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Lithium insertion reactions of the lithium spinels Fe[Li,sFe, 5104, LiysZngs[LigsMn,sJO, and Li
[Feo.sMn; s]O, by n-butyl lithium or electrochemically yield Li,sFe, 04, LiZngsMn,sO,, and Li,
FeysMn, 4Oy, respectively. It is shown that the [B,}O, framework of the A[B,]O, spinel structure
remains intact upon lithium insertion, and provides a three-dimensional interstitial pathway for Li* ion
diffusion. Lithium insertion is completely reversible in the normal lithium spinel LiFe,sMn,sOq;
delithiation of Li, sFe, sO, results in Li, sFe, sO, and none of the inserted lithium may be removed from
the mixed lithium spinel Li;Zng sMn, sO,. Physicochemical properties including electrical resistivity,
magnetic susceptibility, and Mossbauer spectra of the hosts and their lithiated analogs are dis-

cussed. © 1986 Academic Press, Inc.

Introduction

Topotactic lithium insertion/extraction,
oxidation/reduction reactions have been
demonstrated in a variety of spinel phases
including Fe;0, (1), Mn30,4 (2), Co;0, (3),
LiMn,O; (2, 4-7), LiTi,04 (8-10), and
LiV,04 (8, 11).

The ideal spinel structure, A[B,]O4 can be
described as a cubic close-packed array of
oxide ions in which only one-half of the oc-
tahedral and one-cighth of the tetrahedral
sites are occupied. There are eight mole-
cules per unit cell and oxygens are located
at the 32e position of space group Fd3m.
The B cations occupy octahedral sites at
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16d, the empty octahedral sites are at 16c.
The 64 tetrahedral interstices are at the
three nonequivalent positions 8a, 8b, and
48f; the A cations occupy site 8a. Each 8a
tetrahedron shares common faces with four
neighboring empty 16¢ octahedra which al-
lows a possible diffusion pathway for the
A cations, 8¢ — 16¢ — 8a — 16¢ — etc.,
through the structure. In contrast, the 8b
tetrahedra share faces with the 16d octahe-
dra occupied by the B cations, which ren-
ders them energetically unfavorable for cat-
ion occupation. The 48f tetrahedra share
faces with both 16d and empty 16¢ octahe-
dra. A cation distribution of A[B,]O, and
B[A,B]O;, is classified as a normal and in-
verse spinel, respectively. Mixed (or in-
termediate) spinels have a cation arrange-
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ment corresponding to A.By(A;-.B-,)Os
12).

It has been established by X-ray (1) and
neutron diffraction (/0) studies that the
[B,]O,4 sublattice of the A[B,]JO, spinel
structure remains intact upon lithium inser-
tion/extraction and provides a three-dimen-
sional (3D) framework and an interstitial
space of edge-shared octahedra connected
in three dimensions for Li* ion diffusion as
shown in Fig. 1. Previous studies indicate
that on lithium insertion into spinel the lith-
ium ions in Li,A[B,]O4 occupy the octahe-
dral 16¢ vacant sites up to x = 1 and the
tetrahedral A (8a) cations are cooperatively
displaced to octahedral 16¢ sites producing
partially ordered rock salt-like phases, e.g.,
{LiFe}[Fe;]JO4 where the curly bracket
stands for the 16c octahedral sites. Addi-
tional lithium ions inserted (1 = x < 2)
must therefore occupy the empty 8a and/or
48 f sites (I, 7, 10). Because the Li* ions
in these tetrahedral sites scatter X rays
weakly, the fully lithiated phases
Li;A[B,]O, also show a rock salt-like dif-
fraction powder pattern. As mentioned ear-
lier, the interconnected 16¢ and 8a (or 48 f)
sites form a continuous 3D pathway for Li*
ion transport. Thus cations other than Li*

