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6 ABSTRACT: The rate coefficient for the gas-phase reaction of chlorine
7 atoms with dimethyl malonate (DMM, CH3OC(O)CH2C(O)OCH3)
8 was determined at 298 K using relative methods giving a value of (3.8 ±
9 0.4) × 10−12, cm3 molecule−1 s−1). The photo-oxidation mechanism of
10 DMM was also investigated. The main products were identified by
11 infrared spectroscopy, and computational calculations were performed
12 in order to support the experimental data. The results reveal that the
13 photo-oxidation occurs mainly by the abstraction of an H atom from the
14 methyl groups. The CH3OC(O)CH2C(O)OCH2O

• radical formed
15 subsequently reacts according to three competitive paths: reaction with
16 molecular oxygen to yield CH3OC(O)CH2C(O)OC(O)H, isomer-
17 ization−unimolecular decomposition to lead finally to CH3OC(O)C-
18 (O)H, CO2, and HC(O)OH, and α-ester rearrangement to form
19 monomethyl malonate and carbon monoxide. The yield of products as a function of oxygen pressure was also determined.

20 ■ INTRODUCTION
21 Dibasic esters (DBEs, ROC(O)(CH2)nC(O)OR) represent a
22 large family of organic compounds. Most popular DBEs result
23 in derivative structures of malonic (n = 1), succinic (n = 2),
24 glutaric (n = 3), and adipic (n = 4) acids and are used as
25 solvents or industrial additives.1−3 Due to their vast production
26 and usage, this family was investigated in order to determine
27 their impact to the atmosphere.
28 Kinetic studies of DBEs (dimethyl succinate, glutarate, and
29 adipate) with •OH radicals and chlorine atoms were carried out
30 by Aschmann and Atkinson,4 while their photo-oxidation
31 mechanisms in the gas phase were reported by Cavalli et al. and
32 Tuazon et al.5,6

33 Although the use of malonates is widespread at industrial
34 scale, studies on degradation of malonates in gas phase are
35 scarce. They are especially important due to their wide use in
36 the so-called “malonic ester synthesis”. This synthetic
37 procedure is a useful methodology in which carbon−carbon
38 bonds are formed by the nucleophilic attack of the diester
39 enolate to an alkyl halide in a SN2 reaction. As a result, mono-
40 and di- alkylacetic acid derivatives are obtained by a simple
41 methodology. In this sense, malonates were used in the
42 synthesis of different pharmaceutical principles such as
43 barbituric acid and its derivatives, vitamins, and artificial
44 flavorings and fragrances.7−10

45 Rate coefficients for reaction with chlorine atoms as well as a
46 photo-oxidation mechanism have only been reported very
47 recently by our group for di-tert-butyl malonate (DTBM,
48 (CH3)3COC(O)CH2C(O)OC(CH3)3), where k was calculated
49 as (1.5 ± 0.1) × 10−10 cm3 molec−1 s−1.11

50 In order to determine the impact of dimethyl malonate
51 (DMM, CH3OC(O)CH2C(O)OCH3) emissions to the atmos-

52phere, the present study extends the knowledge to the
53determination of the rate coefficient with chlorine atoms
54(used as surrogate of OH radicals) and its photo-oxidation
55mechanism, both supported by experimental measurements
56and computational studies.
57Values of rate coefficients for the reaction of chlorine atoms
58with the corresponding longer chain molecules, such as
59dimethyl succinate (CH3OC(O)CH2CH2C(O)OCH3, DMS),
60glutarate (CH3OC(O)CH2CH2CH2C(O)OCH3, DMG), and
61adipate (CH3OC(O)CH2CH2CH2CH2C(O)OCH3, DMA)
62were reported as (0.68 ± 0.09), (1.9 ± 0.3), and (6.1 ± 0.9)
63× 10−11 cm3 molec−1 s−1, respectively.4 Those values suggest
64that the reactivity of DMM should be lower and consequently
65its atmospheric lifetime longer.

