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We report two new extended inorganic materials based on gadolinium. The first, [Gd(COs)oH,O][NH,], consists of
negatively charged 2-D sheets of gadolinium carbonate with one coordinated water molecule and an ammonium
cation between the layers. The coordinated water and one carbonate extend into the interlayer space, connecting
the layers via an extensive hydrogen bonding network which includes the ammonium ions. The second, a closely
related yet more condensed framework structure, [Gdy(CO3)sNHzH,0], is formed at a higher hydrothermal temperature
and was characterized by single crystal X-ray diffraction data collected at a synchrotron. This second structure
contains layers that are isostructural to the first, bridged together by carbonate, and coordinated by water and
ammonia. The properties of these materials were studied by thermogravimetric analysis—mass spectrometry,
photoluminescence, electron paramagnetic resonance, and Raman and infrared spectroscopy. The 2-D
[Gd(CO3),H.O][NH,] is stable to about 175 °C, though water and ammonium loss continues through the entire
thermogravimetric analysis trace. The 3-D material remains intact until about 325 °C. Both structures exhibit broad
luminescence bands in the near-ultraviolet region centered at 354 nm. Electron paramagnetic resonance and magnetic
susceptibility show spin—spin coupling between adjacent gadolinium atoms in both structures and confirm that
they are paramagnetic. These materials show interesting photoluminescent and paramagnetic properties that could

possibly be exploited for chemical sensing or magnetic materials applications.

Introduction

We are interested in the design and synthesis of extended
open framework inorganic solids for use as heterogeneous
catalysts in addition to use as intercalation, optoelectronic,
solid-state electronic, or magnetic materials. Rare earth
metals have interesting luminescent and magnetic properties
because of the electrons in their 4f orbitals.'* New technolo-
gies being developed for rare earth containing extended solids
include catalysis,** phosphors,>® magnetic and magneto-
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optic materials,”® superconductors,”'® and Raman lasers.'""'?

Our research group recently began investigating lanthanide
metals for their range of possible geometries coupled with
their potentially useful properties.'® The original aim was
to discover new solid inorganic materials where the host
structures contain rare-earth metals and where uptake or
exchange of a guest molecule leads to an observable change
in fluorescence.
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Doping of host solids with trivalent rare earth ions is also
an area of intense research. Lanthanide metals such as Eu*",
Tb**, and Er’' are used as dopants in several different
systems for up-conversion phosphors.'*”'® Many mixed
metal compounds intrinsically contain rare earths such as
(Gd,-,La,),03, used as a lithium ion conducting electrolyte
by doping with LiNO; and KNOs."” (Gd,_,La,),03 doped
with LiNO; has also been used as an auxiliary electrode in
a solid electrolyte NO gas sensor.'® Gadolinium oxide is used
as a dopant in semiconductor photocatalyst systems for the
decomposition of organic pollutants and water splitting.'®
Photocatalysis is therefore another application we would like
to explore with lanthanide containing solids.

Rare earth carbonate extended materials have been pre-
pared by thermal decomposition of urea.’® The lanthanide
carbonate structures crystallize in an orthorhombic cell setting
and are isostructural to the mineral tengerite, Y»(COs);*nH,0
(n = 2—5). There were many early reports with conflicting
composition because of the poor crystallinity and polycrys-
tallinity of these rare earth carbonates. With advances in area
detectors for X-ray diffraction, the ambiguity of the com-
position of the tengerite-type structures has become clear.?!
Similarly, the use of high intensity synchrotron X-ray sources
for examining much smaller crystals has become more
routine in recent years. The gadolinium carbonate form of
tengerite was synthesized hydrothermally and used as host
lattice for Eu*" activated phosphor powder.® Eu—Gd silicates
were also synthesized hydrothermally and showed high
emission quantum yields (up to 21.4%).?* Layered rare earth
hydroxides were very recently synthesized by the hydro-
thermal method.?

Here, we report two recently discovered gadolinium aquo
carbonate structures containing ammonium or coordinated
ammonia. The materials were prepared by hydrothermal
synthesis with accompanying hydrolysis of urea. The carbon-
ate resulting from the hydrothermal decomposition of urea
is partially or completely anchored to the anionic layered
[Gd(CO;),H,0][NH,] structure through strong covalent
bonds to the metal. [Gd,y(CO3);NH3H,0] is a neutral 3-D
covalent network containing embedded 2-D layers of the
[Gd(CO;),H,0O][NH,4] structure but, bridged together by
carbonate and the ammonium ion, is instead a coordinated
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ammonia ligand. Thermal characterization, vibrational spec-
troscopy, photoluminescence (PL), electron paramagnetic
resonance (EPR), and room temperature magnetic suscep-
tibility are reported for these new materials herein.

