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Abstract: A series of alkaline earth
chloride hydrates has been studied by
solid-state ***’CI NMR spectroscopy in
order to characterize the chlorine elec-
tric field gradient (EFG) and chemical
shift (CS) tensors and to relate these
observables to the structure around the
chloride ions. Chlorine-35/37 NMR
spectra of solid powdered samples of
pseudopolymorphs (hydrates) of mag-
nesium chloride (MgCl+6H,0), calci-
um chloride (CaCl,2H,0), strontium
chloride (SrCl,, SrCL-2H,O, and
SrCl,-6H,0), and barium chloride
(BaCl,2H,0) have been acquired
under stationary and magic-angle spin-
ning conditions in magnetic fields of

tion was used as an additional tool to
confirm the purity and identity of the
samples. Chlorine-35 quadrupolar cou-
pling constants (C,) range from essen-
tially zero in cubic anhydrous SrCl, to
4.26£0.03 MHz in calcium chloride di-
hydrate. CS tensor spans, Q, are be-
tween 40 and 72 ppm, for example, Q=
45+20 ppm for SrCl,-6H,0O. Plane
wave-pseudopotential density function-
al theory, as implemented in the
CASTEP program, was employed to
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model the extended solid lattices of
these materials for the calculation of
their chlorine EFG and nuclear mag-
netic shielding tensors, and allowed for
the assignment of the two-site chlorine
NMR spectra of barium chloride dihy-
drate. This work builds upon our cur-
rent understanding of the relationship
between chlorine NMR interaction ten-
sors and the local molecular and elec-
tronic structure, and highlights the par-
ticular sensitivity of quadrupolar nu-
cleus solid-state NMR spectroscopy to
the differences between various pseu-
dopolymorphic structures in the case of
strontium chloride.

11.75 and 21.1 T. Powder X-ray diffrac-

Introduction

The alkaline earth chlorides and their hydrates have diverse
uses in chemical and industrial processes.!! For example, cal-
cium and magnesium chlorides are used for de-icing roads,
and are also key components in the preparation of promis-
ing hydrogen storage materials which can store up to 9.1%
hydrogen by weight in the form of ammonia.>* Calcium
chloride has been used in the development of heat storage!”
and vapor sensor materials,’! barium chloride has been used
as the basis for a humidity sensor,” and strontium chloride
hexahydrate is used as a toothpaste additive for sensitive
teeth.

[a] Prof. D. L. Bryce, E. B. Bultz
Department of Chemistry
and Centre for Catalysis Research and Innovation
University of Ottawa, Ottawa, Ontario KIN6N5 (Canada)
Fax: (4+1)613-562-5170
E-mail: dbryce@uottawa.ca

WWILEY

) InterScience’

4786

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

In this work, the potential of chlorine-35/37 solid-state nu-
clear magnetic resonance (SSNMR)® in the characteriza-
tion of alkaline earth chloride hydrates is explored. SSNMR
spectroscopy is a versatile technique for studying and char-
acterizing polymorphs and pseudopolymorphs.’*¥ NMR
studies of a quadrupolar nucleus such as *Cl in the solid
state can in principle yield information on the chemical shift
(CS) tensor, rather than simply the isotropic chemical shift,
as well as information on the electric field gradient tensor
(EFG) surrounding the nucleus. The EFG tensor is directly
related to the nuclear quadrupolar coupling tensor. Both the
EFG and CS tensors are sensitive reporters on the local mo-
lecular and electronic structure, and as such **’Cl SSNMR
is a potentially valuable tool for the characterization of inor-
ganic chloride compounds.

Previous **’Cl NMR studies of solid inorganic chlorides
are limited.® Stebbins and co-workers have discussed the
role of chlorine NMR spectroscopy in studying chloride-con-
taining silicate and aluminosilicate glasses;™>'°! the isotropic
chlorine chemical shifts and quadrupolar parameters were
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reported for anhydrous calcium chloride!™ and anhydrous
barium chloride."® Saito has also published a **Cl magic-
angle-spinning (MAS) NMR spectrum of CaCl, in an unspe-
cified hydration state; however, no analysis of this spectrum
was attempted.'” Studies of chloride ions interacting with
alkaline earth cations such as calcium are also relevant from
the perspective of cement chemistry."*?! Chemically bound
chloride ions in cements frequently exist as Friedel’s salt,
Ca,Al(OH),CI-2H,O, which has been studied by *’Al solid-
state. NMR™® as well as preliminarily by *Cl solid-state
NMR.? Additionally, Skibsted and Jakobsen have present-
ed a beautiful chlorine SSNMR study of quadrupolar effects
in inorganic perchlorate salts.!

Lefebvre®! has reported a chlorine-35/37 NMR investiga-
tion of solid alkaline earth chlorides; however, there are
problems evident with the processing and interpretation of
these data. Furthermore, no information was extracted on
the chlorine quadrupolar coupling constant (Cg), asymmetry
parameter (77), or CS tensors. Here, we present a compre-
hensive ***'Cl solid-state NMR spectroscopic study of sever-
al alkaline earth chloride hydrates: MgCl6H,0,
CaCl,2H,0, StCl,, SrCl2H,0O, SrClL-6H,O, and
BaCl,-2H,0 (Figure 1). The objective is to provide accurate
and precise characterization of the chlorine quadrupolar and
CS tensors, and their relative orientations, and to interpret
the results in terms of known diffraction-based structures
(Table 1). Our recent chlorine-35/37 NMR investigations of
solid amino acid hydrochlorides reveal that the chlorine
chemical shift tensor spans (L2) in these compounds are gen-
erally less than 100 ppm, with the value for L-phenylalanine
hydrochloride being the largest reported to date, 129+
20 ppm.>2! For this reason, we anticipate that particularly
high magnetic field strengths will be required to extract the
CS tensor information for the alkaline earth chloride hy-

d) :f ‘ e) g n

Figure 1. Local coordination environments of the chloride ions in the alkaline earth chloride pseudopoly-
morphs studied in this work (from diffraction studies; references are given in the text). a) MgCl,:6 H,O, b)
CaCl,2H,0, c) BaCl,2H,0, d) SrCl, (anhydrous), e) SrCL-2H,O, f) SrCl-6 H,O. Chlorine is shown in green;
alkaline earth cations are shown in dark grey; oxygen is shown in red; hydrogen is shown in light grey. The
chloride ion lies on a mirror plane, denoted “m” in MgCl,»6 H,O. There are two non-equivalent chlorine sites
in BaCl,»2H,0. The chloride ion lies along a C; rotation axis in SrCl,6 H,O. Anhydrous SrCl, exists in a cubic
structure; the four nearest-neighbor Sr atoms are shown in d). Figure prepared using Diamond 3.0 and

PovRay 3.6.1"!
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Table 1. Selected crystallographic properties of the alkaline earth chlo-
ride hydrates discussed in this study.

