) Ruetschi, PJ. Electrochem. Sod.988 135, 2657. (20) Collin, R. L.; Lipscomb, W. NActa Crystallogr.1949 2, 104.
(12) Ruetschi, P.; Giovanoli, R. Electrochem. Sod.988 135, 2663. (21) Maskell, W. C.; Shaw, J. E. A.; Tye, F. Electrochim. Actal981,
(13) Moore, T. E.; Ellis, M.; Selwood, P. W.. Am. Chem. Sod.95Q 26, 1403.

72, 856. (22) Spiess, H. WColloid Polym. Sci1983 261, 193.
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and inorganic materiad$25to probe both structure and dynam-
ics.2H is a spin 1 quadrupolar nucleus and thReNMR spectra

of diamagnetic materials are typically dominated by the qua-
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Experimental Section

Synthesis. (a) EMD and Groutite: A deuterated EMD sample was
synthesized by electrolysis of a solution of 0.8 M MnSfd 0.5 M

drupolar interaction. The quadrupolar interaction broadens the 4,50, in D,0 at~6.5 mA/cn? at 95°C. The particle size ranges from
spectra resulting in characteristic (Pake-doublet) symmetric line 1 to 100um with the average being40um. The average manganese

shapeg® Motion in the time scale of this interaction, which is
determined by the size of tiél quadrupole coupling constant
(QCC, typically 166-240 kHz for an G-D environment in an

inorganic solid$425272%esults in a narrowing of the broad line

oxidation state is+3.92(0.01), based on titration of samples prepared
under identical conditions but with nondeuterated reagents.

Two different deuterated groutitee{MnOOD) samples were syn-
thesized by heating a 1:1.5 molar ratio of either the International Battery

shape’ different types of motion (eg, rotation about a par“cu'ar Association No. 20 (IBAZO) EMD Sample or ramsdellite and deuterium-

molecular axis, librations, etc.) can often be distinguish by

careful analysis of théH NMR line shape. Rapid motion in

the so-called fast-regime, involving complete averaging about
three perpendicular axes, results in a single sharp isotropic

exchanged cinnamyl alcohol in a round-bottomed flask af@0n
xylene for 2 day$® Cinnamyl alcohol, GHyOD (mp = 33—35 °C),
deuterated at the hydroxyl group was obtained by dissolving the alcohol
in D;0O and stirring at room temperature for 24 h followed by a filtration
and evaporation under vacuum-a0 °C. A high level of deuteration

resonance. Experiments are typically perfprmed bY_ using a was achieved, as confirmed by the significari80%) reduction of
quadrupolar-echo sequence, and thus motion on a time scal@he resonance from the hydroxyl proton in thé NMR spectrum of
determined by the evolution period of this sequence (typically the product. IBA20 was provided by Duracell, Inc. and is an IBA sample

20—200us) results in a dramatic loss of signal intensity. Both
the sensitivity and the resolution &fl NMR may be improved
dramatically by using MAS (Magic Angle Spinning) This is
particularly important in the EMD systems, which contain low

concentrations of deuterons. MAS, however, complicates the

analysis of motion. Now, any motion in the time scale of the

rotation frequency will prevent refocusing at the rotor echo and

specimen. The artificial ramsdellite was a generous gift of Dr J. C.
Rousche of ERACHEM. The deuterated groutite samples were well
washed with diethyl ether and dried under vacuum at@dor 24 h.

A similar procedure was used to partially reduce ramsdellite, but
now different temperatures of 20 or 3G for 5 h, with the same Mn©
cinnamyl alcohol molar ratio as above, were used. The products were
well washed and dried under vacuum at 4D for 24 h, and a small
portion of each product was kept in a sealed bottle undgg)N

may result in dramatic line broadening and an apparent l0ss of 3imosphere for 6 months to investigate the effect of time on the proton

signal intensity2°

The systems under investigation are all paramagnetic, which

(and deuteron) distributions.
(b) Pyrolusite and Manganite: Deuterated manganitg-MnOOD)

further complicates the analysis of the spectra: spectra of was synthesized following the same method used by Lee &tlalt,
paramagnetic materials are typically strongly influenced by the here RO, instead of HO, was used for deuteration. Aqueous ammonia
large interaction between the unpaired electrons and the nucleaf75 mL, 0.2 M in RO) was added dropwise to a solution of manganous
spins, which can shift the resonances significantly from the Sulfate (2.5 g in 250 mL of BD) and hydrogen peroxide (5 mL, 30%
typical chemical shift ranges expected for diamagnetic materials W/V) &t room temperature, which was then refluxed at 30or 26 h

and result in large spinning sideband manifolds and/or line
broadening. The dipolar interaction between nuclear and
electronic spins is directly proportional to the gyromagnetic ratio

and filtrated. The solid product was dried in air at 1@

Deuterium intercalation into the ¢ 1 tunnel structure of pyrolusite
(purchased from Fisher Scientific) was carried out by heating the sample
with an excess of deuterium-exchanged cinnamyl alcohol in xylene at

of the nucleus, and thus is almost an order of magnitude smallergg - for 4 days. The product was washed with ether and dried under
for 2H than!H. Relaxation mechanisms are also less effective yacuum at 43C for 24 h.

as a consequence of the smaller coupling, #4dVIAS has
been shown to yield significantly improved resolution as
compared tdH MAS NMR spectra, for paramagnetic solitfs.
Our earlier attempts to obtaittd MAS NMR from the EMD

Characterization. (a) Magnetic Susceptibility Measurements:
These measurements were carried out with the Johnson Matthey Evans
balance to check the reduction level of some of the samples. Mercury-
(I1) tetrathiocyanatocobaltate(ll), HJCo(SC/Nyvas used as a calibration

systems did not yield spectra that could be readily interpreted, Standard.

hence the use dH MAS NMR in the work presented here.

The 2H line shapes of paramagnetic materials have been
analyzed by a number of authors, and the combination of the

quadrupolar interaction and the interaction betweerfithand

(b) X-ray diffraction: Data were collected on a Scintag powder
X-ray diffractometer (Cu I& radiation); all the diffraction patterns were
compared with those in the Joint Committee on Powder Diffraction
Standards (JCPDS).

() NMR: 2H MAS NMR experiments were performed at 30.73 MHz

the paramagnetic ions has been shown to result in asymmetricy, 5 cvx-200 spectrometer with Chemagnetics probes equipped with

line shape®32or asymmetric spinning sideband manifolds in
MAS NMR spectra. ThéH NMR line shapes depend not only

4 or 5 mm rotors for MAS. Spectra were recorded with a rotor
synchronized Hahn-echo pulse sequence, with evolution periods of one

on the strength of both quadrupole and paramagnetic dipolarrotor period. The deuterium 9Qulse length was 2.@s, the dwell
interactions but also on the mutual orientation of their principal time was 1us, and the recycle delay ranged from 100 to 400 ms,

axes systems (PASY).