Experimental Section

Synthesis. [Gd(CO;),H,O][NH,4] (which we denote SLUG-7, for
University of California, Santa Cruz, Structure No. 7) was
synthesized solvothermally under autogenous pressure. Solid
Gd(NO3)3+6H,0 (99.9%, Acros) and urea (ACS reagent, Sigma-
Aldrich) were added to deionized water in a 1:10:80 molar ratio,
respectively. The total volume of the reaction mixture was scaled
to 10 mL H,0 and added to a Teflon lined autoclave (constructed
in-house). The 15 mL capacity autoclave was filled to about 2/3
capacity and heated statically in an oven at 150 °C for the layered
structure [Gd(COs),H,O][NH4] (SLUG-7) and at 175 °C for the
3-D structure [Gd,(CO3);NH3H,0] (which we denote SLUG-8) for
48 h. The pH of the reactant solution increased from 4.8 to 9.4
during synthesis for SLUG-7 and to 9.7 for SLUG-8. The average
yield was 86.4% (1.88 g) for SLUG-7 and 89.1% (1.75 g) for
SLUG-8. Elemental anal. (Quantitative Technologies Inc., White-
house, NJ): 7.67% C (caled 7.67%), 1.60% H (1.93%), and 4.69%
N (4.47%) for SLUG-7 and 7.01% C (6.80%), 0.79% H (0.95%),
and 2.60% N (2.65%) for SLUG-8.

Instrumental Details. Powder X-ray diffraction (PXRD) data
were recorded using a Rigaku Americas MiniFlex Plus powder
diffractometer (Cu Ka, A = 1.5418 A). Diffraction patterns were
recorded from 2 to 40° 260, with a step size of 0.04° at a rate of 2°
per minute. Single crystal data for SLUG-7 were recorded using a
Bruker SMART APEX II CCD area detector X-ray diffractometer
using graphite monochromated Mo Ko radiation (A = 0.71073 A).
Crystallographic data for SLUG-8 were collected at Beamline 11.3.1
at the Advanced Light Source (ALS), Lawrence Berkeley National
Laboratory (A = 0.77490 A). The structures were solved by direct
methods and expanded routinely. The models were refined by full-
matrix least-squares analysis of F? against all reflections. All non-
hydrogen atoms were refined with anisotropic thermal displacement
parameters. Thermal parameters for the hydrogen atoms were tied
to the isotropic thermal parameter of the atom to which they are
bonded. Programs used were as follows: APEX-II v2.1.4;**
SHELXTL v6.14;%> and Diamond v3.1e (demonstration version).>®

Thermogravimetric analysis—mass spectrometry (TGA-MS) data
were collected using a TA Instruments 2050 TGA with N(g) purge,
coupled to a quadrupole sector mass spectrometer (Pfeiffer Vacuum
Thermostar, GSD 301 T3) with 70 eV ionization potential. Samples
were analyzed from ambient temperatures to 1000 °C at a rate of
10 °C per minute. Optical micrographs were obtained with an
AxioCam MRc digital camera mounted on a Carl Zeiss Axioskop
MAT optical microscope. PL. measurements were performed using
a Perkin-Elmer LS50-B photoluminescence spectrophotometer
equipped with a solid-state sample holder. Samples were prepared
by evaporating ethanol dispersions of finely ground microcrystals
on glass slides. EPR spectra were measured on a Bruker EMX
X-band spectrometer equipped with a constant flow cryostat. The
field was 6000 gauss swept in 81.92 s with a time constant of 655
ms. The field was modulated at 100 kHz with an amplitude of 20
G. EPR spectra were recorded at a temperature of 123 K. Samples
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Figure 1. Optical micrographs (500x magnification) of crystals of SLUG-7
(a) and SLUG-8 (b).

were prepared by grinding 1 mg of sample per gram of KBr in an
agate mortar and pestle and then placed in 4 mm OD quartz EPR
tubes. Magnetic susceptibility was measured at room temperature
using a Johnson Matthey magnetic susceptibility balance. Samples
were prepared as fine powder in a 4 mm OD sample tube. Raman
spectroscopy was carried out using a Renishaw micro-Raman setup
using an Olympus optical microscope with 50x objective lens. The
wavelength of the laser was 633 nm and was operated at 17.0 mW
(Research Electro-Optics, Inc. Boulder, CO). Fourier transform
infrared (FTIR) spectroscopy of the materials was accomplished
using a Perkin-Elmer Spectrum One spectrophotometer. Samples
were prepared as KBr disks.

Results and Discussion

SLUG-7 was synthesized with accompanying hydro-
thermal hydrolysis of urea and formed in high yield at a
synthesis temperature of 150 °C. Below this optimal
temperature for synthesis, no crystalline product forms.
The thermal decomposition of urea has been used previ-
ously to prepare the gadolinium carbonate compounds
Gdy(CO5)5+2.5H,0 and Gd,O(CO;),+H,0.° The carbonate
anions formed by the hydrolysis of urea are chelated to
gadolinium. In the case of SLUG-7, the ammonium also
formed by the hydrolysis of urea appears in the final
structure. The layers take on carbonate and a net negative
charge, while the ammonium remains in the interlamellar
space fulfilling charge neutrality.

