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4-Chlorocrotonaldehyde as a Unique Chlorine-Containing 
Compound from the Reaction of Atomic Chlorine with 1,3- 
Butadiene in Air at Room Temperature 

Weihong Wang and Barbara J. Finlayson-Pitts 
Department of Chemistry, University of California, Irvine, California 

Abstract. Chlorine atoms may play an important role in the 
tropospheric chemistry of coastal areas and the Arctic at polar 
sunrise. However, the sources of chlorine are not well 
established and measuring its precursors in a specific manner is 
difficult. A potential approach to probe Cl production in the 
troposphere is to identify and measure chlorine-containing 
products unique to the reactions of CI with organics in air, e.g. 
1,3-butadiene, which is emitted from motor vehicles. We present 
here product studies of the reaction of C1 with 1,3-butadiene in 
the presence and absence of NO in 1 atm air at room temperature 
using FTIR, API-MS and GC-MS. 4-Chlorocrotonaldehyde 
(CCA) is identified as a unique chlorine-containing product from 
this reaction, with a yield of (28 + 8)% (2cy) independent of the 
presence of NO. CCA may therefore be useful in field studies as 
a marker for C1 chemistry in urban coastal areas. 

1. Introduction 

The role of chlorine atoms in the chemistry of the lower 
troposphere has received increasing attention in recent years 
[Finlayson-Pitts, 1993; Graedel and Keene, 1995; Keene et al., 
1996; Behnke et al., 1997; De Haan et al., 1999]. For example, 
field studies suggest that hydrocarbons in the troposphere are 
oxidized by C1 atoms, in addition to OH, under certain conditions 
in the marine boundary layer [dobson et al., 1994; Singh et al., 
1996; Wingenter et al., 1996; Wingenter et al., 1999]. 

There is evidence for chlorine atom precursors in marine areas 
and in the Arctic at polar sunrise. Keene, Pszenny and coworkers 
measured inorganic chlorine compounds other than HC1 in the 
range of 13 to 127 pptv (expressed as C12*) in a coastal site in 
Florida using a mist chamber technique [Keene et al., 1993; 
Pszenny et al., 1993]. lmpey et al. [1997] measured total 
photolyzable chlorine compounds ranging from 9 to 100 pptv in 
the Arctic during the Polar Sunrise Experiment 1995 by 
photolysis of the air sample and scavenging any C1 atoms 
generated by reaction with propene to form chloroacetone. The 
total photolyzable chlorine is hypothesized to include mainly C12 
and HOC1, but the individual compounds were not identified in 
either this or mist chamber studies. A more specific approach by 
Spicer et al. [1998] involved measuring C12 at concentrations up 
to 150 ppt directly for the first time in a coastal marine area using 
atmospheric pressure ionization-mass spectrometry (API-MS). 

Another approach for investigating chlorine atom production 
in the troposphere is to identify and measure unique chlorine- 
containing products which would not otherwise be in the 
atmosphere, except for C1 reactions with organics, e.g. 1,3- 
butadiene. 1,3-Butadiene was specified as a hazardous air 

pollutant in the 1990 Clean Air Act and as a Toxic Air 
Contaminant under California's air toxics program [California 
Air Resources Board, 1992; Kao, 1994; Kelly et al., 1994]. It is 
widely used as a major component of synthetic rubber. Another 
major source of 1,3-butadiene is automobile exhaust lye et al., 
1998; Duf• et al., 1998]. For example, in California, exhaust 
from motor vehicles is estimated to be responsible for -•96% of 
the annual emissions of 1,3-butadiene [California Air Resources 
Board, 1997]. 

Once 1,3-butadiene is released into the air, it will react with 
OH radicals during the day, with NO3 radicals at night, and with 
03 during both day and night [Atkinson, 1997]. It will also react 
with chlorine atoms if present [Atkinson and Aschmann, 1987; 
Wallington et al., 1988; Finlayson-Pitts, 1993; Graedel and 
Keene, 1995; Bierbach et al., 1996; Nordmeyer et al., 1997; 
Ragains and Finlayson-Pitts, 1997; De Haan et al., 1999]. If the 
reactions of C1 atoms with 1,3-butadiene give unique chlorine- 
containing products, they could serve as "markers" for chlorine 
atom chemistry in coastal urban areas where both the sea salt and 
automobile emissions coexist. Such products could be measured 
in the atmosphere using more conventional techniques, such as 
GC-MS, and hence allow a more extensive search for C1 atom 
chemistry in the lower atmosphere than has been possible to date. 

