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Thermal treatment of the perhydrate, 4Na2SO4ΩNaClΩ2H2O2 , results in the evolution of H2O2 . Combined thermogravimetry
(TG) and mass spectrometry (MS) confirms that at least a portion of the H2O2 is released intact. TG, together with differential
scanning calorimetry (DSC), suggests that the release of H2O2 occurs in two stages. The isothermal decomposition of the

perhydrate at 88 °C has been monitored by powder X-ray diffraction (PXRD), IR spectroscopy, available oxygen content (AVOX)
and thermogravimetry. The resulting solid consists of an intimate mixture of Na2SO4 (III) and NaCl. An explanation for the
formation of this particular polymorphic form of Na2SO4 is proposed.

Perhydrates, compounds containing hydrogen peroxide of SSCP represents one of the few purely inorganic inclusion
compounds not composed of SiMO or AlMO units, or trans-crystallisation, are important components of powder laundry

detergents. The crystal structures of several perhydrates have ition metals. We are also unaware of any other inorganic
inclusion compounds containing H2O2 as the guest species. Inbeen determined including adducts with urea,1 Na2CO3 ,2 KF,3

M2C2O4 (M=Li,4 Na,5 K,6 Rb,7 NH48 ) and guanidinium this paper we discuss in detail the nature of the thermal
decomposition of SSCP and show that the high temperaturesalts.9 Of interest is the relatively stable perhydrate,

4Na2SO4ΩNaClΩ2H2O2 (SSCP), developed for use with neutral phase (III) of Na2SO4 is formed along with NaCl after H2O2
evolution.detergents.10 Structural analysis of SSCP has shown that the

H2O2 is included within channels defined by sulfate oxygens
in the ab plane.11 Experimental

The DSC traces of perhydrates have been found to give a
Using laboratory grade reagents, a solution of 0.42 gmixture of endothermic and exothermic events because two
(7.2×10−3 mol) NaCl in 8 g of 0.30 g cm−3 H2O2 was addedreactions are occurring.12 The first reaction, eqn. (1), is endo-
dropwise to a solution of 4.09 g (28.8×10−3 mol) of Na2SO4thermic deperhydration (i.e. release of H2O2 ), whilst the second
in 20 g of 0.30 g cm−3 H2O2 . The resulting solution wasis the exothermic decomposition of gaseous H2O2 in the
allowed to evaporate in air and yielded well formed crystalsvicinity of the sensors [eqn. (2)].
of SSCP. These were ground (grinding did not affect the

MXΩH2O2(s)�MX(s)+H2O2(g) endothermic (1) structure or H2O2 content) and the powder dispersed in Petri
dishes. These samples were placed in a preheated isothermalH2O2(g)�H2O(g)+DO2(g) exothermic (2)
Gallenkamp oven and removed periodically and immediately

If the perhydrate decomposes at a temperature sufficiently low refrigerated at 0 °C in order to prevent further decomposition.
to prevent rapid decomposition of the H2O2 , then only an Analyses (PXRD, TG, IR) were then performed at ambient
endotherm is observed (e.g. Na2C2O4ΩH2O2 ).12 At higher temperature as soon as possible. In particular, AVOX measure-
temperatures decomposition of the H2O2 can render the reac- ments were recorded to determine the oxygen content available
tion exothermic (e.g. K2C2O4ΩH2O2 ).12 However, the DSC for oxidation: a solution of ca. 0.2 g of SSCP in 100 cm3 of
traces are usually not this simple and a number of exotherms 10% H2SO4 was titrated against a 0.1  solution of potassium
are often superimposed onto the endotherm {e.g. [C(NH2 )3]4- permanganate. Evidence for obedience to a particular kinetic
P2O7Ω1.5H2OΩH2O2}.13 law can be obtained from a/t vs. t plots using eqn. (3):

The isothermal decomposition of Na2CO3Ω1.5H2O214,15 and
a=(A0−A )/A0 (3)

of the oxalate perhydrates12 have been reported. Comparison
of a/t vs. t plots with theoretical curves16 are able to give an where A0 is the initial AVOX value and A is the AVOX at

time t.indication of obedience to particular kinetic laws, where a is
the extent of reaction. These perhydrates exhibit examples of TG data on ground SSCP were collected using a heating

rate of 10 °C min−1 , and a N2 flow of 25 cm3 min−1 . Combinedkinetic behaviour described by Avrami–Eroveef [−ln(1−a)=
ktn], power law (a=ktn ) and contracting solid [e.g. TG–MS was performed using a heating rate of 30 °C min−1 .

