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Crystal Structure and Phase Transitions of Gd(CO;)OH Studied by
Synchrotron Powder Diffraction
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The crystal struciure of GAd{COJOH was solved using synchrotron powder X-ray diffraction,
GdiCONO0H was knowo 10 exisi i 2 forny GdrONWC O3)> H-0 and s powder pzlicen has been listed 1o
JCPDF (#430604 7 for decades, but the erystul structure hus ot yei been clueidated. The erystal structure
is solved with simulated anoealing and the DASH propram. The final Rietveld refinement converged ta
Rys~ 6.28 %, R, —4.47 % and ¥ = 1.39%. using the GSAS program. (di COYOH erysallizes in artharbombic
systern with lailice parameters a = 7.0R109(4), & = 4.4K8336(7), ¢ = 8.45010( 1 3)A and space group Pona.
GUICO0H forms a three-dimensional framework with an eight-meainbered ring, a ane-dimensional
channel and OH in the caviry, XANES of (1 L —edpge indicates that the oxidation state of Gd is 3+, Two
phase transitions of Gd{CO O were found at 300 aud 650 °C 1o vield Gdr0:C0: and Gy 04 respec-

mvely,
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INTRODUCTION

Gd compounds have attracted moch attention be-
causc of their prospoctive applications. for example, i
phosphor materials far large fat display pancls'* and as a
contrast agent for magnetic-resonance imaging (MRI) in
the sciences. " Bincompartihle amorphous Gd{(HCOq) H-(3
has heen demonstrated 1o enhance T, 4nd to decrease T- 1n
uuclcar maguctic resonance eflcets, aud ths 13 an alicrg-
tive MRI conmasl agent, GdO(C O, }:-H;0 with appropni-
ate surfuce rnodifications is an ideal template for the forma-
tion of hollow $i0); nanoshells aod hollow Si0: Fe O, hy
brid compasites. Gd-O(CG1)>-H,0 hus prospects for the
development of innavative compaosite materials and multi-
functional biematenals with imaging, rargeting, delivery
znd therapeutic capahilities.”

Although Gd:O(CO;);-H:O has been known for de-
cudes, and its powder diffraction patteri bas been listed in
JCPDF since 19877 its erystal structure has remaincd un-
detennimed. The erystul system and unit cell parimeters ure
unassigned in JCPDE. Werner atreihuted the diffraction pat-
tern to hexagonal cells (o =9.744, 0 = 7.063 A, "= 530.8
A’y with possihle zeometnc ambigmty associated with

ortharthombic ¢olla fur = 7.070, b= 8435 ¢ =4.878 A, I'=
290 A').” The hexagonal and arthorhombic cclls arc geo-
metnically related, with bie =+3,

G-O{CO 0 H 0 has great thermal stability, as re-
vealed by thermogravimetric analysis,” ™" s decomposi-
tion temperature is as high as ~300 °C. Park o7 af.” sug-
gested that the firsl inense endathermic feature of
GdO(CO - H-0 at 497 °C mipht be associated with the si-
muftancous dehydration and decomposition of ¢arbonate
groups. Dehiydratiou vurely oceurs at such o high tempera-
turs, A detailed crystalline structure might provide uselul
information about this anomalous effect.

We have alrendy deseribed a possible crystal systemn,
of hexagonal cells.” As no sufficiently large single erystal
i availahile, nur objective in this investigafion was to snive
ihc crysial strycture from poswder diflivaction dala, We dis-
cuss the great thermal stability associaied with water of
crystallizaton or the OH™ anion in the Gd compoumd. The
oxidation state of Gd was examined willh X-ray absurption
near-edge spectra, fn-situ X-ray powder diffraction was
cmployed ro define the phasce traesitions of GJ(COHOH:
wo necurred ai =300 *C and 630 °C, which we assign (o
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Grd 202005 and Gd:0y erystalline phases, respeetively. We
applied Rivtveld refinernent to solve the crysizl struclures

for Gd>0.C 05 and GdaCy.

