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A chemical bond includes both covalent and ionic charac-
teristics. We develop an experimental method to estimate
the degree of each contribution based on magnetic suscep-
tibility measurements, in which Pascal’s scheme for Lar-
mor diamagnetism is combined with the electronegativity.
The applicability to metal hydrides is also shown.

A proper comprehension of the nature of covalent and ionic
bonds is indispensable toward understanding the properties
of materials.! All functions with phase transition, reaction,
and dissolution processes are accompanied by the modifica-
tion and breaking of bonds, as are protonic and ionic super-
conduction. Both covalent and ionic characteristics coexist in
a bond, and the degree of covalence can be predicted based
on the electronegativity difference between the two bonding
elements. !

Significant advances have been made thus far to estimate
this degree both theoretically and experimentally. Currently,
charge distributions and bonding characteristics can be ac-
curately calculated in density-functional theories and orbital
overlap and Hamilton population analyses for many sys-
tems. >3 Combination of X-ray and neutron diffraction can ex-
perimentally yield charge distributions even for hydrogens.*
Photoemission and X-ray spectroscopies provide electronic
energy structures,’ allowing one to analyze the bonding char-
acteristics.

However, particularly for hydrogen materials, not only neu-
tron but also X-ray experiments require the precious beamtime
in large facilities because of the weakest X-ray scattering in-
tensity, and available methods are limited for the purpose of
many prompt trials and errors necessary for material designs
in laboratory. Thus, besides these advanced techniques, if a
laboratory-based simple estimation method is developed, this
could open up research opportunities to further efficiently use
the beamtime and forward the material designs with many tri-

1 Electronic Supplementary Information (ESI) available: Numerical data list.
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als and errors.

One of the best candidates for the method may be using
the Larmor diamagnetic susceptibility (¥rLp, LDS), which is
closely related to the bonding states and has been success-
fully described in terms of Pascal’s constants in various sys-

tems: 610
XLD = ZXcore(i) + va (V) (1

where Xcore (i) denotes the LDS of the valence core in atom
i and A(V) is a correction term for the bond v depending
on the bonding state. When using ionic Ycore Values, A ap-
proaches zero in the case of ionic materials and deviates from
zero in the case of covalent materials. Intuitively, this sec-
ond term means that covalent bonding traps electrons, sup-
presses their motions, and reduces the diamagnetic induction
current. This, in turn, suggests that the degree of this suppres-
sion in the LDS could potentially provide an experimentally
observable index by which to estimate bonding characteristics.
Moreover, magnetic-susceptibility measurements are experi-
mentally simple, applicable to all the three phases of gases,
liquids, and solids, insensitive to the subtle nature of the sur-
face, and able to be used to detect signals from the electrons
in hydrogen.

In this study, we develop a method to estimate the degree
of covalence in a bond using LDS. To check the method, we
mainly use literature databases of LDS %! and add our LDS
data for some hydrides and referential ionic-bonding fluorides.
The experimental details are summarized in the final para-
graph.

First, Pascal’s scheme was reformulated to avoid the use of
Pascal’s constants, since their many revisions can, in principle,
cause ambiguity. Furthermore, since Eq. (1) consists of two
variables, Ycore and A, of which the assignment of the values
can be usefully optimized in a series of desired materials,” the
covalent-bonding effect could be unevenly distributed into the
Xcore and A components among unrelated materials.

Therefore, to confine the covalent-bonding effect to a single
parameter, we reformulated Eq. (1) as

XLD = ZXref(i) +AXLD, (2)

where Yf(i) denotes the referential theoretical LDS for an
ideal ionic form of atom i and Ay p is the deviation from this
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value corresponding to a covalent-bonding-effect parameter.
The meaning of s is basically identical to Ycore, but the nu-
merical value of Y.t is fixed as the ideal ionic value for va-
lence core. In this sense, theoretical values will be suitable
of %rt. Here, a set of Pauling’s theoretical values is used.'?
Pauling reported that his theoretical values coincide with ex-
perimental LDS values for rare gases with no covalent bond-
ing, although they do not hold for other materials, '> implying
that the covalent-bonding effect could be extracted using his
values as Yref-
Then, Ayrp is described by

