JOURNAL OF SOLID STATE CHEMISTRY 122, 214-220 (1996)
ARTICLE NoO. 0104

Insertion of the Dinuclear Dihydroxo-Bridged Cr(lll)
Aquo Complex into the Layered Double Hydroxides
of Hydrotalcite-Type

Norbert Gutmann' and Bernd Miiller

Institut fiir Physikalische Chemie, Chemisch-Geowissenschaftliche Fakultit, Friedrich-Schiller-Universitit Jena, D-07743 Jena, Germany

Received July 5, 1995; in revised form November 21, 1995; accepted December 5, 1995

A new hydrotalcite-like layered Cr—-Zn double hydroxide
(LDH), [Zn,Cr,(OH)»](COs), - 5H,0, was prepared by reaction
of a perchlorate solution of the hydrolytic dimer [(H,O),Cr
(n-OH),Cr(H,0),]** with zinc oxide and subsequent anion ex-
change. The results of the studies by X-ray powder diffractome-
try, IR and UV-Vis spectroscopy, and thermal gravimetry were
compared with the data of the known [Zn,Cr(OH):](CO;),;s °
1.5H,0 yielded by an analog reaction. Dissolving experiments
show that the unchanged dimer and monomer units, respec-
tively, are inserted into the hydroxide layers. Thereby the ar-
rangement of the dimer units occurs in three possible domains
with a parallel orientation to one another. Moreover, the para-
meters a and c of the hydrotalcite-like hexagonal lattice are
decreased minimally. The strength of H bonding between OH
groups and intercalated carbonate ions remains almost un-
Changed. [J 1996 Academic Press, Inc.

INTRODUCTION

Hydrotalcite-like layered double hydroxides (LDHs)
have recently attracted growing interest: for instance, in
the production of catalysts and catalyst carriers (1-4), as
gas adsorbens (5), as anion exchangers (6-11), as medical
antacid (e.g., Talcid from the company Bayer), and as ionic
conductors (in particular as protonic conductor) (12-15).
Especially the intercalation of polyoxo-metallate anions
into LDHs leads to molecular sieve-like materials with
catalytic oxydation properties (16-18).

With regard to the composition, LDHs can be described
by the general formula

[M3:, M3 (OH), [ [ X3, - nH,OF

(M?*, M?* = divalent and trivalent metal ion, respectively,
X?*" = z-valent anion). In these compounds the positively
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charged brucite-like main layers in which M?* is partially
replaced by M3* alternate with negatively charged interlay-
ers containing the anions and water molecules. The stack-
ing of the hexagonal close-packed hydroxide layers (with
a =~ 0.31 nm (19)) can occur with different symmetry (poly-
morphism). Frequently the rhombohedral sequence (¢ =
3cp) is found in synthetic LDHs. By intercalation of tetrahe-
dral anions a predominance of the hexagonal stacking se-
quence is assumed (14, 20, 21). A comprehensive survey
about double layer structures has been given by Allmann
(19) and Taylor (22).

The most frequent manner of LDH preparation is by
coprecipitation. A great number of LDHs containing vari-
ous combinations of M**, M3*, and X% ions was obtained
by coprecipitation in alkaline solution under different con-
ditions (1, 6, 8, 19, 23). For the preparation of Cr(III)
containing LDHs this method arises some difficulties (3,
23, 24). On the other hand, a LDH of the formula
[M,Cr(OH)4] X - nH,O (M = Cu?*, Zn?*, X = monovalent
anion) can be synthesized by reaction of a Cr(III) salt
solution with the corresponding divalent oxide MO (7, 12,
21). The substitutional inertness of the mononuclear aqua
complex [Cr(H,O)¢]** (monomer)? is suggested to be an
essential criterion for the precipitation of an almost stoi-
chiometrical LDH. Moreover, the surface morphology of
the applied oxide should not be underestimated as an im-
portant factor of an ordered growth of the hydroxide phase
(25). A superstructure expected for the [M,Cr(OH),]* lay-
ers cannot be proven by X-ray diffraction. Competing con-
densation reactions of the Cr** aqua ion can be excluded
under such conditions. Consequently, there are only depro-
tonated and nondeprotonated Cr** monomers in the solu-
tion. Oligonuclear and polynuclear complexes of trivalent