The compound crystallizes in a colorless plate-like
morphology (Figure la, Table 1), usually indicative of a
layered crystalline material. The crystals exhibited a
birefringence effect due to multilayer crystalline stacking
and beveled crystals (Figure 1). Single crystals of suitable
size were easily obtained for X-ray diffraction; the average
size was about 60 x 50 x 20 um? thin plates. The second
compound, SLUG-8, is formed at a synthesis temperature
of 175 °C. This structure has no overall charge on the
framework. The crystals are again colorless plates (Figure
1b) but are made up of multicrystal stacks, which made
selection of a suitable single crystal very challenging. The
largest single crystal that could be obtained was 30 x 30
um? and less than 10 um thick in the direction of stacking
(Table 1).

Elemental analysis is consistent with the structural
formulations obtained by single crystal X-ray diffraction
(see Experimental Section). Both structures evolved gas
upon exposure to hydrochloric acid, confirming the
presence of carbonate in the structures. It is interesting

to consider the interaction of carbonate formed by
hydrolysis of urea, displacing nitrate from the starting
gadolinium reagent. Carbon is only slightly less electro-
negative than nitrogen, giving oxygen increased electron
density and therefore more strength to chelate gadolinium.

For the SLUG-7 structure, gadolinium is nine-coordinated
by the oxygen atoms of four carbonate molecules and one
water molecule (Figures 2a and 3a,b). The coordination
geometry around gadolinium is that of a tricapped trigonal
prism, commonly found in nine-coordinate compounds.*’**
There are two types of carbonate molecules: the pendant
carbonate which caps the layer and extends into the gallery
space and the laterally bridging carbonates that define the
layers. The carbonate that is extended into the interlamellar
region is #—2 coordinating to a given gadolinium (Figure
3a,b and Table 2).

Each oxygen of the two intralayer carbonates is u—2
bridging with respect to gadolinium, connecting in the
roughly [010] and [011] directions, resulting in extended two-
dimensional layers. The bond angle between O(1) of the
capping carbonate (nearly perpendicular to the layers in the
c direction, Figure 3a), gadolinium, and O(4) is 80.24(14)°,
while the O(1)—Gd—0O(5) bond angle is 105.84(13)° (Figure
2a, Table 2). Thus, if these two bonds are bisected, the
bridging carbonate molecule as a whole is nearly at a 90°
angle from the Gd—O(1) bond. Both of the lateral carbonate
molecules are symmetry equivalent (Figures 2a and 3a,b).
The remaining two bonds to oxygen are from the u—2
intralayer bridging carbonates of the gadolinium on the other
half of the double layer, as related by crystallographic mirror
plane symmetry.

The two component layers within each SLUG-7 double
layer are joined together by u—2 bridging oxygen atoms of
the horizontally bridging carbonates, creating a corrugated
layer (Figure 3b). Viewed down the b-axis, the double layer
is partially held together by hydrogen bonding between the
coordinated water molecules on each adjacent gadolinium
atom and the pendant carbonate oxygens (Figure 3b). The
layers are situated symmetrically as mirror images joined
by bonds through the oxygen atoms when viewed in the b—c
plane (Figure 3a). The distance to the closest neighboring
gadolinium atom is 4.1656(15) A, beyond reasonable cova-
lent bonding distance [median Gd—Gd contact distance ca.
3.693 A by a search of the Cambridge Structural Database
(CSD) and the Inorganic Crystal Structure Database
(ICSD)].2-30

Ammonium ions also exist in the interlamellar space
and are involved in an extensive hydrogen bonding
network with the layers (Figure 3a,b and Table 3). The
water molecules coordinated to gadolinium also form
hydrogen bonds to the oxygen atoms of the capping
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Table 1. Crystallographic Information, Data Collection, and Refinement Parameters for the Two Materials

structure

empirical formula
formula weight (g+mol™!)
temperature (K)
wavelength (A)

crystal system

space group

unit cell dimensions (A)

volume (A%)

V4

density (calculated, g-cm™3)
absorption coefficient (4, mm™!)
F(000)

crystal size (mm?®)

6 range for data collection (deg)
index ranges

reflections collected
independent reflections
completeness to 6

absorption correction

max and min transmission
refinement method
data/restraints/parameters
goodness of fit on 2

final R indices [I > 20(])]

R indices (all data)

largest diff. peak and hole

SLUG-7
GdH¢C,NO;
313.33

150(2)

