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In situ energy-dispersive X-ray diffraction has been used to investigate the synthesis of the recently
reported lanthanide hydroxynitrate phases, Ln2(OH)5NO3 3 1.5H2O (Ln=Y, Er, Yb). Through
control of the reaction temperature, three distinct layered phases with differing degrees of hydration
(x=1 (1), 1.5 (2), and 2 (3)) were observed in the Yb synthesis and subsequently isolated. Only the
phase with x=1.5 was observed for the reactions with Y and Er. The crystal structures of
Yb2(OH)5NO3 3 2H2O (2) and Yb2(OH)5NO3 3H2O (3) were determined in a single-crystal diffraction
study and represent the first crystal structures of the new lanthanide hydroxynitrate phases. Both
Yb2(OH)5NO3 3 2H2O and Yb2(OH)5NO3 3H2O adopt orthorhombic structures in which the nitrate
anion is coordinated to the Yb3þ cations within the hydroxide layer and are largely resistant to anion
exchange. This is in contrast to the Ln2(OH)5NO3 3 1.5H2O phases, which undergo facile anion
exchange reactions at room temperature, indicating that the nitrate resides in the interlayer gallery. At
temperatures above 200 �C, the three layered phases were determined to be intermediates in the
synthesis of Yb4O(OH)9NO3 (4), which has a framework structure with the uncoordinated nitrate
anions located in one-dimensional channels. The in situ diffraction technique has allowed for a
detailed kinetic andmechanistic investigation of the synthesis and revealed that the layered ytterbium
hydroxynitrate phases form via a two-dimensional phase boundary-controlled growthmechanism. It
was also possible to estimate the activation energies for the hydrothermal synthesis of Yb2-
(OH)5NO3 3H2OandYb2(OH)5NO3 3 2H2O frombasic solution, asþ29 andþ67 kJ/mol, respectively.

Introduction

Intercalation chemistry provides a method of control-
ling and modifying the properties of a host lattice while
having only a minimal effect on the structure; as a result, it
has been the focus of numerous investigations over many
years, leading to applications in a diverse range of fields.
One family of materials that has received considerable
attention, because of their compositional flexibility and
varied range of applications, is the layered double hydro-
xides (LDHs).1-3 These anion-exchange host lattices typi-
cally combine a divalent cation (e.g., Mg2þ, Zn2þ, Co2þ,
Ni2þ) and a trivalent cation (e.g., Al3þ, Cr3þ, Fe3þ, Ga3þ)
in the hydroxide layers, with a charge-balancing inorganic
or organic anion in the interlayer gallery.
Despite the compositional flexibility of the LDHs, the

incorporation of lanthanide cations into these materials
has been limited to immobilizing Eu3þ and Gd3þ in the
interlayer space.4 The inclusion of lanthanide cations into
the hydroxide layers offers the potential to combine the

optical, magnetic, and catalytic properties of the lanth-
anides with the flexibility of intercalation hosts. The
hydrothermal synthesis of a new family of anion-
exchangematerials containing either the smaller lanthanide
cations or yttrium, with the composition Ln2(OH)5NO3 3
1.5H2O (Ln=Y, Gd-Lu), was recently reported.5,6 In
this study, the flexibility of the materials toward anion
exchange was demonstrated by their facile reactions with
carboxylate and sulfonate anions at room temperature.
Moreover, it was noted that the materials containing the
smallest lanthanides (Yb and Lu) were always biphasic.
Previous studies had been limited to the synthesis of
Yb2(OH)5NO3 3 2H2O and Y2(OH)5NO3 3 2H2O,7-9 and
the larger lanthanides are known to form layered hydro-
xides with the composition Ln(OH)2NO3 3 xH2O (Ln =
La, Pr-Nd, Sm, andGd).10-13 In the latter materials, the
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nitrate anion is directly bound to the lanthanide cation,
but anion exchange was shown for the reaction of La-
(OH)2NO3 3 xH2O with carboxylate anions, following
prolonged heating at 60 �C.14

Subsequent studies have extended the range of com-
pounds in theLn2(OH)5X 3 xH2O familyof anion exchange
host lattices. Variation of the synthetic conditions has
allowed some of the larger lanthanides, including Eu
and Sm, to be incorporated into the hydroxide layers.15-17

In addition, the relatedhalide phases, Ln2(OH)5X 3 1.5H2O
(Ln=Y,Nd-Lu;X=Cl, Br) have been prepared. These
materials were the first of this family to be structurally
characterized. Two polymorphs—orthorhombic and
monoclinic—of Yb2(OH)5Cl 3 1.5H2O have been identi-
fied, and both contain eight and nine coordinate lantha-
nides with bridging μ3-hydroxide anions.18 The water
molecules are bound to the lanthanide cations within
the layers and Cl- anions occupy the interlayer gallery.
The polymorphism results from subtle differences in the
orientation of the polyhedra and the presence of disor-
dered water molecules in the orthorhombic structure.18