Full details of the apparatus have been described elsewhere.211−(1−a)1/2=kt] models.12,14
We have previously reported that the thermal decomposition DSC was performed on a Perkin-Elmer 7-series instrument,

with an argon gas flow of 30 cm3 min−1 and a heating rate ofof SSCP does not result in a simple mixture of Na2SO4 and
NaCl (using laboratory grade reagents for comparison).17 10 °C min−1 .

23Na NMR spectra were recorded on a ChemagneticsNa2SO4 , however, has five polymorphic forms.18 Standard
laboratory grade Na2SO4 is predominantly the room tempera- CMX-400 spectrometer at 105.8 MHz (9.4 T) with 4 mm probe

head. Magic angle spinning (MAS) Bloch delay measurementsture phase (V). The other polymorphs of Na2SO4 are formed
when phase V is heated. Na2SO4 (III) is formed at 238 °C.18 were recorded at a spinning rate of 10 kHz with 0.3 ms short

pulses (<15°) and 2 ms (90°) pulses. The short pulse measure-Phases II and I form at higher temperatures and revert to
phase III on cooling. Once formed, Na2SO4 (III) remains stable ments give the quantitative intensity ratio of Na sites with

different quadrupole interactions, whereas the 90° pulsein dry air almost indefinitely19 but water causes rapid trans-
formation to Na2SO4 (V).20 measurements preliminarily detect Na sites with different quad-
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Fig. 2 (a) DSC and (b) DTG of SSCP

Fig. 1 TG–MS traces of SSCP: (a) TG; MS scanning; (b) m/z 34
(H2O2); (c) m/z 18 (H2O); (d) m/z 32(O2)

rupole interaction since the relative intensity of Na site with
large quadrupole interaction decreases in comparison with
that in the short pulse spectrum. The 23Na chemical shifts are
given in ppm from an external 1  NaCl aqueous solution.

Results

Thermal analysis

Fig. 1(a) shows the thermogravimetric curve of SSCP. Fig. 1(b),
(c) and (d) indicate the mass signal as a function of temperature
for m/z 34 (H2O2 ), m/z 18 (H2O) and m/z 32 (O2 ). The TG
curve shows a single distinct mass loss of 9.8% between 150
and 200 °C, corresponding to the loss of two H2O2 per formula
unit (expected 9.8%). Peaks in the mass signal are observed
coincident with this mass loss.

Fig. 2(a) shows the DSC trace for SSCP. A broad endotherm
coincides with the TG mass loss (150–200 °C) and corresponds
to deperhydration [eqn. (1)]. The endotherm is immediately
followed by an exotherm at ca. 200 °C. This exotherm does
not coincide with any mass loss and is associated with the Fig. 3 TG traces of samples of SSCP after heating at 88 °C
decomposition of evolved H2O2 within the vicinity of the
sensors [eqn. (2)].12 A small exothermic event is also measured

K2C2O4ΩH2O2 decomposes to give K2C2O4ΩH2O.22 There
at 190 °C (peak 2). The DTG curve is displayed in Fig. 2(b).

is also evidence that the thermal decomposition of
The single mass loss in the TG [Fig. 1(a)] is resolved into two

Na2CO3Ω1.5H2O2 results in a hydrate.23 We were interested
DTG peaks (3,4). The temperature at which the rate of

to discover whether a hydrate such as 4Na2SO4ΩNaClΩ2H2Oevolution of H2O2 increases (3) coincides with the start of the
formed from SSCP at temperatures below 100 °C.

first exotherm (1). The minimum of the main DTG peak (4)
Fig. 3 shows TG curves for samples of SSCP which have

corresponds to the centre of that exotherm (2). It therefore
been previously held at 88 °C for up to 103 days. Each curve

seems likely that an exothermic event occurs during which the
shows a mass loss occurring typically in the range 150–200 °C.

release of H2O2 is facilitated.
There is no evidence for any mass loss below 150 °C, which
would be indicative of an intermediate hydrate. AVOX

Isothermal decomposition of SSCP at 88 °C
measurements show that after more than 100 days at 88 °C,
there is still some residual H2O2 within the sample. Fig. 4Some perhydrates decompose to give a hydrate intermediate.

