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ABSTRACT: Hydrothermal synthesis of GdPO, in the
presence of poly(methacrylic acid) yields nanorods with a
diameter of 15 nm and an aspect ratio of 20. Powder X-ray
diffraction patterns showed that the GdPO, nanorods display
peaks characteristics for both monoclinic and hexagonal
structures. Three-dimensional electron diffraction tomography
(3D EDT) was used to determine the structures ab initio on
the basis of reciprocal volume reconstruction of electron
diffraction data sets collected from single nanorods. The crystal
structure of the monoclinic form was shown to be P2,/n,
corroborating previous work. We were able to solve the 3D
structure of the hexagonal P6,22 form, which has not been

reported previously. Our work shows that 3D EDT is a powerful method that can be used for solving structures of single

nanocrystals.

B INTRODUCTION

Electron diffraction tomography (EDT) is a general abbrevia-
tion for a set of techniques that can be used for structure
solution of individual sub-micrometer crystals."”* These
methods are based on fast 3D reciprocal space fine scanning
which produces high quality 3D data. The collected data sets
can be further used for the unit cell determination, quantitative
intensities extraction and structure solution. Simultaneously the
rough scanning mode followed by the unit cell extraction can
be successfully utilized for phase identification. There are two
different implementations of the EDT method. One of them is
ADT (automated electron diffraction tomography) developed
by Ute Kolb®™* which is based on acquisition of precession
electron diffraction patterns recorded sequentially at a given
angular step (usually 1°). ADT method requires a transmission
electron microscope (TEM) equipped with any commercially
available hardware precession unit. The second method is so-
called 3D EDT that has been developed by Peter Oleynikov'
and utilizes any computer controlled TEM and does not need
any extra hardware. This technique combines a mechanical
goniometer tilt (large, >2°) with a beam tilt (fine, 0.03—0.1°).
Nowadays 3D-EDT data collection has been successfully
implemented and tested on variety of JEOL, FEI, and Zeiss
electron microscopes. In terms of crystal structure solution
both ADT and 3D-EDT methods produce similar results."
Rare earth nanoparticles are interesting candidates in
potential biotechnological applications (e.g., fluorescence
imaging,*® magnetic resonance imaging”®) and for optical
devices.”'® Lanthanide orthophosphates besides being chemi-
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cally stable have a good thermal stability. Gadolinium
phosphate can be g)otentially used as a matrix for disposal of
nuclear waste.”>™'® It has been also reported as a neutron
absorber material suitable for inclusion in spent nuclear fuel
canisters.'” Lanthanide phosphate nanoparticles can be
produced through several chemical pathways: solvothermal,'®
hydrothermal,® sol—gel process,'® microemulsion,” or spray
pyrolysis.”! Hydrothermal synthesis is attractive because of its
low cost and environmentally friendly process that can be easily
scaled up.

In this article, we demonstrate that 3D EDT is a powerful
technique for nanocrystalline phase identification and further
structure determination especially in the case of a mixed phase
powder. GdPO, nanorods were synthesized using an organic
polymer, poly(methacrylic acid) (PMAA), under hydrothermal
condition. The nanocrystal structures and morphologies were
characterized by TEM. Powder X-ray diffraction (PXRD)
pattern of the purified product revealed a dimorphic form. An
attempt of solving both structures using XRD data failed.
Therefore, the crystal structures of each type were individually
identified and solved using 3D EDT. The use of this technique
permitted us to significantly reduce the TEM work time when
compared to the conventional approach that involves manually
locating and acquiring electron diffraction patterns from
different crystallographic zone axes of a crystal (or several
crystals). The structures reported in this work were identified
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Figure 1. TEM pictures of the as-prepared GdPO, nanorods synthesized under hydrothermal condition at 180 °C (a) with or (b) without
poly(methacrylic acid). (c) Thin nanorods synthesized with PMAA can be both straight and slightly bent.

and solved within a single day. The advantage of 3D EDT is
that the investigated crystal does not need to be oriented in
advance. Moreover during most of the data collection time the
crystal is not aligned along any low-index zone axes. This
reduces the dynamical scattering effects siigniﬁcantly. The data
completeness depends on the symmetry.”