Structure Space Number Cl on Ref.
type group of symmetry

unique element?

chlorides

[69]

MgCl,,6 H,O monoclinic C2m 1 Cl on mirror

plane
CaCl,2H,0 orthorhombic Pbcn 1 no (701
SrCl, cubic (fluo-  Fm3m 1 yes 71
rite)
SrCl,2H,0 monoclinic ~ C2/c 1 no 72
SrCl6H,0 trigonal P321 1 Cl on C; axis 73l

[74,75]

[\e]

BaCl,»2H,0 monoclinic P2\/n no

drates. Data at 11.75 and 21.1 T were therefore acquired in
the present work.

To complement the experimental data and to aid in its in-
terpretation, density-functional theory (DFT) calculations of
the chlorine NMR interaction tensors were also carried out.
Since the alkaline earth chloride hydrates form extended
three-dimensional lattices in the solid state, a method imple-
mented in the CASTEP program™ 2! which uses periodic
boundary conditions to describe crystalline materials was ex-
plored. This method, which uses pseudopotentials and plane
wave basis sets to describe the system,*” has gained popu-

larity recently for the calculation of SSNMR parame-
ters, [13-31-38]

Results and Discussion

The experimental chlorine NMR parameters derived from
this study are summarized in Table 2. Analyses of chlorine
NMR spectra for each compound, in the context of their
solid-state structures, are pre-
sented below.

Strontium chloride dihydrate:
The structure of SrCl,-2D,0,
as refined by neutron powder
diffraction at 300K (space
group C2/c), indicates that
there is a single chloride ion in
the asymmetric unit and that
it is neither on a rotation
axis nor a mirror plane
(Figure 1).? This is consistent
with earlier reports on the di-
hydrate.” Powder X-ray dif-
fraction measurements confirm
the identity of the sample used
in the present work (Figure 2).
The chlorine NMR interaction
tensors therefore are not re-
stricted to be axially symmetric
or to have a particular orienta-
tion in the molecular frame-
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Table 2. **’Cl Quadrupolar and chemical shift tensor parameters for some alkaline earth chlorides and their hydrates.

compound | Co(PCl) |/ |CoP'C) |/ No Oiso(°C1)/ Q/ xlel a, B, 1P Ref.
MHz MHz ppml! ppm®

MgCl,-6 H,0O 3.02+£0.05 2.364+0.02 0.0 75.0+£1.0 <75 - - this work

CaCl, (anhydrous) 2.1+0.1 n.a. 0.7+0.1  168+5 n.a. na. n.a. Sandland et al.l"”!

CaCl,2H,0 4.26+0.03 3.354+0.03 0.75+0.03 110.0+2.0 72+15 0.60+0.20 90+10,82+5,04+20 this work

SrCl, (anhydrous) ~ 0l ~0 n.a. 1882+1.0 0.0 n.a. n.a. this work

SrCl,2H,0 1.41+0.02 1.11£0.02 0.80+0.10 142.1+1.0 41+£10 0.50+£0.20 86+15,75+5, this work
37+10

SrCl,»6 H,O 3.91+0.05 3.054+0.05 0.0 90.4+1.0 45+£20 -1.0 0+10,90+£10,0£10 this work

BaCl, (anhydrous; site  3.5+0.1 n.a. 0.15+£0.05 124+5 n.a. n.a. n.a. Stebbins and

A) Dul'!

BaCl, (anhydrous; site  3.95+0.1 n.a. 0.1+0.1 265+5 n.a. n.a. n.a. Stebbins and

B) Dul'?

BaCl,22H,0 (site A) 2.194+0.08 1.73+£0.08 0.0 163.4+2.0 50+25 —0.804+0.20 85420, 32410, this work
60+20

BaCl,2H,0 (site B) 3.424+0.08 2.694+0.08 0.31+0.10 156.6+2.0 50+25 0204025 20+4+15,84+10,0+20 this work

[a] Isotropic chemical shifts (0;,=(01; + 5, + 0s3)/3) are with respect to the **CI central transition center band for solid powdered NaCl. [b] The chemi-
cal shift tensor span, Q, is ;;—0d3; where the principal components of the CS tensor are ordered d;; > J,, > 033. [c] The chemical shift tensor skew, , is
given by 3(0,,—04,)/R, and has allowed values between —1 and +1. [d] The Euler angles a, f3, and vy, describe the counterclockwise rotations required to
bring the EFG tensor PAS into coincidence with the CS tensor PAS. [e] Based on central transition 2nd-order quadrupolar lineshape.

a)

10 20 30 40

20/°
Figure 2. Experimental (s++++) and theoretical (—) powder X-ray dif-
fraction (Cug,, radiation) patterns for a) barium chloride dihydrate, b)
strontium chloride dihydrate, and c) strontium chloride hexahydrate. Dis-
crepancies between some of the predicted and experimental intensities
are attributed to preferential alignment of certain crystallites, and are not
related to phase purity.

work. Shown in Figure 3 is a series of chlorine solid-state
NMR spectra obtained for SrCl,2H,O. Chlorine-35 MAS
NMR spectra were recorded at 21.1 and 11.75T, and a
chlorine-37 MAS NMR spectrum was recorded at 11.75T.
Simulations of these spectra provided the quadrupolar pa-
rameters and the isotropic chemical shift given in Table 2.
The value of |Co(*Cl)|, 1.4140.02 MHz, is small relative
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to the other alkaline earth chloride hydrates, but compara-
ble to the values reported by Honda for n-alkylammonium
chlorides.*” The value of |Cqo(*’Cl)| determined directly
from the ¥ClI MAS NMR spectrum, 1.11+0.02 MHz, is
identical to the value predicted from the product of
| Co(*C1)| and the ratio of the nuclear electric quadrupole
moments (Q) for the two chlorine isotopes (Q(*’Cl)/
O(*Cl)=0.7881)."1 As suggested by the diffraction-based
structures, the EFG tensor is not axially symmetric; the
combined analysis of the *Cl and ¥Cl MAS NMR spectra
provide a value for the quadrupolar asymmetry parameter,
Mg, of 0.80+£0.10 (where 7o = (V;—V2x)/V3; and the princi-
pal components of the EFG tensor are ordered as follows:
[Vl > [V| > [Vul]).

