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Abstract

Rate coefficients for the reactions of hydroxyl (OH) and nitrate {N@dicals with benzaldehyde and the tolualdehydes have been determined
at 295+ 2 K and atmospheric pressure using the relative rate technique. Experiments were performed in atmospheric simulation chambers usir
gas chromatography for chemical analysis. The rate coefficients (in units’eholacule* s1) are:

Compound koH knog

Benzaldehyde (148 2.0)x 10712 (4.3£0.3)x10°%°
o-Tolualdehyde (20.4£2.3)x 10712 (9.8+£0.4)x 10715
m-Tolualdehyde (20.£2.4)x 10712 (9.5£0.4)x 10715
p-Tolualdehyde (20.:2.2)x 10712 (9.5+£0.7)x 10715

The reactivity of the aromatic aldehydes is compared to other aromatic compounds and it is shown that, for the tolualdehydes, the 9H and NO
rate coefficients do not depend on the position of the; Gtbstituent on the aromatic ring. The new data are used to show that the gas-phase
reactivity of the aromatic aldehydes towards OH and;X&glicals follows a linear free energy relationship typical of addition reactions, although
the net result is H-atom abstraction. The rate coefficient data are explained in terms of known mechanistic features of the reactions and simp
theoretical calculations have been performed in an attempt to understand the observed trends in reactivity. The atmospheric implications are al
discussed.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Aromatic aldehydes; Atmospheric degradation; OH radicals; N@icals; Kinetics

1. Introduction respectively[4]. The aromatic aldehydes can undergo degra-
dation in the atmosphere thus contributing to the formation of
The occurrence of aromatic aldehydes in the lower atmosecondary pollutants such as ozone and nitrates, which are major
sphere is mainly linked to anthropogenic activity. They are emit-constituents of air pollution in the boundary layer. In order to
ted to the atmosphere as primary pollutants during fuel burningully understand the environmental impact of the aromatic alde-
and solvent usagé]. Benzaldehyde is used as a starting mate-hydes, a detailed knowledge of the kinetics and mechanisms for
rial in the manufacture of pharmaceuticals and pesticides anttheir atmospheric degradation is required.
is also emitted naturally from various plaf®, whilst methyl- The major atmospheric loss processes for aromatic aldehydes
benzaldehydes (tolualdehydes) are present in wood sf3dke are expected to be gas-phase reaction with OH anglrid@icals
Benzaldehydes-, m- andp-tolualdehyde are also formed in situ and photolysis by sunliglt]. The relative contribution of these
from the OH initiated oxidation of toluene;, m- andp-xylene,  reactions to the atmospheric loss of the aromatic aldehydes is
dependent on the magnitude of the rate coefficients for the reac-
tions and the ambient concentrations of the radical species. To
* Corresponding author. Tel.: +353 21 4902454; fax: +353 21 4903014,  date, laboratory kinetic studies have largely focussed on ben-
E-mail address: j.wenger@ucc.ie (J.C. Wenger). zaldehyde, with rate coefficients for the reaction with {BH9]
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and NG [10-13]reported on several occasions. However, theof CH3ONO. The initial reactant concentrations in the chamber
reactions of the tolualdehydes with OH have only been studie@in molecule cn3) were as follows: [CHONO]=1.2x 10'°
once beforg9] and no data concerning their reaction with NO to 2.0x 10, [aldehyde] = 2.5« 101 to 15.0x 10'* and [ref-
are available. erence] = 2.5« 10* to 15.0x 10'. The reactant mixtures were

The aim of this work was to determine rate coefficients forphotolysed (3 TLO5 lamps) for 1-2 min and a gas chromatograph
the reaction of benzaldehyde and the tolualdehydes with OH anaf the chamber contents was taken. This photolysis-sampling
NOj3 radicals in order to assess the relative importance of thegerocedure was repeated until around 30% depletion of the sub-
reactions as atmospheric loss processes. Simple theoretical calrate and reference compound was achieved. Typically six to
culations have also been performed in an attempt to understamihe photolysis-sampling steps were carried out during each
the observed trends in reactivity of benzaldehyde and the toliexperiment. At least three experiments were carried out with
aldehydes. Finally, the reactivity of the aldehydes is comparedach individual reference compound.
to other aromatic compounds and the results are interpreted in The nitrate radical reactions were performed using the reac-
light of the current understanding of the atmospheric chemistryion of NO, and & as the radical source:
of aromatic compounds.

NOs + 03— NO3+ O

2. Experimental The reactant gases were flowed through a Pyrex tube and into

the chamber containing the reactant and reference compounds.

Rate coefficients for the reactions of the aromatic aldehyde .
with OH and NG at 295+ 2K and atmospheric pressure were he flow rates of the gases were adjustgql to ensure that an excess
of NO2 was present. Under these conditions\Nfan also react

determined using a relative rate method in which the decay rates.,, —* . .
of the compounds were measured relative to that of a referent%'?h nhitrate radicals to form w.S wh|ch.§ct.s a t'emporary reser-
. ) . voir of NOg through the following equilibrium:

organic compound. Experiments were performed in two atmo-
spheric simulation chambers which were operated using purifie§jo, + NO3 + M < N,Os+M
air (non-methane-hydrocarbons <10 ppbV, ,NQO ppbV) and
equipped with gas chromatography for chemical analysis. The initial reactant concentrations (in moleculen