Complementary investigations were carried out in situ using
variable temperature XRD in order to find out the temperature
of the hexagonal form to monoclinic transformation.

B EXPERIMENTAL SECTION

Materials. Gadolinium(III) nitrate hexahydrate (Gd(NO;);-6H,0,
99.9%) and ammonium phosphate monobasic (NH,H,PO,, >98%)
were purchased from Sigma-Aldrich and used as received. Poly-
(methacrylic acid) (M, 100000) was provided by Polyscience
(00578). All the synthesis and surface modification were performed
in Milli-Q_water.

Synthesis of GdPO, Nanorods. Hydrothermal synthesis was
employed to obtain GdPO, nanorods. A modified procedure
previously described was used.** In a typical synthesis, a solution of
poly(methacrylic acid) (75 mg, S mL) was added, drop by drop, under
vigorous stirring to a solution of Gd(NO;);-0.6H,0 (S mL, SO mg).
Then, a solution of ammonium phosphate monobasic solution (S mL,
32 mg) was added under stirring. The final solution was stirred for 2
min, transferred into a Teflon lined stainless steel autoclave, and
heated at 180 °C for 18 h. The final product was then purified by
centrifugation (6000 rpm/1S min). The supernatant was slowly
discarded, and the rods, present in the bottom, were resuspended in
Milli-Q water. This operation was repeated 3 times.

X-ray Diffraction Analyses. Powder X-ray diffraction (PXRD)
patterns were collected on a PANalytical X'Pert Pro using Cu Kal
radiation (45 kV, 40 mA), irradiated length 10 mm, mask fixed 10 mm,
and a step size of 0.13° in the Bragg—Brentano configuration. In situ
investigation was performed on a PANalytical X'Pert Pro in Bragg—
Brentano configuration using Cu Ka radiation (45 kV, 40 mA).
Temperature elevation was controlled by an Anton Paar TCU 750
control unit. Sample was mounted on a XRK 900 reactor chamber
onto a gold thin plate.

TEM and 3D EDT Analyses. TEM measurement were carried out
using a JEOL JEM-2100 microscope equipped with LaBy filament
operated at 200 kV (C, = 1.4 mm, C_ = 1.8 mm, point resolution = 2.5
A). In order to obtain quantitative intensities that could be further
used for 3D crystal structural solution we have utilized the 3D EDT
technique. Three dimensional data was acquired using Analitex EDT-
COLLECT software package." During the data collection a set of
unique electron diffraction patterns was recorded using electronic
beam tilt in the range of +1.5° (0.15° step) followed by the
mechanical goniometer tilt (~3° in our setup). We used an ultrahigh
tilt tomography specimen holder which allowed us to scan ~280° of
reciprocal space (~140° of the total goniometer tilt in the range from
—73° to +65.9°). The whole 3D EDT data set had 1000 unique
electron diffraction frames; the total data collection time was 53 min.
The 3D EDT data collection was carried out in the nanobeam (NBD)
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mode using a 50 ym condenser aperture. The illumination area was
~300 nm with the nanorod fully covered by the beam. The CCD
camera used was a Gatan ESSOOW Erlangshen (12 bit, 1350 X 1040).
The 3D unit cell determination, the quantitative intensities extraction
and the reciprocal volume reconstruction from a set of individual
electron diffraction patterns were performed using Analitex EDT-
PROCESS software package."

