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2,3,1 'DlRECT' METHODS TO £S'fABLISH K1"o"ETIC RATE DATA
RELEVAI\T TO ATMOSPHERIC CHOIISTRY

A(:C()rding 10 pres.nI knowledge. the homogene<>u. ga~ phas. d<gradalion of
.hemical. in 110. atmosphere pr<xe.d, larg.ly by sunlighl 1'100'01)"';$ or by
r.action wi'h Oil radicals and 10 a 1"5<'r .xtent in polluted air, by rea.tion
"';110 0" 0. NO~ elc. (5<'e Section 2.2). A large body of laboralo') dala on
lh. gas phase reactions of O. OH. 0" elC. has been aCQJ"'ulaled. Th.
applicalion. of laboratory m.thodologie,; a. ",·.11 as 110. reliability of Ih.ir
r...Il. are discussed in lhi, s.etion.

),1.1hod. for th. study of ga,.pha5<' r.action rales belong ....miaU}' 10 two
cal.gori.s; Slatic Or flo"';ng .y~t.ms. In s,a(ic .y~tems. Iii. reacti..e speci.s are
ofl.n g.n.rated by flash pholOly,i~ and d.leot.d by fast del.ction
(pholomullipli.J'$. phOlodiodes) and recording d...·;C<•. In flowing Sl~tems.

the tim. scal. is con,ened 10 a spaua! coordinate along lhe flow tube.
RadIcals or o,bee act;'. speo:.s ar, ll'pically' generat~d 1»' nash photol},.is,
microwa'" (radiow"e .lectric) discharges or fasl ch.mical re...'ion., and
ructanls or products are d.t.ct.d a~ a function of reaction time by a 'ariety

"
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of methods (e,g. absorptiOll, res£loana: absorplion, mass sp«Iromelry,
elecrron"pln resonanct'. laser m~gneric reSOn.nct'. reSOll.nct' f1uorescenct').
The ;ndividuallechn;ques arc described in more derail b)' w.tson (1977) and
At~;nSQn et al. (1979).

M.rnane i. b~' far Ihe mosr abundant oTganic molecule in rh. almospher.
(-1.5 p,p.m.) and thm repr...nrs the starring point for the chcmistl)' of Ihe
'clean' atmospher•. At the pre..nttime.;t i; generall)' accepted rhat the most
imponanr tropospheric sin~ for methane is ilS reaction wilh OH.

CH. + OH - CH, + H,O (I)

Beau.. of the importance of Ihis sinl.., • large number of diff.rent laboratory
m.thod. have been applied to mea,ure th. rate oonSlanr of r••ction (l) (sec
e.g. B.ulch or lli., 1980). Table 2.3.1 pre..n!> a summary of rhe!oC ,..ri0<l5
t.chniques and Iheir .Slimated rate COnStantS.

While lhere is e"idence lh.l Ihe Iwo earl~ Sludies summari2ed in Tabl.
2.3, I were sli"'tl~' affen.d by !oCooodal)' rcanions, lor an olh.r studies the
rale COn5lanlS for rcae-tiOll (1) aTe quite similar. The Tc>u!t;ng mean k .·a1u. is
8" 10 "em' molecul.'" •. 1 at 298 K "ilh • r.liabilil~' of -IS%. This
confidence limit is .qui,-.lent to those reponed for lh. mosl reliably
measuTed rate constantS of olh.r ga.·phaJ.e elem.mary reanions.

The ;Iudy of the re.ctions of chlorine containIng compounds has been
stimul.ted by findings indica ling their polential ad,·..... imp.c" on lhe
almosphere. Model calculat;on, .imul,.ing the chemiSlry of the 5Iralospher.
(Molina .nd R",,-l.nd, 1974) sugge51 that chlorine: containing substan"",
which are nor rapidly degraded in lhe troposphere (i.e. fT.ons) rna) .....pe to
the stratosph.r., Th.!oC substance. und.r stratosph.ric condition. m.y .ccel·
erate a catalylic C)'cle involving 0 alom; "hich could result in an addilional
parh ..·.y for lh. deSlruction of stralosph.ric Olone. For the purpose of
.Slim.ting the influence of freon' on the DIone layer, it w,,, most important
10 oblain a reliable estim.te of the rate constanr for re.nion (2).

