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Abstract

The thermal decomposition of the organic free-radical initiator, diethyl peroxydicarbonate (DEPDC), was monitored by in situ ATR-FT-IR in
heptane, and in the green solvent supercritical carbon dioxide (scCO2) both with and without supercritical ethylene. It was observed that the
characteristic peaks of DEPDC at 1802e1803 and 1194e1203 cm�1 decreased significantly upon heating corresponding to the decomposition
of DEPDC, while two new intense peaks simultaneously appeared at 1747 and 1262 cm�1 in heptane, and similarly at 1756 and 1250 cm�1 in
scCO2. The changes in the absorbance intensity of the characteristic peaks of the initiator during the decomposition were used for the measure-
ment of the decomposition rate constant (kd) of DEPDC. It was found that the thermal decomposition of DEPDC at low concentration in either
heptane under atmospheric N2 or scCO2 under high pressure was via the first-order kinetics of unimolecular decomposition. The activation
energy of the thermal decomposition of DEPDC was found to be 115 kJ/mol in heptane from 40 to 74 �C and 118 kJ/mol in scCO2 from 40
to 60 �C. These new peaks revealed the formation of carboxyl groups contained in the decomposed products, indicating incomplete decarbox-
ylation. During removal of CO2 after the reaction in scCO2, the instable intermediate monoethyl carbonate was decarboxylated and converted
into the major end product, ethanol.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Considerable effort has been devoted in recent years to find
environmentally benign solvents and processes, particularly as
a result of increased environmental regulations concerning the
use of volatile organic compounds (VOCs) [1e6]. Supercritical
carbon dioxide (scCO2) has emerged as a viable ‘‘green’’ alter-
native to organic solvents for several applications, including
polymer synthesis, modification, and nanotechnology [7,8].
In the supercritical state (Tc¼ 31.8 �C, Pc¼ 76 bar), carbon di-
oxide can have unique properties such as liquid-like density
and gas-like diffusivity, and these properties are ‘‘tunable’’
by varying the pressure and/or temperature [9]. Previously, De-
Simone and coworkers have shown that scCO2 is a promising
alternative medium for free radical, cationic, and step-growth
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polymerizations [1,3,10]. Indeed, DuPont has recently com-
missioned a plant to manufacture Teflon� in scCO2 by the
use of free-radical polymerization [11]. The reasons for the in-
tense industrial interest are that CO2 is inert to highly electro-
philic radicals (i.e., no chain transfer to solvent), inexpensive,
non-toxic, non-flammable, and environmentally benign [3].

In recent years, considerable attention has been attracted
to investigate and study the mechanism of free-radical
formation and the kinetics of the decomposition of organic
peroxides [12e21], particularly due to their applications in
organic synthesis [12,13], biological processes [14,15], poly-
merization [16,17], and as resin modifiers [18], additives for
fuel [19], and explosives [20]. Free radical polymerization still
dominates in the production of many commercial polymers
such as polystyrene, polyethylene (low density), poly(ethyl-
ene-co-vinyl acetate), Teflon, and other fluorinated polymers.
Due to the proven ability of scCO2 in industrial continuous
polymerizations, and a poor understanding of how CO2
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influences reaction kinetics, a study of the chemistry of the
thermal decomposition of the required organic peroxide initi-
ators under supercritical conditions is important to understand
and control the polymerizations under these conditions.

Dialkyl peroxydicarbonates (ReOeCO2)2 are used as
free-radical initiators in many commercial processes such as
the large-scale production of polymers and curing resins
[12,18,21]. Compared with other classes of peroxides, the num-
ber of mechanistic studies on the decomposition of dialkyl per-
oxydicarbonates is relatively small, particularly in green
solvents. According to the previous studies [16,22e26], a
general decomposition mechanism of peroxydicarbonates or
peroxyesters can be described as direct decomposition of the
peroxides through breaking the weak OeO bond. The resulting
alkoxycarboxyl or carbonyloxy radical may either decarboxyl-
ate [24e28] or participate in a bimolecular reaction [22,23]. In
addition, solvents may have some influence on the decomposi-
tion of peroxydicarbonates as the employed solvent is seldom
inert due to the high activity of the formed free radicals. Ther-
mal decomposition of initiators in supercritical CO2 has been
studied by Guan et al. [29], Bunyard [30], Charpentier et al.
[4,5,31] and Kadla et al. [32]. It was reported that the rate con-
stants of initiator decomposition in scCO2 were different from
that in other organic solvents due to its ‘‘zero-viscosity’’ [30]
and low dielectric constant [29]. Charpentier et al. studied
the thermal decomposition of diethyl peroxydicarbonate
(DEPDC) in scCO2 in a continuous stirred tank reactor
(CSTR) [31], wherein reaction kinetics were simulated based
on a one-bond radical fission mechanism. However, this study
did not harness the power of in situ ATR-FT-IR.