EXPERIMENTS

The synthesis of GA{COWOH was followed the pro-
cedure in literatnre.® Tor the spherical and rhombus-like
particles, the typical preparation was perfonmed by the ad-
dition of urca (L minol, 99 %5, Alfa Avsar) aud GdCly-6H.O
(0.25 munol. 99.5 %, Aldrich) to distilled water (10 ml}
with constant stirring tor 10 min. After fully dissolved. the
rranuparent salutions were maineiined ar 90 °C for a pe-
riad of 4 {spheres) ne 10 h (rhombus), leading ta the formz-
tion ol whie precipiiates. The white preeipitales wore then
collected by centrifugation and washed three times with
distillcd water, This was fellowed by cvaporation of the
solveut in a vacuum desiccator. The rice-shaped mixtures
were obtained from a |areal’| (rd(1;-0H.(Y| ratio of 8 for a
reaction of 10 h at ~90 (.

The powder X-ray diffraction pattern of GA(C0;)0H
particles was recorded at the BLOLC2 beamline of National
Synchrolron Radiation Research Cenver (NSRRC) in Tai-
wan. The ring of NSRRC was operated at cnergy 1.5 GV
with 2 typical curtent 300 mA. The wavelength of the inci-
dent X-rays was 0.9537 A (13.0 keV), delivered from the
supcrconducting wavelength-shifting magnet anda Si(111)
douhle-crysial monochromatar. The ditfraction patiern was
recorded with a Mur3d3 timaging plate deleclor approxi-
mately 300 mm from the sample and fypical exposuore dure-
tion 3 min. The pixel size of Mar343 was 100 m. The
ote-dimensional powder diffraction profile was converted
with program FIT2D and cake-type integration. The dif-
fraction angles were calibrated according to Bragg posi-
tions of Ag-Benhenate and $1 powder (NBS640b) stan-
dards. 7u sita synchrotron X-ray powder diffraction far
Gd{CO:HOH was performed 2t BLOLC? from 23 °C to 650
“C with a heating rate approximately 4 *Crmin. The powder
sample was scaled in a quartz capillary (0.3 mm diametery
and heated 10 a sweam of hot air: cach in-sfte powder ARD
pafiern was cxposcd for ehout 1 min,

The struciure was deternined froim the powder dif-
fraction dara with program DASH.'" Powder diffraction
data were indexed with Dievol and Treor. The structure
fuctors of the powder diffraction patroms were exiraeted
with Pawley's method, and simulated anncaling was em-
ployed to determine ihe crystal structure, The final refine-
ment with the Rietveld inethod was performead with the

A Chin. Chem. Sec., Vol 37, No. £8, 261G 939

GIRAS program.”’

N-ray absurption near edge spectra (XANES) of the
Gd L gredge was performed st NSRIC beamline BL17C,
using a %i (1.1,1) douhle-crystal monachromator and a fo-
cusing mirror fo fycus X-roy beam and suppress higher har-
monics, The ground powder sample was attached to Scoteh
rapc. XANES was conducted 1n a transmassion modc be-
fore ind behind the sample with two lonization chambers
filled with gascons Ny, The Gd Lyg-cdge spectrum was
scanned from 7000 to 7900 ¢V i steps 0.3 eV close to the
near edge and | -2 eV zhove the edge.

RESULTS AND DISCUSSION

GdO{CONOH pariicles were synihesized on relluxing
agueous solutions of gadolinium salt and wrea. The dura-
tion of reaction and ratio of concentrations of [urca] to
[GAC1;6H O] were contrulled to yield three polymor-
phous: spherical. rhomhbus and rice-shaped nanaparticles.
Park at al. elucidated the effects of the concentration of
urea and the reaction temperatare on the morphology of (Gd
campounds too.” The spherical particles have an average
diamerer of 478 = 70.8 min estimated by STM. The rhom-
bus-shaped particles displayed an average size of 17 1.2 mim
in height and 1989 nm in diameter. The rics-shaped parti-
cles have an average Iength of 3851 = 143.0 nm and diame-
ter of 2747 + 330 nm. Fig. 1 presents the powder X-ray
di{lraction patterns of the spheres and rhomhus particles.
The sphercs yiclded 2 dmninani amorphous signal and
some tiny diftraction fecatures. The rhowmbus- and rice-
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Fig. 1. Synchrotron powder X-ray dilfraction patterus
of Gd!C{,)OI1 {(a) sphere () sphere (x 10} sub-
tracted background {c¢) rhombus pa-ticles.
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shaped particles yiclded similar diiffracthion patterns. The
tiny features from the sphere particles (Fig. 1b) uccurred af
diffraction angles similar to those from the rhombus parti-
cles (Fig. 1¢). These XRD patterns indicate that the three
samples contained the same crystalline phase. The grain
size of rhombus-shaped particles was estimated with
Scherrer’s cquation to be 46,8 nm.

