2214 Inorganic Chemistry, Vol. 14, No. 9, 1975

(12) G. Brauer, “Handbuch der preparative anorganische Chemie”, Vol. 11,
Georg Thieme, Stuttgart, 1962.

(13) (a) F.J. W. Roughton, J. Am. Chem. Soc., 63, 2930 (1941); (b) J. A.
Sirs, Trans. Faraday Soc., 54, 207 (1958); (c) P. E. Sorensen and A.
Jensen, Acta Chem. Scand., 4, 24 (1970); (d) P. G. Scheurer, R. M.
Brownell, and J. E. Lu Valle, J. Phys. Chem., 62, 809 (1958).

(14) R.L. g’ecsok, L. D. Shields, and W. P. Schaefer, Inorg. Chem., 3, 1288
(1964).

(15) M. W. Hutchinson and W, C. E. Higginson, J. Chem. Soc., Dalton
Trans., 1247 (1973). .

(16) A.E.Martell and L. G. Sillen, Chem. Soc., Spec. Publ. No. 17 (1964);
Suppl. No. 1, Chem. Soc., Spec. Publ., No. 25 (1971).

(17) Unpublished data of D. J. Bearcroft, D. Sebera, A. Zwickel, and H.
Taube, cited in ref 18,

(18) A. Zwickel and H. Taube, J. Am. Chem. Soc., 81, 1288 (1959).

(19) From data at 25° and ionic strength 1.0 M in various media, assuming
negligible temperature dependence over the range 5-20°, as has been
found at zero ionic strength.!6

(20) F. A. Cotton, B. G. De Boer, M. D. LaPrade, J. R, Pipal, and D. Ucko,
J. Am. Chem. Soc., 92, 2926 (1970).

Irene Gennick and Kenneth M. Harmon

(21) S.Kida, Y. Nakashima, Y. Morimoto, K. Niimi, and S. Yamada, Bu!/l.
Chem, Soc. Jpn., 37, 549 (1964).

(22) C. Furlani, Gazz. Chim. Ital., 87, 876 (1957).

(23) L. Dubicki and R. L. Martin, Inorg. Chem., 5, 2203 (1966).

(24) F. Monacelli, F. Basolo, and R. G. Pearson, J. Inorg. Nucl. Chem., 24,
1241 (1962).

(25) F. Basolo and R. G. Pearson, “Mechanisms of Inorganic Reactions”,
2nd ed, Wiley, New York, N.Y., 1968, pp 141-198,

(26) For the copper(l1]) acetate dimer, overlap integrals have been calculated
as follows: S(d:z, dz2) = 0.019, S(dxz, dxz) = S(dyz, dyz) = 0.012, S(dxy,
dxy) = 0,002 [L. S. Forster and C. J. Balthausen, dcta Chem. Scand.,
16, 1385 (1962)].

(27) J. K. Koshi and R. V. Subramanian, Inorg. Chem., 4, 1527 (1965).

(28) M. Olson, Y. Kanazawa, and H. Taube, J. Chem. Phys., 51, 289 (1969).

(29) K. Kustin and J. Swinehart, Progr. Inorg. Chem., 13, 107 (1970); see
especially p 141,

(30) P.B. Wood and W. C. E, Higginson, J. Chem. Soc. A, 1645 (1966).

(31) J. P. Candlin and J. Halpern, Inorg. Chem., 4, 766 (1965).

(32) A. E. Ogard and H. Taube, J. Am. Chem. Soc., 80, 1084 (1958).

(33) K. Ogino and N. Tanaka, Bull. Chem. Soc. Jpn., 39, 2672 (1966).

Contribution from the Department of Chemistry,
Oakland University, Rochester, Michigan 48063

Hydrogen Bonding. VI. Structural and Infrared Spectral Analysis of
Lithium Hydroxide Monohydrate and Cesium and Rubidium Hydroxide Hydrates!.?

IRENE GENNICK? and KENNETH M. HARMON"*
Received August 13, 1974

AIC40570M

The infrared spectrum of LiOH-H20 shows, in addition to the stretching and bending modes of OH and H20 groups, seven
bands in the 1000-300-cm~! region. Four of these bands give characteristic shifts upon deuterium substitution and confirm
the presence of coordinated water and hydroxide ion in LiOH-H20. On the basis of internal coordinate analysis of the
coordinated water and hydroxide subunits of the crystal structure we may assign the various rocking and torsional vibrations
of oxygen—hydrogen atoms and the lithium—oxygen lattice vibrations. Unlike other alkali metal hydroxide hydrates the
water and hydroxide ions in LiOH-H20O form discrete, planar, hydrogen-bonded [(OH-)2(H20)2] anionic units rather than
extended chains. RbOH and CsOH also form stable mono- and hemihydrates, the infrared spectra of which contain the
rocking and wagging modes of strongly hydrogen-bonded, coordinated water.

Introduction

We have been studying the infrared spectrum of coordinated
water in the alkali metal hydroxide hydrates for two reasons.
First, these compounds represent intermediate bonding states
between the well-characterized clathrate type hydrates4-6 or
intermediate framework hydrates” and the tetramethyl-
ammonium hydroxide and fluoride monohydrates which we
believe?.? contain discrete, tightly bound water—anion species
as predicted by Jeffrey.!0 Second, by correlation of the infrared
spectrum with known crystal structure for lithium hydroxide
monohydrate, we hoped to gain insight into methods by which
spectral data could be used to derive structural information
on hydrates, such as the tetramethylammonium species
mentioned above, for which single crystals for diffraction
studies are difficult or impossible to prepare.