Hence, the goal of the present work was to study the decom-
position of a previously studied initiator DEPDC in high-
pressure scCO2 and ethylene using high pressure in situ
ATR-FT-IR, and to compare the kinetic decomposition results
with previous non-FT-IR techniques. Offline NMR was used
as a complementary tool for studying the decomposition mech-
anism. Understanding the initiator decomposition by ATR-
FT-IR in scCO2 is the first step for analyzing more complex
spectroscopic data during polymerizations to provide an under-
standing of the formation of inorganic/organic hybrids for our
work in the one-pot synthesis of polymer nanocomposites.

2. Experimental

2.1. Materials

Ethylene (99.99% Polymer Grade) was purchased from
Matheson Gas Products Canada, and further passed through
columns filled with 5 Å molecular sieves and reduced 20%
copper oxide/Al2O3 to remove moisture and oxygen, respec-
tively. Instrument grade CO2 (from BOC Gases, 99.99%,
with dip-tube) was purified by passing through columns filled
with 5 Å molecular sieves and reduced 20% copper oxide/
Al2O3 to remove moisture and oxygen, respectively. Ultra
high-purity N2 (from BOC, 99.99%) was further purified by
passing through columns filled with 5 Å molecular sieves
and reduced 20% copper oxide/Al2O3 to remove moisture
and oxygen, respectively. The initiator diethyl peroxydicar-
bonate (DEPDC) was homemade as described below. Heptane
(Aldrich, HPLC grade) was distilled under vacuum. NaOH,
30% H2O2, ethyl chloroformate, 0.1 N sodium thiosulfate so-
lution, sodium bicarbonate, sodium sulfate, glacial acetic acid,
potassium iodide, and diethyl carbonate were purchased from
Aldrich and used as received.

2.2. Preparation of DEPDC initiator

Distilled water (100 ml) was charged in a glass reactor
(250 ml) equipped with a magnetic agitator and a thermometer.
The reactor was cooled to �5 �C in an ice/water bath. Ethyl
chloroformate (12 ml) and 30% H2O2 (6.64 g) were added to
the reactor under powerful stirring. Then NaOH solution
(24 ml, 5 N) was introduced to the reactor dropwise. The reac-
tion was carried out under gentle stirring for 10 min with the
reaction temperature controlled below 10 �C. Heptane was uti-
lized to extract the formed DEPDC from the mixture and the
solution was dried over sodium sulfate. The dried solution was
filtered and separated from the solvent by means of a rotary
evaporator under vacuum at less than 2 �C. The yield of
DEPDC was measured using a standard iodimetric titration
analysis technique (ASTM E298-91) to exceed 90%. *Owing
to the instability of DEPDC, highly concentrated DEPDC
must be stored at very low temperature (�20 �C). Scheme 1
provides the overall reaction.

2.3. Reactor and in situ ATR-FT-IR measurements

In situ Fourier transform infrared (FT-IR) monitoring of
solution concentration in the stirred 100 ml high-pressure
autoclave (Parr 4842) was performed using a high-pressure
immersion probe (Sentinel-Mettler Toledo AutoChem). The
DiComp ATR probe consists of a diamond wafer, a gold
seal, a ZnSe support/focusing element, housed in alloy
C-276. The probe was attached to an FT-IR spectrometer
(Mettler Toledo AutoChem ReactIR 4000) via a mirrored op-
tical conduit, connected to a computer, supported by ReactIR
2.21 software (MTAC). This system uses a 24-hour HgCdTe
(MCT) photoconductive detector. The light source is a glow
bar from which the interferometer analyzes the spectral region
from 650 to 4000 cm�1. The beamsplitter inside the RIR4000
is ZnSe. Spectra were recorded at a resolution of 2 cm�1 and
the absorption spectra were the results of 64 scans. In situ
ATR-FT-IR was applied to monitor the thermal decomposition
of DEPDC and the product formation.