Theorthorhombic structuresofLn2(OH)5Cl 3 1.5H2O(Ln=
Nd-Er, Y) have been independently determined from
powderXRDdata.19 The layer structure in these phases is
similar to that reported for [Yb4(OH)10(H2O)4]AQDS
and [Y4(OH)10(H2O)4]NDS (where AQDS represents
anthraquinonedisulfonate andNDS represents 2,6-naph-
thalenedisulfonate), but the lower hydration level in the
chloride materials results in fewer nine-coordinated
lanthanide polyhedra, which alters the topology of the
layers.20

Potential applications of these materials, other than as
anion exchangers, have also been demonstrated. Photo-
luminescence has been observed from Tb2(OH)5Cl 3
1.5H2O

19 and Eu2(OH)5Cl 3 1.5H2O.15 In addition, Eu-
doped films of Gd2(OH)5Cl 3 1.5H2O have been prepared,
with greatly enhanced photoluminescence being observed
from the calcined films, compared to hydroxide ones.21

TheGdhydroxychloride has been proposed as a potential
MRI contrast agent,22 and [Yb4(OH)10(H2O)4]AQDS
has been shown to be an effective catalyst for the oxida-
tion of organic sulfides.20

The majority of these new lanthanide hydroxy salts
are synthesized hydrothermally and the nature of this

techniquemeans that there is generally little knowledge of
the reaction kinetics and pathways that are taken. Time-
resolved, in situ, energy-dispersive X-ray diffraction
(EDXRD) has been proven to be a powerful tool in the
study of such reactions revealing detailed kinetic and
mechanistic information on a wide range of solid-state
reactions by allowing the reactions to be continuously
monitored.23-25 The technique has been used to investi-
gate systems as diverse as mesoporous silicates26 and
metallocene intercalates of layered chalcogenides.27 No-
table discoveries include staging in the anion-exchange
reactions of LDHs,28-30 kinetic and thermodynamic
control in highly selective anion-exchange reactions,31,32

and lower dimensional intermediates in the formation of
microporous phosphates.33-35

In a previous paper, it was noted that, of the Ln2(OH)5-
NO3 3 1.5H2O compounds, those containing Yb and Lu
displayed a second phase with a slightly larger interlayer
separation of ∼9.4 Å.6 Here, we report the findings of a
time-resolved in situ EDXRD study of the formation of
Yb2(OH)5NO3 3 1.5H2O, which revealed three different
layered phases and the ultimate transformation to a three-
dimensional (3D) framework structure, Yb4O(OH)9NO3.
Structures for three of the phases are reported, and a
kinetic analysis of the system is presented.

Experimental Section

Synthesis.TheLn2(OH)5NO3 3 xH2O (Ln=Y,Er, Yb) phases

were synthesized via a hydrothermal route, as described pre-

viously.6 In a typical reaction, 7.5 mL of a 0.44 M Ln-

(NO3)3 3 xH2O aqueous solution is added to 2.5 mL of an

aqueous solution containing 2.10MNaOH and 1.44MNaNO3

in a Teflon-lined autoclave. The resulting mixture was treated

hydrothermally at a temperature of 100-220 �C. Yb4O-

(OH)9NO3 was synthesized from the same reagent mixture at

temperatures above 200 �C on the time scales investigated here.

In all cases, the resulting solid was filtered, washed, and allowed

to dry in air. Anion-exchange reactions were performed by

suspending 75 mg of Yb2(OH)5NO3 3 2H2O (2), Yb2(OH)5NO3 3
H2O (3), or Yb4O(OH)9NO3 (4) in 5 mL of an aqueous solution

containing a 3-fold molar excess of disodium terephthalate at
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either room temperature or 60 �C for up to 7 days. The resulting

solids were recovered by filtration and dried in air.

Characterization. Powder XRD patterns were recorded with

Cu KR1 radiation on a Stoe Model Stadi-P diffractometer in

either Bragg-Brentano or Debye-Scherrer geometry. A com-

bination of thermogravimetric analysis (TGA) and elemental

analysis was used to determine the stoichiometry of the mate-

rials. TGA traces were recorded on a Perkin-Elmer Model

STA600 Simultaneous Thermal Analyzer. Inductively coupled

plasma (ICP) analysis, to determine the metal content of the

samples, was performed on a Ciros CCD optical emission

spectrometer, following complete dissolution of the samples in

dilute HNO3 and CHN analysis was performed on a FlashEA

1112 instrument. Fourier transform infrared (FTIR) spectra

were recorded on a Nicolet Model Nexus FT-IR spectrophoto-

meter.
Structure Determination. Single-crystal XRD data were col-

lected on themicrocrystal diffraction facility of Station 9.8 at the

UK Synchrotron Radiation Source STFC, Daresbury Labora-

tory. Crystals were covered in a thin film of perfluoropolyether

oil and mounted at the end of a two-stage glass fiber and cooled

in an Oxford Instruments nitrogen-gas cryostream to 120 K.