Although the infrared and Raman spectra of lithium hy-
droxide monohydrate have been reported in the literature many
times,!!-15 no study has included the lower energy region of
the spectrum, with the exception of a Raman effect study of
lattice motions by Krishnamurti.!5 The region from 1000 to
400 cm™! in the infrared spectrum of a hydrate is of particular
interest, as this region asserts the presence of coordinated water
and distinguishes it from water of crystallization.16.17

The general features of the crystal structure of lithium
hydroxide monohydrate have been well established by X-ray
diffraction studies;!8-2! these reports, however, did not consider
‘the precise molecular bonding arrangements. We have
previously! reported—based on our analysis of the data of
Alcock—the identification of a discrete, planar, hydrogen-
bonded subunit {(OH")2(H20)2] in the crystal. This ob-

servation is confirmed by consideration of the recent neutron
diffraction studies of Agron, Busing, and Levy?22.23 in which
the hydrogen positions are precisely defined and the planar
subunits can be clearly seen. The delineation of the spatial
arrangements and electronic relationships of the atoms in a
unit cell of lithium hydroxide monohydrate allows a clear
interpretation of the infrared spectrum.

Experimental Section

Materials. Fisher lithium hydroxide monohydrate and Alfa In-
organics cesium and rubidium hydroxide monohydrates were used
without further purification. The cesium and rubidium salts are
extremely hygroscopic and were handled in the glove box. LiOH-H20
neutralization equivalent: calcd, 41.95; found, 42.02. CsOH-H20
neutralization equivalent: calcd, 167.92; found, 169.2. RbOH-H20
neutralization equivalent: calcd, 120.49; found, 120.9.

Cesium and rubidium hemihydrates were prepared by heating the
appropriate monohydrates at 114° and 0.01 Torr for 3 days over P20s.
Additional drying of these salts afforded no further dehydration.
Rubidium hydroxide monohydrate melts at the temperature necessary
to form the hemihydrate; the hemihydrate which crystallizes out of
the sintered mass retains a slight excess of water. CsOH-!/2H20
neutralization equivalent: caled, 158.93; found, 158.72
RbOH-!/2H20 neutralization equivalent: calcd, 111.49; found, 113.1.

Lithium, cesium, and rubidium deuteroxide monohydrates-d2 were
prepared by weighing samples of the appropriate monohydrate in a
tared cell, injecting excess 99.7% D20 through a rubber septum, and
evaporating the solvent in vacuo. This process was repeated three
times; on the third evaporation D20 was removed until the weight
of the cell indicated the theoretical amount for the deuteroxide
monohydrate-d2. In each case the deuteroxide monohydrate-d2 was
the first completely solid material obtained.

Measurements. Infrared spectra were recorded on a Beckman
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Table I. Infrared Spectra of Lithijum Hydroxide Monohydrate and Lithium Deuteroxide Monohydrate-d,“’b

LiOH-H,0 LiOD-D,0 vg/vp Assignment Description

3575 s 2635 s 1.36 v(OH) (by) Hydroxyl O-H str

2965 b, s 2185b,s 1.36 vg(HOH) (ay), vag(HOH) (b,,)°¢ Sym and antisym water O-H str
1570 1170s 1.34 8§(HOH) (ay) Sym water H-O-H def

1005 s 736 s 1.36 vp(HOH) (ay) Water torsional vib

860 s 624 s 1.38 Vyock (HOH) (by,) Water rocking vib

680,635s 490 @ 1.34 Vro ck(x,y)(OH) (au), Prock(z)(OH) (by)® Hydroxyl rocking vib

460 s 450 s 1.02 Lattice mode

412s 409 s 1.01 Lattice mode

336 m 335 m 1.0 Lattice mode

3 Values reported in wave numbers (cm™). b Abbreviations used: medium, m; strong, s; broad, b. € Both absorptions contained in &
broad band. 9 Overlap of the lattice band at 450 cm™" prevents resolution. ¢ Not known which peak is associated with which vibration (see

discussion).

LIOHHZ0

I L L L
4000 3200 2400 1BOC 1400 10C0 800cm?

Figure 1. Infrared spectra (Nujol mulls) of lifhium hydroxide
monohydrate and lithium deuteroxide monohydrated,. Ordinate
scalein % T.

IR-12 spectrophotometer using CsI plates; mulls were prepared in
the glove box using predried Nujol.

