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STRUCTURE REFINEMENT OF DEUTERATED BOEHMITE

CHARLES E. COrRBATO,! RODNEY T. TETTENHORST,! AND GARY G. CHRISTOPH?

! Department of Geology and Mineralogy, The Ohio State University
Columbus, Ohio 43210

2 Physics Division, Los Alamos National Laboratory
Los Alamos, New Mexico 87545

Abstract—The crystal structure of a deuterated synthetic boehmite powder, y-AlOOD, has been deter-
mined by time-of-flight neutron diffraction and Rietveld profile refinement in space group Cmcm to a

weighted profile R of 3.71%. Cell dimensions are a

=2.868(1), b= 12.2336(4), and ¢ = 3.6923(1) A.

Alternate space groups for the boehmite structure suggested in the recent literature were found to be
unacceptable. Atom positions, bond distances, and angles, with the exception of those involving hydrogen,
were nearly identical to those determined by R. J. Hill in 1981 who studied a single crystal of bochmite
by X-ray diffraction. All atoms were refined with anisotropic thermal parameters. The b value is 0.013
A larger, and the thermal ellipsoids of oxygen are slightly more anisotropic than those reported by Hill

and may reflect the different samples studied.
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refinement.

INTRODUCTION

The positions of the aluminum and oxygen atoms
in boehmite, v-AIOOH, have been known with rea-
sonable certainty since the original structure determi-
nation by Reichertz and Yost (1946). The positions of
the hydrogen atoms are less well known, and conse-
quently the correct space group has been a subject of
conjecture. Single crystals of boehmite are rare and all
structural studies to date except that of Hill (1981) have
used powders.

X-ray and neutron diffraction studies have shown
the O-H ... O interlayer distance is about 2.7 A, too
long for a symmeitrical location for the hydrogen. All
previous powder X-ray diffraction studies (see Hill,
1981, for a literature review) were unable to locate the
hydrogen atoms and concluded that the space group
Cmcm was the best description of the structure. A
Cmcm space group and an asymmetrical hydrogen atom
position imply that the asymmetry ofeachO-H ... O
chain is unrelated to the asymmetry of neighboring
chains or that the hydrogen displacements are not uni-
form within each chain. From a single crystal X-ray
diffraction study, Hill (1981) located the hydrogen atom,
determined the bonded O-H distance to be 0.75 A,
and gave the O-H . . . O bond angle as 176°. Hill con-
cluded that the overall space group is Cmcm and that
the structure is disordered at room temperature with
regard to adjacent hydrogen-bond chains. He was able
to refine his data with anisotropic thermal parameters
for all atoms but hydrogen, but did not refine the hy-
drogen atom coordinates.

Christensen et al. (1982) studied the structure of a
partially deuterated boehmite at 4.7°K by powder neu-
tron diffraction and Rietveld profile-refinement tech-
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niques. The structure refined to an R of about 11.5%
in both Cmcm and Cmc2, space groups. Both refine-
ments used overall thermal parameters. They chose to
describe the structure in space group Cmcm. The hy-
drogen position was found to be 0.14 A off the line
connecting the oxygen atoms in the hydrogen bond.
The O—(D,H) . .. O distance was found to be 2.73 A;
the O—«D,H) distance, 0.94 A,

Christensen et al. (1982) tested the suggestions of
Farmer (1980) who, from Raman and infrared spectra,
proposed additional centrosymmetric space groups,
Pnma and P2,/c, in which the hydrogen atoms were
ordered and displaced from the symmetry center. They
also tested the hypothesis of Slade and Halstead (1980)
who suggested, on the basis of a nuclear magnetic res-
onance study, that the hydrogen atoms occupied two
8f sites in space group Cmcm with a 0.25 occupancy.
No evidence of these structural arrangements was found.
Hill (1981) also examined his data for evidence bearing
on Farmer’s suggestions but found none.

The objective of the present study was to utilize the
superior intensity and resolution afforded by the In-
tense Pulsed Neutron Source at Argonne National Lab-
oratory to provide the best experimental powder dif-
fraction data to date to decide the space group of
boehmite and to determine the hydrogen (deuterium)
positions with certainty. The Argonne facility also pro-
vided the capability of performing the structure anal-
ysis with profile refinement methods. Our results differ
from those of Christensen et al. (1982) because we
refined all atoms with anisotropic thermal values. Also,
our refined hydrogen position differs significantly from
that determined by Hill (1981) from X-ray Fourier
difference plots, because nuclear positions rather than
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Figure . Neutron time-of-flight data for deuterated boehm-

ite at 18°C. Upper plot: Observed data shown by + symbols;
calculated data for space group Cmcm shown by solid line.
Lower plot shows observed minus calculated. Regions ex-
cluded from refinement shown by absence of observed data

oints. Range is from 3660 usec (0.49 A) to 18,000 psec (2.41

) and includes 350 possible Bragg reflections. Neutron time
of flight is linearly proportional to d-value with a constant of
proportionality of 7470 gsec/A for the instrument used in this
study.

electron densities are detected in neutron diffraction
studies.