Data were collected using a Bruker D8 diffractometer operating

with an APEXII CCD area detector. Data collection nominally

covered a sphere of reciprocal space in three series ofω-rotation
exposure frames with different crystal orientation j angles.

Reflection intensities were integrated using standard proce-

dures, allowing for the plane-polarized nature of the primary

synchrotron beam. Semiempirical corrections were applied to

account for absorption and incident beam decay. Unit-cell

parameters were refined using all observed reflections in the

complete datasets.
Structures were solved by routine automatic direct methods.

The structures were completed by least-squares refinement

based on all unique measured F2 values and difference Fourier

methods.
In Situ Diffraction. Time-resolved, in situ EDXRD experi-

ments were performed on Station 16.4 of the U.K. Synchrotron

Radiation Source, Daresbury Laboratory. The syntheses were

performed on the same scale as that described above in Teflon-

lined hydrothermal autoclaves that were heated in a tempera-

ture-controlled block. The autoclaves were modified by having

their walls thinned to let the beam pass through and it is

necessary to stir the reactions to maintain a suspension of the

solid material in the beam. In these reactions, lanthanide KR
resonances were observed alongside the Bragg reflections in the

spectra and have a constant intensity throughout the reactions,

indicating that a constant amount of sample is maintained in the

beam. Full details of the station and the experimental setup can

be found elsewhere.29,36-38 In a typical experiment, theEDXRD

spectra were collected with an acquisition time of 30 s at a fixed

detector angle of either 1.75� or 1.83� 2θ. The reflection posi-

tions, measured in units of keV, can be converted to d-spacings,

using the energy-dispersive form of Bragg’s Law, E = hc/(2d

sin θ) = 6.19926/(d sinθ).

Data analysis. Kinetic data were extracted for each reaction

by integration of each Bragg reflection in each spectrum, using a

Gaussian peak fitting routine.39 The integrated areas were then

converted to the extent of reaction at time t (R(t)), using the

relation R(t) = Ihkl(t)/Ihkl(max), where Ihkl(t) is the area of a

given reflection at time t, and Ihkl(max) is the maximum area of

that reflection. The R(t) data was then fitted with the Avrami-
Erofe’ev rate expression.40-44

Results and Discussion

Materials Characterization. The hydrothermal synth-
esis of a new family of anion-exchangeable layered hydro-
xides incorporating the smaller lanthanides within the
layers, Ln2(OH)5X 3 1.5H2O (Ln = Y, Gd-Lu; X =
NO3, Cl) recently has been reported.

5,6,18 In these studies,
it was observed that, of these materials, those containing
the smallest lanthanides, Yb andLu, were not synthesized
phase-pure; in both cases, a second phase displaying a
slightly larger interlayer separation is apparent in the
powder XRD data, as shown in Figure 1. In the case of
the hydroxynitrate materials, this additional phase has an
interlayer separation of ∼9.4 Å, compared to the 9.2 Å
spacing observed for the larger lanthanides and yttrium.
The analysis of the Yb and Lu hydroxynitrate phases by
TGA and elemental analysis is consistent with formula
Ln2(OH)5NO3 3 1.5H2O, suggesting that the 9.4 Å and
9.2 Å phases have a similar composition. The characteri-
zing data for these phases are included in the Supporting
Information.
The standard laboratory synthesis of the lanthanide

hydroxynitrate materials, at 150 �C, was monitored by
EDXRD, and the 3D stack plot of the spectra is shown in
Figure 2a. From these data, the formation of the two
distinct phases, with d-spacings of 9.2 and 9.4 Å, is
apparent. It is also notable that the crystallization of
these phases is a fast process occurring over the course of

Figure 1. Powder XRD pattern of Yb2(OH)5NO3 3 1.5H2O. (Inset shows
an expanded view of the (002) reflection, indicating the presence of two
phases).
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∼60 min, following an initial induction period of ∼10
min. Analysis of the integrated intensity for each of the
reflections corresponding to the interlayer separation
(Figure 2b) reveals that both phases form simultaneously,
with a subsequent gradual transformation of the 9.2 Å
phase to the 9.4 Å phase. Repetition of these in situ
experiments for the Y and Er analogues showed that only
the expected 9.2 Åmaterial is formedwith no evidence for
any other crystalline phases being apparent during the
reactions. Data for these reactions are included in the
Supporting Information.
Screening of the reaction, as a function of temperature,

revealed that the product is strongly dependent on the
reaction conditions. It is found that, at temperatures of
100-150 �C, the biphasic mixture is formed in ex situ
experiments and this largely is reflected in the in situ
experiments. Only at the lowest temperature investigated