The kinetics of the reaction of C1 atoms with 1,3-butadiene 
have been studied by several groups [Bierbach et al., 1996; 
Notario et al., 1997; Ragains and Finlayson-Pitts, 1997]. The 
reaction is very fast, with the rate constant reported to be in the 
range of (4.2 - 5.6) x 10-10 cm3 molecule-1 s-• at 1 atm and 298 
K. However, studies of the mechanisms and products of the C1- 
butadiene reaction have not been reported to date. The reactions 
of C1 atoms with alkenes proceed mainly by initial addition to 
give chlorine-containing alkyl radicals [Lee and Rowland, 1977]. 
The chloro-alkyl radicals will react with O2, followed by the self- 
reactions of the chloro-alkyl peroxy radicals (in the absence of 
NO) or the reactions of the chloro-alkyl peroxy radicals with NO 
(in the presence of NO) to give chloro-alkoxy radicals. These 
should then decompose or react with O2 to generate chloro- 
carbonyl compounds unique to this reaction (Fig. 1). 

We show here that 4-chlorocrotonaldehyde (CCA) is formed 
in significant yields from the Cl-butadiene reaction in air at room 

H• jH 
/c--"c• 

CH 2C1 O •CH 
CCA 

temperature in the presence and absence of NO and hence may 
serve as a good marker for C1 atom chemistry in polluted coastal 
urban areas where there are sources of both C1 and 1,3-butadiene. 
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2. Experimental 
The product studies of the C1 atom reaction with 1,3- 

butadiene were carried out using FTIR, API-MS and GC-MS. 
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Figure 1. Major reaction pathways leading to the formation of CCA and CMVK from the Cl-butadiene reaction. 

The FTIR (Mattson, RS) has a long path White cell housed in the 
external sampling compartment and is equipped with a cooled 
MCT detector. Each spectrum consisted of 64 coadded scans at a 
resolution of 1 cm-1. Eight Sylvania 350 Blacklights (30 W, 
F30T8/350BL), oriented longitudinally about the cylindrical cell, 
provide UV radiation ()•= 300-450 nm with maximum intensity 
at 356 nm) used to photolyze C12, generating chlorine atoms. 
1,3-Butadiene (Matheson, 99.5%), C12 (Matheson, 99.5%), and 
NO (Matheson, 99%) were expanded into the long path cell 
directly from a glass manifold system attached to the cell and air 
(UHP Zero air, Oxygen Service Company) was added to 1 atm 
total pressure. The concentrations of 1,3-butadiene, C12 and NO 
ranged from 23-40 ppm, 7-14 ppm and 0-20 ppm, respectively. 

For API-MS and GC-MS studies, 1,3-butadiene (15-25 ppm) 
and C12 (4-10 ppm) were mixed in a 50 L Teflon reaction 
chamber at one atmosphere in air. The mixture was photolyzed 
using a set of black lamps (20 W, F20T12/350BL) for varying 
times. The products were then analyzed by API-MS and GC-MS. 

In the API-MS instrument (Perkin Elmer), two quadrupole 
mass filters are separated by a collision cell. A corona discharge, 
located at the sample inlet, generates protonated water clusters 
used for chemical ionization of sample (A): 

curtain gas 
H+(H20)n + A > AH+(H20)n > AH + 

A sample containing several compounds can be ionized to give 
parent peaks at m/z = (M+ 1), as well as fragments of these peaks. 
The mixture of products and reactants from the Cl-butadiene 
reaction was scanned using the first quadrupole. A particular ion 
in the first quadrupole was selected and entered the collision cell 
where it was fragmented by collision with N2, generating an 
MS/MS pattern specific to this parent ion. The MS/MS spectrum 
was obtained by scanning the second quadrupole. 

The detection limit for GC-MS is not as low as that for API- 

MS. Therefore a liquid nitrogen trap was used to preconcentrate 
the sample before it entered the GC-MS. Trapping unreacted C12 
was necessary because reactions between C12 and 1,3-butadiene 
were observed in the dark as the trap was warmed. In order to 
remove the excess C12 prior to reaching the trap, a filter (coated 
with 1% w/v sodium carbonate, 1% v/v glycerol in 1:1 
methanol/water solution) was placed upstream of the liquid 
nitrogen trap, thus eliminating the potential for interferences 
from the dark reactions of C12 with 1,3-butadiene in the trap. 
The contents of the trap were then warmed and transferred to the 
GC column (Restek Corp., RTX2330, 30 m x 0.20 mm, 0.25 !.tin 
ID) installed in a GC-MS (HP 5890 Series II, MS 5971A). 

