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Work is part of a French-German project examining mainly alkyl esters: 

Wuppertal (I. Barnes) / Orleans (W. Mellouki / G Le Bras)
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Basic Aims:

• Improve kinetic database for esters as function of temperature (OH 
and Cl kinetic)

• Product studies as a function of temperature

• development of structure activity relationships (SAR) 



Alkyl methyl esters: Uses and atmospheric sources

• Simple C2 to C7 methyl alkyl esters (RC(O)OCH3, R = alkyl) are 
an important class of oxygenated VOCs which have fruity odours. 

• They are used to varying degrees as solvents, insecticides and 
reagents during the manufacture of perfumes and food 
flavourings.

• Methyl acetate, for example, is used as a solvent 
in fast drying paints such as lacquers. It is also a solvent for
waste film in the production of cellulosic adhesives, a perfume 
solvent and is a reaction solvent in dye production. 
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•The unsaturated esters studied are all listed as high (H) 
production (P) volume (V) chemicals in the OECD integrated 
HPV database.

• Releases of the esters to the atmosphere are expected to be 
mainly during their production, processing, storage and disposal. 
Fugitive and stack emissions will be additional atmospheric 
sources. 

• Oxidation of ethers will also result in the formation of esters
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Despite large potential releases of the unsaturated esters to the 
atmosphere there have been surprisingly few measurements of 
their ambient concentration levels and most of the measurements 
are relatively old.
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Methyl butanoate and methyl pentanoate are of particular 
interest since they are used as convenient surrogates, in 
combustion studies of biodiesel fuels, for the methyl esters of 
long-chain fatty acids contained in the fuels 
(Hayes and Burgess, 2009; Huynh and Violi, 2008). 

Methyl pentanoate is also marketed under the trade name 
Validol as a sedative. 
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Traffic link:

Niedojadlo et al. (2007) Atmos. Environ. 41,  7108-7126
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6 Meter or 1080 l reactor (~ 1990)
In situ FITR, GC and DMA
Base path 6 meter, total path 484.7 m

Diode Array Detector

Monocromator

Light Sources

Inlet System

Vacuum Connection

Photolysis Lamps (32x) 

Mittor Systems (IR, UV, VIS)

Reflector

Mixing Fan
FTIR-Spektrometer
Nicolet Magna 520

3 Meter reactor
FTIR and UV in situ systems (~ 1986)
Total path length 54 m
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Chlorine atom source: photolysis of molecular chlorine.

Cl2 + hn 
z Cl + Cl

OH radical source: photolysis of CH3ONO in the presence of NO 

CH3ONO  +  hn (�èmax=360 nm)  
z CH3O  +  NO              
CH3O  +  O2 
z CH2O  +  HO2
HO2 +  NO  
z NO2 +  HO

Relative kinetic technique

ester   +  Cl (or OH)  
z products,  kester
reference  +  Cl (or OH)  
z products,  kref
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Reactant concentrations:

Several ppmV

Analysis:

In situ FTIR



Ester

This work
k x 1012

(cm3 molecule-1 s-1)

Literature
k x 1012

(cm3 molecule-1 s-1)

estimation
SARi)

k x 1012

(cm3 molecule-1 s-1)

estimation
group reactivity ii)

k x 1012

(cm3 molecule-1 s-1)

Methylbutanoate 3.55 �s�s�s�s0.71

3.04 �s�s�s�s0.33
(Wallington et al., 

1988)
3.30 �s�s�s�s0.25

(Le Calvé et al. 1997)

1.89 3.30

Methyl-2-
methylbutanoate

4.08 �s�s�s�s0.82 - 2.44 5.21

Methylpentanoate 5.41 �s�s�s�s1.08
4.81 �s�s�s�s0.55

(Le Calvé et al. 1997)
3.30 5.08

Comparison of rate coefficients for the reactions o f 
OH radicals with esters

a RR - relative rate; FP-RF – flash photolysis-resonance fluorescence; PLP-RF - pulsed laser photolysis-resonance fluorescence; SAR – structure-reactivity 
relationship (Kwok and Atkinson, 1995); GRC: group rate coefficients (Mellouki et al., 2003)
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Typical ln-ln plots for Cl kinetics with alkyl methyl esters