(100 �C) are differences observed, with only the 9.4 Å
phase observed in situ in the first hour, although it is likely
that prolonged heating at this temperaturewould have led
to the observation of the 9.2 Å phase as well. Upon
increasing the temperature to 175 �C, it was observed
that the 9.2 Å phase formed first and then converted to the
9.4 Å material, as shown in Figure 3a. This reaction
pathway was reproducible, making it possible to separate
and isolate both the 9.2 Å and 9.4 Å phases by quenching
the reaction at an appropriate point.
The 9.2 Å phase, Yb2(OH)5NO3 3 1.5H2O (1) was rela-

tively poorly crystalline, showing few reflections other
than a series of 00l reflections in the powder XRDpattern
(Figure 4a). This phase is analogous to the recently repor-
ted Ln2(OH)5NO3 3 1.5H2O (Ln=Y, Gd-Tm) materials,
which have been described elsewhere.6 The characterizing

Figure 2. (a) Time-resolved in situ EDXRD spectra showing the forma-
tion of Yb2(OH)5NO3 3 1.5H2O at 150 �C. Two phases are apparent with
d-spacings of 9.4 Å (42.9 keV) and 9.2 Å (44.2 keV). (b) Plot of integrated
intensity for the 002 reflections of the (0) 9.2 Å (1) and (]) 9.4 Å (2)
phases, as a function of time.

Figure 3. (a) Time resolved in situ EDXRD spectra, showing the forma-
tion of Yb2(OH)5NO3 3 1.5H2O at 175 �C. Two phases are apparent with
d-spacings of 9.4 Å (42.9 keV) and 9.2 Å (44.2 keV). (b) Plot of extent of
the reaction (R) for the 002 reflections of the (0) 9.2 Å (1) and (]) 9.4 Å (2)
phases, as a function of time.
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data (TGA and elemental analysis) for 1 are included in
the Supporting Information and in the SEM image shown
in Figure 5a, shows that the sample consists of platelike
crystals that are poorly defined in shape, often with
serrated edges, when compared to the morphologies
observed for the previously reported Ln2(OH)5NO3 3
1.5H2O (Ln=Y, Gd-Tm) phases. However, note that
the structures of these hydroxynitrates have not been
determined and no crystals of 1 were obtained from this
study.

In contrast, the 9.4 Å phase (2) was significantly more
crystalline (Figure 4b), and extremely small but well-
formed single crystals were present in the sample. The
structure was solved from synchrotron XRD data col-
lected from these crystals. Compound 2 crystallizes in the
centrosymmetric orthorhombic space group Cmcm
(No. 63) with the following unit-cell parameters: a =
6.0000(12) Å (sic), b=19.589(4) Å, and c=3.7555(8) Å.
Details of the structural refinement are contained in
Table 1, and the crystal structure is shown in Figure 6.
The asymmetric unit contains a single Yb3þ ion and three
O atoms, one of which is partially occupied. H atoms
could not be located in this study; the distinction between
bound water and hydroxide is made by reference to the
structure. Each hydroxide bridges three Yb3þ ions, and
this generates layers that are twoYb3þ ions thick. It seems
likely, on space considerations, that the nitrate is bound
to the layer. The O atom projecting into the interlayer
region could correspond to the nitrate to give an overall
layer [Yb2(OH)5(NO3)]. The remainder of the nitrate is
disordered and not located in this study. There is also
evidence for disorder in the position of some of the
hydroxide. Each Yb3þ ion has a formal coordination
number of 8.5, indicating that the disordered hydroxide
leads to variable coordination geometry; one-half of the
Yb3þ ions are 8-coordinated, while the remainder are 9-
coordinated. No interlayer species were identified from
the diffraction data.Figure 4. Powder XRD patterns of (a) 1, (b) 2, and (c) 3.

Figure 5. Scanning electron microscopy (SEM) images of (a) 1, (b) 2, (c) 3, and (d) 4.
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The unit cell contains two flat ytterbium hydroxide
layers, extending in the xz-plane related by an inversion
center. The result is layers stacked inABAB fashion along
the crystallographic b-axis with an interlayer separation
of 9.295(4) Å. Analysis of the structure using the program
PLATON45 reveals that each unit cell contains two voids
each of∼68 Å3 (a total of 31.6% of the unit-cell volume).
The small voids may be suitable to contain water.
The composition of the bulk sample of 2was confirmed