66■ EXPERIMENTAL SECTION

67Chemicals. The following chemicals were used as
68purchased: DMM (98%, ICN Biomedicals Inc.), acetone
69(Sintorgan), methyl formate (98%, Sigma-Aldrich), and formic
70acid (90%, Dorwil). Commercially available oxygen (4.8;
71AGA), nitrogen (4.8; AGA), and carbon monoxide (2.0;
72Praxair) were used as received. Chlorine (>98% purity) was
73synthesized by direct reaction between HCl and KMnO4 in a
74nitrogen flux, collected at liquid N2 temperatures, and further
75distilled.
76Methods. Experimental determinations were carried out in
77a conventional glass vacuum line equipped with two
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78 capacitance pressure gauges (0−1000 mbar, MKS Baratron; 0−
79 70 mbar, Bell and Howell). A photoreactor consisting of a 5 L
80 glass bulb surrounded by black lamps was used to photolyze the
81 mixtures of reactants. The progress of reactions was followed
82 using a Fourier transform infrared spectrometer (Bruker IFS-
83 28) and a long path (9.0 m) infrared gas cell. Spectra were
84 recorded with a resolution of 2 cm−1.
85 For the photolysis experiments, 5 to 7 μL of DMM were
86 injected to the previously evacuated photoreactor through a
87 silicone/PTFE septum. This procedure was undertaken due to
88 the relatively low vapor pressure of DMM at room temperature
89 and was followed by addition of chlorine (0.35 mbar) and
90 either N2 (for determination of the rate coefficients) or O2 (for
91 photo-oxidation experiments) to reach atmospheric pressure.
92 Control experiments were performed in the darkness to check
93 for the presence of heterogeneous or dark reactions.
94 Kinetic experiments of DMM with chlorine atoms were
95 carried out using a relative method. This is a reliable technique
96 for measuring rate coefficients using as reference a compound
97 whose rate coefficient is known and presents no complications
98 such as unwanted secondary reactions.12 For these reasons,
99 acetone and methyl formate were used as references, and the
100 experimental data obtained were plotted to conform with eq 1,
101 from which the rate coefficient of the reactant is inferred.

− × =
⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟k t

k
k

ln
[DMM]
[DMM]

ln
[reference]
[reference]t t

0
wall

DMM

reference

0

102 (1)

103 Here, [DMM]0, [DMM]t, [reference]0, and [reference]t
104 indicate DMM and reference concentrations at the beginning
105 and after the irradiation time, respectively. The rate coefficients
106 kDMM and kreference correspond to the reactions of chlorine atoms
107 with DMM and reference, respectively. The plot of ln-
108 ([DMM]0/[DMM]t) vs ln([reference]0/[reference]t) should
109 be linear, and the slope should correspond to the ratio kDMM/
110 kreference. The value of kwall (which accounts for overall
111 nonphotolytic processes) in typical experiments was 9 × 10−5

112 s−1.
113 Computational Details. All calculations were carried out
114 using the Gaussian09 computational package.13 The software
115 was used to compare the energy requirements of relevant
116 reaction paths of the photo-oxidation mechanism. The
117 geometric parameters for reactants, transition states, and
118 products were fully optimized using density functional theory
119 with the B3LYP functional and the 6-311+G(d,p) basis set.14

120 ■ RESULTS AND DISCUSSION
121 The kinetics of reaction between DMM and chlorine atoms
122 (reaction R1) was undertaken relative to the reaction of
123 acetone as well as methyl formate with chlorine atoms
124 (reactions R2 and R3, respectively):

+ →•CH OC(O)CH C(O)OCH Cl products3 2 3125 (R1)

+ →•CH C(O)CH Cl products3 3126 (R2)

+ →•CH OC(O)H Cl products3127 (R3)

f1 128 Figure 1 shows the disappearance of DMM relative to the
129 disappearance of acetone and methyl formate according to
130 reaction R1. From the plot, both slopes, kDMM/kacetone = (1.78 ±
131 0.04) and kDMM/kmethyl formate = (2.73 ± 0.06) were obtained.

132Errors presented correspond to one standard deviation from
133the linear fit of the experimental data.
134Literature values for the rate coefficient for acetone at 298 K
135range from 2.0 to 3.1 × 10−12 cm3 molec−1 s−1.15−23

136Nevertheless, the majority of these values are comprised
137between 2.0 and 2.3 × 10−12 cm3 molec−1 s−1, and the value
138recommended by IUPAC is 2.10 × 10−12 cm3 molec−1 s−1.24

139Using this, kDMM = (3.7 ± 0.5) × 10−12 cm3 molec−1 s−1 was
140obtained. Similarly, the rate constants measured for methyl
141formate at 298 K range from 1.17 to 1.83 cm3 molec−1 s−1,25