K

i
]
|
I
[ 6c* | L
_..__-__f’_ P e)
/ * s :
1
L]
I
I

i

a9

F1G. 1. Half a unit cell of the spinel structure (after
Ref. (7)) showing the position of: (©) 8a and (@) 16d
cations; (O) some of the 32¢ oxygens; 8b, (@) 48 f, and
(*) 16¢ interstitial sites in one quarter (two octants) of
the unit cell.
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in these sites will hinder more strongly the
diffusion of inserted Li* ions due to cou-
lombic considerations. We have studied the
effect of cation distribution on the extent of
lithium insertion in a series of iron spinels
and found that the lithium content decreases
in the order inverse > ‘‘mixed’’ > normal
spinels (13). It appears that only in the in-
verse spinels, where a reducible cation
(Fe3*[Fe?t, Fe’*]0,) is present in the 8a
tetrahedral site, can more than one Lit ion
be inserted per formula unit (e.g., Li,Fe;0;4
vs LiMn30,). Furthermore, in these spinels
Li* ions in excess of x > 1 can be removed
by chemical or electrochemical delithia-
tion (LiFe;04 and LiMn3;0, cannot be de-
lithiated) (13). In contrast, the normal lith-
ium spinels with Li* ions in the 8a sites,
Li[B;]O4 with B = Ti, V, Mn undergo lith-
ium insertion reversibly to form Li,[B,]O,
phases (2-10).

In this paper we report lithium insertion
reaction studies of three lithium spinels
with different lithium content in the A site:
Fe[LigsFe;s]04 (inverse, 0% Li* in 8a);
an_5Li0,5[Lio_5Mn1,5O4 (mixed, 50% Li in
8a); Li[FeosMn,;5]O; (normal, 100% Li in
8a).

We have chosen these compounds to
study the effect of Li* occupancy of the
tetrahedral A(8a) sites on the lithium inser-
tion reaction of spinel phases, particularly
with respect to reversibility.

Experimental

Fe[Liy sFe,5JO4 (or LiFesOg) was pre-
pared according to Wickham (I/4). Fine
powders of Fe,0; and Li,CO; (5:1 in mole
ratio) mixed with Li;SO4 and Na,SO, in a
platinum crucible were calcined at 800°C
for 1 hr in air, followed by washing away
the salts with water. Lig sZng s[LigsMn; 5O,
(or Li2ZﬂMn30s) and Li[Feo_sMn1_5]O4 (or
Li;FeMn;O;) were prepared after the
method of Blasse by solid state reaction of
stoichiometric mixtures of ZnO or Fe,0;,
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Li;CO;, and MnCOs, respectively (15, 16).
Chemical treatment of the spinel phases
with n-butyl lithium (n-BuLi) in dry hexane
was carried out at room temperature with
magnetic stirring for several days in a He-
filled glovebox. The electrochemical lithia-
tion was carried out in a small test cell (17)
with Li metal as the anode, a mixture of one
of the lithium host spinels and graphite (20
wt%) in the form of a compacted pellet as
the cathode and 1 M HCIO, in propylene
carbonate (PC) as the electrolyte. Current
densities of 10 to 30 uA/cm? were employed
and the open circuit voltages (V) were re-
corded intermittently after equilibrium was
reached as indicated by a constant poten-
tial. Delithiation of the lithiated compounds
was performed with 2,3-dichloro-4,5-
dicyanobenzoquinone in CH;CN (DDQ/
CH;CN. The lithium content of the
lithiated and delithiated compounds was
determined by acid-base back-titration and/
or plasma emission spectroscopy.

All the host spinels and reaction products
were identified by powder X-ray diffraction
methods using Ni-filtered copper radiation,
with Si powder as internal standard. Sam-
ples were protected from air in a specially
designed holder which was assembled in
the drybox.

Magnetic susceptibilities were measured
using the Faraday method as described pre-
viously (18). ’Fe Mossbauer experiments
were carried out in transmission geometry
using a Pd(*’Co) source.

For two-probe measurement of qualita-
tive electrical conductivities finely ground
sample powders were pressed into thin pel-
lets in a Teflon cylinder by two stainless-
steel plungers which also served as the two
leads.

Results and Discussion

LiFesOg. On lithium insertion the red-—
brown color of a-LiFesOg changed to black
in a few hours and a gradual loss of mag-
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netic interaction of the powder with the
magnetic stirrer was observed. The maxi-
mum lithium content of the fully lithiated
product is Lij+,FesOg, x = 4 (or x = 2 in
Liy s+ Fe,sO4). This is additional evidence
that it is possible to insert two lithium ions
into spinels when a reducible cation is
present in the 8a tetrahedral site, as previ-
ously demonstrated in the inverse spinel
ferrites, Fe’*[Fe?*, Fe’l0, (/) and Fe’*
[Ni**, Fe3*]JO, (13). It appears that elec-
tron transfer from the inserted lithium at-
oms is facilitated when both the Li and
the reducible metal ions (displaced from 8a
to 16¢) are in crystallographically equiva-
lent positions (16¢). Subsequent charge
transfer (x > 1) which involves reduction
of 16d transition metal ions may occur via
8a — 16d, d — p = interactions if the addi-
tional Li atoms go into the empty 8a sites,
or via 48f—16d interactions if the x >
1 Li atoms occupy 48f sites, or both of
these may be operative; neutron diffrac-
tion powder profile analysis might resolve
these ambiguities.