0.71073 (Mo Ka)
orthorhombic
Pbca

a =6.051(3)

b = 9.205(5)

c = 24.743(13)

1378.2(12)

8

3.058

9.637

1168

0.08 x 0.06 x 0.02

3.29 to 28.18

8 =<h=8 —-12=<k=<12,-32=<1=<32
12706

1683 [Rin = 0.0613]

28.18° = 99.5%

empirical

0.8306 and 0.5133

full-matrix least-squares on F>
1683/0/118

1.033

R, = 0.0265, wR, = 0.0495
R, = 0.0440, wR, = 0.0548
1.137 and —0.958 ¢ +A 3

SLUG-8

Gd2H5C3N010

529.57

150(2)

0.77490 (synchrotron)
monoclinic

Cc2

a = 15.287(2)

b = 6.1941(9)

¢ = 4.6631(7)

S = 95.558(2)°

439.47(11)

2

3.987

15.009

472

0.03 x 0.03 x 0.01

2.92 to 31.21
—20<h=<20,-8<k=<8, -6=1<6
2805

1093 [R;, = 0.0287]

31.21° = 100.0%

empirical

0.3397 and 0.4335
full-matrix least-squares on F>
1093/14/76

1.173

R; = 0.0351, wR, = 0.0852
R; = 0.0451, wR, = 0.0934
4.855 and —1.527 e+ A3

carbonate molecules that point into the interlayer space.
All hydrogen atoms form strong hydrogen bonds to
neighboring oxygen atoms.®' The hydrogen bonding
network bears resemblance to that of ice Th,** which may
be useful for intercalation of polar or gaseous molecules
between the layers. The anionic charge on the layers could
possibly be used as a host structure for cation intercalation/
exchange. We are currently evaluating this structure for
its propensity as a cation exchange material.

When the synthesis temperature is increased to 175 °C,
the resultant structure is a more condensed, 3-D extended
structure (SLUG-8) as evidenced by PXRD (Figure 4) and
single crystal data (Figure 3c,d). In the case of this system,
the higher synthesis temperature leads to a more condensed
structure. A more compacted structure resulted where the
intralayer ammonium ions have been driven out or
coordinated to gadolinium as ammonia. The space between
the layers (basal spacing) is 12.28 A for SLUG-7, and in
the case of SLUG-8, the majority basal (200) peak

o
)

A
l- . i1
-—ﬁ,w, DBA) \ -
QisA) T

a

decreases to 7.57 A (Figure 4). The small crystal size (30
x 30 x <10 um, Figure 1, Table 1) of SLUG-8 made
single crystal analysis extremely challenging. The SLUG-8
phase is essentially fine microcrystalline intergrown and
stacked multicrystals. Data were successfully collected on
the synchrotron beamline 11.3.1 at the Advanced Light
Source at Lawrence Berkeley National Laboratory, through
the SCrALS program (Service Crystallography at the
Advanced Light Source).

The gadolinium is also nine-coordinate in SLUG-8 (Figure
3c,d and Table 4). The SLUG-8 phase is a condensed version
of SLUG-7, where the double layers have been joined
together by the pendant carbonates in the c-direction (a-
direction in SLUG-8, Figure 3c,d). The connection of the
layers causes a slight shift in the layer angle with respect to
the cell edge, resulting in the a—c angle being inclined and
a monoclinic cell type. The intralayer ammonium cations
that were present in SLUG-7 are absent although the
coordinated water remains in the 3-D structure. Instead, the

..\'.--'Ol:}ﬂ:' B

Figure 2. Oak Ridge thermal ellipsoid plot diagrams and atom labeling schemes of the coordination spheres of SLUG-7 (a) and SLUG-8 (b). Thermal
ellipsoids are shown at 50% probability. The ammonia and water for SLUG-8 were found to be disordered at the same position; only the former is depicted

here for clarity.
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Figure 3. Crystallographic images of the two structures, with unit cell included (Gd = purple, C = gray, N = blue, O = red, H = light gray, and hydrogen
bonds are represented as dashed yellow lines). View along the crystallographic a-axis of SLUG-7 shows the layers end-on (a). View in the a—c plane
showing the corrugated layers (b). Images of SLUG-8 in the a—c plane (c) and the a—b plane (d).

ammonium appears to have been deprotonated and ammonia included in the crystal structure as half-occupancy. Every
has ligated to gadolinium. The water and ammonia are other site contains water or ammonia.
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Table 2. Bond Lengths (A) and Angles (deg) in the Coordination
Sphere of Gadolinium in SLUG-7¢

Gd(1)—0(6)A 2.360(4) Gd(1)—0(7) 2.386(5)
Gd(1)—0(1) 2.389(4) Gd(1)-0(2) 2.417(4)
Gd(1)-0(4) 2.430(4) Gd(1)—-O(4)B 2.453(4)
Gd(1)-0(5)C 2.492(4) Gd(1)-0(5) 2.499(4)
Gd(1)~0(6)B 2.508(4)