2.4. Gas chromatographyemass spectrometry

Gas chromatographyemass spectrometry (GCeMS) (Var-
ian, Saturn 2100D/GCeMS) was applied to analyze the

2C2H5OCCl + H2O2 + 2NaOH C2H5OCO-OCOC2H5 + 2NaCl + 2H2O

O O O

Scheme 1. The overall reaction of synthesis of DEPDC.
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decomposed products of DEPDC with the injector being used
as a microreactor to study the DEPDC decomposition behav-
ior. The injector temperature was controlled from its minimum
temperature 50 to 200 �C. The column temperature was con-
trolled by programming segments, 30 �C for 20 min, then in-
creased to 50 �C at 10 �C/min, and kept at this temperature
for 20 min, then increased to 100 �C at 10 �C/min, and kept
at this temperature for 40 min with the purpose of analyzing
the high carbon number compounds as well as purging the col-
umn for the next sample measurement. The mass spectrum
was fitted with the standard spectra from the Varian library.

2.5. Nuclear magnetic resonance

Nuclear magnetic resonance (NMR) spectra were recorded
using a Varian Inova 600 or 400. 1H and 13C NMR chemical
shifts are reported relative to TMS. Proton e 400.087 MHz,
PW90 (90 pulse width)¼ 12.3 ms (PW45 used in 1D experi-
ment), number of transients (NT)¼ 8, acquisition time
(AT)¼ 4.00 s, delay time (D1)¼ 1. Carbon e 100.613 MHz,
PW90¼ 10.4 ms (PW 45 used in 1D), NT¼ 256, AT¼ 1.20
s, D1¼ 1. gCOSY e NT¼ 1, number of increment (NI for
2D)¼ 128 (linear prediction was used to give a final data set
of 384 for processing), AT¼ 0.20 s, D1¼ 1. gHSQC e
NT¼ 4, NI¼ 128 (linear prediction used to 384 for process-
ing), AT¼ 0.21 s, garp 13C decoupling used, D1¼ 1.

3. Results and discussion

3.1. Assignment of characteristic peaks of DEPDC

In order to provide accurate data for FT-IR interpretation,
highly concentrated DEPDC initiator was synthesized without
solvent (*explosive). By using a standard iodimetric titration
analysis technique, the concentration of the homemade
DEPDC in this study was found to be greater than 97%. The
two strongest absorbance peaks of DEPDC are located at
1191 and 1794 cm�1(Fig. 1a). The peak at 1191 cm�1 can
be assigned to the CeO stretching vibration in the eC(O)e
Oe group, while the peak appearing at 1794 cm�1 is ascribed
to the characteristic C]O stretching vibration in the eC(O)e
OeOeC(O)e group [33,34].

3.2. Thermal decomposition of DEPDC in heptane and
supercritical CO2

In order to distinguish the characteristic peaks of DEPDC
for decomposition in heptane (and later scCO2), the FT-IR
spectra of heptane and DEPDC/heptane were collected as
shown in Fig. 1b and c. The spectrum of heptane gives absor-
bance peaks at 1378, 1467, 2854, 2874, 2922, and 2958 cm�1.
The bands appearing at 2854, 2874, 2922, and 2958 cm�1 are
assigned to CH2 sym., CH3 sym., CH2 asym., and CH3 asym.
stretching vibrations, respectively while the peaks at 1378,
1467 cm�1 are assigned to CH3 sym. bending and CH3

asym. bending/CH2 scissoring vibrations, respectively. [33]
In the solution of DEPDC/heptane, DEPDC showed strong
absorbance peaks at 1194 and 1803 cm�1 which slightly differ
from the characteristic peaks of pure DEPDC at 1191 and
1794 cm�1. When the DEPDC/heptane solution was heated,
the thermal decomposition of DEPDC with time was moni-
tored and clearly observed by the decrease in peak heights
at 1194 and 1803 cm�1 (Fig. 2aec). In order to clearly dem-
onstrate the formation of decomposed products and the con-
version of DEPDC, a further treatment was made by means
of subtracting the spectrum measured before the reaction
from the spectrum measured after the reaction (Fig. 2d). The
appearance of the positive peaks at 1262 and 1747 cm�1 in
the subtraction spectrum are ascribed to the formation of
decomposed products.