EXPERIMENTAL

Deuterated boehmite was prepared as follows: About
15 g of reagent grade AI(OH), powder, pure gibbsite
as shown by X-ray powder diffraction (XRD), was de-
hydrated for two days at 250°C. Boehmite was the only
crystalline phase recognized by XRD after the dehy-
dration. The boehmite was reacted in a silver-lined
hydrothermal pressure vessel with an excess of 99.8%
pure heavy water at 325 + 15°C at ~120 bars for two
weeks, after which it was removed, dried, and then
reintroduced into the pressure vessel with an additional
excess of heavy water and equilibrated at the same
temperature for two more weeks. It is likely that no
more than 97% of the hydrogen atoms were replaced
by deuterium atoms, based on the relative weights for
boehmite and heavy water, and a suitable partitioning
coefficient and complete equilibrium for H/D. An in-
frared pattern of the final product showed an essentially
pure deuterated boehmite, AIOOD. Chemical analyses
were made by X-ray fluorescence for 14 elements which
could be expected as impurities. One-half weight per-
cent of Mg and 0.15 wt. % Ag were detected; no other
element was detected above 0.06 wt. %.

"Approximately 7 g of the deuterated boehmite pow-
der was packed into an Ar-filled, thin-walled vanadium
cylinder (11 mm diameter by 55 mm long), and the
sample and container were exposed to the pulsed neu-
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Figure 2. Enlargement of a portion of Figure 1 from 9000
usec (1.20 A) to 14,000 usec (1.87 A).

tron flux for ~22 hr at 18.3 + 2.7°C. The neutron flux
at the sample was about 4 X 10° n-cm~2?sec™!. The high-
resolution time-of-flight powder diffractometer used in
this study is similar to that described by Jorgensen and
Rotella (1982). Banks of He detectors were placed at
+145°26; observed data used in the refinement includ-
ed 350 possible reflections whose d-values ranged from
0.49 to 2.40 A. The influence of the background on
the final results was minimized by excluding from the
refinement portions of the observed data where there
are no observed or expected diffraction peaks (see Fig-
ures 1 and 2). Data reduction and Rietveld refinement
were accomplished with the program described by von
Dreele et al. (1982). Coherent scattering lengths were
taken from the International Tables for X-ray Crys-
tallography, vol. IV, 1973, Kynoch Press, Birmingham,
p. 229.

RESULTS AND DISCUSSION
Neutron diffraction profile

All of the observed peaks in the neutron diffraction
pattern except one are consistent with a C-centered
space group which confirms the findings of Hill (1981)
and Christensen et al. (1982). The origin of a diffuse,
weak peak at about 1.74 A remains uncertain (see dis-
cussion below). Preliminary computer-simulated pat-
terns (Corbaté and Tettenhorst, 1982) for Farmer’s
proposed space groups were distinguishable from each
other and from a simulated pattern for boehmite in
space group Cmcm. No evidence, however, was found
in the experimental pattern to support the space groups
proposed by Farmer (1980).

The difference profile (observed minus calculated,
Figures 1 and 2) shows small variations only, the largest
of which are associated with intense peaks such as 200
shown at 10,700 usec. The boehmite crystals are small,
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Parameters for deuterated boehmite.

Space group: Cmcm (#63)

Weighted profile R: 3.71%

Cell parameters:
a=2.8681(1) A

Cell volume and density:
V =129.55(1) A2
D, =3.075 g/cm?
Site occupancy:

b=12.2336(4) D 0.967(8)

¢ =3.6923(1) H 0.033
Position and thermal parameters:

Wyckoff
Atom site X Yy z Bu B2z Bss 823

Al 4c 0 —.3178 (2) Ys 100 (16) 8(1) 87 (9) 0
o) 4c 0 .2901 (1) Y 188 (13) 18 (1) 42(7) 0
0@ 4c 0 .0810 (1) Y 151 (15) 9(1) 165 (9) 0
Y% (D, H) 8f 0 10236 (2) .0687 (5) 566 (26) 322 194 (13) —-32(3)

Thermal parameters are times 10¢; anisotropic temperature factor is of the form: exp[—(8,,h? + ... + 28,:kD].

