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The solid-state polymerization reaction of sodium bromoacetate has been studied with
combined in situ X-ray diffraction and X-ray absorption spectroscopy (XRD-EXAFS). This
elimination reaction leads quantitatively to sodium bromide and poly(hydroxyacetic acid),
polyglycolide. Both XRD and EXAFS data have been quantitatively analyzed to yield the
molar fractions of educt and products during the reaction. Results of both methods confirm
that the reaction is occurring without a crystalline, liquid, or amorphous intermediate in
one single step. Sodium bromide is precipitated in small crystals in the polymeric matrix.
The growth of the microcrystals could be followed by analyzing the XRD line width during
the reaction, an observation that is corroborated by scanning electron microscopy. This allows
a control of the pore size distribution of the obtained material by variation of the reaction
temperature.

Introduction

For over 140 years it has been known1,2 that alkali-
metal salts of halogenoacetic acids eliminate alkali
halides upon heating and concomitantly undergo a solid-
state polymerizationsostensibly without formation of
detectable crystalline intermediatessto yield polygly-
colide, a polyester that is now of considerable practical
value as a biomaterial, especially in medicine. It is
used, for example, as a resorbable bone fixation device,3,4
as an intestinal anastomotic device,5 or as a surgical
suture.6 In general, such polyhydroxycarboxylic acids
are of excellent biocompatibility because of their good
biodegradability and nontoxicity (see ref 7 for a recent
review). Conventionally, they are prepared either via
the corresponding hydroxycarboxylic acids or biotech-
nologically.8,9 In contrast to these products, polygly-
colide prepared by solid-state reaction has a distinct
porous morphology that may be advantageous for ap-
plication as a biomaterial.10,11

It is of interest to inquire, in the context of the
mechanisms of solid-state transformations, whether this
solid-state reaction proceeds through a well-defined
(possibly noncrystalline) intermediate, since it has
recently been observed in inorganic systems, such as
the conversion of a Mg2+ ion-exchanged zeolite X to
cordierite,12 and of the recently discovered synthetic
titanosilicate JDF-L113 to the mineral-phase narsar-
suokite.14 Knowledge of the reaction pathway is indis-
pensable for a rational control over the morphology of
the product.
Thermally induced polymerizations in the organic

solid state10,15-20 have been much less intensively
investigated than photoinduced oligomerizations and
polymerizations.21-27 In cases of a topochemical control
of the reaction, the crystal structure of the parent† University of Hamburg.
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compound determines the reaction pathway and thereby
the product.21,24 However, it has to be ensured that the
reaction proceeds in one step, involving no liquid or
amorphous intermediates. In the case of the solid-state
reduction reaction of benzophenones,28 it has recently
been shown that temporary liquefaction due to eutectic
melting occurs.29 Such an observation renders all
mechanistic considerations based on crystal structures
obsolete.
The analogous reaction in sodium chloroacetate has

been studied with a number of structure-sensitive
techniques.10,11,20 No intermediate could be detected.
However, ex situ studies are often not representative
of the true reaction pathway because of possible sample
transformations during quenching and storage.30,31
Furthermore, it is not clear whether the results that
were obtained for sodium chloroacetate can be uncriti-
cally transposed to sodium bromoacetate. Sodium bro-
moacetate has been studied in situ by combined simul-
taneous DSC-EXAFS.32 The latter technique related
enthalpy change and short-range order, but both meth-
ods are not as sensitive to other phases as diffraction
techniques.
Combined use of two in situ synchrotron radiation-

based techniques, X-ray powder diffraction, XRD (which
probes long-range crystallographic order), and extended
X-ray absorption fine structure (EXAFS), which quan-
titatively determines the immediate structural environ-
ment (short range order) around a specific, selected
atom, is an ideally suited double-pronged approach to
tackle such problemsssee refs 12, 31, and 33-36 for
further details. To our knowledge, it has not yet been
applied to a reacting molecular solid. This realization,
together with the still incomplete knowledge about the
reaction pathway, inspired us to study this reaction in
situ, thereby relating, by two separate sets of experi-

ments (DSC-EXAFS and XRD-EXAFS), long- and
short-range order and enthalpy change. A major goal
was the quantitative evaluation of the obtained data in
terms of the reaction progress in order to yield a
thorough characterization of the reaction.

Results and Discussion

Armed with the combined in situ tools of XRD and
EXAFS described in the references cited earlier, we
embarked on a detailed study of sodium bromoacetate
that undergoes simultaneous elimination and polymer-
ization when heated to above 100 °C.