Powder diffraction data were indexed using programs
Dicvol and Trear. Both programs revealed thar the best fit-
ting unit cell was hexagonal. T 2 reasonable erystal model.
the (Gd cempound contained a carbonate, H-() and GdO,
palyhedron; all amermpts iy find a practical model o fit wuch
a highly symmetric crystal system cventually failed. The
crysial phasc also was indoterminate by direel method. A ficr
substantial difficulty. we decided 1o reduce the symmetry
that of ortherhombic crystal systein. The shucture factors
were sxtracted with Pawley s method. We undertook simu-
lated annezling to selve the crystal structure using the
DASH program, With the (i8A S program, the final refine
rment with the Riereeld method (Tig, 2) conyverged to Ry, =
6.28 %, R, —4.47 % and 5" — 1.348. The crystal data of
Gd(CO:)YOH are listed 1n Table 1. atormic coordmates in Table
2 and selected interaromic distances and bond angles in
Tanle 3. All atomic positions and thermal paramaters are ad-
justed in the Rictveld refincment, execpt that the position of
the H atom was sct according ta its thearctical position with
occupancy 0.3, The mean distance belween Gd and O of car-
bomat: is 2,5 ~ 2.7 A. The distance between Gd snd OH an-
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Fig. 2. Rietvald refinement of Gd(CO:)OIL ) ex-
perimenta| data: sol-d line: stmulation curve,
short tick: Broge diffraction position; lower
curve: differenes between experimental and
wimulaed dara.
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Tuble 1. Cryatal data tor GACOO0H, GdyOyCOq and Gd>04

formula Gd{C0OI1L Gdy 0,0, Cid 0,
mass I 23425 HH5 bl 5
wavelength/A 01.0537 0.9337 {1.0317
lernperature™ 25 345 630

SR Eroun FPraa Poymme fa-3

cel. parameters/A @ — 7.08109(9), & — 3.922%(1). o~ 10.8506(1)
h— 4 RRIIGTY, ¢ — 154624 (K)
- 8ASH10(13)

cel volume/ A’ 29224 599 1291.68
4 4 2 la
DeMghn” 321 305 4.4
Rt (.28 262 1.6
Rk" B 447 1.77 2.4
" 1.348 1435 186
Wi size fnn 46.% 201 257

Table 2. Fractional atomic coordinates and thermal sararncters
for GA(CO-¥01 1, Gid.0.C0; and Gd. (34

X Y 7 T 5100
Name: Gd(C 0,001
Gd! 0.35%442) 0.25 0.8352(2y  5.99(5)
0l 11371 D032 OB12R(9) RA(3)
02 0.037( 1) 0.25 0.889(1) 6.0{4)
03 0.295%2) <025 0.799(2) ENTRY
1l 11971 025 1.667(5) 14 009y
11l -0.0026 0147 0.976 170
Gd2
Name: Gd, 0,00,
Gdl 113 2% 009410(7 3784
0] 0.260{3) 0.520(3) 1:4 B.8(3)
2 0 W} (1.1739(9) B.RI3)
03 13 23 (L.553R75) 883y
Cl {1.05(2) 0.093) 144 13.(3)
HI
(42
Name: Gdy,
{ull 144 144 1/ L5
0] 0.3804(9) O1313¢(9)  0379(1) 2.002)
7
03
!
N
Gd2 0.971001) 0 12 3.73(6)

ion s only ~2.3 A. Fig. 3 indicates that Gd(C(-)OH formed
a three-dimensional framewark struchire, assemblad from a
Gd0,, polyhedron, with CO-" and OH anicn groups. The
Gd atoin is coordinated with ton oxyeen atoms, cight from
€04 groups and two frem OH anions: the € atoin is ceor-
dhmated wilh three & atoms o form a carbonate. A framment
of GAiCCRYOTT 1 shown below with ainmic names labeled.
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Tahle 3. Selected interazomic distanees and bomd angles for Gd{CO3OH, (Gl 30003 and G105