0O(7)—Gd(1)—0(1) 72.98(15)  O(1)—Gd(1)—0(2) 54.41(13)
0(7)—Gd(1)—0(2) 126.68(15) O(7)—Gd(1)—0(4) 79.20(15)
O(1)—Gd(1)—0(4) 80.24(14) 0O(2)—Gd(1)—0(4) 98.25(14)
O(7)—Gd()—0(5)  130.86(15) O(1)—Gd(1)—O(5) 105.84(13)
0(2)—Gd(1)—0(5) 76.95(14) O(4)—Gd(1)—0(5) 53.14(13)
O(6)A—Gd(1)—O0(7)  150.91(15) O(6)A—Gd(1)—O@)  117.65(13)
O(6)A—Gd(1)—O@)B  80.00(13) O(1)—Gd(1)~O4)B  82.54(14)
0(4)—Gd(H)—O0@)B  160.96(18) O(7)—Gd(1)—-O(5)C  79.27(15)

0(2)—Gd(1)=0(5)C  152.49(13) O(4)B—Gd(1)—O(5)C 115.74(13)

0(@)B—Gd(1)~0(5)  141.07(13) O(6)A—Gd(1)—O6)B  79.26(9)
O(D)—Gd(1)~O0(6)B  123.02(13) O@)—Gd(1)~O(6)B  133.78(13)
0(5)C—Gd(1)~0(6)B  63.57(12) O6)A—Gd(1)—0(1)  130.57(13)
O(6)A—Gd(1)—0(2)  76.78(14) O(7)—Gd(1)-O4)B  88.06(15)
0(2)—Gd(H)—0@)B  78.01(13) O(6)A—Gd(1)—O(5)C  82.21(13)
O()—Gd(D—0()C  146.24(14) O@)—Gd(1)—-0(5)C  75.96(13)
0(6)A—Gd(1)—0(5)  65.57(13) O(5)C—Gd(1)—0(5)  78.29(9)
O(7)—Gd(D—0(6)B  72.46(15) O(2)—Gd(1)—O(6)B  127.95(13)
O@)B—Gd(1)~0(6)B  52.59(12) O(5)—Gd(1)~O(6)B  131.02(13)

“ Symmetry transformations used to generate equivalent atoms. (A) —x,
y+ 12, —z+ 172, B) —x+ 172,y + 1/2, z; (C) x + 172, y, —z + 1/2.

Table 3. Hydrogen Bonding Distances (A) and Angles (deg) in
SLUG-7“

D—H---A dD—H) dMH:+A) dD--+A) Z[DHA)

O(7)—H(7A)++-02)G  0.74(7) 2.13(7) 2.845(6) 161(7)
O(7)—H(7B)+++O(2)D  0.65(7) 2.15(7) 2.769(6) 159(9)
N(D)—H(1A)++-O(1) 0.96(8) 1.94(8) 2.892(8) 171(6)
N(1)—H(1B)---O(3)G  0.77(8) 2.01(8) 2.769(8) 167(8)
N()—H(1D)+--O@3)H  0.90(8) 1.88(8) 2.771(8) 169(7)

“ Symmetry transformations used to generate equivalent atoms. (D) —x
+ 12,y =12,z G x+ 1y, oo (H) x + 1/2,—y + 172, =z + 1.

There is one hydrogen bond in the SLUG-8 structure; the
proton distance on N(1)/O(6) to O(2) is 2.28 A, and the
donor—H—acceptor angle is 128.5° (Figure 3c,d). This bond
is between the coordinated water or ammonia proton to the
closest oxygen on the bridging carbonate. SLUG-8 is similar
to the tengerite structure, though the rare earth carbonate
tengerite-type structures all have an orthorhombic cell setting
and contain no nitrogen.’

Thermal Characterization

TGA-MS traces of SLUG-7 indicate that the layered
structure does not collapse to the more condensed structure
upon heating to the synthesis temperature of SLUG-8 (Figure
5). Rather, ex situ heating and subsequent PXRD show that
SLUG-7 decomposes into an amorphous powder mixture
upon heating at or above 175 °C. The mass spectrum shows
ammonium and water being evolved from the structure from
the beginning of the measurement, possibly because of
surface adsorption, and increasing in current near the onset
of the majority of weight loss (18 m/e). Fragments were
observed with the mass of 44 m/e and were attributed to
CO,*. At 300 °C, about 10% of the original sample weight
has been lost, corresponding to the loss of NH,* ions and
water molecules. The TGA trace slightly levels off at this
point, coinciding with an increase in the 18 m/e mass
spectrum (Figure 5). After the second major onset of mass
loss around 625 °C, about 64% of the original mass remains,
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Figure 4. PXRD of SLUG-7 (bottom, red) and SLUG-8 (top, blue).