The first chamber is a collapsible pillow-shaped FEP Teflorwere as follows: [aldehyde]=3:07.5x 10** and [refer-
reaction vessel with a volume of about 350L at atmospheri@nce] =2.5- 11.0x 10'. During each experiment, successive
pressure. Four apertures sealed into the foil are used for tradditions of NQ (2.5—8.8x 1013 moleculecm?®) and G
introduction and sampling of gases and vapours. The reactor {4.3— 3.0x 10'® molecule cn3) were performed. The concen-
surrounded by eight lamps witty,ax=360 nm (Philips TL05), trations of the reactant and reference compounds were monitored
and four lamps withhmax=254 nm (Philips TUV) arranged on by gas chromatography. Sampling was carried out approxi-
different circuits to allow variation of light intensity and wave- mately 8 min after the addition of Nfradicals and at further
length. Prior to addition of reactants the chamber was filled witl8 min intervals. When the concentration of the organic com-
200 L of purified air and a gas chromatogram of the contentpounds stabilized, thusindicating thatthe reaction was complete,
was taken to ensure that no impurities were present. The aldehgnother addition of N@and G was performed. Typically, six
des and reference compounds were introduced into the reactiém nine additions were made in each experiment. At least three
chamber using an inlet system in which weighed amounts of thexperiments were carried out with each individual reference
substances were heated in a small flow of purified air. The inlecompound.
lines were also heated to avoid condensation of the semi-volatile The second chamber, which was used for supplementary OH
compounds before entering the chamber. A scanning mobilityadical experiments, has been described in detail elsehére
particle sizer (TSI Instruments Model 3936L10) was used tdt is a cylinder consisting of a FEP foil tube (4.1 mlong, 1.1 m
check that this method for introducing samples did not produceiameter) closed at both ends by FEP foil covered aluminium
a significant amount of particles. The observed particle numbeplates. At atmospheric pressure the chamber has a volume of
concentrations were in the range 10-50 particlestwhichis  3910L and a volume to surface area ratio of ca. 0.24 m. The
typical of background levels in the chamber and thus confirmghamber is surrounded by 18 Philips TUV (40 W) lamps with

the suitability of the sample introduction method. an emission maximum at 254 nm and 18 Philips TLO5 (40 W)
The hydroxyl radical reactions were performed using the pholamps with an emission maximum at 360 nm. The procedure
tolysis of methyl nitrite as the radical source: for the OH radical experiments was identical to that described

above for the 350 L chamber. The initial reactant concentrations
(in molecule cn®) were as follows: [CHONO] = 1.2x 10°
to 2.0x 10, [aldehyde]=2.5¢ 104 to 7.5x 10 and [ref-
erence] = 2.5« 104 to 7.5x 10*. The reactant mixtures were
photolysed (six TLO5 lamps) for 1-2 min and a gas chromato-
graph of the chamber contents was taken. This photolysis-
Measured amounts of methyl nitrite were flushed from asampling procedure was repeated six to nine times until around
Pyrex bulb into the chamber by a stream of purified air. A gas30% depletion of the substrate and reference compounds was
chromatogram of the contents was taken to confirm the preseneehieved.

CH3ONO+ hv— CH30 + NO
CH30 + O - HO, +HCHO

HO2 +NO — NO2+HO
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Before kinetic experiments were carried out, the possibil- No wall deposition was observed for the reference com-
ity of wall loss and photolysis of the aromatic aldehydes weregpounds. Kinetic treatment of the reactions expressed in Egs.
investigated. To check for wall loss, compounds were left in thg1)—(3)yields the following relationship:
chamber for up to 5 h and sometimes overnight. Gas chromato-
graphic analysis was performed at approximately 8 min intervalg M — kwallf = ka In W 0)
to see if compounds were lost to the walls over time. Irradiation [ldehyde] ka — [reference]

of the aldehydes in the absence of radical precursor was alggnere k1, k» and kyay are the rate coefficients for reactions
carried out to ascertain the photostability of reactants. A 10(1)_(3) and the subscripts 0 andndicate concentrations at the
fold excess ofr-butyl ether was added to the chamber to actgist of the reaction and at timerespectively.

as a scavenger for any OH radicals produced from the chamber Tpe addition of NQ radical precursors results in a slight dilu-
walls. The TLOS lights were switched on for the same amountjgp, of the concentration of reactant and reference compounds.
of time as in a relative rate experiment. The possible reactiongoyever, the total volume of gas added in each experiment was
of NOz and Gy with the reference and reactant compounds Wergegs than 2L, corresponding to about 0.6% and 0.05% of the
checked by adding these compounds separately into the chamigjjyme in the 350 and 3910L reaction chambers, respectively.
and monitoring the concentration of the hydrocarbons for sevrhus dilution is of negligible importance and for the sake of
eral hours. Inthese tests, the loss of hydrocarbons was no greatgiplicity is not considered here.

than the wall loss, thus confirming that reaction of the reactant o-Tolualdehyde, however, was found to be susceptible to pho-

and reference compounds with N@nd G are of negligible tolysis by the lamps used to generate OH radicals.
importance.

A high performance Varian GC-FID 3800 (Gas Chromato-o-tolualdehydet v — products (4)
graph with flame ionisation detector), directly connected to the

reaction chamber via a six-port gas sampling valve (Valco), NO photolysis was observed for benzaldehyae,andp-
was used for chemical analysis in the OH and JN@dical tolualdehyde or any of the reference compounds. Incorporating

experiments. The valve is fitted with a 1 ml sampling Ioopthe photolysis ob-tolualdehyde into Eq(l) yields the following
and is equipped with a pneumatically controlled actuator td€lationship:

enable automatic injeption of re_action mixtur.es onto the.col— [o-tolualdehyde] e k1 . [reference}
umn. .Chromatographlc separfa\tlon was achieved _by using '& [o-tolualdehyde] wall PP = ko " [reference]
CP-Sil5 capillary column (Varian, 30m, 0.53mm i.d.pB (I

film thickness). The column was operated using a flow rate of
5mimin~! and an initial oven temperature of 90 which was wherek, is the rate coefficient representing the photolysis of
then increased to 14 after the elution of the reference com- o-tolualdehyde. It should be noted that wall loss was occurring
pound. Chromatograms were recorded and analyzed using thieroughout the experiment whilst photolysis was only occur-
Varian software. The relative concentrations of each compoundng when the lamps were switched on. As a result, a different
were determined from peak area measurements during analyséimescale is required for the photolysis loss in Bt)., denoted
Alltolualdehydes and reference compounds used in this studlyy ¢,.
were obtained from Aldrich Chemical Company (stated puri- For the reactions of Ngand OH with benzaldehyde;- and
ties >97%) and used without further purification. Methyl nitrite p-tolualdehyde, plots in the form of E@}) should yield a straight
was synthesized following the method of Taylor efb] andits  line with zero intercept and slope/k,. For o-tolualdehyde,
purity checked by FTIR spectroscopy. Nitrogen dioxide (>98%)Eg. (Il) is appropriate for the OH experiments and B9.is
was obtained from BOC gases. Ozone was generated by passiagpropriate for the N@experiments, where no photolysis was
oxygen through an ozone generator (Yanco GE60/FM5000). occurring.
The concentrations of reactant and reference compounds
were determined directly by gas chromatography. The rates of
loss of the tolualdehydes to the walls of the chambers were deter-