The thermal decomposition of DEPDC in supercritical CO2

was studied as presented in Fig. 3, which shows the spectra be-
fore and after the reaction as well as the subtraction spectrum
under supercritical conditions. The characteristic peaks of
DEPDC in scCO2 at 1803 and 1203 cm�1 are clearly observed
in Fig. 3a, which decreased following heating time, while new
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Fig. 1. IR spectra of (a) DEPDC, (b) heptane, and (c) heptaneþDEPDC.

Spectra were collected at ambient temperature under atmospheric pressure.
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Fig. 2. In situ FT-IR spectra of DEPDC thermal decomposition in heptane

(DEPDC concentration 2.7 wt%) at 60 �C. (a) At t¼ 0 min; (b) at t¼ 60 min;

(c) at t¼ 480 min; (d) resulting spectrum from c� a subtraction.
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peaks at 1756 and 1250 cm�1 gradually developed. The ther-
mal decomposition of DEPDC was also studied in supercritical
ethylene and supercritical ethylene/CO2, due to our interest in
the polymerization of ethylene and the synthesis of polyethyl-
ene nanocomposites in scCO2, and to examine whether or not
radical induced decomposition was significant. Fig. 4 displays
the result of FT-IR spectra of the DEPDC/heptane before intro-
ducing ethylene and after the ethylene polymerization at 60 �C.
The subtraction result (Fig. 4b� 4a) is given in Fig. 4c. Similar
to that found with heptane and scCO2, the conversion of
DEPDC gives rise to negative peaks at 1193 and 1803 cm�1,
while the new species formed from decomposition of the initi-
ator give positive peaks at 1261 and 1747 cm�1. Fig. 5 plots the
four peaks observed during DEPDC decomposition in scCO2,
with two peaks decreasing from initiator decomposition and
the other two peaks increasing from product formation. The
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Fig. 3. In situ FT-IR spectra of DEPDC thermal decomposition in scCO2

(DEPDC concentration 3.4 wt%) at T¼ 50 �C, 20 Mpa. (a) At t¼ 0 min; (b)

at t¼ 860 min; (c) resulting spectrum from b� a subtraction.
intensities of characteristic peaks of DEPDC were used for
kinetic analysis as discussed below.

3.3. Kinetic measurement

One of the advantages of using in situ FT-IR for measuring
initiator decomposition is that it provides direct measurement
of the change in concentration of the reaction ingredients and
products. The absorbance intensity is directly proportional to
the concentration according to the BeereLambert law:

A¼ 3Cl ð1Þ
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where A is the absorbance, 3 is the molar absorptivity
(l mol�1 cm�1), C is the concentration of the compound in so-
lution (mol l�1), and l is the path length of the sample (cm). In
order to examine the linear relationship between the absor-
bance intensity and the concentration, the FT-IR spectra of
different concentrations of DEPDC in heptane at 20 �C were
measured. Due to the instability of DEPDC at high tempera-
ture, diethyl carbonate was used as an alternative analog to
DEPDC for examining the linear relationship in scCO2 (the
peak at 1269 cm�1 was used). An excellent linear relationship
was found in both studied solvents (data not shown).

It is widely accepted that the decomposition of organic per-
oxides is via the breaking of the weak OeO single bond.
Scheme 2 displays the formation of alkoxycarboxyl free radi-
cals C2H5eOeCO2

�
from primary dissociation of DEPDC.

If the reaction of DEPDC decomposition is first-order

dC

dt
¼�kdC ð2Þ

By integrating Eq. (2), and taking advantage of the linear
relationship:

C0

C
¼ A0

A
ð3Þ

the following equation can be obtained:

ln
A0

A
¼ kdt ð4Þ

From Eq. (4), the decomposition rate constant kd can be deter-
mined with the experimental data absorbance A and time
t. The absorbance intensities of the characteristic peaks
at 1203 cm�1 in scCO2 and at 1194 cm�1 in heptane were
selected for kinetic study because these peaks effectively
reflected the concentration of DEPDC, provided the best
signal/noise ratio, and gave no observable superposition in
this spectral region.