2In the following, the [Cr(H,O)c]** complex and its deprotonation
products [Cr(H,0)e_(OH),]®¥* are denoted as monomers and the
dinuclear dihydroxo-bridged aquo complex [(H,O),Cr(un-OH),
Cr(H,0),]** and its deprotonation products [(H,0),_,(OH),Cr(u-OH),
Cr(H,0),-,(OH),]“*)* as dimers, respectively.
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metal ions, so-called isopolyoxocations, with appropriate
structure and kinetic inertness and/or thermodynamic sta-
bility which can be formed by such hydrolysis reactions
become a real hindrance to precipitate mixed M2>"—M3*
hydroxide phases. On the other hand, such polynuclear
complexes will determine structure and composition of the
mixed phases if they are incorporated as a whole (26).

In this paper we can show that a LDH with isolated
inserted, integral dimer units, [Zn;Cry(OH)x]*"
X, - nH,0, is obtained if a solution of the dinuclear com-
plex, [(H,0),Cr (u-OH),Cr(H,0),]** (dimer), is used in-
stead of the monomer solution for reaction with ZnO.
The comparison of [Zn;Cr,(OH),,](COs), - SH,O with the
already known [Zn,Cr(OH)s](COs)o5 - 1.5H,0 refers to
only minor structural differences.

EXPERIMENTAL

Materials. Stock solutions of [Cr(H,0)4](ClO,); were
prepared and analyzed as described elsewhere (27). Solu-
tions of dimer perchlorate, [Cry(u-OH),(H,0)5](ClO,),,
were prepared by O, oxidation of Cr(II) obtained by Zn
amalgam reduction of Cr(IIl) stock solutions (28). The
dimer was separated from small impurities of monomer
and polymers by ion-exchange chromatography using the
procedure described by Stiinzi and Marty (27). Analytical
reagent grade compounds were used for all preparations.
Water was deionized and distilled before use.

Synthesis. In a typical preparation of [Zn;Cry(OH),;,]
(ClOy), - nH,O an aqueous solution of dimer perchlorate
(100 ml, [Cr]io = 0.04 mol - liter™!, [H"] =~ 0.01 mol -
liter !, [NaClO,] =~ 1 mol - liter ') was added slowly during
a period of 4 hr with stirring at 50°C to a suspension of
400 mg of ZnO in 10 ml water. The presence of perchlorate
as the sodium salt and as perchloric acid in this solution
can be explained by the separation conditions of ion chro-
matography (27). Additionally, under these pH conditions
the hydrolytic polymerization of the dimer as well as its
acid cleavage are strongly hindered (27, 29). The ClOg
ions also have proven to be a necessary component for
the formation of the LDH. During the addition of the
dimer solution pH =~ 4.5 was reached. The greyish-blue
precipitate was filtered off, repeatedly washed with water,
and air dried. For exchanging ClOj the solid was suspended
in 1 M Na,COj solution and held at room temperature for
24 hr with occasional shaking. After removing the solution
the solid was repeatedly suspended in a fresh one (24 hr,
room temperature). Afterward it was filtered off, washed
until being electrolyte-free, and air dried.

The chemical analysis yielded the sum formula
[Zn,Cry(OH)»](CO;5), - ~5H,0. The water content is
slightly uncertain. For its estimation the space required by
carbonate in the interlayer was also considered. The results
in detail are Zn 36.43% (det.), 36.61% (calc.); Cr 16.03%,
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16.64%; C 2.09%, 1.92%; H 2.98%, 2.58%. The mole fraction
of Cr x, x = Cr/(Zn + Cr), is 4/11.

Instrumentation. The metal contents were determined
complexometrically for Zn>* and photometrically as
CrOj3 for Cr** preceded by a separation from hydrochloric
acid on the strong basic anion exchanger Dowex-1 (30).
The contents of carbon (carbonate) and hydrogen (OH
groups and crystal water) was ascertained by C-H-N
analysis.