Results and Discussion

Infrared Spectrum of Lithium Hydroxide Monohydrate.
Table I summarizes the infrared spectral data for lithium
hydroxide monohydrate and deuteroxide monohydrate-d2 and
lists the band assignments derived in this work. The infrared
spectra of these compounds are reproduced in Figure 1
(4000-400 cm~1) and Figure 2 (750-200 cm-!). Three
prominent bands at 3575, 2965, and 1570 cm~! in the spectrum
of lithium hydroxide monohydrate correspond to the stretching
vibration of the non-hydrogen-bonded2!-23 hydroxide ion
‘(v(OH)), the symmetric and antisymmetric stretching vi-
brations of the hydrogen-bonded water molecule (vs(HOH)
and yas(HOH)), and the symmetric bending deformation of
the water molecule ((HOH)), respectively. In addition, the
infrared spectrum of lithium hydroxide monohydrate shows
seven bands in the 1000~300-cm™! region. Four of these bands
at 1005, 860, 680, and 635 cm~! show characteristic shifts upon
deuterium substitution and may be attributed to additional
vibrational modes of water or hydroxide in this crystal.

The infrared spectra of water molecules or hydroxide ions
which are coordinated to metal ions in crystals contain various
librational, torsional, rocking, and wagging bands in the
1000-300-cm-! region; these bands correspond to zero-
frequency modes in the free molecule;!6:17.24.25 the frequencies,

bandwidths, and intensities of these absorptions vary markedly’

in response to the environment of the water or hydroxyl and
can be used, therefore, to differentiate between clathrate or
structural water, in' which the water moleculesare bound in
hydrogen-bonded polyhedra, sheets, or ribbons without ex-
tensive interaction with the cation, and lattice and coordinated
water, in which the water molecules interact through dipole
interaction or via dative-bond formation respectively with the

o

700 500

300 cMm”

Figure 2, Infrared spectra (750-200 cm™!) of lithium hydroxide
monohydrate (A) and lithium deuteroxide monohydrated, (B).
Ordinate scalein % T.

Figure 3. Paired tetrahedral units in lithium hydroxide
monohydrate: (A) water oxygens (02) on C, axis; (B) lithium
ions; (C) hydroxide oxygens-(01) in mirror plane. Dashed lines
reptesent hydrogen bonds to and from other chains of paired
tetrahedra.

cation.1626 An analysis of the infrared spectrum of lithium
hydroxide monohydrate in this region requires consideration
of the atomic and electronic environment of the water and
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Figure 4. Unit cell of lithium hydroxide monohydrate as deter-
mined by neutron diffraction.?*+?5 Jllustration through courtesy
of W. R. Busing of Oak Ridge National Laboratory.
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Figure 5. Structural detail in lithium hydroxide monohydrate,
from neutron diffraction study.**»?* Illustration furnished
through courtesy of W. R. Busing of Qak Ridge National
Laboratory.

hydroxyl groups in the crystal lattice.

Structure of Lithium Hydroxide Monohydrate, Figure 3
depicts the extended structure!8-23 of lithium hydroxide
monohydrate, which crystallizes in C2x3 (@ = 7.4153, b =
8.3054, ¢ = 3.1950 A; 8 = 110.107°).22.23 The structure
consists of pairs of tetrahedra of oxygen atoms which share
a common edge in a reflection plane; these pairs join corners
with adjacent pairs of tetrahedra, thus forming infinite chains
of paired tetrahedra along the ¢ axis. Oxygen atoms from
hydroxide ions lie in the reflection plane, while oxygen atoms
from water lie on C2 axes and form the shared corners of the
tetrahedra. The lithium atoms lie on an alternate set of C2
axes at the centers of the oxygen tetrahedra. Each water
molecule forms two bent hydrogen bonds (#obsd(O-O) = 2.68
A) to hydroxide ions lying in the mirror planes of two adjacent
chains; each hydroxide ion, in turn, acts as an acceptor in two
hydrogen bonds from water. The arrangement of atoms, the
bond angles, and the interatomic distances within a single unit
cell of the crystal are shown in Figure 4.

A different perspective on the structure is shown in Figure
5, where planar units composed of two lithiums and two
hydroxide ions each are seen to be bridged by water molecules.

Irene Gennick and Kenneth M. Harmon
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Figure 6. Extended arrangement of water molecules and
hydroxide ions in Hthium hydroxide monohydrate. The y axis is
the twofold axis of the unit cell; the xz plane is the mirror plane
of the unit cell: (A) lithium ions; (B) hydroxide ion; (C) water
molecule. The lone pair on hydroxide not involved in hydrogen
bonding lies on the x axis, directed between the coordinating
lithiums.

The water molecules in lithium hydroxide monohydrate are
excellently placed for strong coordination to lithium. Each
water oxygen has two lithium ions and its own two hydrogens
for neighbors in a nearly regular tetrahedral arrangement; the
LiOLi angles are 107.5°, and the HOH angles are 104.8°.24.25
Thus the lone pairs of electrons on the water oxygen are pointed
directly toward the electropositive lithium ions. The distance
between hydroxide ions in adjacent planar units (Figure 5)
is 3.19 A, too long for effective hydrogen bonding.

The extended relationship of water and hydroxide ions is
shown in Figure 6. The top water molecule in one chain of
paired tetrahedra and the bottom water molecule in the chain
above hydrogen bond to the same hydroxyl groups in two
adjacent chains; this creates a hydrogen-bonded planar unit
[(OH~)2(H20)2].27 This unit does not lie wholly within the
unit cell; however, two incomplete ones can be seen in Figure
4, These planar units are stacked one above the other along
the ¢ axis; the plane of the units deviates from orthogonality
to the ¢ axis by about 13°.