With the experimental data (A0, A, t), a plot of ln(A0/A) ver-
sus t can be obtained. Fig. 6 displays a typical plot of ln(A0/A)
versus time for DEPDC decomposition in heptane at 50 �C us-
ing the intensity of the characteristic peak at 1194 cm�1. The
linear plot of ln(A0/A) versus time is strongly in agreement
with the assumed first-order unimolecular decomposition
mechanism, giving the decomposition rate constant, kd, as
the slope. In order to make a comparison with the previous
studies reported for DEPDC decomposition, a study was con-
ducted on a series of experiments of DEPDC decomposition in
heptane under atmospheric N2 at various temperatures be-
tween 40 and 74 �C. By means of plotting ln(A0/A) versus t,
the rate constants at different temperatures were obtained, as

C2H5OCO -OCOC2H5 2C2H5OCO *
kd

O    O O

Scheme 2. Primary dissociation of DEPDC to form alkoxycarboxyl free

radicals.
listed in Table 1. In light of the Arrhenius equation,
ln kd¼ ln Ad� Ea/(RT ), a plot of ln kd versus 1/(RT ) will
give the activation energy as the absolute value of the slope.
The plot of ln kd versus 1/(RT ) for DEPDC decomposition
in heptane and scCO2 is shown in Fig. 7. The activation energy
(Ea) and pre-exponential factor (Ad) for thermal decomposition
of DEPDC in heptane, determined from the plot with linear
correlation coefficient being 0.992, are Ea¼ 115 kJ/mol and
Ad¼ 2.01� 1014 s�1. The 95% confidence limits of Ea and
Ad are 95e135 kJ/mol and 1.36� 1011e2.97� 1017 s�1,
respectively.

For the decomposition of DEPDC in scCO2, the linear ln(A0/
A)et plots in the temperature range from 40 to 60 �C indicate
that the decomposition of DEPDC under supercritical condi-
tions also occurred via first-order kinetics of unimolecular de-
composition. The rate constants at different temperatures in
scCO2 are listed in Table 2. The activation energy (Ea) and
pre-exponential factor (Ad) for decomposition of DEPDC in
scCO2, determined from the plot with linear correlation
coefficient being 0.998, are Ea¼ 118 kJ/mol and Ad¼
4.54� 1014 s�1. The 95% confidence limits of Ea and Ad are
106e130 kJ/mol and 4.66� 1012e4.42� 1016 s�1, respec-
tively. However, as discussed further below, if the concentration
of DEPDC became high enough in pure scCO2, non-first-order
kinetics and a different reaction mechanism were found.
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Fig. 6. Kinetic measurement of DEPDC thermal decomposition in heptane at
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Table 1

Decomposition rate of DEPDC in heptane under N2

T (�C) kd (s�1)

40 7.8� 10�6

45 2.9� 10�5

50 4.8� 10�5

60 1.8� 10�4

70 5.2� 10�4

74 7.4� 10�4

Ea¼ 115 kJ/mol.
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As reported by Yamada et al. [16], the activation energy for
the decomposition of dialkyl peroxydicarbonates is between
113 and 126 kJ/mol and tends to decrease with increasing al-
kyl group chain length. Our present results obtained by in situ
FT-IR are in good agreement with the results obtained by the
conventional titration method [16]. However, it still looks sur-
prising that the rate constants and the activation energy data of
the decomposition of DEPDC in the two solvents are similar.
This can be explained by comparing the effects of viscosity
and dielectric constants for the two solvents. On the one
hand, the rate constant of decomposition of organic peroxides
may be increased by lowering the viscosity of the solvent. It
was reported that the decomposition rate constant increased
as the solvent viscosity decreased for the thermal decomposi-
tion of a series of fluorinated diacyl peroxides in scCO2 [30].
On the other hand, the rate constant of decomposition of initi-
ators may be decreased by lowering the dielectric constant of
solvents [29]. A dipolar interaction between the initiator’s
transition state and the solvent medium exists but radical reac-
tions are not very solvent sensitive with rates that usually span
less than an order of magnitude [35]. Hence, our similar
kinetic results may be explained as scCO2 has both a lower
viscosity and a smaller dielectric constant than heptane.