interaromic distance / A

bond angle ; deg

(‘nmpnunds GdCOJOH Gd;O;(‘-(')g Gd103 Gdr030H Gl.l:O:CO_'. (\'I'l.lg O-_:
Cid—Cid' IR 9222 AGIMUIKY OG-0 SRE2(2) 72.002) 10052y
Gd—0)1 2TI6TY 246241 24069 O1-GA-02  67.44(3) 67.1(3) 7952}
Gd-01' 2595(7y 246203 O1-Gd-03  48.73(3) GR6(3)  LI0&T)
Gd-01" 2RINTy 24624) 02-Gd-03  BL04(H  115.2(3) £9.2(5)
Gd-02 2330(8)  2.594(6) O2-Gd-01' RLO4(2) T34 7914}
Gd-0! 22709 25946 22001y O1-C-017 130445 140.0(10)

Gd O3 25033 234112) 234 OI-C-03 [1475(5)  106.005)

C ol 122103 1194y

03 T344(3y 1.45(12)

Gd, 02, 03 and C were located on mirrar plancs. When the
OH" anton 1s ignored, the Gd compound forms an eight-
mewmbered ring framework and 3 one-duneasional channel
along the b axis with hole dimensions 3.17 = 7.33 A, The
framework of Gd(CO0H resembles that af[Y{H.O];
{C,0)(C03):2 hut with O in the cavity, [Y(H:0)|:{(C20.)
{Ch )z is alsa essembled from Y Oy, palyhedron, carbonate,
H.0, and a C;04 group fonnimg a enc-dimcnsional network
along the « axis. The channel size of | Y(H-0)]2(C:0.)
(O3 is1.7x6.2 A, GA(CO,)OH potentially scrves as a po-
rous raterial in some applications. such as hydrogen storage
or s¢condary lithium-ion baterics.

GdiCCI0H

Whether a Gd compound contains H:O or OIT anions
is difficult 1o determinge with X-ray diffraction because of
the small scatrering power of H atoms, H10) is clocrrically
neuniral whereas the OH anion is negatively charged; the
oxidation state of (¢d would be +2 if the cnmpound con-
taing H:0 and +3 if il containg O anions, For that reason
wo applicd Gd L-edge XANES Lo determine the oxidation
statcs of Gd compounds, Hess ef o '* cstablished that Gd
Lip-edge spectra can be nsed to elucidate of the structural
phase transition in Gd.(Ti- ,Zr)-0% pyrochiores. himaki er
al."” investigated with X-ray absorption spectra the electro-

chemical behavior of the perovskite, Gd nTaOs with defi-
cient A-sire. and the varwation of its electronic structure
upon insertion af lithmm. Gd Lyr-cdge and Ta L-cdge XAS
revealed that, during the electrochemical insenion of lith-
i, thic Gd 1om made no contribution to charge compeonsa-
tion, but the Ta lon was reduced. We applied X ANES to the
Cid Lyredge of GdiC0O;)00H to assess the oxidation state of
Gd. Fig. 4 displays XANTS of Gd Zy-cdge of GA(CO:)CH
{rhombus) and Gd{l;-6H-O. The X-ray absorption edge of
Gd(CO;:)OH 13 the samc as that mn GdCl;-6H0. The X-ray
absomtion edge energies, £, are 72395 and 72590 ¢V for
GdC-6HO and GJ{CO,)0H particles respectively. Eq
represents the edge cnergy of the X-ray ahsorpnan spectra,
obtaingd from the first point of inflection ngar ths absorp-
tion cdge. The X ANES results reveal that the axidartion
stafte of Gd was 3+ mn all these samples. Accordingly, the
linkage group in the Gd-complex 1s an OH™ anion rather
than & H.O grouyp. In summary, we suggest GA(CO)0H o