by a combination of elemental analysis and TGA (see
Supporting Information). The TGA trace of 2 displays
three distinct mass losses, comparable to those seen for
other layered hydroxides. An initial mass loss of 6.67%
(the calculated value for x = 2 is 6.81%) at <150 �C
corresponds to the loss of co-intercalated water. This is
followed by the partial decomposition of the layers with
the loss of two water molecules. This gives rise to a
mass loss of 6.91% (7.31%) by 350 �C, leaving a material
of nominal composition “Yb2O2(OH)NO3”, in agree-
ment with the proposed decomposition pathway for
Y2(OH)5NO3 3 1.5H2O.9 Complete decomposition, to
Yb2O3, occurs by 650 �C with a further mass loss of
12.87% (13.79%).No further mass loss is observed above
650 �C. The SEM image of 2 is shown in Figure 5b and
shows that the material is microcrystalline with a rectan-
gular plate morphology.
FTIR of 2 (Figure 7) confirms the presence of a

unidentate-coordinated nitrate anion by the observation
of two bands at 1339 and 1411 cm-1, corresponding to the
asymmetric ν4 and symmetric ν1 stretches of O-NO2,

respectively, and a third band at 1048 cm-1, which is due
to the ν2 N-O stretch. This contrasts with 1, which shows
a single broadband at 1348 cm-1, which is typical of an
uncoordinated nitrate anion, as seen for the previously
reported Ln2(OH)5NO3 3 1.5H2O (Ln = Y, Gd-Tm)
phases. Other features include a broad absorption band
at ∼3500 cm-1, corresponding to a combination of the
stretching vibrations of the layer hydroxyl groups and the
interlayer water molecules and a bending vibration of
water at 1650 cm-1.
At higher temperatures, the system showed even more-

complex behavior with the observation of two further
distinct phases. The course of the reaction at 210 �C is
shown in Figure 8, from which three separate phases are
apparent. As for the reaction at 175 �C, the reaction
pathway was reproducible, allowing for the different
phases to be isolated via quenching experiments. The first
phase that forms, after an induction period of ∼5 min, is
the 9.4 Å phase that has been observed in the lower-
temperature experiments. At this temperature, there is no
evidence for the formation of the 9.2 Å phase.
After initial formation of the 9.4 Å phase, we see

the appearance of a short-lived intermediate between
∼34 min and ∼42 min, with a d-spacing corresponding
to 8.5 Å. Because of the fleeting nature of this phase, and
despite extensive screening, it has only been observed in
the in situ EDXRD experiments but has been isolated,
with a small amount of the 9.4 Å phase as an impurity (see
Figure 4c), by quenching. The sample was amicrocrystal-
line powder but did contain very small single crystals of
Yb2(OH)5NO3 3H2O (3). Compound 3 crystallizes in the
noncentrosymmetric space groupPna21 (No. 33) with the

Table 1. Crystal Data and Structural Refinement Parameters for 2 and 3

parameter 2 3

theta range for data collection 3.57�-31.78� 3.53�-30.91�
empirical formula O7 Yb2 O3 Yb
formula weight 458.08 221.04
temperature 120(2) K 120(2) K
wavelength 0.6943 Å 0.69430 Å
crystal system orthorhombic orthorhombic
space group Cmcm Pna21
a 6.0000(12) Å a = 33.866(5) Å
b 18.589(4) Å b = 3.7305(6) Å
c 3.7555(8) Å c = 5.9417(10) Å
R 90� 90�
β 90� 90�
γ 90� 90�
volume 418.87(15) Å3 750.7(2) Å3

Z 2 8
density (calculated) 3.632 Mg/m3 3.912 Mg/m3

absorption coefficient 22.168 mm-1 24.722 mm-1

F(000) 392 752
crystal size 0.02 mm � 0.01 mm � 0.01 mm 0.035 mm � 0.01 mm � 0.005 mm
index ranges -7 e h e 8, -23 e k e 27, -5 e l e5 -49 e h e 48, -5 e k e 5, -8 e l e8
reflections collected 1582 6912
independent reflections 416 [R(int) = 0.0781] 1319 [R(int) = 0.0769]
completeness to theta = 26.00� 99.6% 99.2%
absorption correction semiempirical from equivalents semiempirical from equivalents
maximum and minimum transmission 0.801 and 0.668 0.7901 and 0.4380
refinement method full-matrix least-squares on F2 full-matrix least-squares on F2

data/restraints/parameters 416/6/21 1319/1/35
goodness-of-fit on F2 1.095 1.139
final R indices [I > 2σ(I)] R1 = 0.0562, wR2 = 0.1395 R1 = 0.0846, wR2 = 0.2486
R indices (all data) R1 = 0.0901, wR2 = 0.1513 R1 = 0.0959, wR2 = 0.2585
largest diffraction peak and hole 3.195 and -2.952 e/Å3 11.088 and -9.101 e/Å3