Powder X-ray diffraction data of the host
lithium spinels and their lithiated analogs
are summarized in Table I. The X-ray dif-
fraction pattern of ordered o-Fe3*[Li
Fe}*]03 was indexed based on space group
P4;3 (No. 212) or P4,3 (No. 213) while that
of LisFesOs was indexed on the basis of
space group Fd3m (No. 227). The unit cell
parameters were determined by least-
squares refinement of the observed X-ray
diffraction peaks. Insertion of lithium into
LiFesOg results in a small expansion of the
cubic cell dimension from 8.320 to 8.394 A,
which corresponds to ~2.6% increase in
the unit cell volume. The X-ray intensity
data (Table I) show that LisFesOg has a
structure similar to an FeO rock salt type
(19). This indicates that in LisFesOg as in
lithiated Fe;O, (1) and other lithiated spinel
ferrites (/3) a displacement of the A(8a)
cations to the neighboring 16¢ octahedral
site occurs. The inserted lithium ions are
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TABLE 1
X-Ray DIFFRACTION POWDER DATA OF SELECTED LITHIUM SPINEL PHASES

LiFe50s LizZ[lMﬂJOg LizFCMH;Og

Compound inverse LisFesOg? mixed LisZnMn;05 normal LisFeMn;04

Lattice ao = 8.320(2) ay = 8.394(3) a, = 8.22003) ap = 8.118(2)  ao = 8.256(2) a4y = 8.123(2)

parameters (&) o = 9.220(2) co = 9.077(2)

Space group P43 or P43 Fd3m Fd3m Fa\/ddm Fd3m F4\/ddm

h k1 Tlo I/lo o o Ulo Tlo
110 13 — — — — —
1 11 <1 — 47 100 100 100
210 20 — — — — —_
2 11 13 — — -— — —
220 45 — 33 — — —
310 5 — — — - —_
a1 3 — — — (24) — (30)
311 100 — 100 21 59 30
2 22 <2 50 24 59 16 28
© o0 4 — — — (24) — (€)))]
4 00 26 100 27 76 61 49
3 3 1 — — — — 12 —
4 2 2 15 — — — — —
g ? i 31 — 20 — 20 —
@4 0 4y —_ _ — 47) — (36)
4 4 0 38 56 30 — 31 —
531 — — —_ — 14 -

% Space group Fm3m (No. 225) with @ = 1/2a, = 4.197 is more appropriate for FeO type structure, but a supercell with
ao = 2 X 4.197 was used to allow comparison with Fd3m spinel space group.

& Tegragonal indexing only.

assumed to be distributed on the remaining
16c, the emptied 8a and/or 48f interstitial
sites. In general the cubic spinel-to-rock
salt transition is accompanied by a decrease
of the ratio of the 220/440 and an increase in
the ratio of 400/422 diffraction intensities
(In20/ Lsag , 140/ 1422) as a result of the diffusion
of strong-scattering cations from tetrahe-
dral (8a) to octahedral (16c) sites as dis-
cussed previously (/). For LisFesOg, Iy
and Iy, are zero, which strongly suggest
that only the weakly scattering Li* ions oc-
cupy the tetrahedral sites.

Delithiation of LisFesOg by the strong ox-
idizing agent DDQ/CH;CN (I,/CH;CN was
ineffective) produced LisFesOg (black) a
rock salt type and as in Li,Fe;0, no more
than one Li* per spinel formula could be
removed.

Results of the electrochemical lithiation
of LiFesOg summarized graphically in Fig.