The decomposition of DEPDC in scCO2 was previously
studied by Charpentier et al. [31] using a CSTR in the pres-
ence of galvinoxyl as a radical scavenger in the temperature
range of 65e85 �C, wherein it was found that the decomposi-
tion of the DEPDC was first order and the reaction of an
initiator radical with the radical scavenger is essentially instan-
taneous. The activation energy (Ea) and pre-exponential factor
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Fig. 7. Arrhenius plot of ln kd versus 1/(RT ) for DEPDC decomposition in

scCO2 and heptane.

Table 2

Decomposition rate of DEPDC in scCO2

T (�C) P (MPa) kd (s�1)

40 10.5 8.7� 10�6

45 12.1 2.0� 10�5

50 13.7 3.4� 10�5

55 15.2 7.0� 10�5

60 16.8 1.4� 10�4

CO2 density¼ 15 mol/l. Ea¼ 118 kJ/mol.
(Ad) for the decomposition of DEPDC in scCO2 were
determined as Ea¼ 132� 8 kJ/mol and Ad¼ (6.3� 1.4)�
1016 s�1. This higher Ea found using the radical scavenger tech-
nique may be due to not all the free radicals from the decom-
position reacting with the radical scavenger galvinoxyl. The
reactions of radicals are complex and a small number of free
radicals could be consumed in a variety of other ways without
reacting with the scavenger to form the UV-detectable adduct.

The rate constants of DEPDC decomposition in both
supercritical ethylene and supercritical ethylene/scCO2 were
measured and compiled in Table 3. It is seen that the decompo-
sition rates of DEPDC under scCO2 and supercritical ethylene
are similar to one another, which implies that radical-induced
decomposition is negligible for this system. Fig. 8 demonstrates
the rate constants of DEPDC decomposition obtained from this
study and from the literature using various other techniques.
This figure suggests very strongly that the nature of the solvent
has no significant effect on the rate constant for this initiator.
Hence, high-pressure in situ FT-IR is very useful for studying
the kinetics of initiator decomposition in supercritical fluids.

3.4. Decomposition mechanism of DEPDC in scCO2

As described above, the thermal decomposition of low-
concentration DEPDC in either scCO2 or heptane is via first-
order kinetics of unimolecular decomposition. In both solvent

Table 3

Comparison of kd of thermal decomposition of DEPDC

Conditions (MPa) Temperature (�C) kd (s�1)

PN2
¼ 0:07 60 1.8� 10�4

PCO2
¼ 20:7 60 6.0� 10�5

Pethylene¼ 13.8 60 5.0� 10�5

Pethylene=PCO2
¼ 6:9=13:8 60 6.2� 10�5
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Fig. 8. Comparison of rate constants for diethyl peroxydicarbonate decompo-

sition in scCO2 (A) and heptane ( ), to those reported in the literature for

the solvents such as scCO2 (-), tert-butanol (6), and 2,20-oxydiethylene

bis(allyl carbonate) (B).
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systems studied, the FT-IR spectra of the decomposed prod-
ucts from DEPDC show peaks in the ranges of 1747e
1756 cm�1 and 1250e1262 cm�1, which are assigned to the
stretching vibrations of the C]O and CeO functional groups,
respectively. Partial decarboxylation of the initially formed
C2H5OCO2

�
radicals into C2H5O

�
radicals and CO2 cannot be

excluded from the experimental observation, but the observed
growing peaks of the carboxyl group in the reaction products
with reaction time (1747 and 1262 cm�1 in Fig. 2 and 1756
and 1250 cm�1 in Fig. 3) suggest that most of the initially
formed C2H5OCO2

�
radicals were not decarboxylated at the rel-

atively low temperatures under the studied experimental condi-
tions. The free radical C2H5OCO2

�
is extremely reactive and

able to abstract a hydrogen atom from an available source if
no monomer is present to polymerize. The gradually developed
absorbance peaks at 1756 and 1250 cm�1 during the decompo-
sition under scCO2 conditions are likely attributed to the
formed molecule, monoethyl carbonate (C2H5eOeCO2H).