(45) Spek, A. L. J. Appl. Crystallogr. 2003, 36, 7.
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following unit-cell parameters: a = 33.866(5) Å, b =
3.7305(6) Å, and c= 5.9417(10) Å. A summary of
crystallographic data is contained in Table 1, and the
crystal structure of 3 is shown inFigure 9. The asymmetric

unit contains two independentYb3þ ions, each of which is
bound by three O atoms. Yb1 and O1, O2, O3 form a
single layer, whereas the coordination of Yb2 by O4, O5,
andO6 produces a second independent layer. O1, O2, O4,
and O5 are likely to be hydroxide: each one bridges
between three Yb3þ cations. The remaining O atoms
project perpendicular to these layers, suggesting that these
may be hydroxide or nitrate. H atoms were not located in
this study. Assuming a 50:50 distribution of hydroxide
and nitrate in these sites, the layer composition would be
Yb2(OH)5(NO3). Additional water molecules present be-
tween the layers were not located crystallographically.
Within each layer, the Yb3þ cation is 7-coordinated:

both Yb1 and Yb2 adopt a distorted capped trigonal
prismatic geometry. In each case, the capping atom

Figure 6. (a) Crystal structure and (b) polyhedral representation of a
single layer of Yb2(OH)5NO3 3 2H2O, 2. (Yb3þ ions are shown in blue,
O atoms are shown in red).

Figure 7. FTIRspectra of (a)Yb2(OH)5NO3 3 1.5H2O (1), (b) Yb2(OH)5-
NO3 3 2H2O (2), and (c) Yb2(OH)5NO3 3H2O (3).

Figure 8. (a) Time-resolved in situ EDXRD spectra showing the evolu-
tion of Yb/ OH/NO3/H2O system at 210 �C. Three phases are formed
sequentially, with d-spacings of 9.4 Å (40.2 keV), 8.5 Å (44.6 keV), and
8.0 Å (47.2 keV). (b) Plot of extent of reaction (R) for the 002 reflections of
the (O) 9.4 Å, (0) 8.5 Å, and (�) 8.0 Å phases, as a functionof time.YbKR
resonances are observed at 52.36 keV.
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(hydroxide or nitrate) projects into the interlayer region.
Each unit cell contains four layers, stacked along the
crystallographic a-axis at a distance of 8.467(5) Å. The
layers lie in an approximate AAAAorientation, although
they do not directly overlie. The structure is pseudo-
centrosymmetric and close to adopting the space group
Pnma. However, introducing a center of symmetry does
not allow for distortion of the Yb polyhedra. Each unit
cell contains a void space of ∼90 Å3 within which un-
bound water may be located. It is likely that this phase is
the same as the one that has been previously reported by
Haschke as occurring as aminor impurity in the synthesis
of Ln2(OH)6-x(NO3)x materials.7 However, that phase
was not structurally characterized and reported as having
a higher degree of hydration than has been found here.
The TGA data for 3 show three mass losses: an initial

mass loss of 3.09% (the calculated value for the x = 1
phase is 3.52%) at <150 �C, corresponding to the loss of
cointercalated water; a second mass loss indicates the
partial decomposition of the layers, resulting in a mass
loss of 8.96% (7.31%) by 350 �C, leaving a material of
nominal composition “Yb2O2(OH)NO3”;

9 and a further
mass loss of 12.75% (13.79%), yielding Yb2O3, occurs by
650 �C with no further mass loss observed at >650 �C.

FTIR spectroscopy analysis of 3 (Figure 7c) confirms
the presence of a coordinated nitrate anion with two
distinct bands being observed in the 1300-1500 cm-1

region, corresponding to the O-NO2 asymmetric stretch
(ν4, 1406 cm-1) and O-NO2 symmetric stretch (ν1) at
1337 cm-1. This is consistent with observations on other
layered hydroxynitrate phases where the nitrate anion is
coordinated to the metal cation in the layer.14 Other
features of the spectrum are the ν2 N-O stretch, seen at
1047 cm-1; a broad absorption, centered at ∼3500 cm-1

(corresponding to a combination of the stretching vibra-
tions of the layer hydroxyl groups and the interlayer
water molecules); and a bending vibration of water, at
1650 cm-1. The SEM image (see Figure 5c) shows that the
morphology of 3 consists of distorted rectangular plates
with a much broader 001 face than that observed for 2.
The intermediate phase 3 undergoes a final transforma-

tion to Yb4O(OH)9NO3 (4), which is a three-dimensional
(3D) framework structure with one-dimensional (1D)
channels containing uncoordinated NO3

- ions. This a
new Yb phase and is isostructural with Y4O(OH)9NO3

46

Figure 9. (a) Crystal structure and (b) polyhedral representation of a single layer ofYb2(OH)5NO3.H2O, 3. (Yb3þ cations are represented in blue, O atoms
are represented in red).