2 are in good agreement with results of
chemical lithiation. The plot of open-circuit
voltage vs x for the Li/LiFesOg cell is simi-
lar to that of the Li/Fe;04 cell. Both plots
show a single-phase region for 0 < x < 2
and a critical Li* ion concentration x, ~ 0.1
for the onset of the tetrahedral Fe3* jon dif-
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F16. 2. Open-circuit voltage vs x for Li/1 M LiClO,
PC/LiH,Fe503 .
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fusion to the 16¢ site. The plateau in the
region of 0.4 < x = 0.9 for Li/LigsFe;sO4
may be due to the disordering of lithium
and iron ions in the 16d site. The long equil-
ibration time required to obtain stable open-
circuit voltages in the cell after the current
is discontinued is evidence that the diffu-
sion rate of Li™ ions in this spinel is slow as
in other spinel ferrites.

Qualitative, two-probe electrical resistiv-
ity measurements at room temperature of
Lis(Fel*Fe**)Og yield a value p ~ 10 Q-cm,
which is several orders of magnitude lower
than that of the resistivity of the host, a-
LiFe?*Og (p > 107 Q-cm) as expected for
the mixed valent Fe3*/2* lithiated com-
pound where electron hopping (or band
conduction) might be responsible for the
high conductivity observed.

The temperature variation of the mag-
netic susceptibility of LisFesQg shown in
Fig. 3 cannot be fit to a Curie—Weiss law in
any range of the temperature measured
(4.2-300 K). At low temperature (T < 20 K)
the susceptibility saturates and exhibits a
time dependence characteristic of a spin
glass state (20). This behavior indicates
that both ferromagnetic and antiferromag-
netic interactions are present in a lattice of
randomly distributed magnetic ions, and
that the exchange energies are large.
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Fi1G. 3. Temperature variation of the magnetic sus-
ceptibility of LisFesOs.
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FiG. 4. Fe Mossbauer spectra of LiFesOg and
LisFesOg (bottom) at 300 K.

The room-temperature ’Fe Mossbauer
spectrum of the magnetically ordered a-Li
FesOg is shown in Fig. 4. The observed
spectrum of the host spinel is in good agree-
ment with previously published results
(21). The single broad resonance of the
lithiated phase indicates that the magnetic
ordering of the host is destroyed upon lith-
ium insertion. The asymmetry and line-
shape of the band suggest that iron in
two different oxidation states (Fe?*, Fe3*)
is present. However, the spectrum is not
resolved sufficiently for a meaningful fit of
the Mdssbauer parameters. At low temper-
ature (T < 20 K), the broad resonance of
LisFesOg splits into a complex multiline hy-
perfine pattern indicative of magnetic or-
dering. The shape and quality of the spec-
trum are typical of a disordered distribution
of magnetic interactions in agreement with
the magnetic susceptibility data.

Li,FeMn;Oy and Li,ZnMn;Os. Room-
temperature lithium insertion of black
LizZnMIl303 and LizFCMl’l30s by n-BuL.i
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yield LiyZZnMn;Og (x =1 in Lij+,Zngs
Mn1,504) and Li4FeMn3Og (x =1 in Li1+x
FeosMn; sO4), respectively. No clear
color change could be seen in the former
sample, but a change to a red-brown
color upon lithium insertion is observed
in the latter.

Delithiation of the fully lithiated com-
pound Lis;FeMn;Og with excess DDQ/
CH;CN restores the original color and the
cubic spinel phase of the host, Li
FeMn;Og. Thus lithium insertion is revers-
ible in (Li[FeysMn;s]O4) normal lithium
spinel and is similar to the previously re-
ported behavior of Li[Mn,]O,4 (2), Li[Ti,]O4
(8), and Li[V,]O4 (11). In contrast, very
little lithium can be removed from the
fully lithiated ‘‘mixed’ lithium spinel
Li;ZnMn;Og (Table II); rather a mixture of
phases, indicative of decomposition, were
observed in samples delithiated by DDQ/
CH;CN.

The powder X-ray diffraction pattern of
the host spinels, Li,ZnMn;Og and Li-
»FeMn;05, was indexed based on Fd3m
(Table I) while those of their lithiated ana-

245

logs fit the tetragonal space group F4,/ddm
(alternate setting for I4,/amd space group
No. 141). The absence of 220 reflection in
ali these phases except in Li;ZnMn;0O; sug-
gests that there are no strong X-ray scatter-
ing cations (Fe3* or Zn?") in the 8a tet-
rahedral sites (i.e., probably {Lix}s[Feos
Mn, s]i6404 and {Li;.sZng s}isc[Lio.sMny s)ieq
Oy, result upon lithiation).