Examination of Figure 6 shows that the coordination of the
hydroxide ion to its two neighbor lithiums is different than
the coordination of the water. If we assume tetrahedral
orientation of the two hydrogen bonds, the hydroxyl hydrogen,
and the lone pair of electrons on the hydroxide ion, then the
electron pair occupies an orbital that lies in the mirror plane
and is directed between the two lithium atoms. We would
expect, therefore, that the hydroxide ion may be bound to the
cations either via a three-centered interaction or via a purely
electrostatic interaction.

Internal Coordinate Analysis of Lithium Hydroxide Mo-
nohydrate. To determine the predicted spectrum of lithium
hydroxide monohydrate, we have chosen to treat separately
the water and the hydroxide ion, along with their respective
coordinating lithium atoms, and thus determine the number
and type of vibrations associated with oxygen-hydrogen
motions.

The subunit of the crystal chosen for analysis of the water
spectrum can be seen in Figure 5. The oxygen atom is bonded
to two hydrogens and coordinated to two lithiums in a unit
possessing C2 symmetry; the two planes containing the H-O-H
and Li~O-Li angles, respectively, and both containing the C2
axis deviate from orthogonality by about 10°.28 This five-atom
species of C2 symmetry will have 15 degrees of freedom which
may be described by the reducible representation displayed,
based on the cartesian coordinates of the individual atoms.34

C, E c,

T eart 15 -1
This representation may be reduced to 7 A + 8 B; in C2 the
rotations and translations belong to 2 A + 4 B, so the vi-
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brational modes will be described by 5 A + 4 B. All of these
will be infrared active.

If we choose as five sets of internal coordinates the two O—-H
bond lengths, the H-O-H angle, the four Li~O-H angles, the
two Li~O bond lengths, and the Li-O-Li angle, we may write
five reducible representations associated with them. T'o-1 and
I'Li-o each reduce to A + B, I'i-0-H and I'ti-0-Li each reduce
to A, and I'Li-0-H reduces to 2 A + 2 B; thus the combination
of the five would give 6 A + 4 B. One of these bands, an A
mode in I'Li-0-H, is redundant. The vibrations associated with
water oxygen—hydrogen vibrations, and thus expected to shift
upon deuterium substitution, consist of the previously men-
tioned symmetric and antisymmetric stretching modes in I'o-H,
the deformation mode in I'H-0-H, and two additional bands
in T'Li-0-H. These are an in-plane rocking motion of H20,
veock(HOH) (b), and a torsional motion of the subunit around
the C2 axis, yT(HOH) (a).

The treatment of the hydroxide ion vibrations is similar. The
hydroxide ion and its two coordinating lithiums (Figure 6) form
a four-atom unit of Cs symmetry; the 12 degrees of freedom
on this unit are described by the reducible representation
displayed. This may be reduced to 7 A' + 5 A", which, when

'Cs E Oh
Teart 12 2

rotations and translations are removed, gives 4 A' + 2 A" as
the vibrational modes of the unit.

Choosing four sets of internal coordinates—thé O—-H bond
length, the two Li—~O—H angles, the two Li~O bond lengths,
and the Li-O-Li angle——gives four reducible representations
associated with these sets of coordinates. Of these, I'o-H and
I'Li-0-1i each reduce to A', and I'Li-0-H and I'Li-0 each reduce
to A' + A''; there are no redundant modes. The
deuterium-sensitive oxygen-hydrogen vibrations of the hydroxyl
group are thus a single O—H stretching mode, v(OH) (a'), and
two O-H rocking modes, vrock(x,)(OH) (a'") in which the
motion is perpendicular to the mirror plane of the unit cell
and vrock(z)(OH) (a') in which the motion lies in the mirror
plane. ‘

Under the factor group splitting35 of the C2x unit cell, the
number of infrared bands would remain the same; however,
each vibration would be split into a Raman-active g band and
an infrared-active u band. This has been observed by
Krishnamurti!3 for the hydroxyl stretching frequency. When
factor group effects are considered, the a and a'* modes de-
scribed above are designated au, and the b and a' modes become
bu under Czs.

Assignments of the Infrared Bands in Lithium Hydroxide
Monohydrate. From the preceding discussion, the infrared
spectrum of lithium hydroxide monohydrate should show eight
deuterium-sensitive bands associated with oxygen—hydrogen
motions. Four of these, ¥(OH), vs(HOH), vas(HOH), and
8(HOH), are readily located (Table I); vs(HOH) and vas-
(HOH) are both contained in the broad band at 2965 cm™1.
The rocking and torsional modes of the coordinated water
molecule in this salt are expected28-33 to be above 800 cm!
(see following discussion); therefore we assign the bands at
1005 and 860 cm~! to these motions. The remaining pair of
deuterium-sensitive bands at 680 and 635 cm-! would then
be assigned to the rocking vibrations of the coordinated hy-
droxide ion.