142and considering a mean value of 1.4 × 10−12 cm3 molec−1 s−1

143also used by Good et al.,26 kDMM = (3.8 ± 0.3) × 10−12 cm3

144molec−1 s−1 was obtained. The error associated in both cases
145was assumed as the mean value of the interval between the
146lowest and highest values reported for kacetone and kmethyl formate,
147respectively, because the standard deviation of our data would
148give lower numbers. As can be seen, both kDMM values are close
149to each other. Thus, our recommended value is (3.8 ± 0.4) ×
15010−12 cm3 molec−1 s−1.
151Our rate coefficient fits well within the trend previously
152reported for dibasic esters, CH3OC(O)(CH2)nC(O)OCH3 (n
153= 2−4), by Cavalli et al. (who made a correlation between the
154rate constants and the number of methylene groups), with
155values of (6.8 ± 0.9) × 10−12 for DMS (n = 2); (19 ± 3) ×
15610−12 for DMG (n = 3); and (61 ± 9) × 10−12 for DMA (n =
1574).5 In this sense, our value of (3.75 ± 0.4) × 10−12 cm3

158molec−1 s−1 locates itself at the lower end of the trend as
159expected for a moiety having only one methylene group.
160A good way of giving confidence to an experimental result
161relies on the structure−activity relationship (SAR) method
162developed by Atkinson.27,28 It allows the calculation of the rate
163coefficient based on the estimation of −CH3, −CH2−, and
164>CH− group rate constants (kprim, ksec, and ktert, respectively)
165and the parameter factors (F) for the substituents bonded to
166these groups in the molecule. The reported values for the rate
167constant used in the calculation were kprim = 3.32 × 10−11, ksec =
1688.34 × 10−11 (both in units of cm3 molec−1 s−1), while the
169substituent factors were F(−CH3) = 1.00, F(−CH2−) = 0.79,
170F(−CO) = 0.04, and F(C(O)O−) = 0.05.25 The estimation of
171the rate coefficient finally led to a value of 3.45 × 10−12 cm3

172molec−1 s−1, which is in excellent agreement with the present
173experimental value. The use of these substituent factors, and
174F(−CH2C(O)O) = 0.46, needed to estimate the rate
175coefficient for dibasic esters leads to 6.4 for DMS; 19 for
176DMG; and 69 for DMA (in unit of 10−12 cm3 molec−1 s−1).

Figure 1. Kinetic data (total pressure 1000 mbar at 298 K) for the
reaction of DMM with chlorine atoms relative to acetone (solid
squares) and methyl formate (open circles).
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177 These values corroborate the reliability of the SAR method for
178 this kind of compounds.
179 Additionally, the SAR reactivity for methyl and methylene
180 groups gives a percentage of 96 and 4, thus suggesting that
181 reactivity of the methylene group in DMM is of minor
182 importance and that the main degradation path should involve
183 methyl groups.

f2 184 Photo-oxidation Products. Figure 2 shows the infrared
185 spectra obtained in the photo-oxidation initiated by chlorine

186 atoms at 298 K and at an oxygen pressure of 760 Torr. First
187 and second traces correspond to the spectra obtained after and
188 before 40 min of irradiation. Subsequent subtraction of the
189 second from the first trace (appropriately scaled) leads to the
190 third trace corresponding to products in which the appearance
191 of carbon monoxide and carbon dioxide (bracketted bands) is
192 evident.
193 An analysis of the “Products” trace shows the typical signal at
194 637 cm−1, corresponding to HC(O)OH (which is presented in
195 pure form in the fourth trace). The subtraction of CO, CO2,
196 and HC(O)OH from the “Products” spectrum, leads to trace
197 “A”, where several bands can be clearly seen. In fact, the
198 appearance of signals at around 1810 and 1030 cm−1 was
199 assigned to the asymmetric CO stretching and the C−O
200 stretching of an anhydride group, respectively.
201 In an attempt to check both the stability of the products
202 formed in our system and the possibility of looking further into
203 the mechanism, the following experiment was set up. Samples
204 obtained after 40 min of photolysis were maintained for 24 h in

f3 205 darkness inside the cell. Figure 3 shows the result of one
206 experiment carried out at 760 Torr of added oxygen.
207 The first trace, coincident with the third trace in Figure 2,
208 serves as the initial state of this new experiment. The second
209 shows the spectrum after keeping the gas mixture in darkness
210 for 24 h. Their comparison reveals the complete disappearance
211 of the anhydride signals (down pointing arrows) and the
212 increase of formic acid (up pointing arrows).
213 The subtraction of CO, CO2, and HC(O)OH from the
214 second trace gives the spectrum corresponding to residuals,