The extent of the decarboxylation of the free radicals
strongly depends on both the structures of the free radicals
and the experimental conditions. Studies on the initiator struc-
ture showed for example that CF3OCO2

�decarboxylated faster
than FCO2

�[36] while carbonyloxy radicals with a tertiary
a-carbon atom decarboxylated much faster than radicals with
a primary a-carbon atom [24]. For photoinduced decomposi-
tion of peroxides using C6H5eC(O)OeOR (R¼ benzoyl or
tert-butyl) and tert-butyl 9-methylfluorene-9-percarboxylate,
decarboxylation of the benzoyloxy and 9-methylfluorenylcar-
bonyloxy radicals took place on the picosecond time scale
[26,28]. The ultrafast decarboxylation of these carbonyloxy
radicals was explained by the high excess energy available
after photoexcitation of the parent peroxides, and/or a fast
and direct dissociation via electronically excited states. On
the contrary, the alkoxycarboxyl radicals from the thermal
decomposition of dicyclohexyl peroxydicarbonate did not
readily decarboxylate before entering into reactions with sol-
vent or bimolecular disproportionation at 50 �C, although the
decarboxylation of alkoxycarboxyl radicals formed from
OO-tert-butyl O-cyclohexyl peroxycarbonate became signifi-
cant in the 100e110 �C range [22]. Decarboxylation of these
radicals was slow relative to competing bimolecular reactions
due to a high activation energy, so could be increased by
higher temperatures [22]. Similarly, according to Buback
et al.’s photoexcitation study on 2-MeeC6H4eCO2

�
, intra-

molecular hydrogen atom migration was faster than
decarboxylation at thermal energies associated with ambient
temperatures, while higher energies increased the rate of de-
carboxylation [24]. Hence, our results showing little decarbox-
ylation for DEPDC in scCO2 and hexane is expected at the
relatively low temperatures studied from 40 to 74 �C, and
for the ethoxycarboxyl radical with a primary a-carbon atom.

To further probe the mechanism of decomposition of
DEPDC in scCO2, the reactor was first cooled down to ambi-
ent temperature and then the venting was carefully carried out
to atmospheric pressure during a period of approximately
30 min. Fig. 9 exhibits the spectrum of the decomposition
products observed at the bottom of the reactor after the ther-
mal decomposition of DEPDC in scCO2 and subsequent vent-
ing. The two previously developed broad peaks at 1756 and
1250 cm�1 are no longer dominant. Instead, the newly formed
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Fig. 9. FT-IR spectrum of thermal decomposition products after 860 min reaction in scCO2 at 50 �C and 20 MPa then venting to atmospheric pressure. Spectra were

collected at ambient temperature under atmospheric pressure.
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peaks at 3323, 2975, 2879, 2339, 1797, 1716, 1370, 1263,
1197, 1089, 1048 and 880 cm�1 suggest the presence of new
reaction products from decomposition. By referring to the
literature and offline FT-IR experimental measurements, the
peaks at 3323, 2975, 2879, 1089, 1048, and 880 cm�1 are
attributed to ethanol, which was formed from the decarboxyl-
ation of the unstable intermediate giving rise to the peaks at
1756 and 1250 cm�1 when CO2 was vented from the reactor.
The peak at 1716 cm�1 in Fig. 9 can be assigned to 2,3-buta-
nedione [37] while the peak at 2339 cm�1 indicates the exis-
tence of residual CO2 and/or CO2 from the conversion of
residual monoethyl carbonate. It was unavoidable to lose
some volatile decomposition products during the venting pro-
cess, but the major end products would remain in the reaction
residue at the bottom of the reactor. This reaction residue was
further analyzed using NMR (1H, 13C, gCOSY, and gHSQC)
[38], and the products ethanol, ethyl acetate, and 2,3-butane-
dione were found (see supplementary data).

Fig. 10a displays the spectrum of the high-purity DEPDC
(without organic solvents) in a relatively high concentration
in scCO2. Heating this solution led to Fig. 10b, which displays
the IR spectrum of the induced decomposition of the initiator.
This decomposition reaction was completed within a few sec-
onds with subsequent increase in temperature and pressure.
Fig. 10b shows new peaks at 3424, 2980, 2887, 1727, 1096,
and 1044 cm�1. The peak at 1727 cm�1 can be assigned to ac-
etaldehyde while the other five peaks are ascribed to ethanol,
using the literature values [37e39]. Gas chromatographye
mass spectrometry (GCeMS) was also utilized to study the
DEPDC decomposition using the injection port as a microreac-
tor according to a standard analysis technique by ASTM [40].
CH3CH + CO2

O

C2H5OCOH

O

CH3C* + C2H5OCO*            CH3C-OCOC2H5           CH3C-OC2H5 + CO2

O  O O O O

2C2H5OCO* CH3- C  C  O *  + C2H5OCOH

2CH3C* CH3C-CCH3

O

O         O

C2H5OCO* + CH3CH CH3C* + C2H5OCOH

O O  O

*

O H O O

O

O

C2H5OH + CO2

Scheme 3. Proposed mechanism of forming monoethyl carbonate, ethanol,

ethyl acetate, and 2,3-butanedione in scCO2.