(23) Griffin, R. G. InMethods in Enzymology.owenstein, J. M., Ed.;
Academic Press: San Diego, 1981; Vol. 72, p 108.

(24) Wittebort, R. J.; Usha, M. G.; Ruben, D. J.; Wemmer, D. E.; Pines,
A. J. Am. Chem. S0d.988 110, 5668.

(25) Lin, T.; DiNatale, J. A.; Vold, R. RJ. Am. Chem. S0d.994 116
2133.

(26) Pake, G. EJ. Chem. Phys1948 16, 327.

(27) Gupta, L. C.; Setty, D. L. RI. Phys. Soc. JprL969 26, 1065.

(28) Lee, H.; Polenova, T.; Beer, R. H.; McDermott, AJEAmM. Chem.
Soc.1999 121, 6884.

(29) Ackerman, J. L.; Eckman, R.; Pines,@hem. Phys1979 42, 423.

(30) Maricq, M. M.; Waugh, J. SJ. Chem. Phys1979 70, 3300.

(31) Liu, K.; Ryan, D.; Nakanishi, K.; McDermott, Al. Am. Chem.
Soc.1995 117, 6897.

(32) Siminovitch, D. J.; Rance, M.; Jeffrey, K. R.Magn. Resor1984
58, 62.

depending on the compound and the temperature. The MAS speed
varied from 9 to 18 kHz. All spectra were referenced tgDDat 4.8
ppm as an external reference.

Results

X-ray Diffraction and Magnetic Susceptibility Measure-
ments. The X-ray diffraction (XRD) powder patterns of the
deuterated groutite and the partially reduced ramsdellites are
compared with those in JCPDS in Figure 2. The artificial
ramsdellite samples are poorly crystalline, and contain consider-

(33) Gabano, J. P.; Morignat, B.; Fialdes, E.; Emery, B.; Laurent, J. F.
Z. Phys. Chem1965 46, 359.

(34) Lee, J. A,; Newnham, C. E.; Stone, F. S.; Tye, FJLSolid State
Chem.198Q 31, 81.
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P E) P 50 8 70 Figure 3. The?H MAS NMR spectra of deuterated EMD (a) dried at
20, degrees 60 °C for 24 h under vacuum and (b) dried at 90 for 24 h under

Figure 2. X-ray powder diffraction patterns of (a) natural ramsdellite, Vacuum after having acquired spectrum a. The isotropic peaks are
JCPDS file #390375, (b) artificial ramsdellite, (c) partially reduced Marked with the corresponding NMR shifts. A spinning speed of 9.5
ramsdellite (MNOORs), (d) partially reduced ramsdellite (MnOGR), kHz and a spir-echo were used to acquire both spectra.

(e) deuterated groutite, and (f) natural groutite, JCPDS file #751199. un(dB) of 2.80 and 2.89g, leading to values for the average

oxidation states of manganese of #h and Mr#-3", respec-
tively. For convenience, the approximate corresponding mo-
lecular formulas of the reduced compounds, MnQ@Rand
MnOODy 7, will be used henceforward.

The powder XRD pattern of deuterated manganite shows a
series of sharp reflections corresponding to highly crystalline
manganite. Weaker reflections at’336°, 38, 58°, and 59 in
26 were also observed, which could be indexed/ttin,Os.

This is consistent with an earlier study, where reflections
corresponding to &-Mn;O3 impurity were also observed in
the powder XRD data of a synthetic manganite sarfbo
significant change was observed between the powder XRD
pattern of deuterium-intercalated pyrolusite and that of the host
compound (pyrolusite); sharp reflections were observed in both
patterns, and no significant loss in crystallinity was observed
on intercalation.

H MAS NMR. (a) Deuterated EMD: Two isotropic
esonances with large sideband manifolds are observed in the
H MAS NMR spectra of the deuterated EMD (Figure 3). The
isotropic resonance at 4.8 ppm shows the same NMR shift as
that of liquid water and the intensity of this resonance decreased
dramatically after further heat treatment at 9D (Figure 3b).
Hence, we assign this resonance to molecular water adsorbed

. . the microporous surface of EMD, since desorption of this
assuming that the (reduced) magnetic moment of the manganesg"! ’ .
g ( ) mag 9 water mostly occurs below~150 °C.12 The spectrum is

atom in this range of oxidation states is still proportional to the dominated b d ihal sotrobic shift
number of unpaired electrons in each manganese ion, we can fsrglna € yda se(_:(;)n resonarthe V\.’é ba nge 'S? roplg S It
use an empirical formula to estimate the level of reductign ( ( ppm) and a wide, asymmetric sideband envelope, due to

; ; ; P deuterium spins in an asymmetric paramagnetic environment.
er MnQ, formula unit due to proton insertion per MpOnit: . . .
P < P P 2 We assign this resonance to the “Ruetschi” deuterons. The much

3Hxy 3 4 3 smaller set of spinning sidebands for the resonance assigned to

#ad = (@) + X p(d (@}, 0= x=1 water molecules indicates that these molecules are mobile. The
Ruetschi deuterons are rigid in the time scale of dHeMAS
NMR experiment.

(b) Deuterated groutite, manganite, and pyrolusite:2H
MAS NMR spectra were acquired from the two different
groutites synthesized from different starting materials, IBA20
and ramsdellite (Figure 4). Four isotropic resonances are
(35) Thackeray, M. M.; Rossouw, M. H.; Gummow, R. J.; Liles, D. C.;  observed in each spectrum. The isotropic resonaneelats

able disorder; the crystallinity/disorder level of our samples is,
nonetheless, similar to typical samples in the literatbifeweak
reflection at 28.%in 26 is due to pyrolusite impuritiesRietveld
analysis of the ramsdellite XRD pattern suggests a composition
of ca. 89% ramsdellite and 11% pyrolusite. The diffraction
patterns show gradual shifts of all the peaks to longv&lues
on intercalation, which is ascribed to the expansion of the unit
cell and distortion of the Ix 2 tunnel structures caused by
reduction and deuteron intercalation into the tunnels, and
indicates that reduction of ramsdellite has been achié¥ved.
Magnetic susceptibility measurements were carried out to
check the reduction level of the partially reduced ramsdellite.
Magnetic momentgy,, of the host compound (ramsdellite) and
the fully reduced compound (groutite) were 2.61 and 2.99,
respectively, in units of Bohr magnetomg). The average
oxidation state of the manganese ions changes frorft" {(df)
in ramsdellite to M&"(high-spin d) in groutite, and thus, these
experimental values are lower than those expected based org
the number of unpaired electrons in each compound (typical
experimental values forcand d (high-spin) ions are 3.87 and
4.90ug, respectively). These lower values are ascribed to short-
range antiferromagnetic (AF) couplings between manganese
ions, which persist well above the bletemperaturé’ By

whereu,(d*™) is the magnetic moment of the partially reduced
manganese hydroxide, with an average number of d-electrons
per manganese ion of 3 x (assuming high-spin manganese
ions). Values ok = 0.5 and 0.7 are calculated for the samples
prepared at 20 and 5TC, based on the measured values for

gga{éesg'“ De Kock, A.; David, W. I. F.; Hull, Electrochim. Actal 993 ppm decreases in intensity on drying at moderate temperatures
’(36) Fitzpatrick, J.; Tye, F. LJ. Appl. Electrochem1991, 21, 130. (~90 °C) and is assigned to molecular water adsorbed on the