Calculated theoretical powder diffraction patterns are shown beneath each
pattern.
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Figure 5. TGA-MS of SLUG-7 (TGA trace shown in green).

corresponding to only Gd(CO,) remaining (ca. 64.2%). By
900 °C, about 42% of the original sample weight has been
lost, corresponding to the loss of ammonium, water, and 80%
of the original carbonates.

TGA-MS shows relatively increased thermal stability for
SLUG-8 up to about 325 °C (Figure 6), the calculated onset
of weight loss. A slight decrease in the mass of about 2%,
however, is observed from 30 °C up until the major onset
of weight loss, likely because of physisorbed water. The mass
spectrum shows the majority of mass loss is 18 m/e just
above 350 °C, corresponding to loss of water. Ammonia is
observed evolving from the structure as the 17 m/e fragment.
The increase in the 44 m/e fragment signal at about 350 °C
along with the water trace is due to CO,*. All three of the
mass spectrum traces show a sharp increase at the major
onset of weight loss at 325 °C. After the major mass loss,
about 82% of the mass remains, corresponding to Gd,(CO3),
(ca. 82.1%). At 900 °C, about 68% of the original mass
remains, corresponding to loss of ammonia, water, and 75%
of the original carbonate molecules from the structure. All
PXRD patterns after heating above 500 °C show amorphous
powders.
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Table 4. Bond lengths (A) and Angles (deg) in the Coordination Sphere
of Gadolinium in SLUG-8“

Gd(1)—0(1) 2.4388(8) Gd(1)—O(4)A 2.400(11)
Gd(H)—0(2) 2.429(12) Gd(1)—-0(3)B 2413(11)
Gd(1)-0(3) 2.538(11) Gd(1)~O(5)C 2.444(10)
Gd(1)—0(5) 2471(9) Gd(1)—-0@4)C 2.526(11)
Gd(1)—0(6) 2.432(14)

0(2)—Gd(1)~0(3) 56.1(4)  0Q)—Gd(H)—0®6)  119.3(4)

0(2)—Gd(1)—0(1) 57.5(11)  0(2)—Gd(1)—0(5) 60.4(4)

O()—-Gd(H—0@3)  107.9(10) O@)A—Gd(1)—0(2) 132.1(4)

0(5)—Gd(1)—0(3) 5233)  O(D—Gd(D)—0(5)  73.0(4)

0(6)—Gd(D—0(5)  1254(4)  0(6)—Gd()—0(3)  175.3(4)

0(3)B—Gd(1)-0(5)C 77.54)  0(6)—Gd()—0(5)C  73.5(4)

O@A—Gd(1)—0(6) 100.2(4)  OB3)B—Gd(1)—O(1) 145.1(9)

O@A—Gd(H)—0(5)  7533)  OB3)B—Gd(1)—0(3) 106.9(2)

0(5)C—Gd(1)~-0(3) 106.03)  0(6)—Gd(1)~0(1) 67.5(10)
OAA—GA(H—0A)C 1083(2)  OQ)—Gd(1)~-0&)C  72.1(4)

O(H—Gd(1)~0@)C  121.2(10)  O(5)—Gd(1)~O&)C  108.03)

0(4)C—Gd()-03)  56.73)  O()C—Gd(H—0MA)C 52.9(3)

O@A—GA(H—03)B  60.04)  OB)B-Gd(H—0(2) 149.0(4)

0(3)B—Gd(1)-0(6)  77.6(4)  O@)A—Gd(1)—O(1) 127.1(7)

O@)A—Gd()—0(B)C 137.23)  02)—Gd()—-0(5)C  82.9(4)

O()—=Gd(D—0GB)C  90.4(4)  OB3)B—Gd(1)—0(5) 133.5(4)

0(3)B—Gd(1)~0@)C 76.9(4)  0(6)—Gd()—OA)C  124.2(4)

0(5)C—Gd(1)~0@)C  5293)  OM@)A—Gd(1)-0(3)  83.3(4)

“ Symmetry transformations used to generate equivalent atoms. (A) —x
+32,y =12, —zB) —x+ 32,y — 12, =z + 1, (C) x, y, z + 1.
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Figure 6. TGA-MS traces of SLUG-8 as the structure thermally decom-
poses.

The TGA-MS data initially suggest it may be possible to
calcine the water and ammonia out of SLUG-8 at about 325
°C to render accessible channels. It was calculated, however,
that there would only be about 30.4 A% of void space if the
water and ammonia molecules were removed, about the size
of a water molecule (the program PLATON was used).*
Upon ex situ heating beyond 600 °C and subsequent PXRD,
the materials were again found to be amorphous powders.