The X-ray powder diffraction measurements were car-
ried out using a URD 6 diffractometer (Freiberger Prizi-
sionsmechanik) with a LiF monochromator and MoK«
radiation. The thermal gravimetric analysis (TG) was per-
formed with a home-built optomagnetically compensating
thermobalance (31). Samples were measured under a
stream of argon (20 ml - hr™!) at a heating rate of 5°C -
min~!. FTIR spectra were recorded on KBr pellets using
an IRF 180 spectrometer (ZWG Berlin). For recording
both UV-Vis solution and powder reflectance spectra, a
Cary 5 spectrometer (Varian) was used. BaSO, white stan-
dard was used for the reflection measurements and the
reflectances R were converted into the Kubelka—Munk
function f(R) = (1 — R)?*/2R.

RESULTS AND DISCUSSION
Composition of [Zn;Cry(OH)»,](CO»), - SH,O

Due to the dropwise addition of the dimer its concentra-
tion in the reaction solution remained small enough to
prevent polymerization reactions. For control a represen-
tative sample of [Zn;Cr,(OH)»](CO;), - SH,O was dis-
solved in perchloric acid. The Cr** species in the solution
could easily be identified as dimers by the UV—Vis solution
spectrum. The ion-exchange chromatographical character-
ization (27) afforded 98.7% of dimer, 0.9% of monomer,
and 0.4% of higher oligomers and polymers.

Analog studies were carried out with the known
[Zn,Cr(OH)g](CO3)g5 - 1.5H,0. In contrast to the green-
ish-blue solution of the new compound, a blue-purple solu-
tion showing the typical electronic spectrum of the mono-
mer solution was obtained. By means of ion-exchange
chromatography 99.3% of monomer and 0.7% of oligomers
and polymers were found. All results of these UV-Vis
solution studies are given in detail in Table 1. As a result,
the structural feature of the initial Cr** complex—either
monomer or dimer—remains unchanged during the forma-
tion of the hydroxide phase and no considerable condensa-
tions among Cr** species took place. The resulting main
layers can therefore be described as layers of hydroxo-
chromate(IIl) ions, [(OH),Cr(u-OH),Cr(OH),]* and
[Cr(OH)g]*", respectively, the holes of which are filled by
Zn**. The overall reaction of the double hydroxide precipi-
tation proceeds according to
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TABLE 1
UV-Vis Solution Spectra of Acidified [Zn;Cr,(OH),](COs3), - 5H,0 and [Zn,Cr(OH)s](COs)y5 -
1.5H,0 and for Comparison Those of the Hydrolytic Cr(III) Monomer and Dimer

[Zn;Cry(OH)y,] [Cro(OH),(H,0)s]** [Zn,Cr(OH)¢] [Cr(H0)e]**
(CO3)2 N 5H20 (27) (CO3)0_5 * 15H20 (27)
Amax.1” 416 417 408 408
g 22.5 20.4 16.0 15.5
Amaxar® 581 582 575 575
e 18.2 17.4 13.6 13.2

“ Wavelength in nm.
b Molar extinction coefficient in liter - mol™ - cm™.

2[Cro(OH)»(H,0)g]** + 9ZnO + 4CIO; —
[Zn7Cr4(OH)22](CIO3)4 . nHzO + 2Zl'124r
+ (7 - l’l)HzO.

The ClOy; ions can be easily exchanged by other anions.
The exchange might be complete already after a few hours.
Carbonate affinity as known for hydrotalcite (19) could
not be observed. However, intercalated carbonate ions
are hardly exchangeable by other ions as known from the
literature (8). An exchange becomes possible when work-
ing with dilute acids (~0.01 N) (32).