(37) Grey, J. TJ. Am. Chem. S0d.946 68, 605. surface or captured in the micropores of groutite.
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spectrum and the similar sideband patterns suggest similar local
(@ environments for the deuterons in each of these twolltunnel
structures. Thus, we assign the isotropic resonanc&@® ppm
in each spectrum to deuterons in the 1L tunnels of manganite
and pyrolusite. The shift mechanisms responsible for these large
shifts are discussed in a later section.

Two more isotropic resonances are observed in Figure 5b at
420 and 470 ppm, respectively. Synthetic manganite is reported
to contain a small amount of groutité,and the isotropic
resonance at 420 ppm in Figure 5b shows a sifftaNMR

shift the isotropic NMR resonance assigned to the deuterons in
*WJJL}U\MMA/W,_ the 1 x 2 tunnels of groutite. Hence, we assign this resonance

: () . L - . _
4000 20000 2000 PRM to the deuterons in groutite impurities. An isotropic resonance

4000 2000 0 -2000 PPM
415 ppm

\

460 ppm

1000 800 600 400 200 0 200 PPM

425 ppm as at ~470 ppm was also observed in tAid NMR spectra of
0ppm | PP™ 5 ppm groutite (Figure 4). As mentioned above, the powder XRD
N l pattern of the deuterated manganite contains a small amount of

y-Mn,Oz as an impurity. But, this compound contains no protons
(or deuterons) in the structure. Thus, we tentatively assign the
isotropic resonances, observed &a470 ppm in both the
deuterated groutite and manganite, to deuterons in local environ-

1000 800 600 400 200 0 -200 PPM

Figure 4. The full2H MAS NMR spectra, together with an expanded

region, of the deuterated groutites: (a) synthesized from ramsdellite .
and (b) synthesized from IBA20. Spectra were acquired at a spinning ments cher th_an the ﬂ(_ 1 and 1x 2 tunnels and the cation
speed of 18 kHz. Centerbands are marked with the correspondingvacanc'es* which may include the>d 3 tunnels as observed

isotropic chemical shifts. earlier by high-resolution transmission electron microsédpy
or other crystal defects.

(c) Impurities in groutite: The XRD patterns of groutite
@ are broad, indicating considerable disorder, thus it is not
surprising that a series of resonances is observed by KMR.
The resonances at300—315 and~460-470 ppm are assigned
6000 4000 2000 0 -2000  -4000 PPM to deuterons intercalated into the defect sites or into the
impurities formed during the reduction of the host compounds.
The resonance observed~aB00—315 ppm is close to that of
intercalated pyrolusite and or manganite, and is assigned to
deuterons in Ix 1 tunnels. Manganite formation is observed
4000 2000 © 2000  PPM by several XRD studies at a reduction levelf>= 0.6 in
electrochemical cells, the exact value xfvarying among
authors’ Thus the~300-315 ppm resonance in the deuterated
groutite samples is ascribed to manganite deuterons and/or the
small manganite-like blocks formed by intercalation into the
pyrolusite domains present in the starting materials.

(d) Partially reduced ramsdellites: Figure 6 shows théH
1000 500 0 -500 PPM MAS NMR spectra of ramsdellites reduced to different reduction

Figure 5. The?H MAS NMR spectra of (a) deuterium intercalated levels. The isotropic resonances at®ppm are assigned to
pyrolusite and (b) deuterated manganite. The isotropic resonances aremicropore (molecular) water. Surprisingly, the resonance at 330
marked with the corresponding NMR shifts. Both spectra were acquired ppm s the most intense resonance at the lowest reduction level
at a spinning speed 011 kHz. (Figure 6a). As the reduction level increased, the isotropic

Two different types of oxygen atoms are present in the resonance at-400—-415 ppm begins to dominate. We have
groutite @-MnOOH) structure (Figure 1f)° The first one is assigned the isotropic resonance~atl5 ppm to deuterons in
surrounded by three manganese atoms in a roughly coplanathe 1 x 2 tunnels of groutite and the one &300 ppm to
triangle; we denote this oxygens@ because the geometry deuterons in the k 1 tunnels of manganite. This result appears
corresponds to ghybridization of the oxygen atom. The second to contradict previous work, where it has been shown that the
oxygen atom forms the apex of a trigonal pyramid whose base 1 x 2 tunnels iny-MnO, are reduced first, transforming to
consists of three manganese atoms and is denajgdBased groutite, after which proton filling of the pyrolusite domains
on the Qp—Osp distances determined in an earlier X-ray occurs resulting in manganite domath&nother noticeable
diffraction study, it was proposed that the proton is directly result is that the signal intensity in tffel NMR spectrum of
coordinated to @, but also forms a hydrogen bond tgJ:1%21 MnOOQODy 5 is only about one thirtieth of the intensity from
The isotropic resonances arising a#15 ppm (415 ppm in groutite, MNOOD. These observations will be discussed in more
Figure 4a and 425 ppm in Figure 4b) have the highest intensitiesdetail in a later section.

in the 2H NMR spectra of groutites. Thus, we assign these  No noticeable differences between 8heMAS NMR spectra

resonances to the deuterons bonded to the pyramidal oxygeruf the fresh sample and samples that had been aged for 6 months

(Osp) in the 1 x 2 tunnels of groutite. were observed. This time period was chosen based on previous
The °H MAS NMR spectra of deuterated pyrolusite and jiterature, which suggested that these samples require consider-

manganite are shown in Figure 5. Manganite and pyrolusite haveaple aging before a uniform distribution of protons is achieved
isomorphic 1x 1 tunnel structures (Figure 1c,d). The similar
2H NMR shifts (~300 ppm) of the isotropic resonances in each  (38) Turner, S.; Buseck, P. Rlature 1983 304, 143.