Ester k(Cl + ester) Techniquea Reference

methyl acetate (2.85 �s0.35) �™10-12

(2.20 �s0.30) �™10-12

(2.79 �s0.31) �™10-12

(2.48 �s�s�s�s0.58) �™�™�™�™10-12

2.32 �™10-12

PP-RF

RR

PLP-RF

RR

SAR

Notario et al. (1998)

Christensen et al. (2000)

Cuevas et al. (2005)

This work

methyl propanoate (1.98 �s0.26) �™10-11

(1.51 �s0.22) �™10-11

(1.68 �s�s�s�s0.36) �™�™�™�™10-11

3.17 �™10-11

PP-RF

RR

RR

SAR

Notario et al. (1998)

Cavalli et al. (2000)

This work

methyl butanoate (8.60 �s0.90) �™10-11

(4.77 �s�s�s�s0.87) �™�™�™�™10-11

9.68 �™10-11

PP-RF

RR

SAR

Notario et al. (1998)

This work

methyl pentanoate (1.70 �s0.20) �™10-10

(7.84 �s�s�s�s1.15) �™�™�™�™10-11

14.88 �™10-11

PP-RF

RR

SAR

Notario et al. (1998)

This work

methyl hexanoate (1.13 �s�s�s�s0.31) �™�™�™�™10-10

20.08 �™10-11

RR

SAR

This work

methyl heptanoate (1.56 �s�s�s�s0.37) �™�™�™�™10-10

25.28 �™10-11

RR

SAR

This work

methyl-2-methyl-

butanoate

(9.41 �s�s�s�s1.39) �™�™�™�™10-11

12.23 �™10-11

RR

SAR

This work

methyl cyclohexane

carboxlate

(3.32 �s�s�s�s0.76) �™�™�™�™10-10

26.37 �™10-11

RR

SAR

This work
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SAR

This work

Plot of the Cl rate coefficients as a function of carbon number

O

O
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• based on alkane chemistry would expect higher 
rise in rate coefficient after C3

• slow rise is persisting up to C6

• can find no indication of artefacts – checks with 
multiple references

• checks are planned with CG analysis





k(OH+methylbutanoate)= (1.13 ± 0.57) × 10� 12 e(318 ± 141/T ) cm3 molecule-1 s-1

H3C

H2
C

C
H2

O

CH3

O

Literature: k = (9.6 ± 2.9) × 10� 13 e(380 ± 91/T ) cm3 molecule-1 s-1

(method: PLP-LIF)

S. Le Calvé, G. Le Bras, A. Mellouki
Journal of Physical Chemistry 101 (1997) 9137-9141.

��	&
���� ��
��	�
���������	��� ����
����
���
��	������	�����

Temperature dependence of OH + methyl butanoate



k(Cl+methylbutanoate)= (2.84, 0.9) × 10-12 exp (816, 200/T) cm3 molecule-1 s-1

H3C

H2
C

C
H2

O

CH3

O
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Temperature dependence of Cl + methyl butanoate
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• formation of HCl

• formation of CO and HCHO observed but yields very small

• no evidence for the formation of acetaldehyde or propanal

• strong board carbonyl absorption 1820-1720 cm-1 centred at 
1745 cm-1

• the available evidence suggests the formation of mostly 
fairly large multi-oxygenated species with little bond cleavage 

Product observations for Cl + methyl acetoacetate

H3C

H2
C

C
H2

O

CH3

O
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H3C

H2
C

C
H2

O

CH3

O

C-Nr               1                  2         3                 4

% Cl attack:           3             67 27 3

% OH attack:         8             75 10                                    7

Positions of OH radical and Cl atom attack for methyl butanoate
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H3C