X-Ray Powder Diffraction Patterns

The X-ray powder diffraction patterns (Fig. 1) show the
features typical for LDHs: relatively sharp (001) reflections
in the range of large d values (small angles 29, respectively,
basal spacing ¢y = 0.724 nm) and a broadening of the (hkl)
reflections in the range of small d values (large angles
29, respectively). Consequently, the stacking order of the

&
-
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2.0 96 172 248 40.0

20/°

FIG. 1. Powder diffractograms of [Zn;Cr,(OH)»](CO3), - 5H,O
(lower presentation) and [Zn,Cr(OH)s](CO3)g5 - 1.5H,O (upper presen-
tation) (MoK« radiation).

brucite-like layers is relatively consistent in the ¢ direction,
but these layers can be twisted against another (turbostratic
disorder). A quantity to estimate the disorder in stacking
of the main layers is the integral half-width of the (006)
reflection By (33). This quantity includes the crystallite
size along the [001] direction, but also the disorder within
the interlayers. The B amount of 0.48° (29) of
[Zn;Crys(OH),,](COs), - 5H,0 suggests a slightly higher
degree of disorder compared to that of [Zn,Cr(OH)]
(CO3)ps - 1.5H,0 (0.34°).

The observed reflections could be indexed hexagonally
like hydrotalcite with rhombohedral stacking sequence
(¢ = 3¢p) (19, 20). Powder data and indexing of both com-
pounds are shown in Table 2. Parameters a and c of the

TABLE 2
X-Ray Powder Patterns and Indexing of [Zn;Cr,(OH),]
(COy), - 5H,0 with @ = 0.310; nm and ¢ = 3¢, = 2.265, nm
and [Zn,Cr(OH)s](COs)ps - 1.5H,0 with a = 0.312, nm and
c = 3¢, = 2.274, nm

[Zn;Cry(OH)2](COs), - [Zn,Cr(OH)6](COs)oss -
5SH,O 1.5H,0
dexp dcalc dexp dcalc
hkl 111 (nm) (nm) 111, (nm) (nm)
003 50 0.755 0.755 30 0.765 0.758
006 50 0.3780 0.3776 45 0.3808 0.3791
101 60 0.2668 0.2670 55 0.2678 0.2683
012 80 0.2623 0.2616 100 0.2630 0.2629
009 40 0.2521 0.2571
104 25 0.2446 0.2440
015 60 0.2308 0.2312 70 0.2325 0.2323
107 15 0.2070 0.2077
018 55 0.1958 0.1950 55 0.1957 0.1959
0012 25 0.1902 0.1896
1010 35 0.1740 0.1733 20 0.1739 0.1740
0111 35 0.1627 0.1635 15 0.1632 0.1642
110 100 0.1552 0.1552 75 0.1561 0.1560
113 95 0.1524 0.1521 75 0.1529 0.1528
116 35 0.1437 0.1436 30 0.1444 0.1443
202 45 0.1334 0.1335 30 0.1342 0.1342
205 20 0.1293 0.1295
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FIG. 2. Metalion ordering in the brucite-like layers: (001) projection of the ordered octahedral sheet in (a) [Zn,Cr(OH)g]*, showing the possible,

but not proved supercell with a’ =
orientation) with an orthorhombic supercell (a' = V3qand b’ = Sa).

Cr-rich compound, [Zn,;Cr,(OH),,](COs), - 5H,0, (0.310
and 2.265 nm, respectively) are slightly smaller than those
of the Cr-poor one, [Zn,Cr(OH)s] (COs)o5 - 1.5H,0, (0.312
and 2.274 nm, respectively). The larger Cr content reduces
not only parameter a but also ¢ as a result of a more
positive charge of the main layer (Vegard’s law).

In the case of [Zn,Cr(OH)g](COs)ps + 1.5H,0 only the
arrangement of Cr>* and Zn?* ions in the manner shown
in Fig. 2a is possible although the resulting superlattice is
not detectable. This arrangement is a requirement arising
from the isolated Cr monomer insertion into the hydroxide
phase and the Zn/Cr ratio. In the case of dimer insertion
the highest ordered arrangement should be the parallel
orientation of the Cr** pairs to each other as shown in Fig.
2b. However, the result of this is a Zn/Cr ratio of 3/2 (x =
2/5) and a nonhexagonal symmetry (rather a orthorhombic
one, Fig. 2b). The experimentally found higher Zn content
(x = 4/11) leads to the conclusion that domains of parallel
dimer arrangements are more likely in the real lattice.
Within such a domain one of the three statistical orienta-
tion possibilities should be dominant ([010], [100], and
[110] orientations concerning the hexagonal OH close-
packing). On the domain boundaries a statistical insertion
of the octahedra pairs should occur. Then, however, only
the minimum Cr content of x = 1/4 can be expected here.
Considering the domain boundaries the total value of x
must become smaller than the theoretical value of 2/5. The
domains do not seem to be too large so that minimal
deviations from the hexagonal metrics results. Conse-
quently, a broadening of the reflections occurs, but no
splitting. However, it remains uncertain to what extent
possible disturbances caused by dimer insertion are in-
volved in this broadening.