Rate coefficients for the reactions of the aromatic aldehydeg‘Ined by measuring the decay of the compou_nds over a period
with OH and NQ were determined by comparing the rates 0fof at least 2 h prior to the start of every experiment. Values of

- 6o-1 i
decay of the reactant relative to that of selected reference coriwall ~ 3.1-6.3x 1q_ §~" were obtained for penzaldehy(xbe,
andp-tolualdehyde in the 350 L chamber, which means that wall

3. Results

pounds: loss accounted for 4—10% of the overall decay of the compounds

aldehyde+ OH/NO3 — products 1) during OH and NQ@ experiments. The wall loss and photol-
ysis rate coefficients fos-tolualdehyde in the 350 L chamber

reference+ OH/NOz — products (2) werekwai=4.9x 10-®s 1 andkp=5.1x 10-®s~2, accounting

for 8% of the overall decay. In the 3910 L chamber, values of
Due to their low volatility, the aromatic aldehydes were alsok3=2.0x 10 to 3.0x 10 851 were obtained for benzalde-
lost to the walls of the reactor via deposition: hyde,m- and p-tolualdehyde, corresponding to 3-6.5% of the
overall loss. The wall loss and photolysis rate coefficientefor
aldehyde+ wall — products (3)  tolualdehyde in the 3910 L chamber weéigy =2.3x 10 6571



G.M. Clifford et al. / Journal of Photochemistry and Photobiology A: Chemistry 176 (2005) 172—182 175

0.40 - QO 0.70 - e

A n-hexane
0.35 - # diethyl ether *
! ¥ 1,2,4-trimethylbenzene

n-butyl ether

An-hexane

¢ diethyl ether
0.60 4 = benzaldehyde
*1,2,4-trimethylbenzene
0.50 1 n-butyl ether

CH,

0.30

&
£ 3
- )
O =
° [}
= h =
£ >
Q £
2 0251 3
£ S 0.40 4
3 0.20 S -
= o J
> £ 0.30
$ 015 3
z B
3 0.101 2 0.20 4
© Q
N o
G 0.05 1 S 0.10 -
2 S
E : -
0.00 = T T T T T T ! ,é, 0.00 #
[
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 = 0 0.1 0.2 0.3 0.4 0.5
In[reference]y/[reference], In[reference]y/[referencel];
0.40 7 A n-hexane GHO 0.5 - A n-hexane

+ diethyl ether CHO
0.45 1+ benzaldehyde

1 x1,2,4-trimethylbenzene
n-butyl ether

+ diethyl ether

0.35 4 m benzaldehyde

*1,2,4-trimethylbenzene CHy
n-butyl ether

o 2 o

b W

w O b
) )

0.25 1

o
o
L

In[m-tolualdehyde)/[m-tolualdehyde}; - kyqt
In[p-tolualdehyde]y/[p-tolualdehyde]s k., t

0.00 & T T T T T T T
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5

In[reference],/[reference], In[reference] (/[reference],

Fig. 1. Relative rate plots for the reaction of OH radicals with benzaldehyde; andp-tolualdehyde at 29% 2 K.

and k,=1.0x 10~°s71, accounting for 16% of the overall respectively. A summary of the reactant concentrations, gra-
decay. dients 1/kp) and obtained rate coefficients for the OH and
Data generated from the OH reactions were plotted in thé&NOs reactions are shown ifables 3 and Arespectively. In all
form of Eqgs.(1) or (I1) and are shown iffig. 1. Data generated €xperiments, the initial concentration of substrate and reference
from the NG reactions were plotted in the form of E@) and ~ compounds were estgblished to provide ratios of ap_proximately
are shown inFig. 2 The plots show good linearity and have 1:1, 1:2 and 2:1 as this range was expected to highlight the pos-
zero intercepts (within error). Rate coefficients for the reactiorsibility that secondary reactions could also be contributing to
of OH and NQ radicals with the aromatic aldehyddsXwere  the loss of reactants. The indicated errorskgrare twice the
calculated from the gradients of the plots/k>). The reference  standard deviation arising from the least squares fit of the data
compounds used in this study and their rate coefficiehts ( and do not include an estimate of the error in the reference rate
for reaction with OH and N@are shown inTables 1 and 2  coefficientsk,. The errors ink; may add a further 20% to the
uncertainty of the rate coefficients reported in this relative rate

study[1,13,17]
Table 1
Reference compounds used in the OH radical experiments and their rate coeffi-
cients for reaction at 295 2K

Table 2
a
Reference compound ko Reference Reference compounds used in the N@dical experiments and their rate coef-
n-Butyl ether 28.8 [1 ficients for reaction at 29% 2K
Tetrahydrofuran 174 [16] Reference compound knos® Reference
1,2,4-Trimethylbenzene 325 [17]
Diethyl ether 13.6 [18] Tetrahydrofuran 4.9 [20]
n-Hexane 5.4 [19] n-Propyl ether 4.9 [21]
Benzaldehyde 14.0 Thiswdtk  Benzaldehyde 4.3 This wdtk
a |n units of x10~12cm® molecule 1 s 1. a |n units of x10~15cm® molecule 1 s 1.

b Value obtained from experiments performed in the 3910 L reaction chamber. P Value obtained from experiments performed in the 350 L reaction chamber.
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Fig. 2. Relative rate plots for the reaction of hl@dicals with benzaldehyde;, m- andp-tolualdehyde at 29% 2 K. For reasons of clarity, the data fepropyl
ether have been displaced vertically by 0.1 units.