215which shows weak and not-well resolved signals (marked with
216asterisks) at around 1747, 1293, and 1235 cm−1, which could be
217methyl glyoxylate, based on our proposed mechanism.
218The fourth trace was obtained by the subtraction of CO,
219CO2, HC(O)OH and residuals from the first trace. This
220spectrum presents the typical signals corresponding to an
221anhydride. Based on the mechanism proposed (see below), the
222structure of this is believed to be CH3OC(O)CH2C(O)OC-
223(O)H.
224In order to corroborate the proposed structure, the
225calculation of its infrared spectrum (last trace) was obtained
226using density functional theory with the B3LYP/6-311+G(d,p)
227basis set and Gaussian09 program. All frequencies were
228corrected with eq R1 to account for the anharmonicity of the
229molecule.29

ν ν ν= −/ 1.0 0.00001356exp calc calc 230(2)

231where νexp and νcalc are the experimental and calculated
232wavenumbers (cm−1), respectively. The new positions of the
233bands (1818(sh), 1791, 1765, 1322, 1208, 1119, 1018, and 949
234cm−1) are in excellent agreement (both in relative intensity as
235well as in peak position) with those of the experimental trace
236(1818, 1794, 1776, 1322, 1210, 1119, 1027, and 919 cm−1).
237Quantification of CH3OC(O)CH2C(O)OC(O)H was per-
238formed assuming that all the formic acid formed during the
239dark period comes from the decomposition of the anhydride.
240Reaction Mechanism and Quantification of Photo-
241oxidation Products. According to the experimental results,
242the photo-oxidation mechanism of DMM was postulated as
243 s1follows and is presented in Scheme 1.
244After the attack of the chlorine atoms to any one of the six
245hydrogen atoms of the methyl ester groups or to one of the two
246hydrogen atoms of the methylene group (via “a” and “b”
247respectively), carbon-centered radicals are formed. They both
248react first with O2 to form the corresponding peroxy radicals
249(ROO)•, which subsequently could react either with chlorine
250atoms or other peroxy radicals (ROO)•, leading to the

Figure 2. Infrared spectra obtained in the photo-oxidation of DMM.
Traces from top to bottom: after 40 min of irradiation, before
irradiation, products, and formic acid reference spectrum. Trace “A” is
the result of subtraction of CO2, CO, and HC(O)OH from the
“Products” trace.

Figure 3. Spectroscopic analysis of products. From top to bottom:
products after 40 min of photolysis, products formed after 24 h in
darkness, and residuals resulting from the subtraction of formic acid
from the second trace. Fourth and fifth traces show the experimental
and calculated spectra of CH3OC(O)CH2C(O)OC(O)H, respec-
tively.
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251 formation of oxy radicals (R1 = CH3OC(O)CH2C(O)OCH2O
•

252 or R2 = CH3OC(O)CHO•C(O)OCH3 via “a” or “b”,
253 respectively).
254 In general for oxy radicals, several paths are available
255 (fragmentation, reaction with molecular oxygen, isomerization
256 by a hydrogen shifting, and α-ester rearrangement).20 To the
257 best of our knowledge, radicals with chemical structures similar
258 to R1 react mainly with O2 and by α-ester rearrangement.20,30,31

259 In our case, the formation of (44 ± 4)% CH3OC(O)CH2C-
260 (O)OC(O)H (through reaction with molecular oxygen); (41 ±
261 6)% CO (end product from α-ester rearrangement), and (8 ±
262 3)% formic acid (through isomerization by H-[1,5] shifting and
263 subsequent reactions) confirm that all these processes compete
264 for R1 radical. This result agrees with that obtained by Cavalli et
265 al. for CH3OC(O)CH2CH2C(O)OCH2O

•, which differs from
266 our radical only by a methylene group. Their results were (34 ±
267 7)% for reaction with molecular oxygen and (40 ± 10)% for α-
268 ester rearrangement.5

269 Monomethyl malonate (CH3OC(O)CH2C(O)OH), one of
270 the proposed products of the α-ester rearrangement, was not
271 observed, presumably due to its very low vapor pressure.
272 Nevertheless, the α-ester rearrangement is corroborated by the
273 formation of CO by the very well-known reaction of HCO•, as
274 shown by reaction R4.32

+ → +• •HCO O CO HO2 2275 (R4)

276 The assumption (cf. Figure 3) of the formation of methyl
277 glyoxylate (CH3OC(O)C(O)H) is based on the observation of
278 formic acid as a product.

