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Abstract: The thermally induced solid-
state polymerization reactions in sodium
chloroacetate and sodium bromoace-
tate, leading to poly(hydroxyacetic acid)
(polyglycolide) and NaCl and NaBr,
respectively, were studied by isothermal
in situ solid-state NMR spectroscopy at
120, 130 and 140 8C with a time resolu-
tion of the order of 5 to 25 min. The
nuclei probed were 23Na and 13C, allow-
ing the parent compounds (sodium hal-
ogenoacetates) and both reaction prod-
ucts (polymer and alkali halide) to be

monitored. For sodium chloroacetate,
there is no evidence for the involvement
of intermediate phases during the reac-
tion whereas this cannot be excluded for
sodium bromoacetate. The crystal struc-
ture of sodium bromoacetate was deter-
mined directly from powder diffraction
data by the Monte Carlo method, and

was found to be isostructural with so-
dium chloroacetate. The topochemical
reaction mechanism proposed previous-
ly for sodium chloroacetate is thus also
applicable for the polymerization reac-
tion in sodium bromoacetate. The mech-
anistic and kinetic information obtained
from our in situ solid-state NMR inves-
tigations is compared and contrasted
with information obtained from other
in situ probes of the polymerization
reactions in these materials.

Keywords: NMR spectroscopy ´
polymerizations ´ solid-state chem-
istry ´ solid-state reactions

Introduction

It has been known since the middle of the 19th century that
alkali halogenoacetates undergo a reaction in the solid state
upon heating above about 100 8C.[1] At the end of the last
century,[2] it was realized that the reaction involves a polymer-
ization to produce the simplest polyester, poly(hydroxyacetic
acid) (also called polyglycolide). In the case of sodium
chloroacetate, the reaction is:

The reaction leads to micrometer-sized NaCl crystals
dispersed in a matrix of polyglycolide.[3] In principle, the
halogen and the metal can be varied for this reaction type. In a
systematic study of most combinations of halogen (Cl, Br, I)
and metal (Li, Na, K, Rb, Cs, Ag, NH4) we have shown that
the polymerization reaction does occur in most cases, with the
exception of three lithium salts and sodium iodoacetate.[3] A
number of crystal structure determinations on halogenoace-
tates, mostly carried out using powder diffraction data (for
discussions of this method see for example[4±8]) due to the lack
of crystals suitable for single crystal X-ray diffraction, have
now provided a structural basis for interpretation of these
results.[9±11] A number of in situ experiments involving X-ray
spectroscopy (EXAFS),[12] X-ray diffraction (XRD),[12, 13]

infrared (IR) spectroscopy[14] and small-angle X-ray scattering
(SAXS)[15] have shown that the reaction occurs in the solid
state with no detectable intermediate phases involved. How-
ever, we emphasize that these methods are mostly sensitive to
the structural arrangement of the reactants and products (for
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example EXAFS, XRD or SAXS), and are not necessarily
sensitive to details of the chemical nature of reactants,
products and possible intermediates. In general, in situ studies
are preferred over ex situ experiments on quenched aliquots
as, in the latter, it is often not clear whether chemical and/or
structural changes occur upon quenching and storage of an
aliquot before the analysis.[16, 17]

Solid-state NMR spectroscopy represents a powerful tool
for identification and quantification of different chemical
species. Techniques such as magic angle spinning (MAS),
high-power proton decoupling and cross polarization (CP)
have made it possible within the last few decades to routinely
measure high-resolution NMR spectra of solid samples.[18±21]

Temperature-resolved experiments have been carried out
previously on solid-state phase transformations[22, 23] and
solid-state reactions,[24±26] demonstrating that detailed infor-
mation can be derived from such experiments. High-resolu-
tion solid-state NMR studies are particularly sensitive to the
chemical and local structural changes associated with solid-
state reactions, and thus represent a vital addition to the range
of in situ probes that have been used hitherto to characterize
the solid-state reactions in alkali halogenoacetates.