for p-tolualdehyde obtained usingbutyl ether and benzalde-
hyde as reference compounds. To enable a direct comparison of
the results obtained in this work with those reported by Thiault
et al.[9], some of the same reference compounds (diethyl ether,
The rates of reaction of OH with benzaldehyde and the tolun-hexane and benzaldehyde) were selectedofolualdehyde,
aldehydes at 29% 2K were measured against at least fivethe average values obtained in this work and by Thiault et al.
different reference compounds and in two reaction chamber$9] are within 10% of each other and agree within experimental
The average values of the rate coefficients are compared to tleeror. Form- andp-tolualdehyde, the average rate coefficients
available literature data ifable 5 All previously reported rate  obtained in this work are 22% and 58% higher, respectively, than
coefficients for benzaldehyde and the tolualdehydes were detahose reported by Thiault et gB]. For p-tolualdehyde, how-
mined using the relative rate method. ever, there is excellent agreement between the value obtained in
The five relative rate coefficients obtained in this study forthis work and that measured by Volkamer et al. in the 200,000 L
the reaction of OH with benzaldehyde are in good agreemerfEUPHORE chambdgB], which was determined from a series of
with each other and those previously reported in the literaturefourteen relative rate experiments using four different reference
In fact, all the values listed iflable 5are close to the value of compounds. The fairly large discrepancy in the values obtained
kon(benzaldehyde) = 12.9 10-12cm® molecule 2 s~1recom-  for p-tolualdehyde may be a result of difficulties in the handling
mended by Calvert et al4] and are well within the estimated and sampling of this compound due to its low volatility.
overall uncertainty oft25%. The rate coefficients obtained in  In an attempt to understand the reactivity of the aro-
this study for the reaction of OH with the tolualdehydes are alsenatic aldehydes with OH radicals it is first appropriate to
compared to those previously reported inthe literatuf@ble 5 consider the reaction of the unsubstituted compounds, ben-
There is good agreement between the values obtained in thiene and toluene. The reaction of OH radicals with aro-
work using the different reference compounds. All rate coeffi-matic compounds may proceed either by addition of OH
cients agree within experimental error, with the exceptidmpf ~ to the aromatic ring or by H-atom abstraction. For ben-

4. Discussion

4.1. OH radical kinetics
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Table 3
Reactant concentrations, slopég/k;) and rate coefficients for the reaction of OH radicals with aromatic aldehydes &t 285
Aromatic Concentratich Reference Concentratidn kalko® kon®
Benzaldehyde 2.5-15 n-Butyl ethef 2.5-10 0.45£0.04 12.96+ 1.15
3.8-7.5 Tetrahydrofurdh 3.8-7.5 0.8@:0.02 13.92+ 0.35
3.8-7.5 1,2,4-Trimethylbenzethe 3.8-7.5 0.45-0.06 14.63+ 1.95
2.5-5.0 Diethyl ethér 2.5-5.0 1.050.06 14.28+ 0.82
25-5.0 n-Hexané 25-5.0 2.63:0.12 14.20+ 0.65
14.0+ 2.0
o-Tolualdehyde 3.8-7.5 n-Butyl ethef 3.8-7.5 0.7140.04 20.45+ 1.15
3.8-7.5 1,2,4-Trimethy|benze‘he 3.8-75 0.65:0.04 21.13+ 1.30
2.5-6.8 Diethyl ethér 25-5.0 1.62:0.06 22.03+ 0.82
2.5-6.8 n-Hexané& 2.5-6.8 3.55:0.42 19.17+ 2.27
2.5-6.8 Benzaldehy@e 2.5-6.8 1.36£0.12 19.31+ 1.68
204+ 2.3
m-Tolualdehyde 3.8-7.5 n-Butyl ethef 3.8-7.5 0.7%0.04 22.75+ 1.15
3.8-7.5 Tetrahydrofurdh 3.8-7.5 1.24+-0.06 21.58+ 1.04
3.8-7.5 1,2,4-Trimethylbenzehe 3.8-7.5 0.64£0.01 20.80+ 0.33
2.5-6.8 Diethyl ethér 2.5-5.0 1.46£0.08 19.90+ 1.09
2.5-6.8 n-Hexané 25-5.0 3.75:0.44 20.25+ 2.38
2.5-6.8 Benzaldehyfe 2.5-5.0 1.36t 0.06 19.04+ 0.84
20.7+ 2.4
p-Tolualdehyde 3.8-7.5 n-Butyl ethef 3.8-7.5 0.720.02 22.18+ 0.58
3.8-7.5 1,2,4-Trimethylbenzethe 3.8-7.5 0.6240.05 21.78+ 1.63
2.5-6.8 Diethyl ethér 2.5-6.8 1.380.08 18.77+ 1.09
2.5-6.8 n-Hexané 2.5-6.8 4.1%0.40 22.63+ 2.16
2.5-6.8 Benzaldehyfe 2.5-6.8 1.24£0.06 17.36+ 0.84
205+ 2.7
a Units of x 10 molecule cnt3.
b The indicated errors are twice the standard deviation arising from the least squares fit of the data.
¢ Units of x10~12cm® molecules71.
d Experiment performed in the 350 L reaction chamber.
€ Experiment performed in the 3910 L reaction chamber.
' Average value obtained in this work.
Table 4
Reactant concentrations, slopég/k2) and rate coefficients for the reaction of Bl€dicals with aromatic aldehydes at 202 K
Aromatic Concentratich Reference Concentratidn kalko® knog®
Benzaldehyde 3.0-7.5 Tetrahydrofuran 3.0-11 88504 4.17+ 0.20
3.0-75 n-Propyl ether 2.0-5.0 0.920.06 451+ 0.29
43+ 0.3
o-Tolualdehyde 3.0-5.8 Tetrahydrofuran 2.5-10 18906 9.26+ 0.29
3.0-5.8 n-Propyl ether 2.0-5.0 2.1 0.08 10.34+ 0.39
9.8+ 0.4
m-Tolualdehyde 3.0-5.8 Tetrahydrofuran 2.5-10 19108 9.36+ 0.39
3.0-5.8 n-Propyl ether 2.0-5.0 1.950.08 9.56+ 0.39
9.5+ 0.4
p-Tolualdehyde 3.0-5.8 Tetrahydrofuran 2.5-10 w214 8.43+ 0.69
3.0-5.8 n-Propyl ether 2.0-5.0 2.080.08 10.24+ 0.39
3.0-5.8 Benzaldehyde 3.0-75 220.16 9.72+ 0.69
95+ 0.7

a Units of x 10" molecule cnm3.

b The indicated errors are twice the standard deviation arising from the least squares fit of the data.