The X-ray diffraction patterns clearly show the conver-
sion from sodium bromoacetate to sodium bromide
(Figure 1). The reaction occurs rapidly within a few
scans. No crystalline intermediates are detectable.
The EXAFS Fourier transforms are strongly different

for sodium bromoacetate and sodium bromide (Figure
2). The first carbon neighbor (CR) attached to bromine
in sodium bromoacetate gives rise to a strong peak at
R ≈ 1.9 Å, and the second carbon neighbor (Câ) is visible
as a smaller peak at R ≈ 2.8 Å. The inorganic reaction
product sodium bromide is mainly characterized by the
shell of six sodium cations at a distance of R ≈ 2.9 Å.
Br-Câ shell and Br-Na shell are easily separable
because of different backscattering behavior.
Figure 3 shows the magnitude of the Fourier-

transformed EXAFS spectra during the reaction. Visual
inspection suggests that the transformation occurs
without production of detectable intermediates.
To estimate the temperature effects on the experi-

mental results, we first studied a standard NaBr sample
by combined XRD-EXAFS while heating it through the
same temperature range. We used these data to
quantitatively evaluate the EXAFS spectra of the tem-
perature-resolved data of sodium bromoacetate, in
particular, by fixing the Debye-Waller factor during the
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Figure 1. X-ray powder diffractograms obtained during
heating of sodium bromoacetate. The difference between
consecutive scans is 600 s or 9.5 K. The heating rate was 0.95
K min-1. The X-ray wavelength was λ ) 0.9193 Å.

Figure 2. Fourier transform magnitudes of sodium bromo-
acetate (upper graph) and sodium bromide (lower graph), both
measured at room temperature. For sodium bromoacetate, two
carbon shells were fitted, and for sodium bromide the six next-
nearest sodium neighbors. Solid lines represent experimental
data, dotted lines theoretical fit curves. The data are corrected
for phase shifts.
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fits. Details of the fitting parameters are listed in Table
1. The resulting values for N(Br-CR) and N(Br-Na)
are a direct measure of the extent of reaction R. The
precise value of R could be computed after normalization
to N(Br-CR)(t ) 0) ) 1 and N(Br-Na)(t ) ∞) ) 6.
Quantitative evaluation of both EXAFS and XRD

results yields the extent of reaction R (see Figure 4).
Both sodium bromoacetate and sodium bromide were
monitored with each method so that all four sets of data
were obtained. The reaction proceeds rapidly in a
narrow temperature interval (ca. 80-120 °C). All data
lie on the same R/T curve. This indicates two important
points. First, since the extents of reaction computed for
educt and product are equal within the accuracy of our
data, no intermediate can have formed; otherwise, there
would have been some discrepancy between R deter-
mined from sodium bromoacetate and R from sodium
bromide. Second, the results for R obtained from
EXAFS (probing short-range order) and X-ray diffrac-
tion (probing long-range order) are identical. This
indicates that no amorphous or liquid intermediate
phase is involved in the overall transformation. Such
an intermediate, were it present, would give rise to a
shift between EXAFS and XRD results. Thus, the solid-
state reaction (eq 2) occurs in one step that simulta-
neously affects short- and long-range order. However,
the EXAFS method gives only information about the
bromine environment. The formation of the purely
organic product, i.e., polyglycolide, cannot be followed
by EXAFS. The scattering peaks of the formed poly-
glycolide are too weak to be quantitatively evaluated.
Every 10 min two data sets (EXAFS and XRD) were

measured. The accuracy in R derived from XRD is
around 2.3%. The accuracy in EXAFS is more difficult
to estimate owing to possible similarities in the bromine
environment between the present phases, but it is
estimated to about 10% in R. Taking into account these
limitations, we can conclude that any intermediate,
were it present, could have a lifetime of a few minutes
at maximum and a maximum concentration of a few
percent.
The reason for the decrease in R above 140 °C is not

known. It might be due to some radiation damage
suffered by sodium bromide. This would decrease the
X-ray diffraction intensity, and it would also increase
the static disorder in the bromine environment, causing
a higher Debye-Waller factor σ2(Br-Na). Since σ2(Br-
Na) was kept constant during the fit, the high correla-
tion between N(Na) and σ2(Br-Na) would result in an

(apparently) decreasing coordination number N(Na).
This assumption is corroborated by the observation that
the intensity of the (220) peak in pure NaBr also
decreases during the heating program. It should be
noted here that all X-ray diffraction intensities were
corrected for beam fluctuations by monitoring the
incoming beam intensity.
The temperature interval in which the reaction takes