NMR spectra of stationary samples of SrCl,-2H,0 were
obtained at 21.1 (*Cl) and 11.75 T (**'Cl) (Figure 3). These
spectra reflect the magnitude of the CS tensor, the magni-
tude of the EFG tensor, and the relative orientations of
these two tensors. Having determined the EFG tensor mag-
nitude and isotropic chemical shift from the spectra of MAS
samples, simulations of the spectra of stationary samples
yield in addition the CS tensor parameters given in Table 2.
The span (Q) of the CS tensors:

Q = 611*533 (1)

(where the principal components of the CS tensor are de-
noted as d;; > O, > O3), is found to be 41410 ppm. The
CS tensor is not axially symmetric, which is again consistent
with the crystal symmetry. Finally, the Euler angles relating
the chlorine EFG and CS tensors also indicate that there is
no symmetry element enforcing a particular relative orienta-
tion (Table 2). To demonstrate the pronounced effect of the
anisotropy of the CS tensor on the chlorine-35/37 NMR
spectra, simulated spectra which incorporate an isotropic CS
tensor (R = 0) are also displayed in Figure 3e,j,0).

Chem. Eur. J. 2007, 13, 4786—4796
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Figure 3. *”*’Cl NMR of solid powdered SrCl,-2H,0. a), f) *Cl spectra of a MAS sample obtained at 21.1 and 11.75 T, respectively. Best-fit simulated
spectra are shown in b) and g). k) ¥CI spectrum of a MAS sample obtained at 11.75 T. The best-fit simulated spectrum is shown in 1). ¢), h) ¥*Cl spectra
of a stationary powdered sample obtained at 21.1 and 11.75 T, respectively. The corresponding best-fit simulated spectra are shown in d) and i). The span
of the CS tensor is set to zero in €) and j) to demonstrate the large effect that anisotropy of the CS tensor has on the spectrum. m) *’Cl spectrum of a sta-
tionary powdered sample obtained at 11.75 T. The best-fit simulated spectrum is shown in n), and a simulated spectrum for which the CS tensor span is

set to zero is shown in o).

Strontium chloride hexahydrate: A single-crystal neutron
diffraction structure of strontium chloride hexahydrate at
room temperature (space group P321) reveals a single chlo-
ride ion in the asymmetric unit.”” The structure is consistent
with earlier X-ray diffraction studies,*”! and is isotypal with
calcium chloride hexahydrate!” as well as strontium bro-
mide hexahydrate.*) The chloride sits on a threefold rota-
tion axis which dictates that its NMR interaction tensors
must have axial symmetry, with the unique principal axis for
each tensor lying along the C, axis. The ¥*Cl MAS NMR
spectrum acquired at 21.1 T indeed exhibits a second-order
central-transition (CT) quadrupolar lineshape corresponding
to an axially symmetric EFG tensor (Figure 4). The value of

e)
b)
d)
a)
] 2 -
T T T T T T T T T T T
100 0 -100 400 200 0 —-200

S(5CI) / ppm S5(35CI) / ppm

Figure 4. ®Cl NMR spectra of solid SrCl,»6H,0. a) Spectrum of a MAS
sample (v,,,=18 kHz), obtained at 21.1 T. The best-fit simulation is
shown in b). A trace impurity of NaCl(s) is seen at 0 ppm. ¢) Spectrum
of a stationary sample obtained at 21.1 T. The best-fit simulation is
shown in d). A spectrum simulated with a span of 0 ppm is shown in e)
for comparison. Parameters used in the simulations are given in Table 2.
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| Co(*CD)|, 3.9140.05 MHz, results from fitting MAS NMR
spectra obtained at 11.75 and 21.1 T. Since the trace of the
EFG tensor is zero (V3 + V,, + Vi; = 0), and the chlorine
EFG tensor for SrCl,-6 H,O is axially symmetric (V; = V5,)
we may conclude that the largest component, V3, lies along
the C; axis. In terms of the local molecular structure, Vs is
directed along the axis on which all the chloride ions lie
(i.e., the axis which is perpendicular to the plane of Fig-
ure 1f).

A BCl NMR spectrum of a stationary powdered sample
of strontium chloride hexahydrate obtained at 21.1 T can
only be properly reproduced when a CS tensor with a span
of 45+20 ppm is included in the simulation (Figure 4). This
chlorine CS tensor span is comparable to those obtained for
a variety of amino acid hydrochlorides.”>*! Due to the C,
symmetry axis passing through chlorine, the skew
(k=3(0—0is,)/RQ) of the CS tensor must be +1.0 and the
Euler angles (a, f, y) describing the relative orientations of
the EFG and CS tensors are restricted to possibilities which
place one of the principal axes of the CS tensor coincident
with V3. The known crystal symmetry therefore helps great-
ly in narrowing down the parameter space to be searched
during spectral simulation. We find that the only possibility
which results in a spectral simulation in complete agreement
with the experimental spectrum is k=—1.0 and a =0, §=90,
y=0°. Physically, this corresponds to colinearity of V;; and
the most deshielded principal component (J,;) of the CS
tensor.