In the work reported here, sodium chloroacetate and
sodium bromoacetate were chosen as they are the most
extensively characterized examples of the ªhalogenoacetate
familyº. Our solid-state NMR study has focused on 23Na-
NMR spectroscopy to probe the sodium halogenoacetate
parent phase and the sodium halide (NaCl, NaBr) formed in
the reaction, and 13C-NMR spectroscopy to probe the sodium
halogenoacetate parent phase and the polyglycolide formed
in the reaction (Table 1). For a given temperature, the
reaction is faster in the case of sodium bromoacetate.[3] In
order to relate the NMR spectroscopic observations to
structural features, we have also determined the crystal
structure of sodium bromoacetate from powder X-ray dif-

fraction data using the Monte Carlo method for structure
solution.[6, 27, 28] The crystal structure of sodium chloroacetate
has been determined previously.[10]

Results and Discussion

Sodium chloroacetate : 23Na-NMR spectroscopy

An in situ 23Na-NMR experiment was carried out for sodium
chloroacetate at 140 8C over a period of 47 h. Figure 1 shows
23Na-NMR spectra of sodium chloroacetate and sodium
bromoacetate and the final reaction products. Figure 2 shows
the course of the reaction in sodium chloroacetate in a
pseudo-three-dimensional representation of 23Na-NMR spec-
tra. A broad multiplet in the region of d�ÿ30 to ÿ5
corresponds to the sodium cation in sodium chloroacetate,

Figure 1. Solid-state 23Na-NMR spectra of (A) sodium bromoacetate
(containing a small impurity amount of NaBr), (B) the final product
obtained from the in situ study of sodium bromoacetate, containing NaBr/
polyglycolide/sodium bromoacetate, (C) sodium chloroacetate, and (D) the
final product obtained from the in situ study of sodium chloroacetate
containing NaCl/polyglycolide/sodium chloroacetate. The spectra were
recorded at 130 (sodium bromoacetate) and 140 8C (sodium chloroacetate).

Abstract in German: Die thermisch induzierte Festkörper-
Polymerisationsreaktion in Natriumchloracetat und Natrium-
bromacetat, die quantitativ zu poly-Hydroxyessigsäure (Poly-
glycolid) und NaCl bzw. NaBr führt, wurde mittels in situ
Festkörper-NMR-Spektroskopie untersucht. Die Reaktion
wurde isotherm bei 120, 130 und 140 8C mit einer Zeitauflösung
von ca. 5 ± 25 Minuten durchgeführt. Sowohl 23Na- als auch
13C-NMR Spektroskopie wurden eingesetzt, so daû Edukte
(Halogenacetate) als auch Produkte (Polymer und Alkalihalo-
genide) detektiert werden konnten. Im Fall von Natriumchlor-
acetate konnten keine strukturell definierten Zwischenpro-
dukte nachgewiesen werden, während diese für Natriumbrom-
acetat nicht ausgeschlossen werden können. Weiterhin wurde
die Kristallstruktur von Natriumbromacetat aus Röntgenpul-
verdaten mittels Monte-Carlo Methoden bestimmt. Natrium-
bromacetat kristallisiert isostrukturell mit Natriumchloracetat,
so daû der früher vorgeschlagene topochemische Polymerisa-
tionsmechanismus für Natriumchloracetat auch in diesem Fall
gelten sollte. Die mechanistischen und kinetischen Ergebnisse
dieser in situ NMR-Studie werden mit den Resultaten anderer
in situ Experimente für diesen Reaktionstyp verglichen.

Table 1. Experimental conditions for in situ solid-state NMR spectroscopy
experiments.

Sample sodium sodium sodium
chloroacetate bromoacetate bromoacetate,

13C enriched

observed nucleus 23Na 23Na 13C
temperature/8C 140 130 120
total time/h 47 23 46
time per spectrum/s 1536 300 900
number of spectra 110 276 184
MAS frequency/Hz 7060 6200 4600
conversion final reaction final reaction final reaction

ca. 92% ca. 96% ca. 42 %
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Figure 2. Solid-state 23Na-NMR spectra recorded as a function of time at
140 8C for sodium chloroacetate over a period of 47 h. The solid-state
polymerization reaction to produce NaCl is clearly observed. The multiplet
ranging from d�ÿ30 to ÿ5 corresponds to sodium chloroacetate, and the
sharp single line at d� 7 corresponds to NaCl.

indicating an unsymmetrical environment. The central tran-
sition 23Na MAS NMR lineshape of sodium chloroacetate
could be simulated using c� 1.53 MHz, h� 0.63 and d�ÿ5.3.
Consistent with this observation, in the crystal structure of
sodium chloroacetate,[10] there is an unsymmetrical coordina-
tion (neither octahedral nor trigonal-prismatic) of the sodium
cation by six oxygen atoms with Na ´´´ O distances in the range
of 2.4 ± 2.7 �. The Na� and four oxygens (from different
anions) lie close to the same plane, with two oxygens (from
the same anion) lying above this plane. On the other hand, the
highly symmetrical octahedral environment of sodium in
NaCl leads to a sharp single line at d� 7 in the 23Na-NMR
spectrum.