¢ Units of x10~15cm® molecule s71.
d Average value obtained in this work.
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Table 5
Rate coefficients for the reaction of OH radicals with the aromatic aldehydes obtained in this study and previously reported literature values
Compound kon? T (K) Reference compounds Reference
Benzaldehyde 1440.9 298+ 2 Ethene-d [5]
11.8+2.3 298+ 4 Ethene [6]
13.0+0.8 299 Diethyl ether [7]
12.5+2.5 300+ 8 1,3,5-Trimethylbenzene, phenol [8]
12.0£2.0 298+ 2 Diethyl ether, diisopropyl! ether, 1,3-dioxolane [91°
14.0+2.0 295+ 2 n-Butyl ether, diethyl ether, 1,2,4-trimethylbenzendiexane, tetrahydrofuran This wérk
o-Tolualdehyde 18.8-2.0 298+ 2 Diethyl etherp-hexane, benzaldehyde, 1,3-dioxolane [91®
20.4+2.3 295+ 2 n-Butyl ether, diethyl ether, 1,2,4-trimethylbenzenéiexane, benzaldehyde This wbrk
m-Tolualdehyde 17.82.0 298+ 2 Diethyl etherp-hexane, benzaldehyde, 1,3-dioxolane [9]®
20.7£2.4 295+ 2 n-Butyl ether, diethyl ether, 1,2,4-trimethylbenzendiexane, benzaldehyde, tetrahydrofuran This Work
p-Tolualdehyde 21.2 3068 Toluenem-xylene, 1,3,5-trimethylbenzene, phenol [8]
13.0+2.0 298+ 2 Diethyl etherp-hexane, benzaldehyde, 1,3-dioxolane [9]®
20.5+£2.2 295+ 2 n-Butyl ether, diethyl ether, 1,2,4-trimethylbenzenéiexane, benzaldehyde This wbrk

a Units of x10-12cm® molecule s,
b Average value.

zene OH addition is the predominant mechanism and a valutvity of toluene, the partial rate coefficient for OH addition
of kon(benzene)=1.% 10 12cm® molecule1s™1 is recom- is approximately 5.5 10-12cm?® molecule s~1, which cor-
mended in the evaluation by Calvert et §l]. Similarly  responds te-27% of the overall reactivity of the tolualdehydes.
for toluene, addition of OH to the aromatic ring dom- H-atom abstraction from the GHjroup is a very minor channel,
inates, with H atom abstraction from the methyl groupaccounting for the remainder.
accounting for only~6% of the reaction. The value of It is interesting to note that there is no difference in reactiv-
kon(toluene) =5.6< 10~ 2cm® molecule 1s~1 [4] is almost ity between the tolualdehyde isomers, which indicates that the
five times larger than the rate coefficient for benzene. The higheelative positions of the —-CHO and Gldroups have very little
reactivity of toluene can be attributed to the presence of thinfluence on the reactivity with OH. This is in stark contrast to
methyl group which donates electron density to the aromatic ringompounds containing two electron donating substituents such
inductively and activates thetho- andpara-positions towards as the xylenes and cresols. In these groups of compounds, the
addition of the electrophilic OH radical. OH and CH groups activate the- and p-positions towards
The rate coefficient for reaction of OH with benzaldehyde isOH addition and the most reactive isomers are those with the
one order of magnitude higher than that observed for benzentargest number of unoccupied activated sites on the aromatic
Because the —CHO substituent is electron withdrawing, the araing, i.e. m-xylene andm-cresol, se€lTable 6 The o- and p-
matic ring in benzaldehyde is deactivated and addition of OHsomers of the xylenes and cresols exhibit similar reactivity. For
radicals is less favourable than in benzene. The large increasiee tolualdehydes, the —CHO group is electron withdrawing at
in reactivity observed for benzaldehyde over benzene may thubeortho- andpara-positions, whist the Cklgroup activates the
be attributed to the reaction of OH with the —-CHO group, whicho- andp-positions, as shown iRig. 3. m-Tolualdehyde has the
proceeds mainly via abstraction of the aldehydic H-atom. In facthighest number of sites activated by the £gtoup but these
the reactivity of benzaldehyde is very similar to that of acetaldesites are also deactivated by the —CHO group. Similarlgnd
hyde,kon(CHsCHO) = 14.4x 10~ 2cm® molecule 1s71[22],  p-tolualdehyde contain equal numbers of activated and deacti-
whose reactivity with OH is also dominated by H-atom abstracvated sites for OH addition. As a resuittolualdehyde does
tion from the —CHO group. not show any increase in reactivity over the two other isomers
The rate coefficients obtained in this work show that, asand it appears that for the tolualdehydes, the directing influence
expected, the tolualdehydes are more reactive than benzaldefthe electron-donating GiHyroup is effectively cancelled out
hyde due to the electron donating effect of the methyl substituent
on the aromatic ring. In fact, the rate coefficients obtainedraple 6
for the tolauldehydes are approximately equal to the sum oRecommended rate coefficients for the reaction of OH and N@icals with
the rate coefficients for toluene and benzaldehyde. Both Hthe xylenes and cresdé]

atom abstraction (from the —CHO and €lgroups) and OH  compound kon? knog?
addltl_on _mechanlsms are ex_pe_cted to occur and the relatwoe_Xylene L4 1012 4132 1016
contribution of these mechanistic pathways to the overall reag; _yene 23y 10-12 2.60% 10-16
tivity of the tolualdehydes can therefore be estimated. Baseglxylene 14x 10712 4.97x 10716
on the reactivity of benzaldehyde, the partial rate coefficient-Cresol 41x 10712 1.40x 10711
for H-atom abstraction from the —CHO group is approximately-Cresol 68< 1012 1.10x 107
p-Cresol 50x 10712 1.10x 10711