The C2 Li2OH2 subunit in lithium hydroxide monohydrate
can be formally related to a tetrahedral unit of C2y symmetry;
a C2v unit at a C2 lattice site would show the same number
and type of infrared-active bands.35 The infrared spectral
assignments of an analogous C2v species, Cl2CH2, which lies
at a C2 site in its crystal lattice,36 have been carefully worked
out,36:37 and we may use comparison to this compound to reach
a reasonable assignment of the low-energy bands of water in
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lithium hydroxide monohydrate. The rocking motion of the
CH2: in solid methylene chloride, »7 (b1),37 which corresponds38
to our vrock(HOH) (b), is found3® at 891 cm-!, while the
torsional vibration about the C2 axis, vs (a2),37 which cor-
responds to our yT(HOH) (a), is found36.3 at higher frequency,
1164 cm~1. We thus assign vrock(HOH) to the absorption at
860 cm™! in the spectrum of lithium hydroxide monohydrate,
and yT(HOH) to the absorption at 1005 cm-1.

The single, degenerate, deuterium-sensitive rocking band
of the hydroxide ion in lithium hydroxide is found4® at 419
cm~1. The doublet at 680 and 635 cm~! that we have assigned
(Table I) to the two hydroxyl rocking motions in lithium
hydroxide monohydrate lies at considerably higher energy.
This result is expected, since the motion of the ion is con-
strained by two strong hydrogen bonds; such hydrogen bonding
is absent in the anhydrous salt. In the absence of single-crystal
studies it is not possible to associate the two vibrations with
their specific absorptions.

The internal coordinate analysis carried out herein would
formally indicate a number of lithium-oxygen stretching,
bending, and deformation vibrations; it is not valid to assign
these bands, however, since the lithiums and oxygens are
actually part of an extended framework. Through extensive
study404! the lithium~oxygen motions of anhydrous lithium
hydroxide, in which the lithium also occupies the center of a
tetrahedron of oxygen atoms at distances nearly identical with
those in the monohydrate, have been identified as coupled
lattice type vibrations which are found in a broad region of
absorption centered at 450 cm~1. In particular, analysis of
the combination bands with the hydroxyl stretching band shows
vibrations of lithiums against the oxygen lattice at 495 and
440 cm~! in the anhydrous salt. Lithium hydroxide mono-
hydrate shows three intense bands in the region expected for
lithium-oxygen lattice vibrations at 460, 412, and 336 cm™!
(Table I and Figure 2); these bands do not shift on deuterium
substitution. We assign these bands to lithium—oxygen lattice
modes, but do not attempt to associate them with specific
motions at this time.42

Comparison with Infrared Spectra of Other Hydrate Types.
Compounds containing clathrate type water such as ice, gas
hydrates, or the higher hydrates of tetraalkylammonium ion
salts4-7 show wide, unstructured librational bands in the in-
frared spectra; thus in ice,4? tetramethylammonium hydroxide
and fluoride trihydrates,’ or tetrapropylammonium fluoride
dihydrate44 the librational mode of water is a broad, intense
absorption covering the entire region from 1000 to 400 cm~!.
We have shown? that in structures containing water—anion
networks the intensity of the band increases with decreasing
hydration number, presumably due to the increased charge
density of the framework and concurrent tighter binding of
the water. )

There is no sharp division between lattice water and co-
ordinated water in crystalline salt hydrates; water molecules
can be found in a variety of environments ranging from purely
interstitial water to water tightly bound to the cation by
covalent bonds. Chidambaram4> has made an extensive
classification based on lone-pair and hydrogen-bond interaction
types or the lack thereof. Such salts show water bands in the
region 1000300 cm-! that are distinctly different from the
clathrate water spectra.

The mono- and dihydrates of alkali and alkaline earth
halides studied by van der Elsken and Robinson46 contain
lattice water;!6 i.e., the water molecules are hydrogen bonded
to the anion but do not form dative type bonds with the cation.
These salts exhibit two intense bands in the region 600-400
cm-! which arise from rocking and wagging librations of the
water molecules.

The transition metal ion hydrates2°-32 contain coordinated
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Table II. Infrared Spectra of Cesium and Rubidium Hydroxide Hydrates®?

Vrock Tegion

Hydrate vg(OH) vs(HOH), vys(HOH) §(HOH) region
CsOH'-H,0 3500 s 2800 b, s 2000~1550 b, m 975b,s,775 sh, 722,652 s
CsOD-DZOd 2600 s 2060 b, s 1310 b, m 725b,5,515,465 s
RbOH'H,0 3539 2810 b, s 2400-1500 b, m¢ 1030,908 b, s, 728 sh, 665, 628 s
RbOD-D,0° 2655 s 22000, s 1200 s 670,575 b, s, 430, 392 s
CsOH-'/:H,0 f 3500 sh, 2900 b, s 1700 b, w 970b,w
RbOH-!/2H,0 f 3450 sh, 2850 b, s 1650b,w 950 b, w

@ values reported in wave numbers (cm™'). b Abbreviations used: broad, b; weak, w; medium, m; shoulder, sh; strong, s. € It is difficult

to estimate the range of this broad, intense band, since it overlaps partly an overtone of water centered at 2400 cm

1, @ The ratio of vulvp

for cesium hydroxide monohydrate and its deuterated analog ranges from 1.35 to 1.40. € The ratio of vg/vp for rubidium hydroxide mono-

hydrate and its deuterated analog ranges from 1.28 to 1.60.

water in which the bisector of the two lone pairs on water is
directed toward the metal atom.4> The infrared spectra
expected for such hydrates have been calculated3? using a
trigonal-planar MOH2 model or using normal-coordinate
analysis of octahedral M(OH2)¢.22 Aquo complexes of this
type have been shown to exhibit rocking and wagging vibrations
along with a metal-oxygen stretch; these bands are observed
only when the water molecule acts as both a hydrogen-bond
donor and an electron-pair donor in the formation of a co-
ordinate bond with cation. In general, the rocking and wagging
bands are found in the region 900-500 ¢m~! and the met-
al-oxygen stretch is found in the region 500-300 cm-!. The
frequencies of such bands are proportional to the strength of
the hydrogen bonds to the anion and the strength of coor-
dination to the metal atom.