Photoluminescence

Both materials show broad PL emission bands centered
around 354 nm when excited at 250 nm in the solid state at
ambient temperature, and this is due to a Gd(III) 3S;, <
®P;, transition (Figure 7).2* Gadolinium(III) is known to

(31) Jeffrey, G. A. An Introduction to Hydrogen Bonding; Oxford University
Press: New York, 1997.

(32) Goto, A.; Hondoh, T.; Mae, S. J. Chem. Phys. 1990, 93, 1412-1417.

(33) Spek, A. L. J. Appl. Crystallogr. 2003, 36, 7-13.

(34) Teotonio, E. E. S.; Brito, H. F.; Felinto, M. C. F. C.; Thompson, L. C.;
Young, V. G.; Malta, O. L. J. Mol. Struct. 2005, 751 (1—3), 85-94.
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Figure 7. PL emission (270 to 450 nm; 250 nm excitation wavelength)
and excitation spectra (225 to 340 nm; 365 nm excitation wavelength) of
SLUG-7 (red), SLUG-8 (blue), and the Gd(NOs); starting reagent (green).

exhibit a broad, long lasting phosphorescence under UV
excitation at low temperatures and longer wavelengths.*
There is a slight blue shift in the emission bands in SLUG-7
and SLUG-8 versus the starting material, which is a
molecular salt. Aqueous Gd(NOj3);+6H,0 has one bidentate
nitrate and another monodentate nitrate ligand coordinating
gadolinium, while the third is solvated and not actually bound
to the metal.*® The blue shift may be a result of the increased
rigidity of our carbonate extended structures. Emission
spectra of both our materials show a shoulder at about 310
nm, just before the main emission peak at 354 nm. These
bands may be from ligand-to-metal charge transfer transitions
from the carbonate ligands.?” The excitation spectra when
excited at 365 nm in Figure 7 show two absorbance bands
at 235 and 250 nm. When excited at 235 nm, the emission
band intensity at 354 nm increases by about 31% as
compared to excitation at 250 nm (not shown). The intensity
of the PL increases in this order: starting material, 2-D
structure, and 3-D structure. This trend seems to indicate a
correlation between PL intensity and rigidity of the frame-
work.

Vibrational Spectroscopy

Both materials show broad N—H stretching bands in the
infrared region between 2800 and 3500 cm ™! because of
ammonium in SLUG-7 and coordinated ammonia in SLUG-8
(Figure 8).*® The infrared and Raman absorption band
assignments are shown in Table 5. The infrared spectrum of
SLUG-8 exhibits a sharp absorption at 3332 cm ™!, charac-
teristic of coordinated ammonia.*® For the starting
Gd(NO3);°6H,0 reagent, the O—H stretching absorption is

(35) Fernandes, J. A.; Ferreira, R. A. S.; Pillinger, M.; Carlos, L. D.; Jepsen,
J.; Hazell, A.; Ribeiro-Claro, P.; Goncalves, 1. S. J. Lumin. 2005, 113
(1—2), 50-63.

(36) Nelson, D. L; Irish, D. E. J. Chem. Phys. 1971, 54 (10), 4479—4489.

(37) Zhou, Y. F.; Jiang, F. L.; Yuan, D. Q.; Wu, B. L.; Hong, M. C. J.
Mol. Struct. 2005, 743 (1—3), 21-27.

(38) Nakamoto, K. Infrared and Raman Spectra of Inorganic and Coor-
dination Compounds, 5th ed.; John Wiley & Sons, Inc.: New York,
1997.
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Figure 8. FTIR spectra of SLUG-7 (red), SLUG-8 (blue), and the starting
material (green).
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Table 5. Assignments of Raman and FTIR Vibrational Bands for Each
Material

38—40

structure vibrational mode Raman (cm™')  infrared (cm™!)

SLUG-7 CO asymmetric stretch 1418 1493
CO, symmetric stretch 1318 1327
CO symmetric stretch 1054, 1093 1156
coordinated H,O rocking 774 750
coordinated H,O wagging 730 750

SLUG-8 CO asymmetric stretch 1437 1493
CO, symmetric stretch 1398 1398
CO symmetric stretch 1069, 1099 1163
coordinated H,O rocking 773 750
coordinated H,O wagging 750

observed in the 3000 to 3500 cm™! range, presumably from
the waters of hydration. SLUG-7 shows a lower frequency
N—H stretch at 3217 cm™!, presumably from the uncoordi-
nated ammonium cations versus the coordinated ammonia.
Another component of this band is present at about 2750 to
3000 cm™!, also because of the ammonium ions. CO
stretching was observed in the 1200 to 1700 cm™! region
for both structures from the various carbonate modes (Table
5). The rigidity of the structure increases from SLUG-7 to
SLUG-8 as evidenced by the IR spectra. The CO stretching
modes have shifted to higher energy as compared to the NO
modes in the starting reagent, also increasing in intensity
from SLUG-7 to SLUG-8.