The X-ray diffraction data for
Li;ZnoMn;0s and Lis;FeMn;Og (Table I)
show the tetragonal distortion present due
to the cooperative Jahn-Teller effect of
octahedrally coordinated Mn3*(d*) com-
pounds (22). The axial ratios (c/a) are 1.135
and 1.117 for Li4ZnMn,0O5 and LisFeMn3;0g,
respectively. This is direct evidence that
the charge compensating electrons that ac-
company Li* insertion are transferred to the
Mn** ions and thereby increase the concen-
tration of the Mn3*(d*) ions beyond the crit-
ical concentration (usually ~one Mn?* ion
per spinel formula) necessary for the onset
of the Jahn-Teller distortion. It has been
shown that there is no clear-cut relationship
between the concentration of the Mn3* ions

TABLE 11
SUMMARY OF RESULTS OF LITHIUM/EXTRACTION IN SELECTED LITHIUM SPINEL PHASES

ag?

a, ¢, and ¢/a¢

an’

Compound A) xt (A) x¢ (A) Reversibility Ref.
a-Fe3*[Lig sFe} 5104 8.320(2) 1.8 0.2 « = 8.394(2) 1.5 * 0.1 8.370(3) Partial This work
{a-LiFes0g)
Lio sZng,s Lip.sMn$ %104 8.220(2) 1.0 = 0.2 a = 8.118(2) — Partial This work
« = 9.220(4) ~2.0 + 0.1
(Li»ZnMn30g) cla = 1.135
Lij ol Fed sMng {Mn? 104 8.256(2) 1.0 0.2 a = 8.1232) 1.0 8.257(2) Complete This work
¢ = 9.077(4)
(LizFeMn;03) cla = 1117
Liy o[ TP+ Ti**104 8.410 1.0+ 0.2 8.348 1.0/ 8.410 Complete 8
Liy oMn**Mn**10,4 8.242 1.0+0.2 a = 8.007 1.0¢ 8.207 Complete This work
¢ =9274

cla = 1.161

4 Lattice cell parameter of the host.
b Lithium ions inserted per formula spinel.
¢ Lattice parameters for the lithiated compounds.

4 Residual lithium ions after delithiation of the fully lithiated compounds.

¢ Lattice parameters for the delithiated compounds.

£ LiTizO4 delithiated with [/CH3CN vyields Lig TiO; which is a disordered, defect rock salt structure (9).

£ Acid treatment of Li[Mn2]O, yields Lip g2[Mn2]O4 (6).
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and the magnitude of the Jahn-Teller distor-
tion (23). In the present compounds the
importance of other cations in the 164
site effecting Jahn-Teller distortion is
demonstrated again: Li;Zn[LiMn3*Mn**)
Oy is more distorted than Liy[Fe3*Mn3*]0s.

The room-temperature ’Fe Méssbauer
spectrum of Li,FeMn;Og and its lithiated
analog in Fig. 5 show conclusively that the
oxidation state of iron is 3+ in both the host
and lithiated phases. The symmetrical dou-
blet in each spectrum (Fig. 5) is characteris-
tic of high-spin Fe3* ions (isomer shift =0.3
mm/sec and quadrupole spiitting =1.0 mm/
sec). These results demonstrate that the
Mn** ions are more readily reduced than
Fe** or Mn?* upon lithium insertion/reduc-
tion in spinels.

The magnetic susceptibility of Li,Fe
Mn;0g3 and LisFeMn;O; measured 4.2-
300 K shown in Fig. 6 cannot be fit to a
Curie-Weiss law with meaningful magnetic
parameters in any range of the measured
temperatures. At very low temperature (T
< 20 K) the saturation and time depen-
dence of the susceptibility of the host Li,
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Fi1G. 5. Fe Mdssbauer spectra of Li;FeMn;0Og and
Li,FeMn,0g at 300 K.
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F1G. 6. Temperature variation of the magnetic sus-
ceptibility of (a) Li,;FeMn;0; and (b) Li;FeMn;05.

FeMn;03 compound is characteristic of a
spin glass state (20). There is no evidence
of this state in the lithiated phase down to
4.2 K even though the data indicate a disor-
dered distribution of strong magnetic inter-
actions.