In some cases, a conversion of SrCl,-6 H,O to SrClL,-2H,0O
through an unknown intermediate hydrate form was ob-
served under MAS conditions (Figure 5). This dehydration
is most likely due to the frictional heating which occurs
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during MAS.***"! For example, it was recently shown that
the polymorphic product distribution in the solid-state dehy-
dration of sodium acetate trihydrate was altered by carrying
out this process under high-speed MAS conditions.*s! At
present, it is not entirely clear what factors control the pres-
ent conversion of SrClL-6H,O to SrCl,2H,0, since clean
MAS spectra of the hexahydrate were also obtained in some
cases (see above, Figure4). The example presented in
Figure 5 demonstrates the utility of solid-state chlorine-35/
37 NMR spectroscopy in the identification and differentia-
tion of different inorganic pseudopolymorphs. When com-
pared, in addition, to the spectral signature of anhydrous
strontium chloride (Figure 5), it is remarkable that three dif-
ferent pseudopolymorph chlorine NMR lineshapes are well-
resolved and identifiable at 11.75 T.

o |-

T T T T T T
240 220 200 180 160 140

SrCly-6H,0

/

S7CI MAS

SrCly-2H,0 \

c)

35CI MAS

ssb

T T T T T T
220 120 20 -80 -180 —280
5(*°Cl) / ppm

Figure 5. **’Cl MAS NMR spectra obtained at 11.75 T of mixtures of
strontium chloride hydrate pseudopolymorphs generated in situ during
the experiment. Experimental spectra are shown in a) *CI and c) ¥'Cl,
with best-fit simulations shown in b) and d). SrCL,-2H,0 appears on the
high-frequency side of the spectra (cf. Figure 3) and SrCl,-6 H,O appears
on the low-frequency side (cf. Figure 4). The relatively sharp peak at
~ 68 ppm likely corresponds to a third pseudopolymorphic form. A trace
amount of NaCl(s) is denoted by an asterisk in a). €) **CI MAS NMR
spectrum of a separately prepared sample of anhydrous SrCl,.

Anhydrous strontium chloride: Dry SrCl, is known to crys-
tallize in the cubic fluorite-type structure.”! Bowers and
Mueller have presented a ¥Sr SSNMR study of this com-
pound and suggested that solid strontium chloride has a rel-
atively small number of site defects which would cause the
EFG at Sr to deviate from exactly zero.*” Consistent with
these findings and with the known cubic structure, a sharp
3CI CT lineshape devoid of 2nd-order quadrupolar effects
was observed under MAS conditions for dry SrCl, (Fig-
ure Se). The isotropic *Cl chemical shift is therefore taken
to be the center-of-gravity of this resonance, 188.24+1.0 ppm
with respect to solid sodium chloride.
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Calcium chloride dihydrate: CaCl-2H,0O crystallizes in the
space group Pbcn and there is a single chloride site in the
asymmetric unit.”" This chloride ion is neither on a rotation
axis nor a mirror plane and therefore axial symmetry of the
EFG and CS tensors is not anticipated, nor is any coinci-
dence in the orientations of the principal axis systems of
these tensors.

Simulation of a *Cl MAS NMR spectrum of calcium
chloride dihydrate acquired at 21.1 T (Figure 6f) affords the
#Cl quadrupolar coupling constant, = (4.26+0.03 MHz),
which is the largest known for the alkaline earth chloride
polymorphs and hydrates. The observed value of 74, 0.75+
0.03, is consistent with the diffraction data which do not
place the chloride ion on a symmetry element. The quadru-
polar parameters, as well as the isotropic chemical shift of
110.0+2.0 ppm, are significantly different from those report-
ed by Sandland et al. for anhydrous CaCl, (Table 2).*! This
speaks to the sensitivity of the chlorine NMR parameters to
subtle but important differences in the hydration state of
the sample.

Also shown in Figure 6 is the **Cl NMR spectrum of a sta-
tionary sample of CaCl,:2H,0O acquired at 21.1 T, and the
best-fit simulation (Figure 6¢,d). A low-frequency splitting

9)
f)
e)
d)
c)
b) Ny
T T T T T T T T
40 30 20 10 0 -10 -20 -30
v(*°Cl) / kHz
a)
0 5 10 15 20 25
t/ms

Figure 6. *Cl NMR of solid powdered CaCl,-2H,0O at 21.1 T. a) QCPMG
FID echo train; the FT spectrum is shown in b). Shown in ¢) is the *Cl
spin-echo spectrum acquired under stationary conditions. The corre-
sponding best-fit simulated spectrum is shown in d). For comparison, a si-
mulated spectrum which was generated under the assumption of an iso-
tropic CS tensor is presented in e). Shown in f) is the MAS **Cl NMR
spectrum obtained at an MAS rate of 18 kHz. The simulated spectrum is
shown in g).

Chem. Eur. J. 2007, 13, 4786—4796
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of the shoulder of the spectrum is an important feature
which indicates significant chlorine CS anisotropy. Indeed, a
simulated spectrum which incorporates only quadrupolar ef-
fects (Figure 6e) demonstrates the significant impact of the
CS tensor on the high-field chlorine NMR spectrum. To
maximize the accuracy and precision with which the CS
tensor parameters are determined, the 21.1 T spectrum was
fit simultaneously with **Cl and ’Cl NMR spectra of a sta-
tionary sample acquired at 11.75 T (Figure 7). The effects of
chemical shift anisotropy, while more subtle at 11.75 T, are
still evident (Figure 7c,d). The non-axial symmetry of the CS

f)

e) 37C|
d)

c)

b) 35¢|
S mullj il 1 UHIIJUM

slo ] 410 ! 26 T -20 —eo ' -éo ‘

v(35’37o|) / kHz

Figure 7. a) **C1 QCPMG and b) quadrupolar echo and ¢) *'Cl quadrupo-
lar-echo NMR spectra of powdered CaCl,2H,0O acquired at 11.75T
under stationary conditions. Shown in ¢) and f) are the corresponding
best-fit simulated spectra based on the parameters given in Table 2. For
comparison, shown in d) is the simulated **Cl NMR spectrum obtained
when the chemical shift tensor is assumed to be isotropic (2 =0).

tensor (x=0.60+0.20) is again consistent with the lack of
crystallographic symmetry at chlorine. The span of the CS
tensor, 72+ 15 ppm, is the largest measured amongst the al-
kaline earth chloride hydrates (Table 2). This value is inter-
mediate with respect to the range of all experimentally
known chlorine CS tensor spans®*? and significantly
larger than previously reported spans for inorganic chlor-
ides.’

Calcium chloride dihydrate proved to be an excellent
sample for **C1 QCPMG NMR experiments as shown in Fig-
ures 6b and 7a. The NMR signal can continue to be refo-
cused for longer than 30 ms as depicted in Figure 6a. Given
the commercial availability of CaCl»2H,0, this sample
would be useful for setting up QCPMG NMR experiments
for future **’Cl SSNMR studies.