B RESULTS AND DISCUSSION

Inorganic Synthesis and Characterization of GdPO,
Nanorods. GdPO, nanorods were synthesized using hydro-

I l I I experimental

intensity (a.u.)

simulated (hexagonal)

L%JA,LM Lujlu'\.u L,,L,{J Jll, QJ,LL,LLA,L

J;ﬂililut

| simulated (monoclinic)

ol |
70 80

I
Al 10,
40 45
200)

[

35

‘«ll) 'l

50

P Y

55 60 65

el L
75

| Ll }l ‘i L l)
10 15 20 25 30

Figure 2. (Top) Experimental PXRD pattern of a dimorphic GdPO,
powder synthesized with PMAA and (middle and bottom) simulated
PXRD patterns of both hexagonal and monoclinic forms.

thermal process in the presence of poly(methacrylic acid)
(PMAA). TEM images of the synthesized nanocrystals with
(Figure 1b) and without (Figure la) PMAA revealed a
substantial difference in their width distribution. The addition
of PMAA promotes a narrow width distribution of the
nanorods. The average length and width are 300 nm and
~15 nm, respectively (Figure la). In comparison, the rods
width obtained without polymer varies from 200 nm to 5 ym
(Figure 1c). Nanorods having low width-length ratio are most
often bent as shown in Figure 1d. The high dose electron
exposure may induce bending of some thin nanorods
(nanowires).

The nanorods capped with PMAA were characterized by
Fourier transform infrared (FTIR) spectroscopy revealing the
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Figure 3. PXRD patterns of the GdPO, powder at different heating
temperatures. The peaks marked with stars depict the hexagonal form
present in the powder.

spectral signature of the carboxylic acid (e.g, C=0, 1691
em™; O—H, 3510 cm™). Moreover, the zeta potential
measurements show that the nanorods are negatively charged
in the pH range 3—10, confirming the poly acid adsorption on
the rods surface (see Supporting Information).

X-ray Diffraction Analyses. The precipitated and purified
powder of GdPO, nanorods was characterized by powder X-ray
diffraction (PXRD) as a mixture of a hexagonal form (ICDD
39-0232) and a monazite-type compound which crystallizes as a
monoclinic form (ICDD 32-0386) (Figure 2).

Two structures that are commonly observed for rare earth
orthophosphates are the monazite*> (P2,/n, monoclinic crystal
system) and xenotime (isostructural to the tetragonal zircon
type I4/amd).*® Nevertheless, the hexagonal form can be
obtained under specific synthetical conditions. It was noticed
that experimental conditions (temperature, precursor type, pH)
have a strong influence on the structure type of rare earth
orthophosphate obtained.””**

The hexagonal form can be dehydrated and furthermore
converted by thermal treatment to the monoclinic form.>?~>>
Hikichi et al.** highlighted the formation of the gadolinium
orthophosphate hexagonal form at low temperature synthesis
(20-90 °C).

Mooney*** reported the structures of some rare-earth

orthophosphates (La, Ce, Pm, Nd, and Sm). Crystals were
found to be dimorphic having monoclinic (P2,/n) and
hexagonal structures. The space group derived during the
PXRD data analysis of the CePO, hexagonal form was P6,22
(D{) which from the peak position and extinction condition is
indistinguishable from P3,21 (Dj}) taking only powder data into
account. These space groups were inferred on the basis of the
assumption that the structural arrangement of phosphate ions is
similar to that of KH,PO,. A few years later, Hezel and
Ross>”*® confirmed the existence of a hexagonal form for the
lanthanide series of elements from lanthanum to dysprosium
(La,Ce, Pr, Nd, Pm, Sm, Eu, Gd, Dy). IR spectrum analysis
revealed that the oxygen occupancy in phosphate groups is
consistent with P3,21 space group. XRD data on powder from
this study is listed in the PDF database as ICDD 39-0232.
Subsequent investigations concluded that the hexagonal form
could be assigned to be P3,21, but another opted for
P6,22.3"7% So far, there is no single crystal X-ray data available
for the hexagonal form. This might be due to some practical
difficulties encountered in the synthesis and the isolation of a
single hexagonal lanthanide orthophosphate crystal. Hence,
despite the large number of investigations and publications on
rare earth orthophosphates, the space group assignment for the
hexagonal form is still unclear, and its structure solution was
never obtained.