Refinement included factors for background (4), peak shape (3), absorption (1), extinction (1), and scale (1).

Weighted profile R is of the form:

{2 wilyi(obs) — (1/c)yi(calc)]?/Z w,[y;(obs)]?}*- 100%.

have a highly anisotropic shape, and the (200) plane
is perpendicular to the direction of maximum growth
(Tettenhorst and Hofmann, 1980). Peaks such as 200,
additional h0O reflections, and other reflections from
planes which make a small angle with the (200) plane
are narrow compared with most of the other peaks.
The largest deviations on the difference profile reflect
the inability of the refinement program to model cor-
rectly peaks having different shapes. A similar obser-
vation was made by Adams and Hewat (1981) for the
neutron diffraction pattern of dickite.

Space group Cmem

The best refinement was made in space group Cmcm
which gave a weighted profile R of 3.71%. Initial pa-
rameters were taken from Hill (1981). Cell dimensions,
fractional coordinates, and thermal parameters for this
model are listed in Table 1. Final refinement included
parameters for (number in parentheses) cell (3), posi-
tion (5), thermal (13), peak shape (3), background (4),
site-occupancy (1), scale (1), absorption (1), and ex-
tinction (1). In general, these data agree well with those
of Hill (1981). Cell parameters are nearly identical ex-
cept for b, for which we obtained a value 0.013 A larger,
possibly due to the substitution of deuterium for hy-
drogen or to the presence of the magnesium impurity
in place of aluminum. Fractional coordinates for alu-
minum and oxygen and thermal vibration ellipsoid
parameters for aluminum are nearly identical. Thermal
vibration ellipsoids for the oxygen atoms are slightly
more anisotropic than those of Hill (1981). All of these
differences may reflect the differences between our syn-
thetic deuterated powder and the natural single crystal
used by Hill (1981).

The (D,H)-O distance determined here (Table 2) is
about 0.97 A compared with 0.75 A for Hill (1981);
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our value agrees better with the approximately 1.0 A
value determined for the hydrogen-oxygen distance for
many other substances, as should be expected for a
technique which yields nuclear positions. The O~D,H)
... O bond angle is about 179°% the (D,H) atom cen-
troid is only about 0.01 A off the O ... O line. The
deuterium site occupancy refined to 0.967(8), in ex-
cellent agreement with the maximum of 0.97 expected
for complete deuterium exchange.

The Slade and Halstead (1980) model was refined
in space group Cmcm with two (D,H) sites with a 0.25
occupancy per site. This model did not refine as well
as the model discussed above, but the obtained cell
dimensions and fractional coordinates were nearly
identical to those given in Table 1 with the exception
of the (D,H) atom. This refinement converged to a
weighted profile R of 3.86% with anisotropic thermal
values for all atoms except (D,H). We were unable to
confirm the results of Christensen et a/. (1982) on the
site occupancies of the two sets of (D,H) atoms. The
refinement showed essentially no change in the 0.25
site occupancies when all other parameters were held
constant, indicating no statistical preference between
the sites. Another refinement diverged when both the
deuterium site occupancy and (D,H) isotropic thermal
value were allowed to vary, with all other parameters
constant.

The estimated average relative precision of the mea-
surements of Hill (1981) and Christensen et al. (1982)
are compared with those found in this study in Table
3. This comparison shows that the present study pro-
vides an improvement in the relative precision of the
results. The improvement with respect to Christiansen
et al. (1982) is believed to be the result of the superior
intensity and resolution of the time-of-flight facility at
Argonne National Laboratory. The improvement with
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Table 2. Pertinent bond distances and angles for boehmite.

Deuterium-hydrogen distances:

(D,H)-0Q) || b~ 0.970 (2)
DH)...0Q2) || b—< 1.738 (2)
(DH)...(D,H) x 2| b 1.934 (3)
Aluminum bond lengths:
Al-O(1) x 2 || b— 1.877 (1)
Al-OQ2) x 2 | a-b 1.894 (2)
Al-O(1) x 2 | a-b 1.949 (2)
Octahedral lengths:
0(1)...0(1) x4s 2.535 (1)
0(1)...02) x2s| b 2.558 (2)
O1)...0(2) x 4 2.818 (1)
o1)...0(l)=a 2.8681 (1)
0(2)...02)=a 2.8681 (1)
Other distances:
Al...Al x 4 2.866 (2)
Al...Alx2=gq 2.8681 (1)
Al...Alx2=¢ 3.6923 (1)
Al...O(2) x 2| b~ 3.435 (2)
ol)...0()yx2=c 3.6923 (1)
O1)...012) x 2| a-b 3.837 ()
0(2)...0(2) x 2| b=c 2.709 (1)
Interior octahedral angles:
O()-AlI-O(1) x 4 s 82.98 (6)
O(1)-Al1-OQ2) x 2's | a-b 8343 (8)
O(1)-AI-FO(2) x 4 96.78 (6)
O(1)-A1=0(1) | a-b 94.74 (8)
O(2)-Al-0Q2) || a-b 98.39 (8)
Transoctahedral angles:
O(1)-AlI-O(1) | b-¢ 159.20 (12)
O(1)~A1-0(2) x 2 || a-b 178.18 (9)
Other angles:
O(2D,H)... 02 178.97 (16)
(D,H)}-0O(2)-Al x 2 118.23 (16)
Al-FO(1)-Al x 4 97.02 (6)

Distances are given in A, angles are given in degrees; shared
edges between AlQ, octahedra are indicated by s.

respect to Hill (1981) is less marked but is believed to
be due to a combination of the differences in the scat-
tering of neutrons in comparison to X-rays and the
whole-pattern profile-refinement technique.

Space group Cmc2,

The structure refined in space group Cmc2, to a
weighted profile R of 4.91% with anisotropic thermal
parameters for all atoms. Aluminum and oxygen atoms
were given initial z values slightly different than z =
0.25; the refinement did not move the atoms further
away from the special positions. Christensen et al.
(1982), using 52 reflections, refined boehmite in space
groups Cmcm and Cmc2, and obtained a slightly lower
R value for space group Cmc2,; because of the limited
data, an overall isotropic thermal value was used for
both refinements. OQur more extensive data refined to
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Table 3. Estimated average relative precision of results for
structure refinements of boehmite.

Christensen

Hill (1981) et al. (1982) This study
Method: X-ray Neutron Neutron
diffraction  diffraction  time of flight
Sampie: Crystal Powder Powder
Parameters
Cell: 1:4000 1:1000 1:30,000
Position: 1:900 1:600 1:1200
(without
hydrogen)
Thermal: 1:6 1:4 1:12
Number: 9 1 13
Type: anisotropic  isotropic anisotropic

a lower R in space group Cmcm. Furthermore, the
estimated errors for all parameters in space group
Cmc2,, i.e., cell dimensions, fractional coordinates, and
thermal values, were equal to or larger for the Cmc2,
space-group refinement than for space group Cmcm.
The deuterium site occupancy factor in space group
Cmc2, refined to 0.840, which is lower than expected.
A Cmc2, space group for boehmite in localized do-
mains cannot be ruled out, but the evidence favors
space group Cmcm.

Space group P222,

A very small peak with a d-value of 1.74 A, partially
shown at ~13,100 usec on Figure 2, cannot be ac-
counted for with the C-centered space groups. The peak
may be due to an impurity, correspond to an (070)
reflection (d = 1.748 A) of a primitive cell which is
nearly C-centered, or be due to some unknown factor.
P222, is the only orthorhombic space group which
allows an (070) reflection and retains special positions
for the aluminum and oxygen atoms [2c¢ and 2d, re-
spectively, at (0 y ¥4) and (Y2 y %) instead of 4cat (O y
14) in space group Cmcm or 4a at (Qyz) in space group
Cmc2,]. Two independent groups of atoms are thus
produced. Attempts to refine in this space group pro-
duced no shift from a C-centered arrangement and no
significant (070) reflection. An exhaustive search for
an impurity which matched this peak was also unsuc-
cessful. No satisfactory explanation for the presence of
this weak peak can therefore be offered.

CONCLUSIONS

The results show that the (D,H) atoms in boehmite
are distributed with a site occupancy of 0.50 each on
two positions on either side of the symmetry center at
0.97 A from the oxygen atoms. The structure is de-
scribed best in space group Cmcm. These neutron dif-
fraction data and the X-ray diffraction data of Hill
(1981) represent the average structure taken over many
unit cells over a large time. Small domains of lower
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symmetry may exist in boehmite to explain the infrared
results of Farmer (1980).