Barium chloride dihydrate: The crystal structure of
BaCl,2H,0 has been determined by neutron diffrac-
tion."*™ The compound crystallizes in the space group
P2,/n and there are two crystallographically distinct chloride
ions in the asymmetric unit (sites 1 and 2). This has also
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been seen in electron diffraction studies.”'’ The observed
powder X-ray diffraction pattern for the sample used in the
present study is consistent with the neutron diffraction struc-
ture (Figure 2). The ¥*Cl and CI MAS NMR spectra of
BaCl,-2H,0 reveal two distinct second-order CT quadrupo-
lar lineshapes (Figure 8), which each correspond to one of
the two sites identified in the neutron diffraction study. Nei-
ther chloride is on a rotation axis, inversion center, or
mirror plane. As such, there is no symmetry element enforc-
ing axial symmetry or absolute or relative orientations of
the chlorine NMR interaction tensors. One of the two sites
in the NMR spectrum (which we label A and B) has an as-
sociated quadrupolar asymmetry parameter of 0.3140.10,
while the other exhibits an axially symmetric (17o=0.00)
lineshape, despite the fact that there is no local symmetry el-
ement which absolutely requires this. On the basis of the ex-
perimental NMR data alone, it is therefore difficult to
assign the two spectral signatures specifically to the two
crystallographic sites. DFT calculations were used to aid in
the assignment (see below). The chlorine quadrupolar cou-
pling constants (|Co(*Cl)| = 2.1940.08 and 3.42+
0.08 MHz; |Co(*’Cl)| = 1.73£0.08 and 2.69+0.08 MHz)
and isotropic chemical shifts (163.4+2.0 and 156.6+
2.0 ppm) determined from the MAS NMR spectra are sig-
nificantly different for sites A and B, indicating the utility of
chlorine-35/37 SSNMR in the clear differentiation of crystal-
lographically non-equivalent (but chemically identical) chlo-
ride sites in inorganic materials.

The quadrupolar and isotropic chemical shift data ob-
tained for BaCl,»2H,0O may be compared with data reported
for the anhydrous orthorhombic form” by Stebbins and
Du.l'! As depicted in Figure 1, the chloride ions in the dihy-
drate interact with water protons in addition to barium cat-
ions. These extra opportunities for hydrogen bonding to
chloride, and the concomitant increase in local symmetry at
chloride, may in part explain why the chlorine quadrupolar
coupling constants are slightly higher in the anhydrous form
than in the dihydrate (see Table 2). In any event, it is grati-
fying to see that all four chloride sites (two in the dihydrate
and two in the anhydrous form) give rise to distinct second-
order CT lineshapes and isotropic chemical shifts; this
shows the sensitivity of the chlorine EFG and CS tensors to
the local chloride environment, and bodes well for further
NMR studies of crystalline and amorphous chloride-contain-
ing materials.

Having determined the **'Cl quadrupolar parameters
from the MAS NMR spectra of BaCl,2 H,O, spectra of sta-
tionary samples were acquired and simulated to extract the
CS tensor parameters and the Euler angles relating the
EFG and CS tensor orientations (Figure 8). The CS tensor
spans, 50425 ppm, are comparable to those measured for
the strontium chloride hydrates. Given that there are two
overlapping sites in the spectrum, relatively large errors
were assigned to the span, the skew, and the angular param-
eters (Table 2). Nevertheless, there are some clear-cut spec-
tral features, particularly at 21.1 T, which can only be prop-
erly simulated with a narrow range of parameters. Further-
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Figure 8. **’Cl NMR spectra of solid BaCl,2H,O obtained at 11.75 and 21.1 T. a), f) *Cl MAS NMR spectra obtained at 21.1 and 11.75 T, respectively.
Best-fit simulated spectra are shown in b) and g). k) ¥Cl MAS NMR spectrum obtained at 11.75 T; the best-fit simulation is shown in 1). c), h) *Cl NMR
spectra of stationary powdered samples obtained at 21.1 and 11.75 T, respectively. Best-fit simulations are shown in d) and i). m) ¥Cl NMR spectrum of

a stationary powdered sample obtained at 11.75 T; the best-fit simulation is
For comparison, spectra of stationary samples have been simulated with the
importance of the chemical shift tensor in obtaining accurate fits.

more, the availability of data acquired two magnetic field
strengths, and for two chlorine isotopes is key to achieving
the accurate and precise data reported in Table 2.

Magnesium chloride hexahydrate: The single-crystal neutron
diffraction structure for MgCl,-6 H,O (monoclinic, space
group C2/m) indicates that there is a single chloride in the
asymmetric unit.[”) This chloride ion lies on a mirror plane
thereby dictating that one of the principal components of
the EFG tensor (Vi) and one of the principal components
of the CS tensor must be coincident and perpendicular to
this plane. Presented in Figure 9 are the *Cl and ¥Cl NMR
spectra of a MAS sample of magnesium chloride hexahy-
drate. The quadrupolar asymmetry parameter of zero is in
agreement with the crystal symmetry. Attempts to record
3B7C] NMR spectra of a stationary sample of hygroscopic
MgCl,-6 H,O invariably revealed more than one hydrate or
polymorph in the sample. It is likely that the longer acquisi-
tion times required for obtaining good quality spectra of sta-
tionary samples allowed this interconversion of hydration
states to occur, while MAS NMR spectra representative of a
single phase were often obtained (Figure 9). Nevertheless,
an upper limit on the span of the chlorine CS tensor of
75 ppm could be estimated from the spectra of stationary
samples (not shown).
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shown in n). All simulations are based on the parameters given in Table 2.
span of the CS tensor set to zero (see parts e, j, and o) to demonstrate the

35C| ¥7Cl
1M75T M75T
S
T T T T T T T T T T T T T T
200 0 200 -400 200 0 200 -400
3(°5Cly / ppm 3(3’Cly / ppm

Figure 9. ¥Cl (left) and *Cl (right) NMR spectra of solid MgCl,-6 H,O
undergoing MAS at 15 kHz. Experimental spectra are shown in the
lower traces and simulated spectra are shown in the upper traces. First-
order spinning sidebands are evident in the experimental **Cl NMR spec-
trum.