(46) Christensen, A. N.; Nielsen, M.; O’Reilly, K. P. J.; Wroblewski, T.
Acta Chem. Scand. 1992, 46, 224.
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and Er4O2(OH)8 3HNO3,
47 although it is likely that the

proton distribution in the Er compound is incorrect. SEM
imaging (Figure 5d) of this material shows that it is
microcrystalline and comprised of agglomerates of nee-
dles. Yb4O(OH)9NO3 adopts a monoclinic structure
(space group P21) with unit-cell parameters of a =
9.2840(1) Å, b=16.2425(2) Å, c=3.5583(1) Å, β=
101.132(4)�, as determined by Rietveld refinement (RF2 =
0.073). The structure is shown in Figure 10, and the
refinement details are included in the Supporting Infor-
mation. The asymmetric unit contains four Yb3þ cations,
three of which are 7-coordinated with a capped trigonal
prismatic geometry while the fourth cation has a 9-
coordinated tricapped trigonal prismatic geometry. The
Yb cations are linked by μ2 hydroxide anions forming the
framework around the channels which contain the nitrate
anions. The oxide ion is located in a tetrahedron of Yb3þ

cations and is displaced toward one triangular face.
The TGA data for 4 display two distinct mass losses: (i)

an initial mass loss of 7.84% at <350 �C corresponds to
the decomposition of the hydroxide groups with the loss of
four molecules of water (calculated mass loss = 7.81%);
and (ii) complete decomposition, to Yb2O3, occurs by
650 �C with a further mass loss of 6.77% (6.82%). The
composition of 4 was further confirmed by elemental ana-
lysis, which gave Yb = 74.55% (calculated = 74.97%),
N = 1.43% (1.52%), and H= 0.91% (0.98%).
One characteristic property of layered hydroxides is

their ability to undergo anion exchange reactions, and the

potential of 2 and 3 in this respect has been investigated.
Room-temperature anion-exchange reactions between
the layered phases 2 and 3 and sodium terephthalate
proved unsuccessful, providing further evidence that the
nitrate anions in the layered species may be directly
coordinated to the Yb3þ cation, as suggested by the
crystal structures and characterizing data previously dis-
cussed. This would be expected to greatly reduce their
capacity for anion exchange, in comparison to the
[Ln2(OH)5]NO3 3 1.5H2O phases where the nitrate is lo-
cated in the interlayer gallery and undergoes facile reac-
tions at room temperature with a wide range of organic
anions.5,6 In the case of La(OH)2NO3 3H2O, where the
nitrate is coordinated to the La3þ cation, it has been
shown that prolonged heating at 65 �C is required to bring
about complete anion exchange with acetate, benzoate,
and terephthalate.14 Under analogous conditions to
these, partial exchange of terephthalate for nitrate has
been achieved for both 2 and 3. In both cases, a small
amount of anion exchange was observed after 24 h with
∼50% exchange being observed after 7 days. Powder
XRDpatterns for the reactions of 2 and 3with terephtha-
late are included in the Supporting Information. How-
ever, note that the method of isolation of these phases
prevented an in-depth anion exchange study from being
performed. The framework structure of 4 will greatly
limit its scope for anion exchange, and reactions with
small inorganic anions such as chloride or carbonate
proved unsuccessful. This indicates that, although the
nitrate anions are uncoordinated in this phase, the chan-
nels are not readily accessible.
Kinetics and Mechanism. The time-resolved in situ

EDXRD experiments also reveal a wealth of kinetic and
mechanistic information about this complex system. The
effect of temperature on the product formed has been
described in the previous section. Sharp-Hancock analy-
sis of the R(t) versus time data for the formation of 2, as a
function of temperature, is shown in Figure 11a, and the
kinetic parameters obtained for all the phases are sum-
marized in Table 2. The induction periods refer to the
time taken for coherent diffraction for that phase to be
observed and were used to define t= 0 for the growth of
each phase. It is found that the induction period for the
reaction decreases as the temperature is increased. The
exponents obtained have an average value of n ≈ 2 for
phase 2. This suggests that the two-dimensional (2D)
growth of these materials is phase-boundary-controlled,
following instantaneous nucleation. Confirmation that
the mechanism for the formation of 2 remains constant
across the temperature range investigated can be obtained
from the reduced time plot shown in Figure 11b, which
shows that the extent of reaction curves for each tem-
perature are superimposable within experimental error.
In addition, the rate constants can be used to obtain an
estimate of the activation energy for the formation of 2.
From the plot of ln(k) vs 1/T, shown in Figure 12, the
activation energy for the hydrothermal synthesis of 2

from basic solution can be calculated to be þ67 kJ/mol.
This value is comparable to those determined in this way

Figure 10. Crystal structure of Yb4O(OH)9NO3. (Yb3þ cations are
represented in blue, O atoms are represented in red, N atoms are
represented in dark blue, and H atoms are represented in pink).