e

Fig. 3. Crystal packing “or GA(CO)OII alony the &
AN,
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be the most appropriate formula of the Gd compound.
Gd (CO;)OH is onc member of o family of rare-carth
hydraxycarbonates [Ln{CO:)JOH] that have been exten-
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sively studied. ™% Caro et gl assericd (he existence of two
fortms of Ln{COy)OH: A-type (ancylite), La{OH)ICO;. is
orthorhombic and B-type (oastnaesite) is ht:?(‘dg()l‘tiﬂ,“ The
OH infrared absorprions in both types are narrow, revealing
A narrow distribution of states of vibralional enetgy. The
chemical environmant of the QH group is simple. Xu and
Feng et . deterrmined the structurcs of Sm(CO)OH™ and
Nd(C(3|)OH2] with siogle-crystal ditfraction, Our resules
suggcst dhat (e crystal structure of GA(CO;)OH is
Bsomorphous with those of Sm(CONOH and Nd{CO HOH.

Onir thermogravimetric analysis (TGA) of GA(COOH"
showed that the first stpe of loss of masy necurs at~500 °C
for the rhombus cample. indicating the (Gd-complex to he
thermally srable, Park ¢7 /. found rhat a large loss of mass
0FGdaO(C O3 )-HaO 1o aceur at 497 °C.* and suggested that
this phenomenon was associated with a simnitancous dehy-
drition and decomposition of carbonate groups, as in ths
case of Ndy(H{CO:)2-1.511,0."7
crysralline structure demonstrates thar a superior doserip-

(tur infarmaztion on the

tion of this (Gd compound would involve the OH™ anion
ralher than water; this OH anion is bound betwern two Gd
atoms. The noticeably sinall mteratomic distance Gd—O(H),
~2.3 A, comresponds to strong binding, which is responsi-
bie for « tight link between OH anions and the Gd frame-
work, thus perhaps explamiog that GCOOOH has such
great thermral stability.

liig. 5 exhihits the in-vire X-ray powder diffraction
for rhownbas Gd{CO:)OH from 23 °C to 630 *C, Two phascs
iransition were obscrved. The first phase transition ac-
curred at ~300 *C and was complete at ~520 °C, which is
cansistent with TGA anzlysis for the first loss of mass at 4
stnilar tomperature, We assign the crystalline phasc above
31 °C to be (d;(C 08 according To JCPTXS. When the
sarple was heated 1o 850 °C7 a sccond phase appeared. We
maintained the sample at 650 "C for 20 min for the phase
transition to complete, This sccond phase is assigned to
Gl Oy according to the JCPDS file.

Gda0+C0; crysiellizes in a hexagonal crystal systemn
although its crystal structure has not been delenmined.
Christensen’ and Attfield and Ferey"" mentioned that sym-
chroiron and conventional X R patterns for Nd.O .0,
and La,0-C 0, were completely indexed on the hexagonal
unit cells. Gafsen of of solved the crystal strucrurcs of
L1,0,70; (Ln — La and Nd) with high-resolution powder
nentron (PND) and synchrotron X-ray diffraction (SXRD)
cambined with selected-area electron diffraction (SALD).
" Olafsen demonstrated that SXRD of Laath (103, exhibits



Crystal Structuse of GE(CO0H

an average structure of hexagonal symmetry with disordur
of the CO; group (one C and one O atoms were disordered
in Lhe hexaponal crystal structure ). PND patterns showed
sateilite fearures £ssociated with a modulated strucrure
from the carbonate graup. Eleetron ditfraction {SAEDY
demonstrated clear single-crystal diffraction patterns of
modulated structures of La;0,C05; Olafsco et of thus ro-
Tined the PND patterns with orthorbhombic, A4 wmal, and
monochnic, C 2/, erystal systcans for La,0:C0;. Two-di-
mensional modulated structures were employed to describe
the La; (-0, erystal structures. We nsed hexzgonal syim-
metry with space group 7 8 /msc to refine our synchrotron
XRD pattern af (id;0:.C0; with the Rietveld method. A
Gda0,C0O; XRD oattern at ~345 °C was sclected fer
Rictveld refincinent. The atomic coordinates of Lax0:CO:
in hexagonal symmebry ware chasen fron the litcramire 7
for an initial model. Fig. 6 displays the Rictveld refined
patterns for (id-0-C05 at ~543 “C, The crysral data of
Grd 0000 are lisred in Tahle 1, atomic coordinates in Table 2
and selected interatomic distances and hond angles in Tahle
3, Gd-0:C0; is considered to be wo GdiCO)0OH and one
lost H-CO,. Compounds lost during thermal decomposi-
tion riight he H-0 and CO-, cansistent with previous ro-
puﬂsz'ls
ated with dehiydrotion and decomposition of carbonate. A
slight modification is that H.O) might come from the rear-
rangement and decomposition of two OH groups. The