The Raman spectra for both structures as well as the
starting material are shown in Figure 9. Both new structures
show strong vibrational transitions not present in the starting
material; 1054 and 1093 cm™! for SLUG-7 and 1069 and
1099 cm™! for SLUG-8. These bands at higher wavenumber
can be attributed to CO symmetric stretching from the
bidentate carbonates chelating gadolinium (Table 5). There
are water rocking and wagging modes observed at 730 and
774 cm™! in SLUG-7 and at 773 cm™! in SLUG-8 from the
coordinated water molecules in both structures. In addition

(39) Lin-Vien, D.; Colthup, N. B.; Fateley, W. G.; Grasselli, J. G. The
Handbook of Infrared and Raman Characteristic Frequencies of
Organic Molecules; Academic Press Inc.: San Diego, CA, 1991.

(40) Chen, L.; Shen, Y. H.; Xie, A. J.; Huang, F. Z.; Li, S. K.; Zhang,
Q. F. Cryst. Res. Technol. 2008, 43 (8), 797-800.
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Figure 9. Raman spectra of starting reagent (green), SLUG-7 (red), and
SLUG-8 (blue).
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Figure 10. EPR spectra of the starting reagent (green), SLUG-7 (red),
and SLUG-8 (blue).

to the H,O wagging band at 730 cm ™! in SLUG-7, there is
a vibrational absorption at 774 cm !, presumably because
of the rocking mode of H,O. In the Raman spectrum of
SLUG-8, the H,O wagging absorption is absent but another
band appears at 773 cm™! because of the H,O rocking mode.
Additional CO vibrational absorptions occur at 1418 and
1318 cm™! for SLUG-7 and 1437 and 1398 cm™! for SLUG-
8. These modes are assigned to the CO asymmetric stretch
and CO, symmetric stretch, respectively.

EPR Spectra

The EPR spectra of SLUG-7 and 8 (Figure 10) indicate
there is spin communication between the gadolinium centers
in these materials, manifested by the broadness of the
transition because of dipolar broadening. The starting mate-
rial GA(NO3);*6H,0 was also analyzed and showed a much
sharper transition. The closest distance between neighboring
gadolinium atoms in the starting salt is 7.521(5) A, and none
of the gadolinium atoms are bridged. In comparison, the
nearest neighbors in SLUG-7 are 4.1655(15) A and 4.1699(6)
A for SLUG-8, and both are bridged by oxygen atoms. No
hyperfine splitting has been resolved for gadolinium isotopes
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Table 6. Magnetic Parameters for the Two New Structures and the
Starting Reagent

structure SLUG-7 SLUG-8 Gd(NOs);+6H,O
G 1.990 1.929 1.996

Am (cm+mol ") 3.84 x 1073 5.55 x 1073 29.48 x 1073
Teir () 3.02 3.63 8.36

or protons in general.*' The G-values for the structures are
listed in Table 6. Room temperature magnetic susceptibility
measurements confirmed that these structures are paramag-
netic (Table 6). The decreasing trend in effective magnetic
moment (U.g) from the starting reagent to SLUG-7 indicates
increasing spin correlation between neighboring gadolinium
atoms in the extended structures. The experimental spin-only
Uesr Of the starting reagent (8.36 ugp) is close to the free ion
spin-only magnetic moment of Gd*" (7.94 ug) and is similar
to that of other inorganic nitrate complexes of gadolinium
at ambient temperatures (8.30 to 8.98 ug).***

Conclusions

These new lanthanide metal aquo carbonate structures are
interesting from a standpoint of structural diversity. Prior to
this report, there have been no layered framework gadolinium
carbonate materials discovered.?**° The 2-D SLUG-7 struc-
ture, in which the layers are not “locked” together by
carbonate, may be able to exchange its ammonium cations.
The presence of isostructural layers in both the 2-D and the

(41) Sur, S. K.; Bryant, R. G. J. Magn. Reson., Ser. B 1996, 111 (2), 105—
108.

(42) Sherokalova, E. M.; Pleschov, V. G.; Baranov, N. V_; Korolev, A. V.
Phys. Lett. A 2007, 369 (3), 236-242.

(43) Stemmler, A. J.; Kampf, J. W.; Kirk, M. L.; Atasi, B. H.; Pecoraro,
V. L. Inorg. Chem. 1999, 38 (12), 2807-2817.

3-D materials allow for an interesting comparison of both
physical properties and mode of formation. These new
structures represent significant progress toward the discovery
of extended gadolinium based materials that may be useful
in applications such as ion conduction, chemical sensing,
gas storage, and magnetic materials. We are also exploring
other rare earth analogues and mixed metal structures of these
materials for increased PL activity from ions such as Er(III)
and Eu(II).
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