H-C-OCO-OCOC2H5 + C2H5OCO*

H3C O O O

H

*C-OCO-OCOC2H5 +  C2H5OCOH

H3C O O O
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Scheme 4. Proposed mechanism of forming ethanol and acetaldehyde for the

induced decomposition of DEPDC in scCO2.
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Fig. 10. In situ FT-IR spectra of DEPDC before and after the induced explosive decomposition in scCO2 at 60 �C and 20 MPa (DEPDC concentration 18.4 wt%).
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Table 4

Assignment of characteristic FT-IR peaks used in the study [33,37,39]

Chemicals Frequency (cm�1) Assignment

Heptane 2960e2850 CH3 and CH2 asym. and sym. stretching vibrations

1467 CH3 asym. bending/CH2 scissoring vibrations

1378 CH3 sym. bending vibration (umbrella mode)

Diethyl peroxydicarbonate (DEPDC) 1794e1803 C]O stretching vibrations

1191e1203 CeO stretching vibrations

Diethyl carbonate 1744e1751 C]O stretching vibrations

1251e1262 OeCeO stretching vibrations

Decomposed products 1747 C]O stretching vibrations (in heptane)

1756 C]O stretching vibrations (in scCO2)

1262 OeCeO stretching vibrations (in heptane)

1250 OeCeO stretching vibrations (in scCO2)

3323e3424 OeH stretching vibrations (CH3CH2OH)

2975e2980 CH3 asym. stretching vibrations (CH3CH2OH)

2879e2887 CH2 asym. stretching vibrations (CH3CH2OH)

1044e1048 and 1089e1096 CeO stretching vibrations (CH3CH2OH)

1727 C]O stretching vibration (CH3CHO)

1716 C]O stretching vibration (2,3-butanedione)
MS fitting results similarly showed the presence of ethanol,
ethyl acetate and butanediol (see supplementary data). These
results are also in good agreement with the previous studies
by Duynstee et al. [23] who found the major products from
decomposition of a similar initiator, diisopropyl peroxydicar-
bonate, were isopropanol, acetone and CO2, and Van Sickle
[22] who found the major products from decomposition of
dicyclohexyl peroxydicarbonate were CO2, cyclohexanol, and
cyclohexanone. Schemes 3 and 4 summarize the likely decom-
position reactions under these experimental conditions. As-
signments of these absorbance peaks of DEPDC, heptane,
diethyl carbonate, ethanol, and other decomposed products are
given in Table 4 as reference. It should be mentioned that in
addition to the major products discussed above, other byprod-
ucts could also be produced in small amount due to the high
reactivity of the free radicals. As the free-radical mechanisms
are complex, these schemes should be taken as descriptive.

4. Conclusions

This study has shown the great advantage of using in situ
ATR-FT-IR in studying the mechanism and kinetics of the
thermal decomposition of diethyl peroxydicarbonate (DEPDC)
in supercritical fluids (under high pressure). Two new charac-
teristic peaks, appeared at 1747e1756 and 1250e1262 cm�1

simultaneously with the decomposition of DEPDC, demon-
strate that the major decomposed products contain a carboxyl
group and decarboxylation of the initially formed ROCO2

�
rad-

icals does not occur significantly. By comparison with stan-
dard IR spectra, the two peaks are assigned to the formation
of carbonates from the decomposition of DEPDC. For DEPDC
decomposition in supercritical CO2, the first formed interme-
diate monoethyl carbonate was decarboxylated and converted
into ethanol during removal of CO2. Through the kinetic mea-
surements, the decomposition of DEPDC is revealed as in the
first-order kinetics of unimolecular reaction regardless of
the applied media. The activation energy of the thermal
decomposition of DEPDC was obtained to be 115 kJ/mol in
heptane from 40 to 74 �C and 118 kJ/mol in scCO2 from 40
to 60 �C.
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