14 x 102 cm® molecule 1 s71, which corresponds te-70%
of the overall reactivity of the tolualdehydes. Based on the reac-2 units of cn? moleculet s™2.
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CHO CHO CHO
CH3
+ 4 ¥ * 4 + +
® & #* #*
z CHa
+
CHy
o-tolualdehyde m-tolualdehyde p-tolualdehyde

Fig. 3. Diagram to show the effect of -CHO and —dtoups on the reactivity of the aromatic aldehydes towards addition of OH radicals (asterisk (*) denotes sites
activated towards OH addition, plus (+) denotes sites deactivated towards OH addition).

by the electron-withdrawing effect of the —CHO group and allwhich is considerably more reactive than the L£gtoup in

of the tolualdehydes thus exhibit similar reactivity towards OHtoluene.

radicals. This argumentis in contrast to that proposed by Thiault Asforthe OH reaction, the rate coefficient for reaction offNO
et al.[9], who, in an effort to explain their low value fapu(p- radicals with benzaldehyde is very similar to that of acetalde-
tolualdehyde), suggest that the activating effect of the methyhyde, kno,(CH3CHO) = 2.6x 10-*°cm® molecule st [22]
group in the tolualdehydes is less pronounced when locatedthose reactivity with N@is also dominated by H-atom abstrac-
in the para-position. However, this statement is not consistenttion from the —CHO group.

with the current understanding of the reactivity of aromaticcom- The rate coefficients obtained in this study for the reaction
pounds presented here. Consequently, we believe that the valaBNOs with the tolualdehydes are just over two times greater
of kon(p-tolualdehyde) determined by Thiault et f8] is too  than the value for benzaldehyde. Based on the low value for the
low and the rate coefficients obtained in this work and that ofate coefficient for toluene, it seems unlikely that this increase

Volkamer et al[8] are more in line with expectations. in reactivity is due to H-atom abstraction from the £¢toup.
A more plausible explanation is that the reactivity of the -CHO
4.2. NOj radical kinetics group is affected by the presence of the methyl group on the

aromatic ring. However, there appears to be no difference in

The rates of reaction of N with benzaldehyde and reactivity between the tolualdehyde isomers, indicating that the
the tolualdehydes at 2952 K were measured against two relative positions of the —-CHO and Glgroups have very little
different reference compounds in the 350L reaction chaminfluence on the reactivity with N§ This is in stark contrast
ber. The two relative rate coefficients obtained in this studyto compounds containing two electron donating substituents
for the reaction of N@ with benzaldehyde are in good such as the xylenes and cresols, wheresbia isomers exhibit
agreement with each other and are within the range of thower reactivity than thertho andpara isomers, se@able 6
three previously reported rate coefficients, also obtained usinglthough no reason for this observation is given in the liter-
the relative rate methodno,(benzaldehyde) =24 1015 to  ature[23], a possible explanation is that when the substituent
8.0x 10~>cm® molecule ! s71 [10-12] Given the scarcity of  groups are located in thetho- or para-positions, they induc-
kinetic data on the reactions of N@ith aromatic compounds tively donate electron density to each other thus making H-atom
and suitable reference compounds, this represents a fairly go@dstraction more facile. Theeta isomers cannot benefit from
agreement. Thisis the firstreported study of the reactions af NOthis electron donating effect to the same extent and consequently
radicals with the tolualdehydes and a comparison with previoubave lower reactivity. The situation is clearly different for the
work is not possible. However, the rate coefficients obtainedolualdehydes, which contain an electron-withdrawing —CHO
using the different reference compounds are in good agreemegtoup and an electron-donating glgroup. The fact thatn-
with each other. tolualdehyde does not show any decrease in reactivity compared

The reactions of N@ radicals with aromatic com- to the two otherisomers indicates that the directing influence of
pounds are generally much slower than the correspondhe electron-donating G3roup is effectively cancelled out by
ing OH radical reactions. This is mainly because addi-the electron-withdrawing effect of the —.CHO group and all of
tion of NOsz to the aromatic ring is not important and H- the tolualdehydes thus exhibit similar reactivity towardsaNO
atom abstraction is therefore the dominant reaction mechradicals.
anism [23]. Reaction of NQ@Q with benzene is extremely In contrast to the OH reactions, the rate coefficients for
slow with an upper limit of 3<10-7cm®moleculels 1  reaction of NQ radicals with the tolualdehydes arer approx-
at 298K [4], whilst reaction with toluene is only slightly imately equal to the sum of the rate coefficients for toluene
faster, with knos(toluene)=7.0< 10-’cm®molecule*s™!  and benzaldehyde. This difference is due to the fact that the
(estimated overall uncertainty of a factor of 2), as recommendetkactions of OH and N@radicals with toluene predominantly
by Calvert et al[4]. The rate coefficient for reaction of NO occurvia different mechanisms; addition and H-atom abstrac-
with benzaldehyde is several orders of magnitude higher thation, respectively. The partial rate coefficients for the reactions
that observed for benzene and toluene. This large increase @f OH and NQ radicals with the ‘toluene part’ of the tolualde-
reactivity is due to H-atom abstraction from the —CHO group,hydes account for about 30% and 0.7% of the overall reactivity,



180 G.M. Clifford et al. / Journal of Photochemistry and Photobiology A: Chemistry 176 (2005) 172—-182

respectively. Nevertheless, because H-atom abstraction from tmeactions have been drawn based on recent evaluations of the
—CHO group is the dominant reaction pathway for both OH andate coefficients for reaction with OH and N@dicals at 298 K
NOj3 reactions, a correlation between the rate coefficients maj4,24—-26] The 20 compounds used to construct the correla-

be expected. tion line for abstraction reactions include alkanes, formaldehyde,
acrolein, methylene chloride and aromatics.