The transformation of hexagonal GdPO, nanorods into
monoclinic lattice was followed by in situ variable temperature
X-ray diffraction analysis under vacuum ~1 mbar (Figure 3).
The sample was heated continuously at a rate of 20 °C min™"
up to 900 °C. The temperature of the sample was kept constant
during data acquisition. The complete conversion of the
hexagonal into the monoclinic form occurs above 800 °C. The
XRD spectra recorded at 900 °C revealed the absence of the
characteristic peaks (indexed with stars) associated with the
hexagonal crystal system. These results are consistent with
previous studies on the stability and transformation of the
hexagonal form.>"*

Electron Diffraction Tomography (3D EDT). The 3D
electron diffraction tomography method can overcome
problems encountered in the powder X-ray diffraction
technique. The main advantage is that we can collect 3D data
from almost any individual nanocrystal in the powder. In this
case, we could uniquely identify and perform full character-
ization of different crystal types in the mixed powder sample.
The phase identification procedure involves only a rapid scan
(0.5° beam tilt steps) of individual crystals in order to extract
the unit cell information and possible extinction conditions.

Figure 4. Projections of reconstructed reciprocal space volume of an individual hexagonal GdPO, nanorod along (a) [001], (b) [1-10], and (c)

[010] zone axes.
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Figure 5. Three projections of the reconstructed reciprocal space volume of the GdPO, monoclinic form along (a) [100], (b) [010], and (c) [001]

Zone axes.

Table 1. Experimental Parameters and Details of the Data
Set for the GAPO, Hexagonal Form

Experimental Parameters

tilt range (deg) —73.0° to +65.9°

total reflns 791
indep reflns 86
resolution (A) 0.9
refln coverage (%) 84
Rym 15.3%
R (Sir2011 solution) 6.8%
R1 (Jana2006 refinement) 13.1%
Crystal Data

chemical formula GdPO,

M, 2522

space group P6,22

a, b, c (A) 6.9, 6.9, 631

v (A% 260.15

VA 12

radiation electrons, 4 = 0.02508 A

data collection method 3D EDT, JEOL JEM-2100 LaB,

absorption correction none
Ry 24.2%
Refinement

R (I > 30(I)), wR

no. of reflns

13.1%, 22.6%
86

no. of params 7

Table 2. Crystallographic Data for the GdPO, Hexagonal
Form“

x ¥y z U (A?)
Gd 0.5 0 0.5 0.022
P 0.5 0 0 0.027
O 0.303 0.860 0.152 0.014

“Atomic coordinates and thermal parameters obtained from the
refinement (Jana2006).*%.

The reciprocal space coverage in this case can be cut down to
30—50° which depends on the reciprocal lattice: small real-
space unit cells would require larger reciprocal space coverage
in order to identify the reciprocal vectors correctly. In order to
continue with the crystal structure solution, a fine scan of
reciprocal space on each individual nanorod can be performed.
The phase identification requires less data collection time (15—
25 min) than the full scan for the crystal structure solution
(45—60 min).

The reconstructed reciprocal space volume from individual
electron diffraction patterns of a single GdPO, nanorod is
shown in Figure 4. The unit cell parameters were extracted
from this data set, and the hexagonal form was uniquely
determined. The calculated crystal orientation matrix revealed
that the preferential crystal growth occurs along [001].