4-Chlorocrotonaldehyde (CCA) was synthesized from the 
reaction of 1-acetoxy-l,3-butadiene (Aldrich) with C12 following 
the procedure of Berenguer et al. [1971]. CCA was 
characterized using GC-MS and its structure was further 
confirmed using IH NMR: •54.27 (d, 2H, -CH2C1), •56.34 and 
•56.85 (m, 2H,-CH=CH-), and •59.62 (d, 1H,-CHO). Synthesized 
CCA was used as a standard for reference spectra using FTIR, 

API-MS and GC-MS. For product quantification, because of the 
high wall loss of pure CCA in the gas phase, the FTIR of CCA in 
CC14 solution was used for calibration; this calibration was 
corrected by 20% based on a comparison of the integrated 
absorbances for gas phase and liquid phase crotonaldehyde. 

3. Results and Discussion 

Figure 2 shows the infrared spectra of the products of the 
reactions of chlorine atoms with 1,3-butadiene in the absence of 
NO (Fig. 2a) and in the presence of NO (Fig. 2b) in the 2600- 
3200 cm-I region. The contributions from unreacted butadiene 
and other identified products, chloromethyl vinyl ketone, HCHO, 
acrolein and HCI, have been subtracted using reference spectra. 
Figure 2c is a reference spectrum of CCA, which has 
characteristic absorptions at 2820 and 2720 cm-1, the same peaks 
observed in the product spectra of the Cl-butadiene reaction in 
the presence and absence of NO. Based on this, CCA was 
tentatively identified as one of the major reaction products. 

To confirm this formation of CCA, API-MS and GC-MS 
analyses were also performed. Single quadrupole API-MS scans, 
obtained after photolysis of C12 in the presence of 1,3-butadiene 
for 6 minutes, showed that many products were formed from the 
Cl-butadiene reaction, including a peak at m/z -- 105 (M + 1) 
(with its associated 37C1 isotope peak at 107) expected for CCA. 
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Figure 2. FTIR spectra of (a) the Cl-butadiene reaction products 
in 1 arm air at room temperature after 2 min photolysis (reference 
spectra of butadiene, chloromethyl vinyl ketone, acrolein and 
HCHO subtracted), [butadiene]0 = 40 ppm and [C121o = 13 ppm; 
(b) the Cl-butadiene-NO reaction products (reference spectra of 
butadiene, NO2, HC1, acrolein and HCHO subtracted), 
[butadiene]0 = 33 ppm, [Cl2]o = 9 ppm, and [NO]0 = 20 ppm; (c) 
CCA reference, [CCA] = 6.3 ppm. 



Table 1. 4-Chlorocrotonaldehyde Yields a from the C1-Butadiene Reaction in the Presence of NO. 

Experiment No. [Butadiene]0 (ppm) [C12],, (ppm) [NO],, (ppm) Yields of CCA (_+ 2o) (%) 
1 30 10 20 25 + 8 
2 30 10 20 28 + 4 
3 30 10 20 28 _+ 7 
4 30 10 20 29 _+ 7 
5 34 9 20 32 _+ 12 
6 33 9 20 30 _+ 8 
7 34 9 20 24 _+ 8 
8 27 8 16 24 + 12 
9 27 8 16 27 + 5 
10 27 8 16 23 + 9 
11 23 7 14 29 + 5 
12 23 7 14 30 + 8 

AVERAGE 28 + 8 • 

Yield = A[CCA]/A[1,3-butadiene], where the loss of butadiene was typically -20%. 
These yields are not corrected for secondary reactions of CCA with OH radicals and chlorine atoms, and for the loss of 1,3- 

butadiene by reaction with OH radicals; modeling studies suggest that OH reactions should be responsible for - 60% of the 
butadiene loss, so that the corrected yield of CCA for the Cl-butadiene-NO• system is - 70%. 

The MS/MS fragmentation pattern for m/z = 105 of the reaction 
products is similar to that of CCA, with major fragments at m/z = 
69 and 41 corresponding to the loss of HC1 (m/z = 69) and the 
loss of both HCI and CO (m/z = 41) from the parent ion. Peaks 
at m/z = 77 and 79 were also observed in the product spectrum, 
but not in CCA reference spectrum, suggesting more than one 
isomer contributes to the m/z = 105 peak in the product mixture. 

In order to distinguish between the different possible product 
isomers (Fig. 1), GC-MS studies were also performed. Figure 3a 
shows a typical chromatogram from the Cl-butadiene reaction. 
The peak labeled A had the same retention time as an authentic 
sample of CCA. In addition, the EI-MS of this peak (Fig. 3b) 
was the same as that of CCA reference (Fig. 3c). This provides 
further confirmation that CCA is the major product of the CI- 
butadiene reaction. 

In addition to CCA, a number of other peaks were observed 
by API-MS and by GC-MS (Fig. 3a). Peak B in Figure 3a was 
identified as an isomer of CCA, chloromethyl vinyl ketone. It 
was observed as a product of the Cl-butadiene reaction in the 
absence, but not in the presence, of NO. 