Although these signals change in relative intensity during
the reaction, they do not change in position or shape, and no
other signals are detected; this suggests that the reaction
occurs in a single-step without involving any intermediate
phases. This conclusion is in agreement with previous in situ
X-ray diffraction experiments[29] and in situ EXAFS experi-
ments.[12, 29] However, it must be emphasized that diffraction
techniques are sensitive only to the crystalline phases present,
and that the ability of EXAFS to detect small amounts of
additional phases is limited. In contrast, solid-state NMR
represents a highly sensitive technique that can probe both
crystalline and amorphous phases with high sensitivity
(provided the signals from the different phases are sufficiently
well resolved).

The final conversion of the reaction after 47 h is about 42 %
(assessed from the sodium chloroacetate peak). A preliminary
experiment at 130 8C gave about 32 % conversion after 88 h.
These reaction rates compare well with earlier kinetic data on
this reaction,[30, 31] and represent a significantly slower reac-
tion than for sodium bromoacetate (see below).

Suitably normalized intensities for both sodium chloroace-
tate and sodium chloride are shown in Figure 3. Both curves
have a very similar shape, consistent with a situation in which
the rates of decay of the parent phase and production of the
product phase are equal, and consistent with a situation in
which no intermediate phases are involved.

Figure 3. Variation of signal intensities as a function of time in solid-state
23Na-NMR spectra recorded for sodium chloroacetate at 140 8C for 47 h.
The dotted line shows normalized intensity values computed for the parent
compound sodium chloroacetate, whereas the solid line refers to the
product NaCl (same data as in Figure 2).

Sodium bromoacetate: 23Na-NMR spectroscopy

The 23Na-NMR spectrum of sodium bromoacetate is shown in
Figure 1. The spectrum closely resembles that of sodium
chloroacetate: A broad multiplet covers the range d�ÿ30 to
ÿ5. This lineshape was simulated using c� 1.52 MHz, h� 0.7
and d�ÿ5.7. The similarity with sodium chloroacetate
underlines the fact (evident from the structure determination
discussed below) that both compounds are isostructural. In
the reaction product, a sharp single line at d� 5 corresponds
to NaBr (Figure 1). Note that a small amount of NaBr is
already present at the beginning of the experiment. We
ascribe this fact to a partial thermal reaction that has occurred
between preparation of the sample and the NMR experiment,
probably arising mainly during the heating from room
temperature to 130 8C (ca. 30 min) at the start of the NMR
experiment.

An in situ solid-state 23Na-NMR experiment was carried
out for 23 h at 130 8C with a time resolution of 300 s
(Figure 4). Qualitatively, the results are similar to those

Figure 4. Solid-state 23Na-NMR spectra recorded as a function of time at
130 8C for sodium bromoacetate over a period of 23 h. The solid-state
polymerization reaction to produce NaBr is clearly observed. The multiplet
ranging from d�ÿ30 to ÿ5 corresponds to sodium bromoacetate, and the
sharp single line at d� 5 corresponds to NaBr.
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obtained for sodium chloroacetate. No intermediates phases
containing 23Na are detectable at any stage during the
reaction. The two signals in the 23Na-NMR spectrum are well
separated, and integration is readily carried out. Figure 5
shows normalized intensity data for this reaction. The final
reaction extent is about 96 %, determined from the integrals
of the sodium bromoacetate peak. At the start of the reaction,
about 5 % of NaBr are already present (determined by
comparing the integrals of the NaBr peak at the start and at
the end of the experiment).

Figure 5. Variation of signal intensities as a function of time in solid-state
23Na-NMR spectra recorded for sodium bromoacetate at 130 8C for 23 h
(same data as in Figure 4). The dotted line shows normalized intensity
values computed for the parent compound sodium bromoacetate, and the
solid line refers to the product NaBr.