Data of Thermal Analyses

The results of thermal gravimetric analyses (TG and
DTG) are shown in Fig. 3. The oxides Cr,03; and ZnO, as

V3a, (b) [Zn,Cry(OH),,]*, showing one of the possible domains of parallel Cr—dimer orientation ([010]

well as mixed oxide phases including spinel phases, were
assumed to be the end products of the thermal decomposi-
tion up to 700°C. The TG curve does not exhibit defined
plateaus between the decomposition steps which extend
over relatively high temperature ranges. This observation
isin agreement with the well-known decomposition mecha-
nism of such compounds which predicts two distinctive
steps of weight loss (12, 34). The first reflects the loss of
surface and crystal water; the second corresponds to the
dehydroxylation and the removal of the anion. While the
loss of surface water begins as soon as heating and is com-

O.
Am /%
2101
-20 1
301 TG
-40 - . . . . . .
100 200 300 400 500 600
TrC
DTG

FIG. 3. TG and DTG curves of [Zn,Cr,(OH)»](COs3), - SH,0.



218

POSVTIOVWT >

3000 2000 1000

viem™

4000

FIG. 4. IR absorption spectra of [Zn;Cry(OH),,](CO3), - SH,O (up-
per presentation) and [Zn,Cr(OH)s](COs)os -+ 1.5H,O (lower presen-
tation).

plete at 90°C, the removal of the interlayer water is finished
at 190°C. In the case of the second distinctive decomposi-
tion step the partial processes are more overlapped. This
step starts as a partial dehydroxylation (12) causing the
peak at 220°C in the DTG curve. At temperatures above
330°C the thermal decomposition is principally completed.
Only kinetically hindered residual OH groups are decom-
posed (12).

IR Data

Figure 4 shows the IR spectrum of [Zn;Cry(OH),;]
(CO3), + SH,O compared with that of [Zn,Cr(OH)g]
(CO3)ps - 1.5H,0. Despite of small differences, the bands
of both spectra have approximately the same positions.
The absorptions at 520 and 570 cm™! and 520 and 580 cm ™!,
respectively, can be assigned to metal-oxygen stretching
vibrations (»(CrO) and v»(ZnO)). The broad band at 3360
cm™! is caused by stretching vibrations of H-bonded OH
groups. Noteworthy is the long-wave position of this band
in comparison to other LDHs of different M?*—M>** com-
position and anion intercalation (for comparison, see (5,
34, 35) and references therein). The H bonds formed here
with the intercalated CO3%™ ion are of higher strength.
The slightly larger band width in the case of
[Zn;Cr,(OH),,](CO3), - SH,O could be caused by more
distinctive OH groups. A O-H --- O distance of 0.278
nm can be estimated for this interaction according to the
correlations for H bonds given by Schwarzmann (36). Be-
sides the geometry and the charge of the anion the H-
bonding length is a factor which also determines the inter-
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layer spacing. Surprisingly, the broad band at about 3100
cm™! which is typical for H-bonding interaction between
intercalated water and anion within carbonate containing
LDHs (33, 34) cannot be detected. The bands of bending
vibrations associated with the OH groups are in the range
between 900 and 700 cm™!'. They are partially superim-
posed by bending vibrations of carbonate. The band at
1350 and 1360 cm™!, respectively, can be assigned to the
asymmetrical C-O stretching vibration of CO3". Its posi-
tion is slightly shifted compared to that of the undisturbed
ion (1410-1450 cm™! (37)). This is probably due to the
splitting of this transition since the Dj;, symmetry of
CO3 decreases due to H bonding of CO%~ with OH groups
and intercalated water. As a further consequence an addi-
tional transition appears quite clearly in the case of
[Zn,Cry(OH)»](CO3), - 5H,O as a band at 1480 cm™.
Additionally, the symmetrical C-O stretching vibration
becomes IR active resulting from the symmetry decrease
(35). The absorptions in the range of about 1050 cm™
should be assigned to this vibration. The positions of all
observed bands caused by C-O vibrations agree well with
the pattern of bands which is typical for polydentately
interacting CO%~ (37).