The product yields of CCA were measured using FTIR. The 
spectra in 2600-3200 cm-1 region were fit using the reference 
spectra and a fitting program MFC [Gorner et al., 1995]. The 
fitted spectrum f(g) is defined by: 

f (/•) = •iaiSi(/•) + constant 

where &.(,•) are reference spectra of known concentrations, and ai 
are scaling factors for the reference spectra from which the 
concentration of CCA is obtained. After fitting, the residual was 
checked by subtracting the references from the product spectrum. 

Tables 1 and 2 show the product yields of CCA are (28 + 8)% 
(2o) in the presence and (28 + 4)% (2o) in the absence of NO, 
respectively, at about-20% loss of 1,3-butadiene. These yields 
are not corrected for secondary reactions of CCA with OH 
radicals and chlorine atoms, and for the loss of 1,3-butadiene by 
reaction with OH radicals. The latter is expected to contribute 

significantly in the presence of NO. Model studies suggest that 
the loss of 1,3-butadiene due to reactions with CI atoms is about 
40% of the total loss of 1,3-butadiene in the presence of NO. 
Therefore, the corrected CCA yield in the presence of NO is 
about 70%. Detailed model studies are underway to clarify the 
contributions of the various reaction pathways. 

CCA also reacts with OH radicals and C1 atoms, similar to 
crotonaldehyde (CA). Assuming their rate constants are similar, 
the lifetimes of CCA are about 15 hours with respect to removal 
by reaction with OH radicals (using koH + CA = 3.6 x 10-1• cm3 
molecule-I s-1 [Atkinson, 1990], assuming [OH] = 5 x 105 
radicals cm-3), and about 28 hours with respect to CI atoms 
(assuming kcl + cA = 2.0 x 10-•0 cm3 molecule-• s-• and [CI] = 5 
x 104 atoms cm-3), respectively. The average concentration of 
1,3-butadiene in the LA area is 2.2 ppb between 6-9 am [E. M. 
Fujita and B. Zielinska, Desert Research Institute, personal 
communication, 2000]. Assuming [C1] is 5 x 104 atoms cm-3, the 
expected steady state concentration of CCA in the early morning 
would be-1 ppb, which should be easily detectable by GC, GC- 
ECD and GC-MS. Chlorine atom concentrations could then be 

estimated using steady state kinetics from the measured 
concentrations of CCA and 1,3-butadiene, the rate constants for 
CCA formation from the Cl-butadiene reaction and loss by 
reactions with OH and CI, and estimated or measured OH 
concentrations. 

4. Conclusions 

4-Chlorocrotonaldehyde has been identified as a unique 
chlorine-containing product in the reaction of 1,3-butadiene with 
chlorine atoms at ppm levels at atmospheric pressure and 298 K 
in the presence and absence of NO. Both 1,3-butadiene and C1 
atoms can be abundant in coastal urban areas. Assuming similar 
chemistry occurs at the lower concentrations found in the 
troposphere, CCA could serve as a marker for chlorine atom 
chemistry in polluted coastal marine areas. 

Table 2. 4-Chlorocrotonaldehyde Yields a from the C1-Butadiene Reaction in the Absence of NO. 

Experiment No. [Butadiene]0 (ppm) [C12],, (ppm) Yields of CCA (_+ 2o) (%) 
1 40 14 28 _+ 4 
2 35 11 27 + 5 
3 35 11 27 _+ 6 
4 27 10 29_+6 

AVERAGE 28 _+ 4 ' 

"Yield = a[CCA]/a[1,3-butadiene], where the loss ofbutadiene was typically-20%. 
b These yields are not corrected for secondary reactions of CCA with chlorine atoms. 



950 WANG ET AL.: UNIQUE PRODUCT OF THE CL-BUTADIENE REACTION 

0.04 - 

0.02 

0.00 

I I I I I 

0.08 (b) Products of Cl-b reaction 

0.06 [,,ml, r•,l,, 0.04 
I I I I I 

0.08 (c) 4-Chlorocrotonaldehyde reference 
0.04 

0.00 

3100 3000 2900 2800 2700 2600 

Wavenumbers (cm '1) 
Figure 3. GC/MS studies of the Cl-butadiene reaction in 1 atm 
air at room temperature after 6 min photolysis, [butadiene]0 = 22 
ppm and [C1210 = 6 ppm; (a) gas chromatogram of the products; 
(b) EI mass spectrum of peak marked A in Fig. 5a (retention time 
= 29.2 min); (c) EI mass spectrum of CCA reference. 
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