4.3. Correlation of the OH and NOj radical rate For H-atom abstraction from saturated hydrocarbons, the cor-

coefficients relation is given by:

Nielsen and co-worker®2] have shown that a good corre- log(knos) = (0.87+0.12) x log(kow) + (—6.0£1.3)

lation exists between the OH and N @adical rate coefficients \ith +=0.94.

aromatic aldehydes. The general form of these correlations igrpenes, styrene, acenaphthylene, ethyl mercaptan, pyrrole,
a linear relationship between the logarithms of the rate coeffizhjoroethene and 1,1-dichloroethene. For addition to unsatu-
cients for the reaction of N§and those for the reaction of OH  rated hydrocarbons, the correlation is given by:
with a particular series of substraf@s].
log(knos) = (3.42+ 0.30) x log(kon) + (22.7 + 3.2)
log(knos) = m x log(kon) + ¢ (1
] - ) ~withr=0.94.

The basis for these empirical correlations can be found inthe  The correlation lines for abstraction and addition reactions
thermodynamic expression of transition-state theory, accordingre shown irFig. 4along with the data points for the 4 aromatic
to which a rate coefficienk, can be expressed in terms of a free aldehydes studied in this work and those obtained by D’Anna

energy of activationAG, et al. for 15 (G—Cg) aliphatic aldehydef22]. Clearly the aro-
ke T AG matic and aliphatic aldehydes fall close to the correlation line
k= <h> exp (_RT> (v) for addition reactions and not close to the line for abstraction

reactions. It is also noted that the aldehydes react with thg NO
wherekg is the Boltzmann constant ardis Plank’s constant. radical close to an order of magnitude faster than the predicted
Combining Egs.(lll) and (IV) yields a so-called linear free value calculated by H-atom abstraction correlation. This implies
energy relationship, which can be used to identify patterns ofhat the reactions of OH and NQadicals with aliphatic and
chemical reactivity. aromatic aldehydes are not just straightforward H-atom abstrac-
Following Wayne et al[23], a series of 58 compounds have tion reactions. As discussed by D’Anna et[@R], the available
been selected and correlation lines for abstraction and additicexperimental and theoretical evidence suggests that the reac-

-13
Correlation line for
unsaturated hydrocarbons
\ ®
-13.5 & benzaldehyde P
A o-tolualdehyde
0O m-tolualdehyde e
144 O p-tolualdehyde L]
@ aliphatic aldehydes
—_
«
g
3
T -14.5
o
-15 1
-15.5 Correlation line for
saturated hydrocarbons
-16 T T T T T T T T T ]

412 114 1 109  -108  -107  -106 -105  -104  -103  -10.2
log(kon)

Fig. 4. Linear free energy plot for the reactions of OH andsN&licals with a series of 15 aliphatic and 4 aromatic aldehydes. Also shown are the correlation lines
for H-atom abstraction and addition reactions.
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Table 7
Net atomic charges calculated for the carbon atoms in the ring, where carbon no. 1 is always the carbon bonded to the —CHO group (In addition,ithe net atc

charge on the hydrogen atom in the —CHO group is presented.)

Atom Benzene Toluene Benzaldehyde o-Tolualdehyde m-Tolualdehyde p-Tolualdehyde
Ring carbon 1 —0.1021 —0.0744 —0.2013 —0.1977 —0.1956 —0.2092

Ring carbon 2 —0.1021 —0.1055 —0.0557 —0.0205 —0.0597 —0.0501

Ring carbon 3 —0.1021 —0.0971 —0.1190 —0.1286 —0.0904 —0.1238

Ring carbon 4 —0.1021 —0.1089 —0.0698 —0.0642 —0.0714 —0.0407

Ring carbon 5 —0.1021 —0.0980 —0.1195 —0.1265 —0.1150 —0.1219

Ring carbon 6 —0.1021 —0.1030 —0.0339 —0.0342 —0.0412 —0.0284

H atom in —-CHO group 0.0450 0.0525 0.0445 0.0442

tions are not simple bimolecular elementary reactions and thatng it would be envisaged that the order of reactivity would
the apparent addition reaction behaviour is due to the formabe o-tolualdehyde @-tolualdehyde- m-tolualdehyde. Thus-

tion of a pre-reaction adduct between the radical and —CHO patblualdehyde is expected to be the least reactive isomer with
of the aldehyde molecule. The adduct can undergbl®ond  respect to OH addition but the most reactive isomer with respect
cleavage with the overall reaction being equivalent to H-atonto H-atom abstraction from the aldehyde group. For the tolu-
abstraction by the attacking radical species. aldehydes, the combination of the inductive effects of the methyl
group and the electron withdrawing nature of the —.CHO group
resultsin allisomers bearing the same reactivity towards OH rad-
icals. Theoretical calculations at this level can only be used qual-

Some theoretical calculations have been performed at thléa:;ve(ljyg_put the_y are conh5|st_ent W'ﬂl:. bOthI abs_traﬁtlon (m_ajor)f
o3 e o, - andladehyde, benzalaeryce and ST () et e pace e eacion o
toluene, to determine the relative importance of the mdUCtivereactivit for OH and t{le tolualdehvdes cogm aredg\]/vitth'@
effects of the methyl group versus the electron withdrawin y . he ring is si y.f. P '
nature of the —CHO group for the tolualdehydes. The resul?gecause addition to the ring is significant.
of the calculations are shown irable 7 The calculations show
that the partial charge on the aldehydic hydrogen becomes mo#e5. Atmospheric implications
positive on going fronp-tolualdehyde andu-tolualdehyde to
o-tolualdehyde. Therefore if abstraction of the aldehydic pro- The possible atmospheric loss processes for the aromatic
ton is the dominant mechanism, one would expect that the ra@dehydes are photolysis by solar radiation and gas-phase reac-
coefficients would be very similar fgr-tolualdehyde andn-  tion with OH, NGs, Cl and Q. Uptake by water droplets is also
tolualdehyde and slightly larger fertolualdehyde, reflecting possible, but since the main component of the molecules are
the change in net atomic charge. This is indeed the case faromatic and thus hydrophobic, this process is unlikely to be of
reaction with Cl atom§9] and NG; radicals, where abstraction any importance. The reaction with ozone has not been studied
is believed to be the dominant mechanism. For thes€ac-  before, but is expected to be very slow and also of negligible
tions, however, a certain amount of reservation must be retainachportance[1]. Reaction with Cl is only important in marine
because although the rate coefficients follow the expected pagnvironments where there are significantly high concentrations
tern, they are in fact equal within experimental error. of Cl atomg[9] and preliminary results on the photolysis of the