Lithium hydroxide monohydrate represents a different class
of hydrate, in which the two lone pairs of electrons on water
oxygen are each directed toward a different, highly charged
univalent ion. The water molecule is thus more rigorously
constrained, and the librational bands of water would be
expected to lie at higher frequencies than in the previously
studied types. This is confirmed by our identification of bands
at 1005 and 860 cm~! as water librational modes of lithium
hydroxide monohydrate.

Spectra of Rubidium and Cesium Hydroxide Hydrates. The
infrared spectra of the cesium and rubidium hydroxide mo-
nohydrates, deuteroxide monohydrates-d2, and hemihydrates
are summarized in Table II. The spectra of the monohydrates
-demonstrate the presence of coordinated water in these
compounds; however, the general features of the spectra and
their similarity to that of sodium hydroxide monohydrate4?
suggest that the water in these hydrates is not bound as in
lithium hydroxide monohydrate. It is likely that the cesium
and rubidium hydroxide monohydrates contain extended
water—hydroxide ion chains with the water oxygens also co-
ordinated to metal atoms, as in sodium and potassium mo-
nohydrates.48.49

The cesium and rubidium hydroxide monohydrates show
five sets of bands that shift upon deuterium substitution (Table
II) and thus are associated with the water and hydroxidg ions
in the crystals.50 The O-H stretching band of the hydroxide
ion in these salts shows that the ion does not act as a
hydrogen-bond donor; however, these absorptions are shifted
to lower energy relative to a free hydroxide ion (3700 cm-1)
which indicates that the ions act as hydrogen-bond acceptors.!!
The O-H stretching bands of water near 2800 cm-! show
strong hydrogen bonding by the water hydrogens, as do the
extremely broad bending modes.5! The water rocking and
wagging bands do not show the complex pattern and narrow
bandwidth of the lithium hydroxide monohydrate and are
typical of those expected for tricoordinate water molecules
involved in two hydrogen bonds and a coordinate interaction
with a metal atom,16,17,28-33

Cesium and rubidium hemihydrates have apparently not
been reported before. The water in these compounds is much

No free hydroxide stretch in these salts.

more tightly held than in the monohydrates and is removed
only with difficulty at elevated temperatures. Neither
compound shows a band for non-hydrogen-bonded hydroxide
ions; the broad absorption in the O—H stretching region shows
some structure, which may indicate that several types of
hydrogen are.represented, but it is clear that all hydrogens in
these compounds are involved in strong hydrogen bonds. The
rocking regions of the spectra show single broad bands, which
suggests that coordinated water species are absent. We predict
that the hemihydrates contain either web or ribbon type
anion—-water frameworks, in which each water acts as a donor
to two hydroxide ions and each hydroxide ion acts as a donor
to a single water molecule.

Acknowledgment. We wish to thank Susan L. Madeira,
Dorothy L. Duffy, and Rodney Halonen for technical as-
sistance.

Registry No. LiOH-H20, 55622-31-6; CsOH-H20, 55622-28-1;
RbOH-H20, 55622-29-2; CsOH-!/2H20, 55621-93-7; RbOH-! /2H20,
55621-94-8,

References and Notes

(1) Reported in part by 1. Gennick and K. M. Harmon, Abstracts, 6th
Central Regional Meeting of the American Chemical Society, Detroit,
Mich., April 21, 1974, No. 301.

(2) Acknowledgment is gratefully made to the donors of the Petroleum
Research Fund, administered by the American Chemical Society, to the
National Science Foundation, and to the Oakland University Biomedical
Science Support Committee for support of this work.

(3) NSF-URP and ACS-PRF Fellow.

(4) R.K.McMullan and G. A. Jeffrey, J. Chem. Phys., 31, 1231 (1959).

(5) R.K.McMullan, M. Bonamico, and G. A. Jeffrey, J. Chem. Phys., 39,
3295 (1963).

(6) R. K. McMullan, T. C. W. Mak, and G. A. Jeffrey, J. Chem. Phys.,
44, 2338 (1966). :

(7) W.J. McLean and G. A. Jeffrey, J. Chem. Phys., 47, 414 (1967).

(8) K.M. Harmon, L. Gennick, and S. L. Madeira, Abstracts, 167th National
Meeting of the American Chemical Society, Los Angeles, Calif., April

1974, No. INOR-228,

. M. Harmon and I. Gennick, [norg. Chem., 14, 1840 (1975).

. A, Jeffrey and T. C. W, Mak, Science, 149, 178 (1965).

. H. Jones, J. Chem. Phys., 22, 217 (1954).