In humid conditions at room temperature, the oxalate shows the a/t vs. t plot for the deperhydration of SSCP at
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Fig. 6 Changes in intensities of PXRD reflections at 22.6, 27.1 and
28.1° in samples of SSCP heated at 88 °C

Characterisation of the product of thermal deperhydration ofFig. 4 a/t vs. t plot of samples of SSCP after heating at 88 °C
SSCP

88 °C, using eqn. (3). Comparing the shape of the curve to The solid resulting from the thermal decomposition of SSCP
those described by Guarini and Spinicci,16 the initial drop in when all the H2O2 has evolved is denoted SSCPD. Fig. 7
a/t may correspond to obedience to the contracting circle compares the experimental PXRD pattern of SSCPD with
model. Beyond 10 days a/t appears to rise and then fall, simulated patterns of Na2SO4(III) and NaCl [using the crystal
suggesting Avrami–Eroveef (n=2) obedience. structures of Na2SO4(III)24 and NaCl25 and the molecular

Powder X-ray diffraction patterns monitoring the deperhy- modelling package CERIUS2].26 It is apparent that the host
dration of SSCP at 88 °C are shown in Fig. 5. The patterns lattice of SSCP does not remain intact but breaks down into
show a gradual change from SSCP to Na2SO4 (either phase Na2SO4(III) and NaCl.
III or phase V) in agreement with AVOX–time plots. All the The formation of Na2SO4(III) when all the H2O2 is ther-
reflections in Fig. 5 can be assigned as SSCP, Na2SO4 or NaCl. mally removed from SSCP is also indicated by 23Na 90° pulse
Fig. 6 shows the variation in intensity of the (202) reflection solid state NMR (Fig. 8) in that two sharp peaks are observed
of SSCP at 27.1°, the Na2SO4 (III) (111) reflection at 22.6°, for SSCPD. Samples of pure Na2SO4 (V) gave an identical
and the Na2SO4(V) (131) reflection at 28.1°. The SSCP trace to a ground physical mixture of NaCl+4Na2SO4 (V),
reflection shows an initial increase in intensity followed by a only without the NaCl peak at d 7.
gradual decrease from 30 days. The Na2SO4(V) reflection at Na2SO4 (V) has a complex set of peaks upfield (Fig. 8)
28.1° rises and then falls. This fall mirrors the rise in the corresponding to the distorted coordination present. Nord
Na2SO4(III) reflection at 22.6°. showed there is just one Na crystallographic site in Na2SO4 (V),

Isothermal decomposition of SSCP at 126 and 183 °C show coordinated by six oxygens.27 These NaO6 octahedra are very
similar trends in the PXRD to that at 88 °C. distorted (OΩΩΩNaΩΩΩO angles ranging from 56.1 to 134.8°).

Conversely, Mehrotra showed that Na2SO4(III) has two dis-
tinct Na atoms present in the unit cell.24 This difference is
reflected in the solid state NMR spectrum. There is a large
single peak at d −2, corresponding to the nearly regular Na(2)

Fig. 5 PXRD patterns of samples of SSCP after heating at 88 °C ((,
Fig. 7 Experimental PXRD pattern of SSCP compared to simulatedSSCP; 1, Na2SO4 (III); *, Na2SO4(V); $, NaCl. For clarity, only

representative reflections are labelled) PXRD patterns of Na2SO4 (III) and NaCl
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accord with the observation that SSCP deperhydrates to
form Na2SO4(III) rather than Na2SO4 (V): since water cata-
lyses the III�V transformation, this implies an absence of
H2O during deperhydration and thus release of intact H2O2 .
It is therefore probable that the presence of a peak at m/z
18, is due to decomposition of H2O2 en route to the mass
spectrometer. The release of intact H2O2 has also been re-
ported for the thermal decomposition of guanidinium salt
perhydrates13 and of oxalate perhydrates.12

The existence of two DTG peaks suggests there are two
phases of H2O2 evolution, of which the second is the more
rapid. The formation of cracks would facilitate the removal of
H2O2 by increasing the surface area. Cracking has been
observed for the thermal decomposition of SSCP by hot stage
optical microscopy and SEM.28 Fig. 2 suggests that upon
heating SSCP, H2O2 close to the surface is released first leaving
a barrier product layer of Na2SO4 (III) and NaCl. Formation
of a barrier product layer has been reported for
Na2CO3Ω1.5H2O2 .14 H2O2 which is more deeply buried into
the crystallite cannot, however, permeate this barrier product
layer. Continued heating results in cracking, thus increasing
the surface area. The increase in surface area and the higher
temperature enables rapid release of the residual H2O2 . The
decomposition of any initial release of H2O2 (from near the
surface of the crystallite) may also contribute to the exothermic
event at 190 °C.