predicting a loss of mass at ~300 °C w0 be associ-

Gda0.C0; erystal structure contains no one-dimensional
channcl structure but erystallizes with alrernating (Gd=0a),
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Fig 6. Rietveld refinement of Gd0-CO; ar 343 °C,
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curyve; shott tick: Brugy ditfraction position,
lower curve: difference hemween experimental
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and carbonale layers along Lhe ¢ axas for layer distances
5.4% and 2.29 A respectively (Fig. 7). In Gd;0.C0;, Gd is
coordinated with eight O atoms to form a Gd(, polyhe-
dron. The average (;d-() distance is 2.43 A, shorter than
that in Gd{COOH. ~2.6 A, The ezleulated crystal densi-
tiesarz 3.21 and 3 U3 .\flg/'lﬂ"‘ tor (Gd(CO:)OH and (d- 000,
respectively, which indicate that, with H;C Oy decownposi-
t1on, Gd;O0:0.05 becomes denser than (CO-)0H.

With inercasing temperamre we saw a succession of
phase transitions. G000, turned to Gdy O near 630 “C.
The phase transition became completed when the sample
was maimtzined at 630 °C for 20 min, G, 0,00, lost ane
C(; grenp during thermal decomposition. Gd-(3. erysral-
lizes in a eobic system wirh space group o 3.5 Tig, 8
shows the Rictveld refinement for powder XRD pattem of
GdyO: at 650 °C. The exrysral data of Gd;O; arc listed in Table
1. atomic coordinates in Table 2 and selected mferatomic
distances and hond angles in Table 3. No disorder or modu-
Iated strnetwre was found in Gd>0dy. G in Crda 0 s eoardi-
nated with six O atams to form an octahedral strueture. The
average Gd-0 bond distance is ~2.35 A. shorler than in

Carbonate

5454

Fip. 7. Cryseal packing of Gd . 0:CO» in which (Gd 04},
and carborate groups form a layver structure
alonp the ¢ awis.
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Gredz0-00, and Gd-(CO)OH. The calenlated density for
Gdaa s 4.49 Mg/ m* which is much greater thon in
Gd:0,C0; and Gdz(CO:OH. Because of the great chemi-
cal and thermzl stability at high temperzrures, (xd,0, and
15 derivattves have been investigated for diverse applica-
tions, including high-efficiency phosphars, ™' ferroelee-
tric memory.™” and optical derection and visualization of
antibody pattorns.™

CONCLUSION

The erysral srucwire of Gd(COOH was determined
by synchrotron X-ray powder ditfraction, Gd(C(;)JOH has
a three-dimensional network with Gd coordinated with car-
bonate and OH anion groups. A strong link berween (Gd
and OF endows it with grcat thermal stability. XANES of
the (id £y-cdge of GA{CO)OH revealed that the oxidation
state of Gd is +3. fr-siiy Powder X-ray diffractomeny was
applcd to smdy the phase ransinon of Gd(CO;)0H, Two
crystalline phases were tound at ~300 and 630 °C and as-
signed 1o Gda0.005 and Gda0s, respectively, The detailed
crystal siructres of Gd-0-.C0- and G4d: 0, were obtained
on Rictveld refinement. The Gd coordmation number de-
ercased from 10 and B to 6 for GAICTRIOH, Gd-0-C0 and
GdyOn. respectively, following the phase transitions. The
Gd-0 distances in Gd{CO;)0M, Gd20yC05 and Gd; 04 de-
creased following the phase transitions, so that these (id
compeunds becanc densar.
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Fiuo 8 Rietveld refinement of Gdad "0y at 630 ¢ (+):
experimental data; s¢lid line: simulation curve:
shott tick: Bragp diflactiosr position: lower
curve: difference between experimental and
stmulated data.
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