303 ppm
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1000 800 600 400 200 O 200 PPM Figure 8. The inverse of théH NMR shifts (16) as a function of
Figure 6. The full and expande#H MAS NMR spectra of (a) partially ~ temperature for (a) EMD and manganite and (b) groutite. FhiMR

reduced ramsdellite (MnOQfR), where 1499 792 transients were Shifts at 30°C are marked for each resonance.

acquired, (b) partially reduced ramsdellite (MnO&Jp where 303 168 . . o
transients were acquired, and (c) groutite (MnQ@DBynthesized from ature range investigated, to show a CutWéeiss dependence

ramsdellite, where 47 458 transients were acquired. Center bands areé’" temperature, consistent with the magnetic susceptibility data

marked with corresponding isotropic chemical shifts. A spinning speed fOr similar material$® An approximate estimate for the Weiss
of ~18 kHz was used to acquire the spectra. All spectra are plotted on constant oh-70 K can be extracted from a plot of 1/shift versus

the same absolute intensity scale. temperature (see Figure 8a), consistent with weak AF couplings
) oo between manganese ions. ' . .

J l”"’[’"‘xl l | L m The 2H NMR shift of the isotropic resonance in deuterated

1o0°C ; manganite shifts only very slightly to 285 ppm on cooling the
I | ] | ‘ AN AV ANNAYN sample from 100 down te-120 °C. This behavior deviates
N Y W considerably from the CurieWeiss law, where the shift is
_LJ_J_._‘_,L_Ll. 0°c expected to be proportional toTl/but is consistent with the
x N L. reported magnetic susceptibility)(data where no significant

-60°C change iry is observed in the temperature range investigated.

285 ppm
-Jl——JL—JUWi UL—JL—JL CWM“ The °H NMR spectrum of groutite acquired at120 °C
- 120 °

clearly shows that there are actually four or more different
1000 500 0 -500 PPM 800 600 400 200 O -200 PPM deuterium sites in this sample. Below °C, the isotropic
resonance at 300 ppm splits into two resonances (Figure 7b),
one resonance shifting to higher frequency, the other resonance
shifting slightly to lower frequency, as the temperature is
s0ec decreased. On the basis of the ¥ NMR spectra of manganite
(Figure 7a), we assign the isotropic resonance that shifts from
300 ppm at 10C°C to 270 ppm at=120 °C to deuterons in
manganite impurities or large manganite-like domains. Figure
8b shows the temperature dependence ofithBIMR shifts of
230 ppm all the isotropic resonances of the deuterated groutite sample.
The isotropic resonance assigned to deuterons in manganite
- 100°C domains (resonance 1) clearly shows a very different temper-
ature dependence from all the ottt NMR isotropic reso-
nances (resonances-2), but is similar to the temperature

(© - X ) . )
Figure 7. The variable-temperaturdd MAS NMR spectra of (a) depe_ndence _of the isotropic resonance in manganite (Figure 8a),
consistent with this assignment.

deuterated manganite, (b) deuterated groutite, and (c) deuterated EMD. . - . I .
The isotropic resonances are labeled. A MAS spinning speedLof Groutite is synthesized from either artificial ramsdellite or
kHz was used. EMD. Both materials contain intergrowths of<d 1 and 1x 2

tunnel domains. When reduced, this intergrowth region is called
throughout the latticé® Our results indicate that this process, §-MnOOH/-360On the basis of the shift, we, therefore, tentatively
as probed byH NMR, is not as slow as previously suggested. assign the isotropic resonance that shifts from 295 ppm at 100
(e) Variable-temperature NMR experiments: The variable- °C to 330 ppm at—120 °C (resonance 2 in Figure 8b) to
temperature (VT¥H NMR spectra are shown in Figure 7. The deuterons in the X 1 tunnels of)-MnOOH. These manganite
2H NMR shift of the isotropic resonance from EMD varies with (1 x 1) domains should be considerably smaller in size than
temperature, and appears, based on the, albeit limited, temperthose in manganite crystals, thus the magnetic interactions

(a) (b)
50 ppm

185 ppm

-50°C

6000 4000 2000 0 -2000 -4000 PPM
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A 30 °C Table 1. The Line Widths of theH Resonances under MAS
Conditions, as a Function of Temperature (in kHz)
temp CC) manganite groutite EMD MnOOL
6000 4000 2000 0 -2000 -4000 PPM —100 0.29 1.3 2.0 2.6
5 —60 0.29 1.3
° o —-50 1.6
= 100 °C (12 hours
o ( ) 0 0.23 1.3
© 30 0.23 1.2 1.3 1.9
5 100 0.26 1. 1.4
£ 6000 4000 2000 O 2000 -4000 PPM 150 0.9% 1
g aLine width of the~295 ppm resonancé Line width of the~415
3 150 °C (12 hours) ppm resonance.Calculated from the FID echo train.
temperature range betweerl20 and 150°C, suggesting that
6000 4000 2000 0 -2000 -4000 PPM the deuterons in these materials are rigid on the NMR time scale.
(f) Line widths and spin—spin relaxation times: The line
309C widths (full width at half-height) of the resonances of the
individual peaks within the spinning sideband manifold were
measured for groutite and manganite. In the case of EMD at
5000 4000 2000 O 2000 4000 PPM 150 °C, the signal-to-noise was poor and thus & was
Figure 9. The variable-temperatufé MAS NMR spectra of EMD. measured by examining the intensities of the rotor echoes. The