The plot of open-circuit voltage (V) vs
lithium composition (x) for the Li/Li
[FegsMn, 5]04 cell is shown in Fig. 7. The
shape of this plot is very similar to that ob-
served for the Li/Li[Mn,;]JO4 cell (2). This is
not unexpected since both host spinels are
100% normal (i.e., only Li* ions in tetrahe-
dral 8a sites) and both of their lithiated
compounds exhibit a Jahn-Teller tetragonal
distortion (c/a > 1). The plateau in the V vs
x plot represents a cubic/tetragonal two-

aol
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FiG. 7. Open-circuit voltage vs x for Li/1 M LiClO,
PC/Liy,,FeMﬂ;Os.
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phase region in the compositional range
0.06 < x < 0.7. Since the cubic-to-tetrago-
nal phase transformation is first-order, this
two-phase region separates the cubic (0 =
X = 0.06) and the tetragonal (x = 0.7) single
phases. As indicated by Goodenough ef al.
(7), this type of two-phase region in electro-
chemical cells can provide high energy den-
sity instead of reducing the power perfor-
mance of the electrode materials. This is
because the Jahn-Teller distortion occur-
ring in the course of lithium insertion repre-
sents a diffusionless phase transition with a
strain-free phase boundary; hence, the mo-
tion of phase boundary may be faster than
the diffusion of the Li* ions in the 3D inter-
connected interstitial space.

Room-temperature qualitative two-probe
electrical resistivity measurements of Li,
FeMn;Og and Li;FeMn;Oz show that the
resistivity of the host (p ~ 10° Q-cm) dra-
matically increases upon lithiation (p > 107
Q-cm for LiJFeMn;0Og). Similar measure-
ments of the resistivity of Li,ZnMn;O; and
Li;ZnMn;0O; showed a marked decrease in
the resistivity of the lithiated phase. These
results support the assignment of the oxida-
tion states of the ions as LisFe’**Mn3*Os
and LiyZn(Mn3*Mn**)Og as discussed be-
fore, and indicate that mobile d electrons in
the mixed valent Li;Fe’3*(Mnj*Mn3+)Og
host and LisZZn(Mn3*Mn**)OQg lithiated
compounds are responsible for the low re-
sistivities.

Conclusions

From the results of lithium insertion/ex-
traction in the three title lithium spinels
summarized in Table II (along with data for
Li[Ti;]O4 and Li[Mn;]O,) the following con-
clusions may be made:

1. The higher lithium uptake upon lithium
insertion reactions of the inverse spinel
Fe3*[LipsFe}%]04 (a-LiFesOs) relative to
the other two lithium spinels studied
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here is further evidence that lithium inser-
tion into spinels is facilitated by the pres-
ence of readily reducible cations in the 8a
tetrahedral sites as previously demon-
strated in other inverse spinel ferrites,
Fe;04 (1) and Fe[NiFe]O4 (13). This is
probably due to the ease of electron trans-
fer from the inserted Li atoms to the reduc-
ible transition metal ions when both are in
crystallographically equivalent positions at
16c¢. If the additional (x > 1) Li atoms enter
the 48 f sites which share faces with the 16d
octahedra, an easy path of charge transfer
for the reduction of transition metal ions at
that site may be accounted for.

2. There is direct evidence of electron
transfer from the inserted lithium to reduc-
ible transition metal cations in the spinel by
the onset of the cooperative Jahn-Teller ef-
fect in the manganese spinels due to in-
crease of the Mn?*/Mn** ratio as previously
observed in related spinels (2).

3. Mossbauer data confirm that in Li
[FedsMn3iMn**]0,, (Li;FeMn;Os) Mn**,
rather than Fe3* or Mn?* ions are reduced
upon lithium insertion.

4. Li,FeMn3;0g may be a good cathode
material for secondary lithium batteries
since (a) the lithium insertion process is re-
versible and (b) the Li/Li;FeMn3;0g cell ex-
hibits a composition-independent open-cir-
cuit voltage of ~3.0 V against metallic
lithium over the range 0.06 < x < (.7.

5. Only 100% normal lithium spinels such
as LizFeMn;;Og, LiTi204, LiV204, and
LiMn;0, display complete reversibility in
room-temperature lithium insertion reac-
tions.
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