H2
C

C
H2

O

CH3

O
OH

H2O
H3C

CH

C
H2

O

CH3

OO

O

+O2

H3C

CH

C
H2

O

CH3

OO

H3C

C

C
H2

O

CH3

OO

methyl 3-oxobutanoate

+  HO2

methyl butanoate

H3C

C

H2C O

CH3

O O

CH3C

C
H2

O

CH3

OO

H

H

methyl 2-formylacetate

O2

HO2

acetaldehyde

+

+

decomposition

decomposition

methyl acetoacetate
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Proposed mechanism for Cl attack at C2 in methyl butanoate

Commercially 
available in a 
bottle

GREAT !!!!!!



H3C C
H2

O

CH3

O O

H3C C
H

O

CH3

OH O

dione form

enol form
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Methyl acetoacetate is a b-diketone

We will have keto-enol tautomerism



O

O O

O

OH O

O

O OH

(E)-4-Hydroxy-4-methoxybut-3-en-2-one(Z)-Methyl 3-hydroxybut-2-enoateMethyl Acetoacetate
(Methyl 3-oxobutanoate)

and

��	&
���� ��
��	�
���������	��� ����
����
���
��	������	�����

Experimental evidence and theoretical 
calculations support this enol form is 
dominant



The keto-enol tautomerism of dicarbonyl compounds of the type XC(O)-CH2-C(O)Y depends 
strongly on the substituents X and Y. 

Gas phase structural studies result in enol tautomerswhen X and Y are H, CH3, C(CH3), or CF3.  

The keto tautomer occurs when X and Y are F, Cl, OCH3, or NH2. 

Methyl acetoacetate has both.

H3C C
H2

O

CH3

O O
favors keto

favors enol
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Which tautomeric form is in the gas phase?

Theoretical calculations and experiment show enol form will 
dominate in the gas phase



diketo tautomer

enol tautomer
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methyl acetoacetate gas phase ir spectrum of 
evaporated liquid sample



Wavenumber (cm-1)
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Product spectrum

methyl acetoacetate
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In the reaction of Cl(OH) with methyl butanoate only the keto tautomer is formed 

H3C C
H2

O

CH3

O O



• methyl acetoacetate is major product – it  is being formed entirely as 
keto-tautomer - at the moment can not quantify

• in our reactors the keto-tautomer does not equilibrate to the enol form 
over a period of 3 hours

• will be applying MS and denuder GC-MS techniques to identify 
products

•formation of b-diketo products will be a problem with the other methyl 
alkyl esters we are investigating

• will try to measure methyl acetoacetate (keto tautomer) kinetics by 
measuring its formation relative to the reaction of its precursor methyl 
butanoate

H3C C
H2

O

CH3

O O
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Atkinson et al. (1982) J. Phys. Chem., 86, 4563-4569
Baker et al. (2004) J. Phys. Chem. A, 108, 7032-7037



O3 + MAA (enol) = 1.4 x 10-18 cm3 molecule-1 s-1

OH+ MAA (enol) = 3.0 x 10-11 cm3 molecule-1 s-1

Cl + MAA (enol) = 2.9 x 10-10 cm3 molecule-1 s-1

Preliminary kinetic data for the enol tautomer of methyl acetoacetate

H3C C
H

O

CH3

OH O
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Holloway et al. (2005) J. Photochem. Photobiol. A, 176, 183-190
Zhou et al. (2008) Environ. Sci. Technol.  42, 7905-7901

OH rate is lower than that reported for acetylacetone

H3C C
H2

CH3

O O



H3C

H2
C

C
H2

O

CH3

O
OH

H2O
H3C

H2
C

CH O

CH3

O

+O2

H3C

H2
C

CH O

CH3

O

methyl butanoate O

O

O

H3C

H2
C

C O

CH3

O

+  HO2

O2

HO2

decomposition

decomposition

O
methyl 2-oxobutanoate

C O

CH3

O

O

H3C

H2
C

C
O

CH3

O

H

H3C CH2

H

methyl formylformate

+

O
+

propionaldehyde
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Proposed mechanism for Cl attack at C3 in methyl butanoate