The acquisition temperatures and times spent at each temperature ar¥@lué was determined from the magnitude of the free induction
marked on each spectrum. A total-e130 000 transients were acquired ~ decay, to help eliminate the effect of chemical shift offsets on
at a spinning speed of10 kHz. The order of the acquisition of the  the measured>,*. The line width (given by 2I,*) was then
spectra is depicted by an arrow. All the spectra are plotted on the sameestimated. The results are summarized in Table 1. A number
intensity scale apart from the first spectrum, where the scale has beenof trends are immediately apparent. First, the line widths of
halved. manganite are almost an order of magnitude smaller than those
of EMD and groutite. Second, the line widths decrease slightly
between manganese ions are not necessarily the same as thosgith temperature. A notable exception to this are the line widths
in bulk manganite. Indeed, the structural model for EMD of of EMD which reach a minimum at room temperature but then
Bowden and Hacknéysuggests that the pyrolusite domains in  increase dramatically as the temperature is raised furlher.
EMD consist of columns of k 1 tunnels, instead of the slabs  values of 1.1 and 1.2 ms were measured for the resonances at
of 1 x 1 tunnels proposed in earlier models. The AF interactions 410 and 310 ppm, respectively, in MnO@pby varying the
between the manganese ions in the octahedra that formsthe 1 evolution period of the spirecho experiment. Thege values
1 tunnels may be similar to those between manganese ions inare shorter than th&* of manganite (8 ms) at room temper-
the 1x 2 domains. In short, the isotropic resonance at 300 ppm, ature, and essentially identical to tiigt values of MNOODR ;
which splits into two peaks, at 270 and 330 ppm-di20 °C, (1.1 and 1.2 ms for the 410 and 310 ppm resonances,
is due to two isotropic resonances, the first from deuterons in respectively). The results indicate that only a very small
either large 1x 1 domains or small manganite crystallites and contribution to the line widths of the resonances in this sample
the second from small manganite domains in intergrowth can come from a distribution in hyperfine shifts despite the
0-MnOOD crystallites. noncrystalline nature of the material and the partial reduction
Figure 9 shows théH MAS NMR spectra of EMD acquired  level.
between room temperature and 80 A dramatic decrease in ) )
intensity was observed as the temperature was increased, and!SCUSsion
the signal at 150C was barely detectable. The sample was  Shift Mechanisms in Paramagnetic Systemslin related
returned to 100C and then room temperature and an increase work, we*® and Gee et &9 have shown that the lithium NMR
in signal intensity was observed and a few sidebands could beshifts in manganese oxides result from a hyperfine, or Fermi-
discerned in théH MAS NMR spectra. The sample was then contact interaction. The magnitude and sign of this interaction
reheated and no signal could be detected at the highestdepends on the atomic susceptibilities of the paramagnetic ions
temperature studied, 258C, even after acquiring 208 992 in the nearby coordination sphere of the NMR active nucleus,
transients. Lattice water in EMD evaporates gradually above and the nature of the overlap between the manganese orbitals
~150°C and the EMD converts to a pyrolusite-like form known and s orbitals at the NMR active nucleus. The interaction may
as HEMD at around 358C.%12Thus, the loss of signal intensity  be either direct or mediated via an intervening oxygen atom (a
in the spectrum acquired at 18G is partially explained by the  transferred hyperfine shift). This latter mechanism is similar to
decrease in the amount of lattice deuterons on heating thethe superexchange mechanism that can result in magnetic
sample. This does not explain the increase in the signal intensitycouplings between paramagn&t3he second shift mechanism,
on reducing the temperature from 180 to room temperature.  the pseudocontact shift, results from a coupling between the
When the motion of the Ruetschi deuterons, which can include nuclear spin and an anisotropic magnetic monéatprevious
reorientation and site exchange with nearby Ruetschi deuteronsH MAS NMR study of the paramagnetic cupric compound,
or (Col_eman) deuteron sites, _becomes co_mp_arable to the MAS (39) Lee, Y. J. Wang, F.. Grey, C. B. Am. Chem. Sod998 120,
NMR time scale, a loss of signal intensity is predicted\ 12601,
decrease in these motions can explain the gain in signal intensityB 1(38) Gl%e, lB(.);l:igrne, C. R.; Cairns, E. J.; Reimer, JJAPhys. Chem.
on coqllng the sample from 159 to 1Q@' In ComraSt.’ no o (41§Go§denough,J. Blagnetism and the Chemical Bgnlbhn Wiley
dramatic changes were observed in the line shapes and intensitieg Sons: New York, 1963; pp 165184
of the 2H NMR spectra of manganite and groutite in the (42) McConnell, H. M.; Robertson, R. B. Chem. Phys1958§ 29, 1361.
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CuCh-2H,0, reported a value for thé#H pseudocontact shift

of approximately 10 ppr which is small compared with the
shifts observed in this system. Furthermore, unliké'Cthe
magnetic moments of M ions, and MA™ ions in particular,
are close to being isotropfé.For Mn3*, recent high-frequency
EPR studies of, for example, porphyrinic complexes have
confirmed thatg, ~ go ~ 2.0%° The pseudocontact shift
mechanism will, therefore, be ignored in the subsequent
discussion.

In our earlier lithium NMR work, we showed that the NMR
hyperfine shifts could be readily rationalized by considering the
different local environments surrounding the nuclear sgirs.
Thus, to rationalize the size of the Fermi contact shifts observed
in this system, we need to consider the different local environ-
ment of the deuterons in these materials. In the manganite
neutron diffraction structure, three Nth (te,!) ions are
directly coordinated to the protonated oxyger#£0n the 1 x
1 tunnels, with Mr-O distances of 1.85 to 2.30 A. Cation- H (b)
(H)—anion(Qg?")—cation(Mr#*) bond angles ranging from
90.#4 to 110 (Figure 1c) were reported, the manganese ions Is
around Qg forming a roughly coplanar triangle (Figure 1cid).

An Osz—H bond distance of 1.022(0.020) A was reported, .
indicating a covalent interaction of the proton with one oxygen sp orbital
atom. The?H NMR shift of ~300 ppm of the deuterons in the

1 x 1 tunnels of either manganite or pyrolusite (Figure 5) can
be attributed to a superexchange mechanism of the type shown
in Figure 10a involving the half-filled manganesg orbitals.
Transfer of positive electron spin density from the half-filled
togrorbitals of the nearby three manganesg’é?') ions to the
empty ls-orbital of deuteron is mediated by a fully filled p
oxygen (Qp) orbital, re_sultlng in él_—i NMR hyperfine shift to 331
higher frequency!2 Since there is no overlap between the Mn™ (" €g )
manganesegerbitals and the oxygen p-orbital coordinated to  Figure 10. Schematic diagrams showing the transfer of the unpaired
the deuteron for a 9C°H—O—Mn bond angle, the contribution  electron spin density by two superexchange mecharfista:Unpaired

to the shift due to any interactions involving theagbitals will electron spin density is transferred from the half-fillegl-brbitals of

be small, and can be ignored to a first approximation. Given a the Mn(IV) or Mn(lll) ion to the empty 1s-orbital of the proton via
2H NMR hyperfine shift of 295 ppm for the manganite deuteron Pz—po covalent bonds mediated by a fully filled oxygen p-orbital. (b)
at room temperature, each Rfnion contributes approximately The u_npaired electron §pin density is transfer_red from the h_alf-filled
295/3 ~ 100 ppm to the hyperfine shift. In deuterium- gg-orbitals of the Mn(lll) ion to the empty 1s-orbital of proton via

intercalated pyrolusite, where only partial reduction of the po covalent bonds, mediated and enhanced by the fully filled oxygen

. . ted. the | | . t at least fp3-hybridized orbitals. Brepresents the external magnetic field, which
manganese 10ns Is expected, the local environment, at 1east alyg s jn a parallel alignment of the unpaired electrons in the manganese

very low intercalation levels, is expected to contain only one s,

Mn3* ion and two Mri* ions directly bonded to deuterioxyl ; -
. . between Q3—H and Qg was suggested in many studies based
oxygen (Qg). Nevertheless, théH NMR shift of this deuteron on the sk(lgjrt Q;—Os,;pzbond digt%\nce of 2.62%/ A, which is

Is 303 ppm, .quite similar to 295 ppm in mgnganite, W.hich IS appropriate for a hydrogen bond (Figure 1§:21No neutron
consistent with the superexchange mechanism shown in F'gurediffraction data for groutite is, however, available. A neutron
10a, because this shift mechanism does not depend on th ' '

. . iffracti i AIOOH, :
occupancy of the gorbitals. Interestingly, recent IR (and iffraction study on diaspore (AIOOH, space grothnm)