UV-Vis Data

The powder reflectance spectra of both the studied com-
pounds (Fig. 5 and Table 3) reveal two distinct bands
indicating Cr’* in a nearly octahedral OH  environ-
ment. These bands are assigned to the transitions 4A2g —
4T, and *A,, — *T',(*F). The spin-forbidden ‘A,, — *E,
transition is to a certain extent evident only in the case of

f(R)
0.51
0 15 20 25 30
v/10”cm™
FIG. 5. UV-Vis powder reflectance spectra of [Zn;Cr,(OH),,]
(CO3), SH,O (upper presentation) and [Zn,Cr(OH)g]
(CO3)p5 - 1.5H,0O (lower presentation).
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TABLE 3
Band Positions (in cm™') within the UV-Vis Powder Reflectance Spectra for
[ancr(OH)G](CO3)0,5 * 1.5H20 and [Zn7Cr4(0H)22](CO3)2 ¢ 5H20

[Zn,Cr(OH)6](CO5)ps - 1.5H,0

[Zn,Cry(OH),,](CO3), - SH,O

Assignment

26,600
25,570
17,900

24,500 “Ayy — AT, (°F)
17,480 TAge — ATy
14,700 YAy — 2E,

[Zn,Cry(OH)»](CO;), - SH,0. Similar positions for the
two spin-allowed transitions have been found for the re-
lated Cr-containing minerals stichtite [Mg;Cr(OH)g]
(CO3)05s - 2H,0 (38) and chromium chlorite® (other names
for the latter mineral are kotschubeite, kimmerite, and
clinochlore) (38, 39).

The actual microsymmetry of the Cr** ligand field is
however trigonal (point group Ds,) caused by two different
average OH-OH distances, 0.273 and 0.311 nm (19). As
a result, a Cr(OH)g coordination octahedra is compressed
along the threefold main axis of rotation. The consequence
of the symmetry lowering is a splitting of the *7,, and
T\, terms each into the following terms *E and “A; (40,
41). In the present cases considerable band broadening
is observed mainly for the higher energy band. For
[Zn,Cr(OH)g](CO3)ps - 1.5H,0 this band has the shape
of a double peak. Analogous spectral features were also
found, for example, for Cr** incorporated spinel com-
pounds in which the lattice places occupied by Cr** have
the same Ds; symmetry (42-45). Based on the results of
these investigations both a slight widening of the Cr—-OH
bonds and a greater polarization of the OH groups due to
the slightly increased part of trivalent Cr** ions might be
considered as possible reasons for a shift of the two transi-
tions toward lower wavenumbers. Both effects give rise to
a band shift into the same direction (42-45).

CONCLUSIONS

The dinuclear [(H,0),Cr(u-OH),Cr(H,0),]*" complex
was inserted separately as an integral unit into the hydrox-
ide layers of a hydrotalcite-like structure with the formula
[Zn,Cry(OH)»](CO;), - SH,O by reaction of the corre-
sponding aqueous solution with ZnO. In contrast, the anal-
ogous and well-known reaction of the mononuclear
[Cr(H,O)4]*" complex leads to a LDH with unlinked Cr3*
centers within the hydroxide layer. The resulting structural
changes in the new LDH compared to that yielded by
using the monomer are minimal: slight diminution of the

3 According to Bish (39) the Cr*" ions are only located within the
positively charged Al-Mg hydroxide layers under partial replacement of
AP’ ions, but not within the negatively charged mica layers.

parameters a and c of the hydrotalcite-like lattice, nearly
the same H bond lengths between main layer OH groups,
and interlayer carbonate ions.
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