Plane-wave calculations of the chlorine NMR interaction
tensors: Shown in Table 3 are the results of CASTEP NMR
plane-wave pseudopotential DFT calculations of the chlor-
ine EFG and nuclear magnetic shielding tensors for the al-
kaline earth chloride hydrates studied experimentally. This
type of calculation, which uses periodic boundary conditions
to model the extended solid lattice, is ideal for the alkaline
earth chloride hydrates which form inherently extended
three dimensional networks in the solid state.’”*" It is very
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Table 3. CASTEP plane-wave calculations of the chlorine electric field
gradient and nuclear magnetic shielding tensors for some alkaline earth
chloride hydrates.!

compound  Co(PCl))MHz 134  Oy/ppm Oy /ppm!® Q/ppm x
MgCl,-6H,0 —-3.92 0.01 925.0 94.4 59.0 0.52
CaCl,2H,0 6.69 0.04 820.1 199.3 1414 0.36
SrCL,-2H,0  —2.00 0.59 811.0 208.4 60.5 0.23
SrCl,»6 H,O 4.95 0.00 903.2 116.2 53.8 -1.0
BaCl,.2H,0 -243 0.07 797.0 222.4 86.3 —0.47
(site 1)

BaClL,-2H,0 —4.96 0.30 805.3 214.1 492 —0.17
(site 2)

[a] Computed with the PBE functional and a plane wave basis set. See
“Experimental and Computational Details” for further information.
[b] Chemical shifts are with respect to the **Cl CT center band of solid
NaCl. They are determined from the calculated magnetic shielding con-
stants according to the following relations: i) J;,(wrt NaCl(aq)) =
974 ppm — 0j,; i) dj,(Wwrt NaCl(s)) = d;,(wrt NaCl(aq)) + 45.4 ppm.

difficult to build a suitable “molecular” model system for
these networks.

The computational results reproduce, to varying degrees,
the experimental trends in nuclear quadrupolar coupling
constants, isotropic chemical shifts, and anisotropic proper-
ties of the shielding tensor (Figure 10). In particular, the the-
oretical trend in Co(**Cl) agrees very well with that ob-
served experimentally (Pearson’s correlation coefficient R=
0.995). Furthermore, the calculations provide the signs of
the quadrupolar coupling constants, which are not available
from the current experimental study. The line of best-fit
(Co(caled)/MHz=1.3941(Cq(exptl)/MHz) + 0.1562 MHz),
however, indicates a significant and consistent overestima-
tion of the magnitude of C, by the calculations. A similar
systematic overestimation of Co(**Cl) by plane wave-pseu-
dopotential calculations relative to experiment has been re-
ported by Gervais et al. for L-tyrosine hydrochloride, glycine
hydrochloride, r-valine hydrochloride, and L-glutamic acid
hydrochloride.”® Plane wave basis sets with higher cut-off
energies may offer modest improvement in the agreement
between experiment and theory; however, previous work
has shown that in at least one case, calculated quadrupolar
coupling constants increase moderately as the cut-off energy
is increased.””

In the case of isotropic chemical shifts, a significant over-
estimation by the calculations is also seen (Figure 10b). For
example, in the case of CaCl,2H,0, Jj, is predicted to be
199.4 ppm by the calculations whereas the experimental
value is 110+2 ppm (wrt solid NaCl). Further investigation
shows that all principal components of the CS tensor are
overestimated, and that the discrepancy is not caused by
poor reproduction of a single principal component. Trends
in the purely anisotropic properties of the CS tensor are dif-
ficult to compare with experiment since the experimental
errors on Q are relatively large and the total range of the
observed values of Q is small (41+10 ppm for SrCl,-2H,0
to 72415 ppm for CaCl,»2H,0). Nevertheless, the calculat-
ed values of Q are generally within the overall range ob-
served experimentally. Furthermore, the compound with the
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Figure 10. Calculated vs experimental chlorine NMR parameters for al-
kaline earth chloride hydrates. a) **Cl nuclear quadrupolar coupling con-
stants (Cp(caled)/MHz = 1.3941(Cq(exptl)/MHz) + 0.1562 MHz; R=
0.995); b) isotropic chemical shifts (J;,(calcd)/ppm =1.4016(0;,(exptl)/
ppm) + 3.4923 ppm; R=0.921). DFT calculations are with the PBE
functional and plane-wave basis sets. See text for further details. The “ex-
perimental” signs of the quadrupolar coupling constants are inferred
from the calculations.

largest experimental chlorine CS tensor span (CaCl,-2H,0)
also has the largest theoretical span.

The plane wave calculations allow for the clear assign-
ment of the two chlorine sites observed in the chlorine-35/37
NMR spectra of BaCl,.2H,0 to the two sites observed in
the neutron diffraction structure™ of this compound. In the
chlorine NMR spectra, site A exhibits a smaller *Cl quadru-
polar coupling constant and a larger isotropic chemical shift
than does site B (see Table 2). The calculations indicate that
the chloride site labeled 1 in the diffraction structure”” ex-
periences a smaller electric field gradient and a larger chem-
ical shift than does site 2. The measured quadrupolar asym-
metry parameters (exptl: 0.0 and 0.31 for sites A and B, re-
spectively; calcd: 0.07 and 0.30 for sites 1 and 2, respective-
ly) also provide additional help in the assignment of the two
sites. We conclude that site A corresponds to site 1 and site
B corresponds to site 2. In terms of the solid-state structure,
the value of 1, which approaches zero for site 1 may be ra-
tionalized by considering that this site has three nearest-
neighbor (less than 3.5 A away) barium ions which lie
roughly in the same plane and create approximate local C;
symmetry around the chloride. Site 2 has only two such
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nearest neighbors which cannot approximate three-fold sym-
metry which would cause 7 to tend towards zero.