) . . . which is isostructural with groutite, showed that the proton
inelastic neutron scattering, INS) studies have suggested thatIoosition didnotlie midway between the two oxygeffsinstead
the proton in manganite is not covalently bonded to a single '

Co . the Qp—H vector makes an angle of 12.Wwith the Qzp—Osp
oxygen, but lies in the octahedral hole in the center of the tunnel, .. . : :
with 6 O—H interatomic distances of approximately 2BOur tie line, which suggests the absence of strong hydrogen bonding

NMR results are, however, consistent with a degree of covalentin this compound. The lack of H-bonding is also apparent in
y ) : . N " ST
bonding between the deuterons and the oxygen atoms of th the cation()~anion(Qg*")~cation(AP") bond angle distribu

ions. Angles of 112 114, and 129 are found in the structure
tunnel walls, and suggest that the deuteron moves off-centerof diaspore (AIOOH), while angles of 14510C°, and 100
toward_one _Of the oxygen atoms. e are predicted for hydrogen bondifyThe geometry observed
At this point, the ambiguity of the.proton position inxd 2 . for diaspore resembles Shybridization of the oxygen atoms
tunnels of groutite should be mentioned. Hydrogen bonding more closely and is assumed in our discussion below. However,
(43) Nayeem, A.; Yesinowski, J. B. Chem. Phys1988 89, 4600. both bonding arrangements result in similar conclusions for the

N (44_)t_Abr;’:19afTB A %egpey{' BE'FCtFOT;\IPaF?(m?(gq%%CG Resonance of  sjze and direction of the hyperfine shift, within our qualitative
ransition lons Dover Publication, Inc.: New York, ) ) ) )

(45) Krzystek, J.; Telser, J.; Pardi, L. A.; Goldberg, D. P.; Hoffman, B. discussion of the _Causes of the shifts.
M.; Brunel, L.-C.Inorg. Chem.1999 38, 6121. The?H NMR shift of ~415 ppm of deuterons bonded to the

(46) Lee, Y. J.; Grey, C. RChem. Mater200Q 12, 3611. pyramidal oxygens (6¥) in the 1x 2 tunnels of groutite (Figure
(47) Fillaux, F.; Cachet, C. H.; Ouboumour, H.; Tomkinson, J.; Levy-
Clement, C.; Yu, L. TJ. Electrochem. Sod.993 140, 585. (48) Busing, W. R.; Levy, H. AActa Crystallogr.1958 11, 798.
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4) can be attributed to two different superexchange mechanismsbetween 3.5 and 50 kHz are required to simulate the spectra.
The superexchange mechanism discussed above involving theThe larger values are required to simulate the spectra of EMD.
tog Orbitals holds in this case, but is expected to be somewhat Implications for the Reduction Mechanism.A proton (or

less efficient, because the catiorijH+anion(Q?~)—cation- electron)-filling mechanism has been suggested for the reduction
(Mn3%) bond angles deviate significantly from 9 this sg3- of manganese ions in thexL 2 tunnels iny-MnO,.2* According

type atomic arrangemefit.Another (delocalization) superex-  to this mechanism, the electron inserted along with the proton
change mechanism is shown in Figure 10b. In this mechanism,is delocalized among the @rbitals of the nearby manganese
p,-type covalent bonds form between the fully occupied sp ions, at low reduction levels (MNOQHO < x < 0.5), but is
hybridized orbitals of oxygen and half-filleg-erbitals of three localized in the g-orbital of one manganese ion (M) at high
nearby manganese ions, mediating transfer of electron spinreduction levels (MnOOL] 0.5 < x < 1). This localization
density from the g orbitals to oxygen. Spin density is then causes (or is due to) the Jahheller distortion of the Mn®@
transferred to the empty 1s-orbital of the deuteron via an octahedra, and finally results in the distortion of the 2 tunnel
intraatomic correlation between the*dpybridized orbitals and ~ structures. The electron superexchange mechanisms discussed
the p-type covalent bond between the oxygen and deuterium above are consistent with this electron-filling mechanism,
atoms?t A Corre|ati0n_type Superexchange mechanism is also because thegeDrbltaI in Figure 10b is not specified, i.e., it could
possible, involving a direct interaction of the oxygen p-orbital be either the g-orbital of the axially bonded manganese ion

coordinated to the deuteron, and theoebital; this also results ~ (Mn®") or the d2_-orbitals of the equatorially bonded man-
in a positive shift. ganese ions (Mit) at low reduction levels. In other words,

similar shifts are predicted for an electron rapidly jumping
between the three nearby manganese ions, or for a localized
electron in one gorbital at a low reduction level. At a high
reduction level, the gorbital in Figure 10b represents the-d
orbital of the axially bonded manganese ion @ Further-
more, the observation of a discrete resonance (at approximately
415 ppm) atall reduction levels in groutite studied provides
evidence for the localization of the electron nearby the
intercalated proton, rather than delocalization (i.e., hopping) of
the electrons over the whole solid.

The smaller’H NMR shift of 150 ppm from deuterons in Deuteron Motion and 2H MAS NMR Line Shapes. Chabre
vacancy sites of EMD can then be rationalized based on the gt 5. have suggested that the ramsdellite layersso2ttunnels
above discussion. Six oxygens are available for the deuteronsin ,,.Mno, are reduced first in their proton intercalation
(or protons) per (proposed) cation vacancy site: two are axially mechanism. This suggestion was based on a variety of sup-
bonded and four are equatorially bound to the vacant manganesgorting evidencé:First, calculations of the electrostatic lattice
ion. Figure 1b shows the arrangement of two manganese atomsyotentials of manganese and oxygen atoms show that the
bound to one of these axial oxygens. All of the six oxygens are manganese and oxygen atoms in the ramsdellite domains are
Osp-type when the cation vacancy is located in the pyrolusite more readily reduced and hydroxylated than those in pyrolusite
domains, while there are thregg@and Qg-type oxygens, when  domains. Second, the larger expansion in cell volume required
the vacancy is located in the ramsdellite domdiBoth types for the rutile-to-manganite transformatiofV{ = 5.5 A¥MnO,)
of oxygens, regardless of whether the initial configuration was than that for the ramsdellite-to-groutite transformatiovV (=
sp-type or sp-type, are sphybridized when a deuteron (or 4.9 A3¥MnO,) suggests that the latter transformation is likely
proton) replaces the vacant (imaginary) manganese ion. Thusto occur first. This is also consistent with electrochemical
based on the contribution of each manganese ion to the Fermi-studies!®>° where the open circuit voltages for the discharge
contact shift (100 ppm) calculated above?HaNMR shift of of the 5-MnO,, phase, consisting mainly of ¢ 1 tunnels, have
200 ppm (100 ppmx two Mn** ions) is estimated, as a first  lower potentials of approximately 200 mV than those of the
approximation. A decrease in efficiency of the first superex- y-MnO, phase, indicating that the st 2 tunnel structures will
change mechanism (Figure 10a) is, however, expected since thée reduced at a higher potential, i.e., reduced first. As discussed
cation—anion—cation bond angles deviate fro0°, and the above, the?H NMR spectra of the partially reduced MaO
second superexchange mechanism (Figure 10b) will not occursamples, Figure 6a,b, appear to contradict these previous