. I. Steckhanov and E. A. Popova, Opt. Spektrosk., 11, 203 (1961).

. Drouard, C. R. Hebd. Seances Acad. Sci., 249, 665 (1959).

(14) E. Drouard, C. R. Hebd. Seances Acad. Sci., 247, 68 (1958).

(15) D. Krishnamurti, Proc. Indian Acad. Sci., Sect. A, 50, 223, 232, 247
(1959).

(16) K. Nakamoto, “Infrared Spectra of Inorganic and Coordination
Compounds”, Wiley, New York, N.Y., 1963, p 155 ff.

(17) J. A, Ferraro, “Low-Frequency Vibrations of Inorganic and Coordination
Compounds”, Plenum Press, New York, N.Y., 1971, p 65 ff.

(18) R. Pepinsky, Z. Kristallogr., Kristallgeom., Kristallphys., Kristallchem.,
102, 119 (1940).

(19) H. Rabaud, C. R. Hebd. Seances Acad. Sci., 241, 1959 (1955).

(20) H. Rabaud and R. Gay, Bull. Soc. Fr. Mineral. Cristallogr., 80, 166
(1957).

(21) N. W, Alcock, Acta Crystallogr., Sect. B, 27, 1682 (1971).

(22) P.A. Agron, W. R. Busing, and H. A. Levy, Abstracts, Winter Meeting
of the American Crystallographic Association, Albuquerque, N.M., April
3, 1972, No. 19, p 52.

(23) P. A. Agron, W. R. Busing, and H. A. Levy, Chemistry Division Annual
Progress Report for period ending May 20, 1972, ORNL-4791 UC-
4--Chemistry, Oak Ridge National Laboratory, Oak Ridge, Tenn.

(24) J. Lecomte, J. Chim. Phys. Phys.-Chim. Biol., 50, C24 (1953).

(25) Reference 17, p 75 ff.

(%)
(10
(11
(12)
(13)

CoRw

ommy



Optical Spectrum of CsMnBr3

(26) S. N. Vinogradov and R. H. Linnel, “Hydrogen Bonding”, Van
Nostrand-Reinhold, New York, N.Y., 1971, p 187 ff.

(27) Although implicit in previous structural data,?!-25 the nature of the
water—anion unit in lithium hydroxide monohydrate has not been
previously described.

(28) It has been shown?%-33 that while hydrogen bonding from coordinated
water affects the force constants, and thus the frequencies, of O-H
vibrations, such bonding need not be considered in setting up the
symmetry model for the coordinated water.

(29) J. Fujita, K. Nakamoto, and M. Kobayashi, J. Am. Chem. Soc., 78, 3963
(1956).

(30) 1. Gamo, Bull. Chem. Soc. Jpn., 34, 760, 765 (1961).

(31) I.Nakagawa and T. Shimanouchi, Spectrochim. Acta, 20, 429 (1964).

(32) C. Postmus and J. R. Ferraro, J. Chem. Phys., 48, 3605 (1968).

(33) G. Sartori, C. Furlani, and A. Damiani, J. Inorg. Nucl. Chem., 8, 119
(1958).

(34) E.B. Wilson, Jr,, J. C. Decius, and P. C. Cross, “Molecular Vibrations”,
McGraw-Hill, New York, N.Y., 1955, p 102 ff.

(35) For example see G. Turrell, “Infrared and Raman Spectra of Crystals”,
Academic Press, New York, N.Y., 1972, p 107 ff.

(36) M. P. Marzocchi and P. Manzelli, J. Chem. Phys., 52, 2360 (1970).

(37) G. Herzberg, “Infrared and Raman Spectra of Polyatomic Molecules”,
Van Nostrand, Princeton, N.J., 1960, p 317 ff, and references therein.

(38) Reference 34, p 333 ff.

(39) This band, infrared inactive under Cay, can be seen under the lower
symmetry of the crystal.

(40) (a) R. A. Buchanan, J. Chem. Phys., 31, 870 (1959); (b) R. A. Bu-

Inorganic Chemistry, Vol. 14, No. 9, 1975 2219

chanan, E. L. Kinsey, and H. H. Caspers, ibid., 36, 2665 (1962); (c)
R. A. Buchanan, H. H, Caspers, and H. R. Marlin, ibid., 40, 1125 (1964).

(41) (a) K. A. Wickersheim, J. Chem. Phys., 31, 863 (1959); (b) R. A.
Buchanan and H. H. Caspers, ibid., 38, 1025 (1963); (c) G. Stafford,
V. Brajovic, and H. Boutin, Bull. Am. Phys. Soc., 7, 499 (1962); J. Phys.
Chem. Solids, 24, 771 (1963); (d) J. C. Decius and S. A. Lilley, J. Chem.
Phys., 53, 2125 (1970).

(42) Krishnamurti!s has reported lattice modes of this salt in the Raman
spectrum at 143, 213, 243, 260, and 280 cm~!.

(43) J. E. Bertie and E. Whalley, J. Chem. Phys., 40, 1637 (1964).

(44) K. M. Harmon, L. Gennick, S. L. Madeira, and D. L. Duffy, J. Org.
Chem., 39, 2809 (1974).