Space Group Determination. Reciprocal volume shows
only one systematic extinction condition for (00l I = 3n)
reflections. Using only this observation, it is not possible to
distinguish uniquely the space group.*' The set of accessible
space groups is {P6,22, P6,22}, {P6,, P6,}, {P3,21, P3,21}, and
{P3,, P3,}. The curly brackets combine pairs of enantiomorphic
space groups. There are two sets of possible space groups in the
following: (a) hexagonal crystal system, P6,, P6,, P6,22, and
P6,22; and (b) trigonal crystal system, P3,21, P3,21, P3,, and
P3,. Each of these space groups was tested during crystal
structure solution in Sir2011 program and later refined in
JANA2006.* The lowest R1 factors in each of the two crystal
systems were 13.1% for the hexagonal P6,22 space group and
14.7% for the trigonal P3,21 space group. The refined lattice
parameters from the PXRD data were found to be a = b =
6.9014(2) A and ¢ = 6.3096(7) A. The structure solutions in
hexagonal (P6,22) and trigonal (P3,21) space groups produce
similar results with a !/ ; relative shift along the c-axis. Currently
we cannot distinguish the enantiomorphic space groups due to
the experimental conditions. Therefore, we choose the higher
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Figure 6. Projections of the hexagonal GdPO, structure model along [001]: (a) polyhedra—tetrahedra network and (b) the potential map obtained
from the direct methods solution using the 3D EDT data set. (c) Projection of the monoclinic GdPO, structure model along [010].
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symmetry P6,22 as the actual space group for the GdPO,
hexagonal form.

We were able to locate and identify another nanorod with a
monoclinic lattice which corresponds to the monoclinic P2,/n
space group. The reconstructed reciprocal space volume is
shown in Figure 5. The systematic extinction conditions found
were (hOl, h + 1 =2n + 1) and (0kO, k = 2n + 1) that uniquely
identified the P2,/n monoclinic space group. The structure
solution using our 3D EDT data set is in agreement with
%rjlzic())u2564§t4l‘l‘dies that have reported a monazite type

&

Structure Solution of Hexagonal Form. The structure
model of the hexagonal GdPO, was determined ab initio using
the direct methods on the intensities extracted from the 3D
EDT data set. The experimental details are listed in Table 1;
the crystallographic data for the hexagonal structure is
summarized in Table 2. There were 86 independent reflections
used for the structure solution with the final R-values R1 =
13.1% and wR2 = 22.6%. Gadolinium atoms are coordinated by
eight oxygen atoms where half of them are separated by a
distance of 2.28 A and the rest by 2.59 A. Phosphorus atoms are
surrounded by four oxygen atoms in a tetrahedral arrangement.
The P—O bond length is 1.52 A.

The structure consists of a three-dimensional network of Gd
(yellow) and phosphate (gray) polyhedra that are alternately
connected forming chains along the c-axis (Figure 6a).
Polyhedra chains are linked to each other such that channels
are created along the c-direction allowing water to be
accommodated inside the pores. The polyhedral arrangement
in the hexagonal form results in a lower density compared to
the monoclinic type. Chemically bound water could not be
found in the resulting structure. This is probably due to the
high vacuum conditions (~107> mbar) as well as the tendency
of the hexagonal form to dehydrate.*!

B CONCLUSIONS

Structure solution of nanocrystals is sometimes not possible to
obtain from X-ray powder data especially in the case of a
mixture of two or more different phases. The 3D electron
diffraction tomography is a very powerful method for (a) the
fast phase identification and (b) the crystal structure solution of
nanocrystalline samples. This approach allows the collection of
3D diffraction data from individual nanometer-sized crystals.
3D EDT was used to obtain for the first time quantitative single
crystal diffraction data from a hexagonal gadolinium ortho-
phosphate form that was used for further ab initio crystal
structure solution.

B ASSOCIATED CONTENT

© Supporting Information

IR spectrum and zeta potential of GdPO, nanorods. Crystallo-
graphic information file (CIF) for crystal structure at T = 295
K. Animated clip of reciprocal space volume reconstruction of
an individual hexagonal GdPO, nanorod. This material is
available free of charge via the Internet at http://pubs.acs.org.
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