In a reaction without intermediates, the halogenoacetate
should be consumed at the same rate as the products (NaX
and polyglycolide) are formed. From Figure 5 it is clear that
the lines showing the decay of the parent phase and the
formation of the product phase have different curvature, with
the amount of sodium bromoacetate appearing to decrease at
a significantly faster rate than the rate of formation of NaBr.
This is different from the situation found for sodium
chloroacetate. Clearly, this observation could point to the
formation of an intermediate phase. However, no NMR
signals from another phase containing 23Na was observed. A
similar observation was made in our in situ 13C-NMR experi-
ment on sodium bromoacetate (see below for a discussion).

Sodium bromoacetate: 13C-NMR spectroscopy

The experiments with 23Na-NMR spectroscopy discussed
above probe the sodium ions as they change their local
environment from halogenoacetate anions to halide anions.
To assess the polymerization reaction more directly, it is more
informative to study the organic part of the molecule as it
undergoes the solid-state polymerization reaction. Conse-
quently, we have carried out in situ 13C-NMR studies of the
reaction in sodium bromoacetate to produce polyglycolide
and NaBr. The results are shown in Figures 6 and 7.

The 13C-NMR spectrum of sodium bromoacetate contains a
doublet for the methylene carbon at d� 30.3 and 59.2 due to
coupling (residual dipolar interaction) of this 13C nucleus with

Figure 6. 13C CPMAS NMR spectra of sodium bromoacetate (bottom) and
the product obtained from the solid-state polymerization reaction (top:
after 46 h at 120 8C). The multiplet at d� 30.3/59.2 in sodium bromoacetate
results from residual dipolar interaction between the methylene 13C and the
79/81Br nucleus directly bonded to it. Spinning side bands are marked as (*).
The spectra were recorded at 120 8C.

Figure 7. Reaction of sodium bromoacetate to produce polyglycolide and
NaBr at 120 8C, followed over a period of 46 h by high-resolution 13C
CPMAS-NMR for 13C enriched samples (NaOO13C-CH2Br/NaOOC-
13CH2Br, 1:1 ratio). Spinning side bands are marked as (*).

the adjacent 79/81Br nucleus. This behaviour is well document-
ed for similar systems (and also for 13C nuclei bonded to
35/37Cl).[32±35] Remote second-order quadrupolar effects are
also observed for the carboxylate carbon at about d� 176
(Figure 6). Polyglycolide shows two signals at d� 63.8 (meth-
ylene) and 168.8 (carboxylate), in good agreement with
literature data on polyglycolide[13, 30] and its copolyesters with
polylactide.[36]

Again, there is no direct evidence for intermediates,
suggesting a single-step reaction. However, as with the 23Na-
NMR data on this compound, there is a mismatch between the
rate of loss of sodium bromoacetate and the rate of gain of
polyglycolide (Figure 8), with a significant delay in the
formation of polyglycolide relative to the loss of sodium
bromoacetate.

Crystal structure determination : The crystal structure of
sodium bromoacetate was solved from X-ray powder diffrac-
tion data (Figure 9) as no crystals of suitable size and quality
for single-crystal X-ray diffraction studies could be obtained.
Details of the crystal structure solution and refinement are
described in the Experimental Section. Sodium bromoacetate
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Figure 8. Variation of signal intensities as a function of time in high-
resolution solid-state 13C NMR spectra recorded for 13C-enriched sodium
bromoacetate at 120 8C. The dotted line refers to the parent compound
sodium bromoacetate and the solid line refers to the product polyglycolide.
The data were determined by integration of the peaks of the carboxylate
carbon in each phase.

Figure 9. Final Rietveld refinement plot for sodium bromoacetate, show-
ing experimental and calculated diffraction patterns (top) and the differ-
ence diffraction pattern (bottom).

is isostructural with sodium chloroacetate.[10] The structural
parameters are shown in Tables 2 and 3, and the crystal
packing arrangement is shown in Figure 10.

As with sodium chloroacetate,[10] a polymerization within
the chains of chloroacetate anions along the crystallographic
b-axis appears to be the most likely reaction mechanism (see
ref.[10] for a detailed discussion). This mechanism is consistent
with all previous results obtained using in situ methods,
including this work, that support a topochemical[37±40] poly-

Figure 10. Final refined crystal structure of sodium bromoacetate (hydro-
gen atoms not shown) viewed along the crystallographic a axis.

merization. However, as it is well known that solid-state
reactions are often initiated near defects in the crystal,[39, 41]

this proposed mechanism is at best considered as highly
probable, rather than strictly proven.