place (80-120 °C) is remarkably different from that
found in the simultaneous DSC-EXAFS experiment
(140-170 °C).32 The heating rate was almost identical
in both experiments (0.95 K min-1 vs 1.0 K min-1),
whereas the applied temperature program (40-210 °C
vs 120-200 °C) was not. That means that sample X
irradiation prior to the reaction was longer in the XRD-
EXAFS experiment than in the DSC-EXAFS experi-
ment (about 42 vs 20 min). This could have led to
radiation damage of the lattice and thereby an increased
reaction rate, since solid-state reactions frequently start
at lattice defects.37,38 In standard DSC experiments, i.e.,
without any irradiation, the reaction starts at 186 (
10 °C,11 a fact that corroborates the above assumption.
Another difference between the two experiments was
the material used for sample dilution (fumed silica in
XRD-EXAFS and boron nitride in DSC-EXAFS) that
may not be completely inert under strong irradiation
and elevated temperature. This underscores that it is
highly advantageous to use simultaneous techniques
rather than to subsequently apply single techniques,
since sample environment and reaction conditions are
never completely the same when employing different
methods.
Careful analysis of the X-ray diffractograms revealed

that the peak width of the formed sodium bromide
decreases with temperature. For the (220) peak at
25.2°2Θ, the full width at half-maximum (fwhm) de-
creases from 0.442°2Θ (95 °C) to 0.284°2Θ (180 °C). It
remains constant thereafter. This indicates that the
crystallite size increases with rising temperature. We
computed the average crystallite size using the Scherrer
equation.39,40

The crystallites grow almost linearly with tempera-
ture (see Figure 4). It is noteworthy that the growth of
the crystallites still continues after the reaction is
completed at ca. 120 °C. This points to extensive
diffusion in the reacted solid, a remarkable fact given
the low reaction temperature. In earlier studies with
scanning electron microscopy on the morphology of the
formed reaction products, we found that the alkali
halide is precipitated in small cubes (d ≈ 1 µm) in the
polymeric matrix.10,11 The above results are in perfect
agreement with these findings, since they demonstrate
how the precipitated cubes are growing with time and
temperature. Scanning electron microscopy on poly-
glycolide samples obtained from sodium bromoacetate
that had been polymerized at 170, 180, and 190 °C for
100, 60, and 45 min gave average crystallite diameters
of 0.3, 0.5, and 0.9 µm, respectively. Keeping in mind
the various assumptions in the Scherrer equation,41 this
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Figure 3. Magnitude of Fourier transforms obtained from Br
K-edge spectra. The first coordination shell of the educt
(sodium bromoacetate) consists of one carbon neighbor, and
the first shell in the product (sodium bromide) of six sodium
ions. The data are not corrected for phase-shifts.
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corresponds well with the results from X-ray diffraction.
It should be emphasized that these numbers do not
represent equilibrium values for crystallite diameters.
It is expected that the crystallites would continue to
grow upon further annealing, driven by the need to
minimize the interfacial energy.
Summarizing, it can be said that the solid-state

polymerization reaction in sodium bromoacetate does
not occur through crystalline, liquid, or amorphous
intermediates within the experimental detection limit.
Thus, a topochemical control of the reaction is very
likely. The experiments presented here, together with
the data obtained earlier by simultaneous DSC-
EXAFS,32 show that enthalpy and short- and long-range
order change simultaneously. Such a quantitative
determination of the reaction extent from both EXAFS
and XRD is rare.
Unfortunately, the crystal structure of sodium bro-

moacetate is not known owing to extreme difficulties
in obtaining suitable single crystals, a fact generally
observed for alkali halogenoacetates. The crystal struc-
tures of silver chloroacetate42 and sodium chloro-
acetate43 were obtained recently under considerable
difficulties, the former from a single crystal, the latter
from synchrotron powder diffraction data. Both crystal
structures support a topochemical elimination of AgCl
and NaCl, respectively. Figure 5 shows the X-ray
powder diffractograms of sodium chloroacetate, sodium
bromoacetate, and silver chloroacetate. The diffraction

patterns are similar, indicating a structural relation-
ship. It was neither possible to grow suitable single
crystals of sodium bromoacetate nor to unambiguously
index the pattern of sodium bromoacetate.
The growth of the precipitated sodium bromide crys-

tals could be followed in situ. It is remarkable that
extensive diffusion of NaBr occurs at very moderate
temperatures (100-200 °C). This underscores that
reacting solids are highly dynamic systems that must
be treated differently from reacting liquids or solutes.
A characterization by a single scalar variable, i.e., the
reaction extent R, is by no means sufficient to under-
stand the complex processes involved. In situ tech-
niques are very valuable tools for gaining closer insight
into such systems, although no single experiment, even
if it is a sophisticated combined one, is capable of
revealing all details of the mechanism. Nevertheless,
it has been shown that the pore size distribution in the
remaining polyglycolide after washing out the NaBr
crystallites can be adjusted by choice of the appropriate
reaction temperature and time. Higher reaction tem-
perature and longer annealing time both lead to an
increase in NaBr crystallite (and thereby pore) size.

