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abStRact

Dickite is a member of the family of 1:1 dioctahedral phyllosilicates known as the kaolin minerals, 
with composition Al2Si2O5(OH)4. The elucidation of the hydrogen-atom positions in dickite, addressed 
here, and indeed in other hydrated minerals poses particular challenges. 

The crystal structure of dickite was determined from single-crystal X-ray diffraction at 100(2) K 
in the non-centrosymmetric Cc monoclinic space group and found to agree closely with previously 
reported structures (Bish and Johnston 1993; Dera et al. 2003). 27Al and 29Si solid-state NMR spectra 
of unprecedented resolution bear evidence for two distinct Al and Si sites, being consistent with the 
previously determined structures. Positions of the four independent hydrogen atoms were optimized 
and the pertinent 1H chemical shifts calculated using DFT methods (program CASTEP) and compared 
with high-resolution MAS NMR experimental data obtained at ultra-high sample spinning rates (up to 
67 kHz). This work contributes new evidence on the precise hydrogen-atom positions of dickite, and 
it illustrates how X-ray diffraction, solid-state NMR, and theoretical calculations may be combined 
to yield an improved mineral crystal structure.
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intRoduction

An outstanding problem in the characterization of the 
crystal structure of clay minerals is the precise solution of the 
hydrogen-atom positions. This is mainly due to the very weak 
X-ray scattering power, to the presence of stacking disorder, and, 
when neutron diffraction is used, to strong incoherent scatter-
ing from the two possible 1H nuclear spin states. A technique 
complementary to diffraction methods, solid-state NMR, is very 
sensitive to the local structure, through the variation of interac-
tions such as the chemical shielding, J-coupling, or quadrupolar 
coupling providing an ideal tool for structural investigation of 
minerals (Ashbrook and Dawson 2016). Theoretical calculations 
have also been used to assist in ascertaining the hydrogen-atom 
positions of clay minerals (Liang and Hawthorne 1998 and 
references therein).

Precise determination of hydrogen positions in dickite have 
been the subject of many studies, mainly due to some conflict-
ing results obtained by X-ray and neutron diffraction, infrared 
spectroscopy and theoretical calculations (see, e.g., Gupta et 
al. 1984; Bish and Johnston 1993; Liang and Hawthorne 1998; 
Dera et al. 2003). Here, we revisit the structure of dickite and 
determine the H-, Si-, and Al-atom positions using a combination 
of X-ray diffraction, solid-state NMR, and theoretical calcula-
tions. The general approach used is the following. First, the 
position of O, Al, and Si atoms is ascertained by single-crystal 
X-ray diffraction. With this model in hand, the H-atom posi-
tions are optimized, and the NMR chemical shifts calculated 
using DFT methods (program CASTEP) and compared with 

very high-resolution 1H solid-state NMR experimental data. 
The final crystal structure consists, thus, on the positions of O, 
Al, and Si atoms derived from X-ray diffraction and H-atom 
positions geometrically optimized by DFT and validated by 1H 
MAS NMR. In contrast with a previous theoretical calculations 
account (but in accord with other experimental reports), we have 
found evidence for four, rather than six, independent H-atoms 
(Liang and Hawthorne 1998).

expeRimental methodS

Single-crystal X-ray diffraction
Single crystals of a naturally occurring dickite from Anglesey (same sample as 

in Adams and Jefferson 1976) were manually selected from crystalline aggregates 
and immersed in highly viscous FOMBLIN Y perfluoropolyether vacuum oil (LVAC 
140/13, Sigma-Aldrich) (Kottke and Stalke 1993). Crystals were mounted on a 
Hampton Research CryoLoop with the help of a Stemi 2000 stereomicroscope 
equipped with Carl Zeiss lenses. X-ray diffraction data were collected at 100(2) K 
on a Bruker X8 Kappa APEX II charge-coupled device (CCD) area-detector dif-
fractometer (MoKa graphite-monochromated radiation, l = 0.7107 Å) controlled 
by the APEX2 software package (APEX2—Data Collection Software 2006) and 
an Oxford Instruments Cryostrem 700 Series low-temperature device monitored 
remotely by the software interface Cryopad (2006). Diffraction images were pro-
cessed using the software package SAINT+ (“SAINT+, Data integration Engine”) 
and data were corrected for absorption by the multiscan semi-empirical method 
implemented in SADABS (Sheldrick 2012). The non-H structure was solved using 
the algorithm implemented in SHELXT-2014 (Sheldrick 2014b) which enabled the 
immediate location of almost all the heaviest atoms in the asymmetric unit. The 
remaining missing and misplaced non-hydrogen atoms were found from differ-
ence Fourier maps calculated from successive full-matrix least-squares refinement 
cycles on F2 using the latest SHELXL from the 2014 release (Sheldrick 2008, 
2014a). All non-hydrogen atoms were successfully refined for their positions and 
the respective independent anisotropic displacement parameters. Site occupancies 
were fixed. All structure refinements were performed using the graphical interface 
ShelXle (Hübschle et al. 2011).
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