279However, the abstraction of one H atom of the methylene
280group (via “b”) leads to the formation of R2. At this point, the
281rupture of the C−C bond becomes feasible, giving methyl
282glyoxylate and CH3OC(O)

• radical. Recall that SAR results
283predict a maximum of 4% for this path. If formed, CH3OC(O)

•

284would finally lead to CO2 and formaldehyde. However,
285formaldehyde was not observed. The argument that form-
286aldehyde is not seen because it reacts faster with Cl atoms was
287discarded since, if formed, observable quantities of glyoxylate
288and CO2 should be present in contrast with our experimental
289evidence that shows glyoxylate only as a residual.
290The products yield was determined as a function of the
291 f4oxygen partial pressure, and the results are presented in Figure
292 f44. Quantification of carbon monoxide and formic acid were
293carried out using calibration curves, performed at similar
294conditions as those used in our experimental system. Error bars
295comprise all the experimental uncertainties associated with
296subtraction factors and the calibration curve.
297As mentioned before, the formic acid formed after 24 h of
298darkness was used to quantify the amount of anhydride. This
299procedure provides a quantitative way of assessing the
300importance of the reaction between R1 and molecular oxygen,
301while the amounts of CO and formic acid formed during the
302light irradiation periods lead to the quantification of α-ester
303rearrangement and isomerization paths of CH3OC(O)-
304CH2(O)OCH2O

• radical, respectively.
305At a glance, the amount of CH3OC(O)CH2C(O)OC(O)H
306increases with oxygen concentration as expected because the
307rate of the reaction (R1 + O2) increases. The depletion of R1
308concentration with increasing O2 pressures affects considerably

Scheme 1. Photo-oxidation Mechanism of DMMa

aProducts identified are enclosed in square boxes, and percentages of formation at 760 Torr of O2 are in bold.
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309 the amount of R1 available to either rearrange or isomerize, and
310 thus, the formation of CO decreases as is clearly observed in
311 Figure 4. A similar behavior should be expected for formic acid,
312 though its variation is considerably smaller and difficult to
313 appreciate because it is embedded within the error bars.
314 Numerical Calculations. In order to compare the energy
315 requirements of the processes to which the oxy radicals give
316 rise, Gaussian09 was employed to perform all the calculations.
317 Full geometry optimizations for all the reactants, transition
318 states, and products, were carried out, followed by analytical
319 calculation of frequencies to determine the nature of the
320 stationary points, that is, each structure was characterized as a
321 minimum or a first-order saddle point by analytical frequency
322 calculations. Intrinsic reaction coordinate calculations were
323 performed in all cases to verify that the localized transition state
324 structures connect with the corresponding minima stationary
325 points associated with reactants and products.

326 f5Figure 5 shows the relative energies for the different
327degradation paths of R1 radical. The energies involved for the
328α-ester rearrangement, the formation of CH3OC(O)CH2C-
329(O)OC(O)H by reaction with O2, and the isomerization by the
330H-[1,5] shifting were calculated as 47.6, 53.1, and 56.4 kJ/mol,
331respectively.
332The differences between the energy values obtained allow us
333to conclude that the three pathways are energetically possible,
334as experimentally proven. However, calculation shows that α-
335ester rearrangement is the most favorable path, which is
336corroborated looking at Figure 4 for all points below 200 Torr.
337At higher oxygen pressures, oxygen itself drives the kinetics
338because anhydride formation, which is unfavorable in terms of
339energy, increases its rate. However, calculations show that the
340isomerization is the most unfavorable path, in accordance with
341the quantities of formic acid observed.

342■ CONCLUSIONS
343In this work we describe the atmospheric photo-oxidation of
344DMM initiated by chlorine atoms. Its rate coefficient was
345measured, (3.75 ± 0.4) × 10−12 cm3 molec−1 s−1, and
346degradation products were identified and quantified. Also,
347degradation products were identified, and a reaction mecha-
348nism was proposed based on both, experimental and computa-
349tional calculations. We also conclude that chlorine atoms attack
350mainly the methyl ester groups, and the oxy-radical formed at
351this point (CH3OC(O)CH2C(O)OCH2O

•) further reacts
352mostly via α-ester rearrangement or reaction with O2, when it
353is added at high partial pressures, while isomerization by the
354H[1,5] shifting is a path of minor importance.
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Figure 4. Yield of products as a function of molecular oxygen pressure
(5−760 Torr): carbon monoxide (open squares), anhydride (solid
circles), and formic acid (triangle).

Figure 5. Reaction coordinates of R1 radical. Top shows the formation of CH3OC(O)CH2C(O)OC(O)H anhydride via H-abstraction, while
bottom shows α-ester rearrangement and isomerization.
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