Experimental Section

Sodium bromoacetate was prepared as described in ref 11.
Its purity and the absence of sodium bromide were assured
by IR, 1H and 13C NMR, X-ray powder diffraction and
elemental analysis (C, H).
Combined XRD-EXAFS data were collected at station 9.3

at the Daresbury synchrotron laboratory. This station is
equipped with instrumentation for simultaneous Quick-
EXAFS spectroscopy (“QEXAFS”)44 and X-ray powder diffrac-
tion.12,45 The storage ring was run in multibunch mode (2 GeV,
ca. 200-250 mA). The samples were mixed with fumed silica
(4:3 ) w/w) and pressed to a pellet that was brought into a
custom-made furnace (static air atmosphere). EXAFS data
were recorded in transmission mode, and XRD data were
recorded with a curved position sensitive detector. The(41) Bish, D. L., Post, J. E., Eds.; Modern powder diffraction;
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Table 1: Variation of Parameters for the Quantitative Evaluation of Br K-edge EXAFS Spectra of Reacting Sodium
Bromoacetate

compound shell N R/Å 1000σ2/Å2 1000B/Å2

Br-CH2-COONa Br-CR variable variable (1.935-1.957) 3.0 0
Br-CH2-COONa Br-Câ N(Câ) ) N(CR) 3.017 8.5 0
NaBr Br-Na variable variable (2.959-2.980) 4.85 + 0.07125 × T/K -11.61 + 0.0571 × T/K

Figure 4. Reaction extent R vs time from X-ray diffractometry
and X-ray absorption spectroscopy. Parent and product phase
were both detected with each method. All points follow the
same trend, therefore no intermediates seem to occur. Ad-
ditionally, the average size of the sodium bromide crystallites
that are formed during the reaction is shown (as derived from
XRD). The crystallites grow with an almost linear rate, even
after the reaction is chemically finished (at ca. 120 °C).
Symbols are defined as follows: b 1-N(C1) of sodium bromoac-
etate by EXAFS; (, N(Na)/6 of NaBr by EXAFS; ] I(t)/I(t )
∞) of the NaBr (220) diffraction peak at 25.2° 2Θ; O, 1 - I(t)/
I(t ) 0) of the sodium bromoacetate diffraction peak at 11.3°
2Θ; +, average NaBr crystallite size (from the width of the
NaBr (220) peak).

Figure 5. Comparison of the X-ray diffraction patterns of
sodium chloroacetate, sodium bromoacetate and silver chlo-
roacetate (Cu KR radiation, λ ) 1.5418 Å).
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temperature was recorded in the immediate vicinity of the
sample with a thermocouple (estimated accuracy of (2 K).
X-ray powder diffraction patterns were recorded for 180 s at
λ) 0.9193 Å followed by a 40 s dead time. Then an X-ray
absorption spectrum was taken at the bromine K-edge (E ≈
13 455 eV) for 380 s (resulting time resolution of 600 s). The
sample was heated from 40 to 210 °C at 0.95 K min-1.
Additionally, EXAFS spectra and X-ray diffractograms of educt
and product phases were measured before and after the
reaction at room temperature. The extent of reaction of XRD
data was obtained by integration and subsequent normaliza-
tion of the NaBr (220) peak at 25.2°2Θ and the sodium
bromoacetate peak at 11.3°2Θ. This is permitted because no
mass loss occurs during the reaction.46
EXAFS data evaluation was carried out using the programs

EXCALIB, EXBROOK, and EXCURV92 available at the
Daresbury laboratory.47 All scans were manually corrected
for short-time discontinuities (“glitches”) before evaluation. All
plots and evaluations were done with k3-weighted spectra
using a k range of 3-10.5 Å-1. EXAFS data were strongly
influenced by multiple excitation, a phenomenon well-known
for bromine EXAFS.32,48-50 This was corrected by a simplified
procedure.51
Quantitative EXAFS analysis was performed as follows.

The first shell of six sodium neighbors in the standard NaBr
sample was computed using a cumulant expression for the
Debye-Waller factor σ2. The third cumulant B is defined in

the program EXCURV92 as B ) 4/3C3
3 with C3 being the third

cumulant of the original EXAFS expression.47,52-54 A linear
expression was fitted for the temperature dependence of σ2

and B. These values were then used in evaluating the EXAFS
spectra of the reacting sodium bromoacetate. The first two
carbon shells of sodium bromoacetate were also fitted but
without cumulants for the Debye-Waller factor. If higher
cumulants were introduced for Br-C shells, they assumed
values close to zero, indicating an almost symmetric pair
distribution function. The values of R and σ2 for these two
shells were derived from room-temperature EXAFS spectra
and found to be constant within the investigated temperature
range. The amplitude reduction factor s02 was fixed to 1, and
the zero-energy correction E0 was allowed to vary. The values
for σ2(Br-CR) and R(Br-CR) are in good agreement with earlier
results for Br-C bonds.32,50,51
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