Conclusion

A detailed study of the chlorine NMR properties of several
solid alkaline earth chloride hydrates has been presented.
The results demonstrate that chlorine NMR spectroscopy
has the potential to become a more widely-used tool for the
characterization of solid inorganic chloride materials. The
case of barium chloride dihydrate has shown the utility of
the method in identifying magnetically non-equivalent chlo-
ride sites in the asymmetric unit of the crystal. The case of
strontium chloride hydrates has provided an example where
several different pseudopolymorphs can be identified, each
of which give rise to distinct and well-resolved *Cl NMR
spectral signatures. These results exemplify the fact that the
chlorine quadrupolar coupling constant, asymmetry parame-
ter, and isotropic chemical shift are all useful parameters for
identifying and distinguishing between various compounds
and hydrates. Figure 11 summarizes the chlorine isotropic
chemical shifts which are now known for alkaline earth
chlorides and their hydrates. It is clear that there is no obvi-
ous correlation between the chemical shift and for example,
the identity of the central alkaline earth metal. In general
terms, the more strongly hydrated species tend to have
larger shielding constants. Additional studies will be helpful
in further elucidating the detailed relationship between the
chlorine chemical shift and local structural parameters.

BaCly2H,0(B)
BaCly 2H,0(A) / CaCly2H,0
CaCl i/ SC2H0 o) 6my0
SCh ™\ [ /BaChA) . MgCl6H,0
BaCl, (B) NN e e
300 250 200 150 100 50

5(3°Cl) / ppm

Figure 11. *Cl isotropic chemical shift scale for various alkaline earth
chlorides and their hydrates (with respect to solid sodium chloride at
0 ppm). Data are from Table 2.

Of particular fundamental importance is the fact that
solid-state *Cl NMR data acquired at 11.75 and 21.1 T, as
well as ¥CI NMR data obtained at 11.75 T have allowed for
the characterization of chlorine chemical shift tensors in in-
organic chloride compounds. The 21.1 T data were essential
for this part of the work. To our knowledge, these results
represent the most extensive study of chloride CS tensors in
inorganic compounds to date. The magnitudes of the chlor-
ine EFG and CS tensors are, on the whole, comparable to
those observed previously for a series of amino acid hydro-
chlorides,?26:33:66]

Plane wave pseudopotential calculations were found to re-
produce the experimental trend in chlorine quadrupolar
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coupling constants particularly well; however, their absolute
values were consistently overestimated relative to experi-
ment. With respect to the chemical shift tensor, all three
principal components were also overestimated relative to
experiment, while the span of the CS tensor was predicted
with somewhat more accuracy. Further calculations as well
as experimental data will be vital in establishing more gener-
al conclusions.

Experimental and Computational Details

Sample preparation and powder X-ray diffraction: BaCl,:2H,0 was ob-
tained from Aldrich Chemical Company. Powder X-ray diffraction con-
firmed the identity of the sample as being the dihydrate (see Figure 2),
with the structure reported by Padmanabhan et al.”*™! This sample was
used without further purification for SSNMR experiments.

Dry SrCl, was obtained by heating a commercial sample of SrCl,-6 H,O
in an oven at 300°C for several days. Its identity as the anhydrous form
was confirmed by the sharp **C1 NMR resonance devoid of 2nd-order
quadrupolar effects, consistent with the known cubic structure of SrCl,.

SrCl,»2H,0 was prepared by allowing a supersaturated aqueous solution
of strontium chloride hexahydrate to form crystals above 61.5°C.I!
Above this temperature, the dihydrate crystallizes in rectangular plates.
Powder X-ray diffraction confirmed the identity of the sample as being
the dihydrate (see Figure 2), with the structure reported by Moller and
Lutz.” Anhydrous SrCl, is known to form some SrClL,-2H,O as it hy-
drates in air to finally form the hexahydrate; however, this is not a viable
method for obtaining pure hydrates, since the monohydrate is also pro-
duced, as discussed by Basiev et al.*

SrCl,,6H,0O was obtained from Aldrich Chemical Company. Initial
powder X-ray diffraction experiments revealed this sample to be a mix-
ture of the dihydrate and the hexahydrate. The sample was therefore re-
crystallized from water at room temperature to yield the pure hexahy-
drate (hexagonal needles)."! Powder X-ray diffraction confirmed that the
product so obtained was the hexahydrate (see Figure 2), with the struc-
ture reported by Agron and Busing.””!

CaCl,2H,0 was obtained from Fisher Scientific. The commercial sample
was used without further purification for SSNMR experiments; however,
the same NMR spectra were obtained when the pure dihydrate was ob-
tained upon recrystallization of the sample from water following the pro-
cedure described by Leclaire and Borel.™ Furthermore, identical NMR
spectra were obtained from a second sample of CaCl,2H,O obtained
from Aldrich. It was not possible to record reliable powder X-ray diffrac-
tion data for CaCl,2H,0 with our existing equipment due to the ex-
tremely hygroscopic nature of this sample.

MgCl,-6 H,O was obtained from Aldrich Chemical Company. Powder X-
ray diffraction confirmed the identity of the sample as the hexahydrate,
with the structure reported by Agron and Busing.!””! The hexahydrate is
known to be the only stable form between —3.4 and 116.7°C.!"

Samples were ground into fine powders with a mortar and pestle for X-
ray diffraction experiments, and subsequently packed into 4.0 and
3.2 mm o.d. zirconia rotors for SSNMR experiments.

Powder X-ray diffraction data were collected using a Philips PW3719 dif-
fractometer and Cuy,, radiation (1=1.54056 A); operating conditions
were 45 kV and 40 mA. A 10 mm slit was used at the X-ray source; the
scattering slit had a fixed width of 0.2 mm, and a 1° receiving slit was
used. Data were collected in continuous mode over the range 26 =2.01 to
79.99° in steps of 0.02° at a rate of 1.2° per minute.

Theoretical X-ray powder diffraction patterns were generated using the
published single-crystal data and the program Diamond 3.0.”)