It is not easy to quantify, with the data currently available,
how much the 98-cation—anion—cation superexchange mech-
anism of Figure 10a will decrease as the bond angle deviates
to ~110-12C in the sp configuration, and how much the
mechanisms (Figure 10b) involving thgabitals will contribute
to the?H NMR shift. Nevertheless, it is plausible that the sum
of the contribution from the,§ and g mechanisms results in a
larger?H NMR shift of ~415 ppm for the deuterons bonded to
Ogp in the 1 x 2 tunnels of groutite.

since the gorbitals are not occupied in the Mi(txge,) ions, results: theH NMR resonance at 330 ppm, which is assigned
providing an explanation for the smaller obser¢eldNMR shift to deuterons in the x 1 tunnels, is more intense at low
of 150 ppm for?H atoms in the vacancy site. reduction levels than the resonance at 400 ppm, which is

assigned to deuterons inx 2 tunnels. Approximate values
for the relative intensities of the two resonances of 1:0.5 were
measured for the MnOQJ3 sample for the Ix 1:1 x 2 tunnels,
respectively. One possible explanation for this apparent incon-
Pistency is that the different resonances are associated with very
different T,* values. Alternatively, we may be missing some
other deuterium spins due to their very shdstor T, values.
These suggestions will now be explored.

It seems unlikely that the “missing” deuterons, whose
environments will not differ significantly from the visible
deuterons, will have dramatically differefi values. Given that

The2H MAS sideband pattern of EMD is quite asymmetric,
in contrast to the spectra of groutite and manganite, which show
more symmetric sideband patterns. e NMR line shapes
are governed by both the sizes and relative orientations of the
tensors that describe the quadrupolar and paramagnetic dipolal
interactiong832 Thus, the pronounced asymmetric sideband
pattern of EMD can be ascribed to either a quite large dipolar
interaction between théH nucleus and unpaired electrons in
manganese ions and/or a large deviation in the orientations of
the PASs of those two interactions. Our preliminary simulations
of these systems, using the approach outlined in the litera-

ture?®32suggest that the QCCs in these systems are typical of ™ 19y kozawa, A.; Powers, FElectrochem. Technol.967, 5, 535.
a rigid deuteron (170180 kHz), but that dipolar couplings of (50) McBreen, JPower Sourced 975 5, 525.
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the T, values measured for the visible deuterons in MN@@D  and averaging of this interaction should now occur, resulting
(of approximately 10 ms) are quite long, we tentatively conclude in the reemergence of the signal and a sharp resonance with
that the “missing” deuterons are not a consequence of very shortfew or no spinning sidebands. This will occur whan< 10°6

T, values. Any differences in th&, values of the different s. The DO molecules that give rise to the resonance seen in
resonances due to deuterons in the 1L and 1x 2 tunnels the spectrum of EMD (Figure 3a), prior to dehydration, are
will alter the apparent relative intensities of the different clearly undergoing rapid motion in or above this regime (the
resonances and thus result in errors in the concentrations of theso-called fast-limit regime).

different environments, as measured by a sggicho experiment. The loss of intensity in the spectrum of MnO@Din

The measured values for the two major resonances seen in  comparison to that of groutite may be due to mobile deuterons
the spectrum of the MnOG{3 sample are similar, indicating  that are undergoing motion with 18> 7. > 1075 s, which are

that the relative intensities of the two resonances reflect the ot ghservable by MAS NMR. &H MAS NMR spectrum of
relative concentrations of the two environments. In the case of MnOOD, s was acquired at-60 °C to detect any change in
MnOODy s, the total signal intensity (i.e., the intensity of the  geuteron motions at a lower temperature. No significant change
first rotor echo) of MNOOMs s only approximately one thirtieth i the relative intensity of the isotropic resonance-&00 ppm

of the intensity of groutite, MNOOD, which cannot be totally and no additional resonances were observed, suggesting that

explained based on the measuiiedvalues of the MnOOBRY, the motion of the “missing” deuterons is still sufficiently fast
suggesting that we may be missing some deuteron signals dugyen at—60 °C. Clearly, spectra need to be collected over a
to another phenomenon. wider temperature range to validate these proposals. Spectra of

Motion on the appropriate time scale is expected to signifi- groutite were, in contrast, acquired over a much wider temper-
cantly reduce théH signal. For example, the hopping motion  ature range (from-120 to 150°C). Although the overlapping
of protons throughout the vacancy sites in ice was shown to resonances were better resolved at lower temperatures no
result in a significant decrease in the signal intensity 8Ha  dramatic disappearances or appearances of new resonances were
NMR spectrum (acquired with a quadrupolar echo sequence), observed indicating that we are observing all the deuterium spins
without affecting the Pake-doublet line shape of the signal, when in this sample. . for a random motion with an activation energy

the correlation time for this motion ranges froni0“to 105 of > 1.5 kJ mot?! will change by more than 3 orders of
s The diffusion coefficient for mobile protons in slightly  magnitude over this temperature range and thus any mobile
reducedy-MnO; has been reported to bex610~° cn¥/s >t or deuterons should be visible at some point in this temperature

6 A2/us (based on broadlintH NMR). This proton mobility  window; random motions with an even lower activation energy
has been ascribed primarily to the protons attached to pyramidalshould already be occurring sufficiently fast enough to be in
oxygen (Qg), or Coleman protons, in the k 2 tunnels.  the fast regime of motion, and should therefore be visible by
Mobility has been reported to decrease as the amount of MAS))

intercalated protons increases, due to increased repulsion o, the basis of the above discussion for groutite, it also

between adjacent protons and the decrease in the availabley,,ears that we are observing all the deuterons in EMD (at least
vacant sites for protori2. The mobility of these Coleman-type below 100°C). No evidence for Coleman-type (mobile) protons,
protons in partially reduceg-MnO, samples, and the depen-  ner than those in the form of adsorbed molecular water, is
dence on the mobility on reduction level, was also suggested pgeryed in théH MAS NMR spectra of our deuterated EMD
by X-ray diffraction experiment& When wo partially re_duced sample (Figure 3). Given a typical manganese-to-oxygen ratio
y-MnO, powder samples, both having different proton intercala- in EMD of 1:1.95-1.97, the MnG/MnOOH ratio lies some-

tjon levels, are mixed and firmly'packed, thg X-ray diffraction where between 19MnEMNOOH and 8MnG-MnOOH. In

lines gradually coalesce. The final X-ray diffraction pattern, contrast the Mn:vacancy ratio is approximately 1:0.05. Thus,
Essuming that there are four deuterons pef‘Mracancy, there

are approximately 0.20 deuterons associated with the vacancies,
and 0.05 to 0.12 deuterons associated with the Mn(lll), per
MnOy formula unit® Thus, it may be that we do not have the

of the homogeneous phase having an intermediate proton
intercalation level of the two starting samples. The time required
for coalescence of the diffraction peaks was observed to be

shorter for a mixture of samples with lower intercalation levels, sensitivity to detect these protons. Alternatively, it may be that

suggesting a higher (_jn‘fusmn rate._ ) . these protons are present in much lower concentrations in our
The effect of motion on the signal intensity of spectra preparation of EMD.