; 3

Ayip =0

ZXref(i)

where o denotes the aforementioned degree that covalent
bonding suppresses the ideally ionic LDS and o is a dimen-
sionless quantity to correlate with the similarly dimension-
less electronegativity. Further, Y} denotes a summation over
the atoms constituting the bonds, which have the relatively
most covalent character in a material. For example, for NaCl,
LD = {Xref(Na™) + %rer(C17)} + atfXref(Na®) + xrer(C17))|
and for the complex hydride NaAlH,, in which Na™ and the
predominantly covalent [AIH4]~ are ionically bonded, '3!3
XLD = Xret(Na®) + Yrer([AIH4] ), where Xrer([AIH4]7)
{Xref(Al3+) + 4Xref(H7)} + (x|Xref(Al3+) + 4chf(H7) |
Next, we examined the relationship of o to the electroneg-
ativity difference between two bonding elements, AXgn, for
about 90 inorganic materials using literature  p values. %!
Figure 1 shows a plot of Aygn versus o.. The table of numer-
ical data is summarized in Supplemental Material. Overall,
o increases with decreasing Aygn, as depicted by the green
area into which almost all the symbols fall; amazingly, a cer-
tain relationship is recognized commonly for many materials.
This demonstrates that the Axgn vs. o plot can function as a
relative index of the covalent and ionic bonding nature. We
also remark that this finding would simultaneously affords a
method for the back-estimation of the LDS from Axgn, when
no other information, including Pascal’s constants, is available
for the purpose of diamagnetic corrections, as shown in Fig. 2.
However, the plot is somewhat variable. Following plau-
sible reasons and future improvements may be considered.
(1) It would be highly worthwhile to revise and enlarge the
set of literature values for )(;.f, obtained in the 1920s, 12 ys-
ing current advanced theoretical methods. (2) Some experi-
mental Ay p values fall outside the green area. Thus, we re-
measured the LDS values for LiF, NaF, and AlFs, ' which are
outside the green area. For comparison, we also re-measured
another fluoride KF, which is inside the green area. The
lines in Fig. 3(a) show the data for the temperature depen-
dence of the magnetic susceptibility. A negative and almost
temperature-independent component, which is the fingerprint

of Larmor diamagnetism, and an increasing component in the
low temperature range, which is attributable to unavoidable
slight magnetic impurities obeying the Curie-Weiss law with
almost zero Weiss temperature, are observed. Hence, by sub-
tracting the latter component from the raw data, the LDS com-
ponent is extracted more clearly, as shown in Fig. 3(b). The
revised Ay gN-Ot positions obtained from these X1 p are shown
as purple solid triangles in Fig. 1. All these fluorides are well
within the green area, again supporting the Axgn-O relation-
ship and suggesting the effectiveness of the experimental re-
visions. The reasons for the differences in the LDS values are
not presently known, but might be related to sample quality or
problems obtaining reliable measurements without SQUID in
the past. We believe that, if all the LDS values are revised, the
green area will converge more.
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Fig. 1 (Color online) Plot of electronegativity difference Aygn
versus LDS deviation rate o.. The green area is a guide to the eye.
The positions passing through the middle of the green area are
phenomenologically described by cc = 0.66exp(—0.53AxEeN). The
solid triangle and diamond symbols denote data measured for this
paper, in which the errors for three hydrides are shown by vertical
bold bars, those for the other materials are within the symbol sizes,
and the right (left) error bar in the upper left quadrant is for
AIH(D)3. The other symbols denote the literature data. 10-11
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Finally, we apply this LDS method to metal hydrides. Metal
hydrides have recently demonstrated intriguing utility, such as
hydrogen absorption/desorption capabilities for high-capacity
hydrogen storage and high ionic conductivity for solid-state
electrolytes. In fact, the metal-hydrogen bonding nature is
closely related to the specific function;!” hence, the degree of
covalence has been a key issue in the study of hydrides. !4
Here, we consider the hydrogen-storage materials AH, AMH4
(A = Li, Na; M = Al, B), and a-AlHj3, as well as the corre-
sponding deuterides.
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Fig. 2 (Color online) Relationship between back-estimated and
experimental X p. The former values were calculated using the
phenomenological function o, = 0.66exp(—0.53AEN) without
Pascal’s constants.