For the reaction of OH radicals with the tolualdehydes, thearomatic aldehydes, indicate that this process is only important
trend is different, with the rate coefficients for all three isomersfor o-tolualdehydd27].
being the same within experimental error. Inspection of the net The rate coefficients determined in this work for the reac-
atomic charges at the carbon atoms within the ring and theition of OH and NQ radicals with the aromatic aldehydes can
comparison with benzaldehyde reveals a possible explanatiobe used to calculate the lifetimes of the compounds in the
As shown inFig. 3, o- andp-tolualdehyde each have two sites troposphere. The tropospheric lifetime of a compound with
which are activated (inductive effect) with respect to OH addi-respect to reaction with a species X can be calculated by:
tion to the ring, whilsin-tolualdehyde potentially has three sites lifetime (z,) = 1/k,[X], where k, is the bimolecular rate coef-
depending on whether the inductive or electron withdrawindficient and [X] is the tropospheric concentration of the reactive
effects dominate. For-tolualdehyde, it emerges that all three species. The tropospheric lifetimes due to reaction with OH
sites are activated when compared with benzaldehyde, i.e. induand NQ have been calculated using 12 h daily average val-
tive effects dominate. For-tolualdehyde, the two sites labeled ues of [OH]=1.6x 10° molecule cnm® [1] and [NQ;] =5 x 108
are activated but the carbon bonded to the —CHO group is alsmolecule cn? [28] and are listed iTable 8 The tropospheric
activated, i.e. three sites. However, tetolualdehyde, the two lifetimes due to photolysis;, = 1/k,, [27] and reaction with Cl
sites labeled are indeed activated but the carbon bonded to tf@] are also provided for comparative purposes.

—CHO group shows virtually no change in activation compared The calculated tropospheric lifetimes listedTiable 8show
with benzaldehyde. If addition of OH to the ring were occur-that reaction with OH radicals is the most important atmospheric

4.4. Theoretical calculations
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Table 8 [5] H. Niki, P.D. Maker, C.M. Savage, L.P. Breitenbach, J. Phys. Chem. A

Atmospheric lifetimes for the reaction of OH, N@nd ClI with benzaldehyde, 82 (1978) 132.

o-, m- andp-tolualdehyde [6] J.A. Kerr, D.W. Sheppard, Environ. Sci. Technol. 15 (1981) 960.

Compound on (h) knos () % (h) zc1 (months) [7] I;/I8.7S_2rcr)1:denl, D.W. Stocker, J.A. Kerr, Int. J. Chem. Kinet. 27 (1995)

Benzaldehyde 19.8 128.0 >144 4 [8] R. Volkamer, U. Platt, K. Wirtz, in: I. Barnes, H. Sidebottom (eds.),

o-Tolualdehyde 13.6 56.7 2.5 2 The European Photoreactor (EUPHORE), Third Annual Report 2000.

m-Tolualdehyde 13.4 58.7 >144 2.3 Bergische Universét Wuppertal, 2001, pp. 1-8.

p-Tolualdehyde 13.5 58.7 >144 2.7 [9] G. Thiault, A. Mellouki, G. Le Bras, Phys. Chem. Chem. Phys. 4 (2002)
2194-2199.

[10] W.P.L. Carter, A.M. Winer, J.N. Pitts Jr., Environ. Sci. Technol. 15

degradation pathway for all of the aromatic aldehydes except (1981) 829.

[11] R. Atkinson, W.P.L. Carter, C.N. Plum, A.M. Winer, J.N. Pitts Jr., Int
o-tolualdehyde, which mainly undergoes photolysis. The rela 3. Chem. Kinet. 16 (1984) 887.

tively short lifetimes for the aromatic aldehydes indicate that{lz] R. Atkinson, S.M. Aschmann, A.M. Winer, Environ. Sci. Technol. 21
if released or formed in the atmosphere, they will undergo  (1987) 1123.

degradation in the troposphere and contribute to regional 0zori&s] R. Atkinson, J. Phys. Chem. Ref. Data 20 (1991) 449.

formation. The fate of the oxidation products will also be impor-[14] L.P. Thiner, P. Bardini, G.J. Rea, J.C. Wenger, J. Phys. Chem. A 108

2004) 11019-11025.
tant as further atmospheric degradation of these compounds carg] \(ND )Taylor T.D. Allston, M.J. Moscato, B.B. Fazekas, R. Kozlowski

also contribute to the formation of ozone and other oxidants: ™ 5 'z Takacs, Int. J. Chem. Kinet. 12 (1980) 231-240.
Furthermore the hlgh branChmg ratios for the H-atom abStraqj_G] J. Moriarty, H. Sidebottom, J. Wenger, A. Mellouki, G. Le Bras, J. Phys.
tion pathway in the aromatic aldehydes suggests high yields of ~Chem. A 107 (2003) 1499-1505.
aromatic nitrate compounds (peroxybenzylnitrates) are Ilkelyttb17] R. Atkinson, J. Phys. Chem. Ref. Data, (1991) (Monograph No. 1).
be formed, which are reservoirs of NO [18] ,7A91M§(I)Iguk| S. Teton, G. Le. Bras, Int. J. Chem. Kinet. 27 (1995)
[19] N.M. Donahue, J.G. Anderson, K.L. Demerjian, J. Phys. Chem. A 102
Acknowledgements (1998) 3121.

[20] R. Atkinson, S.M. Aschmann, J.N. Pitts Jr., J. Phys. Chem. 92 (1988)
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