acquired by using a rotor synchronized spatho sequence may
be estimated by using the approach of Maricq and W&figh.
Assuming random motions of the deuterons, and using the
expression,y* ~ 16(v/wod)?te, Wherev, is the spinning speed
(18 kHz) andwod is the quadrupolar anisotropy-(70 kHz,
derived from simulations of the spectrum), the motion associated
with a correlation time 7)) of 1072 s results in aT,* of
approximately 6x 1075 s. This will result in noticeable loss of
signal intensity (60%) at the first rotor echo (at tire5.6 x

1075 s) and considerable loss of intensity at the second rotor
period (84%), i.e., at the start of data collection for the spectra
shown in Figure 6a. Motion with an even shorter correlation
time () of 104 s will result in essentially complete loss of
the signal. As the motion increases further, however, the time
scale of the motion will enter that of the quadrupole interaction,

The disappearance of the signal assigned to the Ruetschi
deuterons above 15 is ascribed to deuterium motion. The
motion of the deuterons clearly enters the time scale of the magic
angle spinning (i.ez. < 1072 s) above 150C. The occurrence
of motion in this system is consistent with the change in the
T,* values with temperature for the Ruetschi deuterons: From
—100 to 30°C, theT,* values increase (i.e., the line widths
decrease), consistent with the decrease in the magnetic moments
of the manganese ions as the temperature is raised. This behavior
was seen for all the samples studied. Unlike Thevalues for
groutite and manganite, a reversal in this trend is seen above
room temperature. This is ascribed to a contribution toTite
due to motion. Assuming that motion dominates Tatat 150
°C, a correlation time of 1.3 ms may be estimated (again
assuming a random motion, and using~10 kHz andwed

(51) Kahil, H.; Dalard, F.; Guitton, J.; Cohen-Addad, JSRrf. Technol. ~170 kHz). This estimate represents a lower limit for the
1982 16, 331. correlation time at this temperature. The observation of a signal
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with a T>* of 0.25 ms at room temperature means that the 1 x 2 tunnels. The smaller shift seen for the EMD deuterons
deuterons cannot be associated with a correlation tir)eof was ascribed to the smaller number of manganese ions in the
less than 4.5 ms. Our results do not agree with the previouslocal coordination sphere. Almost identical shifts were seen at
INS studiest’:525354Here, Fillaux et al. observed Ruetschi different intercalation levels, consistent with the localization of
protons in crystal defects of EMDs. These protons were the electron associated with the deuteron in therbitals of
suggested to be mobile at room temperature in the INS time the adjacent manganese ions, rather than delocalization through-
scale (1012 5s)53 This dramatic difference between the INS and out the solid.

NMR studies cannot solely be ascribed to a kinetic isotope  The spectra of groutite synthesized from both an artificial

effect. ramsdellite or EMD showed deuterons in both the 1L and
. 1 x 2 tunnels. Interestingly, even at a 50% intercalation level,
Conclusions deuterons were still observed in the<11 tunnels, when using

This work has demonstrated that high-resolution deuterium the reduction agent cinnamyl alcohol. These results should be
NMR may be used to probe the local environment of deuterons compared to previous work, which suggested that the 1
in highly defective paramagnetic materials. These Systemstunnels should be much more difficult to intercalate, and thus
represent materials where diffraction techniques are of limited Might only be intercalated at higher reduction levels. Our work
value for determining the locations of these protons, but where suggests that intercalation of the<11 tunnels of these highly
the concentration, nature, and locations of the protons dramati-defective structures may be much easier than intercalation of
cally alter the effectiveness of the material as a cathode in athe 1x 1 tunnels of highly crystalline structures, presumably
primary battery. the defects providing both easy intercalation pathways and

The so-called Ruetschi deuterons have been detected bydreater flexibility of the structure toward deuterium incorpora-
NMR, for the first time, in deuterated EMD: these deuterons tion. In agreement with this suggestion, deuterium intercalation
give rise to a?H NMR resonance at 150 ppm at room Of pyrolusite, using the same procedure used to intercalate
temperature, with a large spinning sideband manifold due to a ramsdellite, yielded no detectalile signal.
rigid O—D group. These deuterons are also rigid orHdAS Variable-temperature NMR of these systems showed a
NMR time scale (i.e.7c > 1073 s), in contrast to earlier (INS) Curie—Weiss-like dependence on temperature for the hyperfine
studies of the protonated systems that indicated that the protonsshifts of EMD and groutite, but very little dependence on
were extremely mobile. The temperature dependence of the shifttemperature for the shift of the manganite deuterons, consistent
and the MAS NMR line shape of this resonance indicate that with the strong antiferromagnetic correlations that exist for this
both the structural and electronic environments of these latter compound above the "Bletemperature. The different
deuterons are very different from those associated witf*Mn  temperature dependences of the shift could be used to identify
ions in the 1x 1 channels of manganite or thex12 channels the presence of larger manganite-like domains within the sample
of groutite (the Coleman deuterons). Above F8) the signal of ramsdellite, which were either too small or present in too
from these deuterons disappears indicating that the deuterondow concentrations to be detected by X-ray diffraction.
are no longer rigid in the MAS time scale but are associated Work is now in progress to examine in more detail the
with a correlation time for motion o£10 =3 s. No Coleman concentrations, nature, and mobility of the different deuteron
protons were observed in EMD, presumably due to their low sites in a range of EMD samples and the role that these sites
concentration, and possibly because of their proposed mobility. play in controlling the subsequent reduction process. Extensions

Much larger?H NMR shifts of ~300 and~415 ppm were of this approach to the study of a wide range of cathode (e.qg.,
observed for the deuterons in the tunnel structures of manganitenickel hydroxide) or intercalated materials may be readily
and groutite, which were ascribed to a Fermi contact interaction envisaged. Furthermore, the use of deuterium NMR to test, for
caused by an electron spin delocalization superexchange mechexample, possible failure mechanisms in cathode materials that
anism. The different shifts were rationalized by considering the involve proton intercalation into the host materials appears to
different bonding arrangements for deuterium in the 1 and be a feasible method.
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