Figures 3(a) and 3(b) present the data for NaH and AMHy,
which were unavailable in the literature. Negative and al-
most temperature-independent LDS values are again success-
fully observed. In contrast, Figure 4(a) shows the data for
a-AlH(D)3. These susceptibilities are positive, suggesting the
slight contamination of the samples by ferromagnetic impuri-
ties. To confirm this, we measured the magnetic-field depen-
dence of the magnetization, as shown in Figs. 4(b) and 4(c).
As expected, ferromagnetism, which sharply increases with
magnetic field and eventually reaches saturation, is observed
in addition to the negative-linear (diamagnetic) terms (straight
red lines). We also plotted the susceptibilities obtained from
the negative-linear terms at several temperatures, as shown in
Fig. 4(d). The temperature dependence is weak, confirming
that the LDS was extracted for a-AlH(D)3, albeit roughly.

All the Aygn-o values obtained for the hydrides are shown

in Fig. 1 and are consistent with the other data. This experi-
mentally confirms the following expectations. '*!3 (1) Among
the hydrides, LiH and NaH are positioned farthest to the
bottom-right side of the plot, demonstrating that they have the
most ionic character. (2) LiAlH4 and LiAlD, are nearly super-
posed, indicating the similar covalent nature of the Al-H and
Al-D bonds, regardless of the isotope.
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Fig. 3 (Color online) Temperature dependence of measured
magnetic susceptibilities for fluorides and hydrides. (a) Raw data.
(b) Impurity-Curie-term-subtracted data.
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Fig. 4 (Color online) Experimental data for a-AlH3 and a-AlDs3.
(a) Raw susceptibility data. (b—c) Raw magnetization data. The
negatively sloped straight red lines indicate the diamagnetic
component. (d) Diamagnetic susceptibility components extracted
from the magnetization data.

The bonding nature of Al-H(D) in a-AlH(D)3 has been
somewhat debated. In first-principle calculations, the H 1s
orbital is almost fully occupied, suggesting its ionic bonding
nature, '31° whereas the Al 3p valence band is almost the same
energy level as the H 1s one, suggesting the covalent bonding
nature.?” Further, soft X-ray Al spectroscopy also suggests a
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covalent nature.” In this regard, Fig. 1 shows that a-AlH(D)3
is positioned toward the top left side of the plot compared to
NaH and isomorphic AlF3, beyond the error bars, suggesting
that the AI-H(D) bond is much more covalent than the Na—H
and Al-F bonds as would be anticipated by electronegativity
considerations. Thus, based on all the facts that the H orbital
is almost filled with non-negligible covalence>'®2% and the
Al-H electronegativity difference is as small as the C—Cl one
(~ 0.6), it can be considered that the AI-H(D) bond is classi-
fied as a polar covalent bond as in CCly, neither a normal ionic
bond nor a normal covalent bond.

In summary, we have developed a laboratory-based simple
experimental method to estimate the degree of covalent and
ionic bonding by magnetic susceptibility measurements. A
relationship was found between LDS and electronegativity for
many inorganic materials including hydrogen materials. An
explanation was experimentally obtained with respect to the
bonding nature in alane.

Experiments.— Magnetization measurements were per-
formed using direct-current superconducting quantum inter-
ference device (SQUID) magnetometers maintained by the
Center for Low Temperature Science, Tohoku University.
Tested samples included powdered LiF (99.98% purity), NaF
(99.99%), AlF3 (99.9%), NaH (95%), LiAlH4 (97%), LiAlD4
(90%), NaAlH4 (93%), LiBH4 (90%), and NaBH4 (98%), pur-
chased from Sigma Aldrich, and powdered KF (99.5%), pur-
chased from Kanto Kagaku. Powdered a-AlH3z and a-AlDs3
were synthesized via the chemical reactions of LiAlH4 and
LiAID, with AICl3 in diethyl ether, respectively.?!>? Thin
gelatin capsules were filled with the samples (~100 mm?) for
measurement. Background correction was made by subtract-
ing the signal for an empty capsule from the signal for the
sample-filled capsule.
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