H3C

H2
C

C
H2

O

CH3

O
Cl

HCl H3C

H2
C

C
H2

O

CH2

O

+O2

H3C

H2
C

CH O

H2
C

O

methyl butanoate O

+  HCO

decomposition

C
H2

O

C

O

H2
C

O

O

O

H3C

H2
C

C
H2

O

H

O
a-ester rearrangement

H3C H

O

+  HO2

butyric acid

+O2

H3C

H2
C

C +  CO2  + HCHO

O

H
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Proposed mechanism for Cl attack at C3 in methyl butanoate



• keto-enol tautomerisation in the atmosphere?

• behaviour in the atmosphere gas\liquid/surfaces (?)

• esters hydrolyse but Henry’s Law coefficients are low

• reaction with OH will be slow
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Atmopsheric fate of methyl acetoacetate (keto-tautomer)?



H3C C O

O O

CH3

O

H3C C

H

O

O

H3C C
H2

O

O O

C

O

HH3C C
H2

OH

O O

H

C O

O

CH3

O

H3C C
H2

O

CH3

O O

Possible products from OH + methy acetoacetate (keto-tautomer)

trione methyl glyoxylate methyl glyoxal

methyl 2,3-dioxobutanoate

3-oxobutanoic acid formyl 3-oxobutanoate
(oxy anhydride)
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•triones will hydrolyse, wet deposition will 
depend on Henry’s Law coefficients 

• triones will probably photolyse as 
observed for 2,3-butanedione



H3C C
H2

CH3

O O

H3C C
H

CH3

OOH

H3C C

H

O

O

H3C O

OH

H3C C CH3

OO

O

~20% ~17%

OH

Zhou et al. (2008) Environ. Sci. Technol. 42, 7905-7910

95% in enol form

� 60 % (?)

Products from OH + acetylacetone (enol-tautomer)

acetylacetone
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Thanks

time for a beer



Ester Reference 
Hydrocarbon

kester/krefer kCl+ester

(cm3 molecule-1 s-1)

kCl+ester(final)

(cm3 molecule-1 s-1)

methyl acetate ethane 0.0421 (2.48 �s0.58) �™10-12 (2.48 �s0.58) �™10-12

methyl propanoate ethane 0.265 (1.56 �s0.36) �™10-11 (1.68 �s0.36) �™10-11

ethene 0.163 (1.79 �s0.24) �™10-11

methyl butanoate chloroethane 5.355 (4.44 �s0.61) �™10-11 (4.77 �s0.87) �™10-11

ethene 0.463 (5.09 �s0.87) �™10-11

methyl pentanoate ethene 0.713 (7.84 �s1.15) �™10-11 (7.84 �s1.15) �™10-11

methyl hexanoate ethene 0.992 (1.09 �s0.31) �™10-10 (1.09 �s0.31) �™10-10

methyl heptanoate ethene 1.422 (1.56 �s0.37) �™10-10 (1.56 �s0.37) �™10-10

methyl-2- ethane 1.599 (9.43 �s 1.39) �™10-11 (9.41 �s1.39) �™10-11

methylbutanoate ethene 0.908 (9.99 �s 1.25) �™10-11

toluene 1.510 (8.82 �s 1.16) �™10-11

methyl cyclohexane
carboxylate

ethene 3.023 (3.32 �s0.76) �™10-10 (3.32 �s0.76) �™10-10

Measured rate coefficient ratios (kester/kreference) and rate coefficients for the reactions 
of Cl atoms with a series of methyl alkyl esters obtained in the present work at 298 K 
using the relative kinetic method.
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