(45) R. Chidambaram, A. Sequeira, and S. K. Sikka, J. Chem. Phys., 41,
3616 (1964).

(46) J. van der Elsken and D. W, Robinson, Spectrochim. Acta, 17, 1249
(1961).

(47) R. A. Nyquist and R. O. Kagel, “Infrared Spectra of Inorganic
Compounds,” Academic Press, New York, N.Y., 1971, p 235.

(48) J. Clastre, Acta Crystallogr., 7, 638 (1954).

(49) J. A. Wunderlich, Acta Crystallogr., 10, 462 (1957).

(50) Rubidium hydroxide monohydrate shows an additional peak at 270 cm™!
which does not shift on deuteration and thus could be a metal-oxygen
lattice mode. Such bands in cesium hydroxide monohydrate would be
expected to absorb at wavelengths outside of our experimental range.

(51) D.P. Stevenson, in “Structural Chemistry and Molecular Biology”, A.
Rich and N. Davidson, Ed., W. H. Freeman, San Francisco, Calif., 1968,
p 495.

Contribution from the Department of Chemistry,
University of Wyoming, Laramie, Wyoming 82071

Physical Properties of Linear-Chain Systems. II. Optical Spectrum of CsMnBr3!
G. MATTNEY COLE, Jr., CHARLES F. PUTNIK, and SMITH L. HOLT*

Received December 17, 1974

AIC40836P

The optical absorption spectrum of the linear-chain, antiferromagnetically ordered compound CsMnBr3 is reported for
a range of temperatures from 4.2°K. Magnon side bands, assigned according to a careful set of criteria, are observed in
the 6A1g — 4A15(G) and A1z — 4Eg(G) transitions at temperatures well above the Neel point, TN = 85°K. The anomalously
large intensities are explained by considering contributions from both vibronic and exchange-induced electric dipole mechanisms.

Introduction

As is well-known, d—d transitions in octahedral Mn2+
compounds give rise to weak absorption band intensities. This
condition exists as the transitions are both spin and parity
forbidden.22 Recently, however, very large intensities have
been observed in the absorption spectra of certain manganese
salts having the general formula ABX3 (A = monovalent alkali
metal or alkylammonium cation; B = divalent, first-row
transition metal ion; X~ = CI~, Br-, or I).2b-5 Since these
compounds form linear, one-dimensional, magnetically ordered
chains,$ it seems reasonable to assume a cooperative intensity
mechanism which can relax spin and parity forbiddenness more
effectively than the usual single-ion vibronic and spin—orbit
coupling mechanisms.”

Tanabe and coworkers8-13 have proposed a magnon-induced,
electric dipole mechanism to account for the anomalous in-
tensities of spin-forbidden transitions in Mn2+, This mech-

anism has been definitely established for the sharp transition__

6A1g(S) — 4T2g(D) in CsMnCl3.2H20.!4 In addition, Day
and Dubicki# have used the exchange-coupled mechanism and
a pairwise-interaction model to explain respectively the intensity
and polarization behavior in (CH3)4NMnCls (TMMOQ).
While a cooperative mechanism can account for some
features observed in the absorption spectra of certain
linear-chain manganese salts, it is not a complete explanation.
We report the polarized, single-crystal optical absorption
spectrum of CsMnBr3 (CMB) in a range of temperatures from
4.2 to 298°K. CMB is antiferromagnetic below 85°K.15 We
show that the observed intensities can be explained by assuming
contributions from both vibronic and magnon-induced, electric

dipole mechanisms. Below the Neel point the exchange
mechanism is more important while above TN the vibronic
mechanism is an important contributor to the intensity.

The spectra are examinefi for magnon side band transitions,
particularly above the Neel point. . Only those transitions
meeting a careful set of criteria are assigned as magnon side
bands.

Experimental Section

Preparation of CMB. Anhydrous MnBr2 was purchased (Rocky
Mountain Research, Inc.) and was heated at 200° in a stream of dry
HBr gas in order to ensure that the material was truly anhydrous.
After cooling, the anhydrous MnBr2 was mixed with an equimolar
quantity of CsBr (Research Organic/Research Inorganic Chemical
Co.), sealed in a quartz ampoule and zone refined using the Bridgman
technique. From the resultant red boule it was possible to cleave single
crystals suitable for spectroscopic measurements. It is also possible
to grow single crystals of CMB from an equimolar solution of an-
hydrous MnBr2and CsBr in freshly distilled concentrated (constant
boiling) HBr. The solution was maintained at 50°.

Spectroscopic Measurements. The spectra were measured at 298,
150, 100, 90, 85, 77, 60, 55, 40, 20, and 4.2°K in the spectral range
14,000-40,000 cm™1, using a Cary 14 RI spectrophotometer. Several
transitions of special interest were also examined at 10 and 30°K.
The single crystals were mounted on aluminum rings which were then
inserted into the sample chamber of an Oxford CF 100 cryostat. The
temperature was determined and controtled to within £2°K with an
Oxford VC 30 temperature controller calibrated with a digital
multimeter. Polarized spectra were obtained by inserting Glan-
Thompson prisms in the light paths of the spectrometer’s sample and
reference chambers. Due to the relatively sharp nature of the
transitions, the band positions are accurate to within the resolution
of the instrument, ~1 cm-!,