Conclusion

The solid-state polymerization reactions in sodium chloroa-
cetate and sodium bromoacetate were monitored in situ using
23Na-NMR and 13C-NMR spectroscopy. No well defined
intermediate species were detectable in any of the NMR
spectra recorded. It may therefore be concluded that the
reaction occurs in a single step or involves intermediates that
are either present in sufficiently small amounts or in a
sufficiently broad range of local environments over a suffi-
ciently short period of time relative to the time resolution of
the experiment that they give no detectable signals in the
NMR spectra. As now discussed, this question can be
addressed when the NMR spectra are evaluated quantita-
tively by peak integration to give the relative amounts of
phases present.

In both experiments (13C and 23Na NMR) on sodium
bromoacetate, a mismatch between the rate of decay of the
parent compound (sodium bromoacetate) and the rate of
formation of the products (NaBr and polyglycolide) is
observed. This suggests that some NMR intensity may indeed
be related to an intermediate phase, although no peaks are

Table 2. Crystallographic data for sodium bromoacetate and sodium
chloroacetate. The structural similarity is obvious.

sodium bromoacetate sodium chloroacetate[10]

(this work)

crystal system monoclinic monoclinic
space group P21/a P21/a
a/ pm 708.11(8) 711.77(3)
b/ pm 537.27(6) 536.09(3)
c/ pm 1130.06(11) 1081.27(5)
b/8 91.95(1) 92.434(4)
V/106 pm3 429.68 412.21
Z 4 4
1calc/ g cmÿ3 2.49 1.88

Table 3. Fractional atomic coordinates in the final refined crystal structure
of sodium bromoacetate. No refinement of hydrogen atoms was performed.
The final profile R factors were Rwp� 14.9 % and Rp� 11.9 %.

Atom x/a y/b z/c

Br 0.7337(5) 0.4678(5) 0.6176(4)
Na 0.8925(13) 0.2488(16) 0.9121(12)
C1 0.664(4) 0.7565(20) 0.8266(9)
C2 0.696(4) 0.7813(12) 0.6998(9)
O1 0.6349(16) 0.5512(20) 0.8730(12)
O2 0.6434(19) 0.9536(20) 0.8853(10)
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detected in addition to those of the parent compound and
products. The reaction could occur via a number of poorly
defined intermediates that result in low intensity and perhaps
broad (particularly for 23Na) signals in the NMR spectra.
Therefore, NMR intensity could be ªlostº due to the existence
of such species without distinct signals representing these
species being detected.

For 13C-NMR spectroscopy, these species could be related
to a number of temporarily-present glycolide-oligomers and
perhaps to a variety of different chain-end configurations. In
fact, we have shown by viscosimetry that the average polymer
chain length increases as a function of reaction,[31] indicative
of a stepwise growth of the polymer chains during the
reaction. The same type of situation could pertain to the
environment of Na� as detected by 23Na solid-state NMR
spectroscopy. Sodium has to change its environment from a
six-fold oxygen coordination to a six-fold bromine coordina-
tion during the reaction, and it is conceivable that this process
occurs via a range of intermediate species representing a
broad distribution of local structural situations, such as
sodium in interstitial positions or within disordered parts of
the crystal, and representing different combinations of near-
neighbouring bromine and oxygen atoms. Thus, although
intermediates were not detected, their presence cannot be
excluded for sodium bromoacetate.

At present, we cannot explain the different behaviour of
sodium chloroacetate (with no evidence for intermediates)
and sodium bromoacetate (with possible intermediates).
However, in both cases our NMR experiments have shown
that no significant amounts of well defined intermediates are
produced during the reaction. For such complex systems
undergoing solid-state reactions, the occurrence of intermedi-
ate species that are difficult or impossible to detect appears
likely, and the different rates of reaction for sodium chlor-
oacetate and sodium bromoacetate could lead to different
amounts of temporarily present intermediates.

In conclusion, we emphasize that solid-state NMR spectro-
scopy was essential to obtain these new insights concerning
the solid-state transformations in sodium halogenoacetates, as
other methods (e.g., diffraction or EXAFS) are not sensitive
to such subtle changes in the local environments. The
complementary nature of these techniques, and their ability
when applied under in situ conditions to probe chemical and
structural changes directly as they occur, represents a power-
ful strategy with which to investigate chemical transforma-
tions in solids. It is reasonable to generalize that a compre-
hensive understanding of the nature of such solid-state
reactions may be derived only from the application of a
multi-disciplinary experimental strategy of this type.