The boehmite has also been studied by infrared, Ra-
man spectroscopy, and inelastic scattering techniques,
and the data will be correlated with the neutron dif-
fraction results and reported elsewhere. Also, neutron
diffraction data have been taken on a hydrogen boehm-
ite at Argonne National Laboratory and the H and D
varieties at Los Alamos National Laboratory for a
comparison of the two systems and two varieites of
boehmite.
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Pesiome—Kpucraymvueckas CTpPyKTypa ZIeHTepHPOBAHHOIO CHHTETHYECKOTO GeMETOBOrO MNOpOINKa,
v-AlOOD, ompenesnsiach IpH NoMoIH Judpaknun HEATPOHOB M YTOMHEHHs Npoduns Persenbaa B npo-
cTpaHCTBeHHOM rnynne Cmcm no BecoBoro npoduis P pasnoro 3,71%. PazMepb! sueiiku paBHbl: a = 2,868
(1), 5=12,2336 (4}, u c= 3,6923 (1) A. Jlpyrue BapHaBTH TPOCTPAHCTBEHHBLIX FPYHIN Uil CTPYKTYD
GeMHTa, MPHHATHIE B IMTEPATYpPE, HE MOTYT ObITh NpU3HAHbI. [TONOXKEHHSA aTOMOB, MeXaTOMHBIE pac-
CTOSIHHS M YTJIBI, NCKJIIOYAsi CBA3HW, CONEPKAIINE BOAOPOL, ObLIIM Takue XK€ CaMble KaK BEJIHYHHBI, OIIpe-
nenennbie B 1981 rogy P. Y. T'uniiomM, KoTopeiilt ¥MCCIEN0BaNl OMMHOMHBIA KPUCTAILT GEMHTA IPU TOMOLIH
PEHTTEHOBCKOH NOPOIIKOBOM udpaknoun. Bee aTOMbI GbLIH YTOYHEHBI IIPY HCMIOIb30BAHHH aHA30TPOIHbBIX
TepMHUUECKHX TapaMeTpoB. Benmunna b asmsercs 0,013 A Goanpiiot, a TepMAYECKHe 3JIHICOHABI KHC-
Jiopoia—HEeMHOro Gojiee aHM30TPOIHBIE, Y€M BEJIMYHHEI, ONpenesieHHbl¢ oM, B MOTyT oToGpaxars
pasnudHbIe HCceaoBaHHbIe o6pasuel. [E.G.]

Resiimee— Die Kristallstruktur von deuteriertem, synthetischem Boehmitpulver, v-Al1QOD, wurde durch
time-of-flight Neutronendiffraktion und durch Rietveldprofil-Verfeinerung in der Raumgruppe Cricm
aufein gewichtetes Profil R-Wert 3,71% bestimmt. Die Zelldimensionen sind a = 2,868(1), b= 12,2336(4),
und ¢ = 3,6923(1) A. Alternierende Raumgruppen, die in der jiingsten Literatur fiir die Boehmitstruktur
vorgeschlagen werden, erwiesen sich als nicht haltbar. Die Atomladung, Bindungsabstinde und -winkel
waren mit Ausnahme derer, die den Wasserstoff betreffen, nahezu identisch mit denen, die von R. J. Hill
in 1981 anhand eines Einzelkristalls von Boehmit mittels Réntgendiffraktion bestimmt wurden. Alle
Atome wurden mit anisotropen thermischen Parametern verfeinert. Der b-Wert ist 0,013 A groBer, und
die thermischen Ellipsoide von Sauerstoff sind etwas mehr anisotrop als die, die von Hill berichtet werden,
was vielleicht auf die verschiedenen untersuchten Proben zuriickgeht. [U.W.]

Résumé— La structure cristalline d’une poudre boéhmite synthétique deutérée, y-AlOOD, a été déterminée
par le temps de vol de la diffraction de neutrons et par le rafinement de profile Rietveld dans le groupe
d’espace Cmcm a un profile appesanté R de 3,71%. Les dimensions de maille sont a = 2,868(1), b =
12,2336(4), et ¢ = 3,6923(1) A. Des espaces de groupe alternatifs pour la structure de la boéhmite suggérés
dans la littérature récente n’ont pas été trouvés étre acceptables. Les positions des atomes, les distances
des liaiasons, et les angles, avec exception de ceux impliquant I’hydrogéne, étaient pratiquement iden-
tiques a ceux déterminés en 1981 par R. J. Hill qui a étudié un seul cristal de boéhmite par la diffraction
des rayons-X. Tous les atomes étaient rafinés avec des paramétres thermiques anisotropiques. La valeur
b est plus élevée de 0,013 A, et les éllipsoides thermiques d’oxygéne sont légérement plus anisotropiques
que ceux rapportés par Hill et pourraient refléter les differents échantillons étudiés. [D. J.]

https://doi.org/10.1346/CCMN.1985.0330108 Published online by Cambridge University Press


https://doi.org/10.1346/CCMN.1985.0330108