Isothermal treatment

The thermal behaviour of SSCP, as monitored by PXRD, is
similar at 88 to that at 126 °C.17 At both temperatures, changes

Fig. 8 Solid state 23Na NMR spectra of (a) NaCl, (b) 451 Na2SO4 (III) in the PXRD are more-or-less gradual. This implies that the
and NaCl, (c) 451 Na2SO4 (V) and NaCl and (d) SSCPD SSCP host is unstable in the absence of guest H2O2 molecules

and that loss of H2O2 is accompanied by immediate phase
Table 1 Comparison of IR bands measured for SSCPD, Na2SO4(V) separation into Na2SO4 (III) and NaCl.
and Na2SO4(III)a There is no evidence in the TG traces for formation of an

intermediate hydrate during thermal deperhydration since noSO4 mass loss is observed below 150 °C. All the reflections in theSSCPD/cm−1 Na2SO4 (III)/cm−1 Na2SO4 (V)/cm−1 assignment

PXRDs have been assigned as either SSCP, Na2SO4 (III),1137s (br) 1142s (br) — n3 Na2SO4(V) or NaCl, also indicating that hydrate formation
— — 1127s (br) n3 does not occur.
1104s (br) 1106s (br) — n3 AVOX values evidencing deperhydration of SSCP, appear995(sh) 995(sh) — n1 to best fit the contracting solid kinetic model up to 10 days635s 635s 637s n4 heating at 88 °C. The kinetic behaviour then changes from623s 622s — n4
614s 614s 615s n4 contracting solid to Avrami–Eroveef (n=2). This behaviour is

in contrast to that observed for SSCP at 126 °C for which the
as=strong, br=broad, sh=shoulder. contracting solid model is obeyed throughout.28 The assign-

ments of rate laws to the thermal deperhydration of SSCP are
octahedral environment (OΩΩΩO angles ranging from 82.9 to

made tentatively since the a/t vs. t plot is ambiguous.16
97.1°). The more complex peaks upfield are identified with the
less symmetrical Na(1) (OΩΩΩNaΩΩΩO angles ranging from

Product of deperhydration
58.1 to 116.2°). The environments of the Na ions in SSCPD
are clearly similar to those in a 4Na2SO4(III)/NaCl mixture. Upon heating SSCP, the inclusion host does not remain intact.
The differences in signal width and intensity of the NaCl peak Neither does it form the usual phase V polymorph of Na2SO4 .
at d 7 probably arise from factors such as particle size and the Instead NMR, PXRD and IR evidence that Na2SO4 (III) and
far greater dispersion of NaCl amongst Na2SO4 particles NaCl are formed. Although Na2SO4(III) is stable at room
in SSCPD. temperature in the absence of moisture, it is normally regarded

Table 1 compares the bands observed in the IR spectrum of as a high temperature phase of Na2SO4 . The reason for the
SSCPD to those of Na2SO4 (III) and Na2SO4 (V). All IR bands stability of Na2SO4(III) at room temperature is not apparent
measured for SSCPD are coincident with all the bands meas- in the literature concerning Na2SO4 . Buerger noted, however,
ured for Na2SO4 (III). In particular, SSCPD shows a strong that ‘if the temperature is varied beyond the stability range of
broad doublet at 1104/1137 cm−1 and a sharp band at a structure, and the failure of a sluggish transformation pre-
995 cm−1 . The latter band is absent in the spectrum for vents the change of structure to the stable form (phase V), the
Na2SO4(V) since the n1 mode is forbidden and only a strong phase may be said to be stranded.’ 29 Na2SO4 (III) may be
broad singlet is observed at 1127 cm−1 . regarded as an example of a stranded phase.

Na2SO4 (III) and NaCl are formed at 88, 126 and 183 °C. It
is possible that Na2SO4 (III) is preferentially formed at evenDiscussion
lower temperatures than 88 °C. As the temperature is lowered

Thermal analysis
to below 100 °C, however, the water catalysed III�V trans-
formation may become more active. Thus deperhydration atThe TG–MS trace scanning m/z 34 reveals that at least some

H2O2 is released intact when SSCP is heated. Indeed this is in say 60 °C, though initially forming Na2SO4 (III) and NaCl,
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