Experimental Section

Synthesis : Sodium chloroacetate and sodium bromoacetate were prepared
by neutralization of chloroacetic acid and bromoacetic acid, respectively,
with NaOH in ethanol, followed by recrystallization from ethanol.[13] The
materials were characterized thoroughly using IR spectroscopy, 1H-NMR
spectroscopy in solution, X-ray powder diffraction, elemental analysis (C,
H) and differential scanning calorimetry (DSC). 13C-enriched sodium
bromoacetate was prepared by neutralizing a mixture of 5 wt% HOO13C-

CH2-Br, 5 wt% HOOC-13CH2-Br and 90 wt% HOOC-CH2-Br (natural
abundance of 13C) with NaOH in ethanol, followed by precipitation and
solvent removal.[13]

Solid-state NMR spectroscopy : High-resolution 23Na- and 13C-NMR
spectra were recorded at 79.4 MHz and 75.5 MHz (7.05 T), respectively,
on a Bruker MSL300 spectrometer. The samples were studied as
polycrystalline powders in zirconia rotors (4 mm and 7 mm external
diameters) using MAS frequencies (nÄ r) in the range of 4 to 8 kHz. 23Na
MAS NMR spectra were obtained using single-pulse excitation with 0.8 ms
pulse duration and 2.3 s recycle time. The standard 1H,13C cross-polar-
ization (CP) 13C-NMR technique was used (with high-power proton
decoupling applied during acquisition). Typical parameters were: 1H 908
pulse, duration 5.2 ms, CP contact time 10 ms, recycle delay 14 s. 13C
chemical shifts are given relative to tetramethylsilane (TMS), established
with the use of adamantane (methine carbon signal at d� 29.47) as an
external standard, whereas 23Na chemical shifts are given relative to 0.1m
aqueous NaCl solution used as an external standard.

The quadrupolar interaction parameters and 23Na isotropic chemical shifts
for the parent compounds were obtained from simulations of the central
transition MAS NMR lineshapes using the POWDER program (Bruker
Aspect 3000 software package).

For in situ experiments, the samples were put into rotors and heated to the
reaction temperature as fast as practically possible. For each experiment,
the starting time (t� 0) was assigned as the time at which the sample
temperature had reached the preset value. The time to heat from room
temperature to the reaction temperature was about 30 min in each case.

Powder diffraction and structure determination : An X-ray powder
diffractogram was recorded for sodium bromoacetate at ambient temper-
ature on a Siemens D5000 instrument operated in transmission mode
(CuKa1 radiation, l� 154.06 pm, germanium monochromator, position-
sensitive detector covering 88 in 2V). The total 2V range was 3 to 708 (step
size 0.028, total count time 60 min). The powder diffraction pattern was
indexed using the program ITO[42] (resulting in a� 7.09 �, b� 5.38 �, c�
11.32 �, b� 91.928). The space group P21/a was assigned on the basis of
systematic absences. The unit cell parameters suggested a close similarity to
the previously known structure of sodium chloroacetate.[10]

The structure of sodium bromoacetate was solved by the Monte Carlo
method,[6, 27, 28] using the program OCTOPUS.[43] Two independent struc-
tural fragments were used: the organic fragment Br-C-COOÿ (representing
the non-hydrogen atoms of the bromoacetate anion with geometry taken in
analogy to sodium chloroacetate), and the sodium cation Na�. The
bromoacetate unit was subjected to translational and rotational displace-
ments, with 20 rotations per translation. The sodium cation was subjected
to translational displacements only. A total of 5000 Monte Carlo moves was
carried out. For both units, the maximum allowed translational displace-
ment in each Monte Carlo move was 0.2 � along each of the three
crystallographic axes, and the maximum allowed rotational displacement of
the bromoacetate unit was constrained to �458 about each of three
orthogonal axes passing through the carboxylate carbon atom (C1). The
parameter S[6, 27, 28] (which behaves in a manner analogous to temperature in
Monte Carlo based energy simulations) was chosen such that about 40 ±
50% of the trial structures were accepted in the Monte Carlo calculation.
The trial structure with the lowest Rwp in the Monte Carlo calculations was
taken as the structure solution and used as the initial structural model for
Rietveld refinement. Subsequent Rietveld refinement using the GSAS
program package[44] gave the final structure reported in Tables 2 and 3 and
shown in Figure 9. All isotropic displacement parameters Uiso were fixed at
0.025 �2, and standard restraints were applied to bond lengths and angles.
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