(47) Wolcott, H. A.;Milligan,W.O.; Beall, G.W. J. Inorg. Nucl. Chem.
1977, 39, 59.
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for other layered hydroxide systems including the recon-
struction of Mg/Al LDHs (þ41 kJ/mol) and the forma-
tion of Li/Al LDHs by the intercalation of Li salts into
gibbsite (þ27 kJ/mol).48,49

A similar kinetic analysis for the other phases reveals
that the exponent for the formation of 1 has an average
value of n ≈ 2.5, suggesting a similar two-dimensional
growth mechanism to that observed for 2. The reduced
time plot for 1 confirms that the mechanism remains
constant across the temperature range investigated, and
the activation energy for the hydrothermal synthesis of 1
can be estimated to beþ29 kJ/mol. Because phases 3 and

4 are observed at fewer temperatures, a detailed analysis
of the data is not possible.
In several of the reactions, one phase is observed to

transform into another and analysis of the intersection of
the R(t) versus time curves can provide further mechan-
istic information. At 175 �C, both phases 1 and 2 begin
to crystallize after an induction period of ∼400 s (see
Figure 3b). After a short period of simultaneous growth,
the crystallization of 1 becomes dominant and it is not
until this phase has passed through its maximum that the
growth of 2 resumes. The intersection of the two curves is
located at R≈ 0.5, which implies that the loss of coherent
diffraction from 1 is matched by the gain in coherence
from 2, suggesting that the transformation is largely
topotactic. In the case of the reaction at 210 �C
(Figure 8b), the extent of reaction curves for both the
transformation of 2 to 3 and that of 3 to 4 intersect at
R ≈ 0.4, suggesting that a degree of random nucleation,

Figure 11. (a) Sharp-Hancock plots for the formation of 2 over a range
of temperatures and (b) plots of extent of reaction (R) against reduced
time (t/t0.5) for the formation of2. (Symbol legend: (O) 100 �C, (0) 125 �C,
(4) 150 �C, (]) 175 �C, (þ) 210 �C, and (�) 220 �C).

Figure 12. Arrhenius plot for the determination of the activation energy
for the formation of 2.

Table 2. Kinetic ParametersObtained from the Sharp-HancockAnalysis

of the Time Resolved In Situ EDXRD Data for 1 - 4

temperature (�C) induction time (s) exponent k (s-1)

1, Yb2(OH)5NO3 3 1.5H2O, 9.2 Å Phase
125 570 2.41 3.59 � 10-7

150 300 2.45 2.86 � 10-7

175 270 2.47 9.24 � 10-7

220 150 2.60 1.55 � 10-6

2, Yb2(OH)5NO3 3 2H2O, 9.4 Å Phase
100 600 2.50 1.69 � 10-7

125 570 1.10 2.40 � 10-6

150 300 2.13 3.31 � 10-6

175 300 1.69 1.07 � 10-5

210 60 2.08 2.44 � 10-5

220 210 1.56 7.15 � 10-5

3, Yb2(OH)5NO3 3 1H2O, 8.5 Å Phase
210 1400 2.03 4.11 � 10-6

4, Yb4O(OH)9NO3

210 1950 1.92 5.44 � 10-6

(48) Fogg, A. M.; O’Hare, D. Chem. Mater. 1999, 11, 1771.
(49) Millange, F.; Walton, R. I.; O’Hare, D. J. Mater. Chem. 2000, 10,

1713.
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leading to a loss of intensity from the first phase before the
growth of the second phase, is observed is apparent.
Throughout this study, no evidence has been found for
any of the transformations being reversible.

Conclusions

Time-resolved in situ energy-dispersive diffraction has
revealed three different layered ytterbium hydroxynitrate
phases with the layer composition [Yb2(OH)5]

þ; Yb2-
(OH)5NO3 3 1.5H2O (interlayer separation = 9.2 Å; 1),
Yb2(OH)5NO3 3 2H2O (9.4 Å; 2) and Yb2(OH)5NO3 3
2H2O (8.5 Å; 3). These phases ultimately transform, at
temperatures above 200 �C, toYb4O(OH)9NO3 (4), which
has a 3D framework structure. Each of these phases has
been isolated and the crystal structures of 2, 3, and 4 have
been determined. Compounds 1, 2, and 3 differ in their
degree of hydration and in the location of the nitrate
anion, which is bound to theYb3þ cations in 2 and 3 but is
thought to be located in the interlayer gallery in 1, based

on the anion-exchange behavior. It was observed that 2
and 3 were largely resistant to anion exchange but 1

undergoes exchange readily at room temperature. The
in situ diffraction investigation has also shown that 1 and
2 are formed by a two-dimensional phase-boundary-
controlled growth mechanism with activation energies
of þ29 and þ67 kJ/mol, respectively.
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