Solid-state NMR Spectroscopy

At 11.75 T: Chlorine-35 NMR spectra were obtained on a widebore
Bruker Avance 500 spectrometer operating at a frequency of 49.0 MHz
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and running XWinNMR 3.2. Chlorine-37 NMR spectra were obtained at
40.79 MHz. A Bruker 4 mm double-resonance MAS probe was used for
all experiments. Typically, solid ammonium chloride was used as a set-up
sample for pulse calibration and chemical shift referencing. The chlorine-
35 chemical shift of the center band is 120.1 ppm with respect to the
center band for solid NaCL The ¥Cl n/2 pulse length of 3.50 us was
scaled by one-half to yield a central-transition “solid” 7/2 pulse length of
1.75 ps which was used for experiments on the alkaline earth chloride hy-
drates. For ¥Cl, the solid /2 pulse length was 2.37 ps. Pulse-acquire or
rotor-synchronized quadrupolar echo (/2 — 7 — @/2 — © — acquire) se-
quences, with proton decoupling during acquisition, were employed for
MAS samples. MAS rates of 10-15 kHz were employed. For stationary
samples, a quadrupolar echo (/2 — 7 — m/2 — T — acquire) sequence was
used, or its hyperbolic secant-enhanced variant.*® Recycle delays ranged
from 2-10 s for the alkaline earth chloride hydrates. Quadrupolar Carr—
Purcell-Meiboom-Gill (QCPMG) experiments™ > were also performed
on CaCl,2H,0.

At 21.1 T: Chlorine-35 NMR spectra were obtained on a Bruker Avance
II 900 spectrometer operating at a frequency of 88.1 MHz and running
TopSpin 1.3 software. A Bruker 3.2 mm double-resonance MAS probe
(serial number 0001) was used for all experiments. Solid NaCl(s) was
used as a chemical shift reference (0 ppm) and for pulse calibration. Typi-
cal m/2 pulse lengths were 3.35-3.47 ps. The CT-selective m/2 pulse was
therefore set at 1.68-1.74 us. For stationary samples, an echo (/2 — 7 —
T — T — acquire) sequence was used, with proton decoupling during ac-
quisition. Recycle delays ranged from 2-10's for the alkaline earth chlo-
ride hydrates. MAS rates used ranged from 10 to 18 kHz. QCPMG ex-
periments were also performed on CaCl,-2 H,O.

Spectral processing and simulations: All spectra were apodized with an
exponential window function and zero-filled to at least twice their origi-
nal size prior to Fourier transformation. Spectral lineshape simulations!®!
were performed with WSOLIDS1 version 1.17.30.1! A lineshape fitting
strategy was employed in which the CT center band lineshape of a fast
MAS sample is first analyzed. This lineshape and its spectral position
depend on Cq, 7o, and 0;,. The NMR spectrum of a stationary sample is
then analyzed while keeping these three parameters fixed. Five adjusta-
ble parameters remain: the span, the skew, and the Euler angles a, 5, and
y. To maximize the accuracy and precision with which the EFG and CS
tensor parameters are determined, ’Cl spectra are acquired in addition
to *Cl spectra, and spectra are acquired at more than one external ap-
plied magnetic field strength. These additional data are useful because
the relative effects of the quadrupolar and CS interactions differ due to
the different nuclear electric quadrupole moments of the two chlorine
isotopes, and due to the different manners in which the quadrupolar and
nuclear magnetic shielding interactions depend on B,,. Iterative lineshape
fitting was performed interactively. Emphasis was placed primarily on the
fitting of key spectral discontinuities and shoulders. Stack plots were pre-
pared using DMFit.[!

All simulations are based on the isolated spin approximation. This ap-
proximation is valid in the present study since high-power proton decou-
pling is used during acquisition and since any residual dipolar interac-
tions between **’Cl and nearby alkaline earth nuclides are negligible.
For example, the most abundant spin-active alkaline earth nuclide in the
compounds studied presently is '¥’Ba, at only 11.23 %. The shortest con-
tact between Cl and Ba in BaCl,2H,0 is 3.13 A, which results in a
$C1,%"Ba direct dipolar coupling constant of only 43 Hz. Direct dipolar
interactions between chlorine and other alkaline earth nuclides are small-
er in magnitude.

The Maryland convention!® on nuclear magnetic shielding and CS ten-
sors was followed, that is, the principal components of the shielding
tensor are labeled and ordered as 0;; > 0, > 0j; and those of the CS
tensor as d;; > 0, > Os. The span, Q, is defined as 033 — 0y & 0y — O3,
and the skew () is given by 3(0i, — 02,)/Q & 3(05 — 0i50)/ Q.

CASTEP Calculations: CASTEP (version 3.2)?7% calculations were set
up using the Materials Studio graphical user interface, and run on a
single CPU. CASTEP is a plane wave-based density functional theory
(DFT) program which is particularly well-suited to modeling the proper-
ties of extended solid-state systems. The NMR module was used for the
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calculation of electric field gradient tensors and nuclear magnetic shield-
ing tensors. The Perdew Burke Ernzerhof (PBE) functional was used
within the Generalized Gradient Approximation (GGA) for all calcula-
tions.*! Basis set cut-off energies were 550eV (CaCl,:2H,0;
SrCl,2H,0; SrCl,:6H,0; EFG tensor for MgCl6H,0) or 450eV
(BaCl,»2H,0; shielding tensor for MgCl,-6 H,0). Higher level computa-
tions were not currently possible with our available computational re-
sources. Other computational options and convergence criteria were left
at their default values. Unit cell parameters and atomic coordinates were
taken from the available diffraction-based structures for CaCl,-2 H,0,/"
BaCl,»2 H,0,"7! MgCl,-6 H,0,”! SrC1,-2 H,0, and SrCl,-6 H,0.!
Chlorine-35 nuclear quadrupolar coupling constants (C, = eV3Q/h,
where e is the fundamental electric charge, V;; is the EFG tensor eigen-
value of the largest absolute value, Q is the nuclear electric quadrupole
moment, and 4 is Planck’s constant) and quadrupolar asymmetry param-
eters (7o = (Vi — Vx)/V33), where the principal components of the EFG
tensor are ordered | V| > |Vy| > |V)|) were calculated automatical-
ly from the EFG tensor by CASTEP. Values of C, produced by
CASTEP were subsequently rescaled so that the recommended valuel*!)
of the *CI nuclear electric quadrupole moment, —81.65 mb, is used
rather than —81.10 mb (the default value used by CASTEP).

The isotropic chemical shifts and chemical shift tensor eigenvalues were
determined using the calculated chlorine magnetic shielding tensors and
the absolute shielding scale for chlorine:**!

0; = 974ppm — o 2)

where ii=11, 22, 33, or “iso” and where 974 ppm is the absolute shielding
constant for the **CI resonance of an infinitely dilute solution of NaCl in
H,O. The ¥ClI chemical shift of solid NaCl with respect to aqueous NaCl
is —45.37 ppm. [
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