0+0, - 00"'0, ")
Wilhin a Ihree-year period Ihe rate conslant of r••ction (2) ""as measur.d .t
room t.mperature in six independent studies u"n! both SIalic and no"';ng
.ystems. The r.anion w., monitoTed eitheT by a atom Tes£ln.na: absorption
OT by ma~ fpenrom.tric <>lone detection (see Baulch or aI., 1980). Whik .he
earliest study re,ulted in k, _ 1.85 X 10' 11 em' molecule -, • -I, lh. rat. con­
stants from the olher fi"e slUdies WeTe nearly ldenri~l, Tanging from 1.0 to
1.2 " 10- 11 cm' mol ....l.· , •. , for k~

Runions (I) and (2) are repr.semati.'e of a l.rge numbeT of abstTac,ion
runions which arc consid.red 10 be imponam in atmospheric chemistry and
which h.ve been measuTed in Ihe laboratory by direct me,hod•. Abstraction
r.action. are expect.d 10 show no pressure dependen<:>e, and thiS has ;>e-tually
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been observed for man) specific reaC1ion~. Formcrl}, the lemperature depen­
dence of a rate constant ""as repre",nted by COnStant acti"ation energies.
Only in the la't decade with the application of mOre ",fined experimental
method. ha' ;t been possible to experimentall} Hrify a change of ac'i,'a,ion
energy with temperature fo' abstraction ructions. With lile ,emperature
rangc applicabk '0 'hc atmospheric degradlltion of chemicals (200-300 K).
rate COnstantS for man} abstraction 'eaction' have been measured and a
constant act;,'at;on enern " usually an adequa,e ",p,e"'ntation of their
temperature dependence

In large moknJlts. H atOm, can frequently be a",,,aned by OH radical. at
man}' different position, ",ith a comparable rate. The tOlal ruction rate con,
Slant will roughl} con,i" of a sum of ",veral 'pan;al' rate conStants. for
example, G",iner (1970) established that the reactioo rate. of many branched
and unbranched alkane. with OH radical' can be ",presen'ed b}' a single
oxpr...ioo which (;n • form sligh,ly modified b)' Oarnall.t al.. 1978) fits
within ~20'llo Ot beuer all available data for OH + C.H",., - 2. n .. 3
between 300 and 500 K.

k - N, x 1.01 x 10 " exp (-1635 cal mol '/RD
- N, x 2,~1 X lO-llexp(-850cal mol I/RD
+N,x210xlO "cm'molecul..- I

.' (I)

whe'" Nt. N,. N, a", the numbers of primary, secondal)', ,e'tial) H atom, per
molecule. respectively. or

k - N, x 6.5 x 10 ,. + N, X 5,8 x 10 "
T l', X 2,1 x 10 "em' molecule' " I a, 298 K (11)

A .imilar expression ""as deduced b}- PelT} er "I. (1977) for ,he reactions of
alky'l ethe.. with OH at room temperature:

k-N,x6,OxlO"+N,xI.7xlO"cm'molecule- l s" (1lI)

where N, and N, ha"e 'he same meaning as a!>m'e. The higher numbers in
(Ill) as compared '0 (lJ) ,enen the .Iightly lo"'er C-H binding energie. in
ethe.. a, compared to alkane•. Similar expression, migh' be "aluable a. a fi..'
approximation of the stability of large molecule' ,n o'her homologeou, ",rie.
of compounds wi'h re.pect '0 lileir reaclions ""ith OH.

A "'lenian of a~1raniQrl reaction rate con,tan" ""hich h.'e been obtained
from 'direct' laboratOf) methods are tabulated in Table 2.3.2.

Photol)'s;. by .unlight ha' a 'wolold importance for lhe degradation of
chemical. in the atmosphere. first. the photol}'tical decomposition of
molecules such as 0,,1'0,. and CH,O generate, the active .pecies (OH. 0,
ClC.) lila, take part in degrada'ion p'''''''''''''. Direct laboratory measurements
of absorption cross-senion, and quanlum yields of these molecule' ha"e con·
tribute<! greally to the understanding of lhe opc:rati>'e photochemical mechan·
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!SOl'. On the other hand. cenain gfOupsof compounds may be directly phQto­
ly~d. at significant rates. b}. light at wavelengths longer than about 295 nm.
This wavelength range represents an appre<:iable portion of the light imen<ity
being transmined through the stratospheric ozone la)·er. The phOlOI)'tical
decomposition rate of chemical X in the troposphere i' often characre";"ed b)·
the pro<!u<lj,[X]. where

j,. f ~X. l)<f{X. 1)1(1) d1
,.,.,-

Here 4>(1) is the quantum yield. "(1) is the absorption cr~section and),. ;.
the solar flux, While the absorption cross·sections and quantum fields <­
small molecules for the mOSt critical "..a'·elength regions. afOund 300 nm. have
1>«n determined "';th great precision in laboratOf)' experiments (see Baulch
., al.. 1980), the a<lual «lnttibution of the photo<!iSSO<:'iation to the gas-phase
degradalion of large orsanic molecules in the atmosphere still has to be fuUy
explored. Somej, ,·alues. based on laboratory experiments and calculated for
certain <olar flux conditions. are induded in Table 2.3.2,

Another elalS of reaclions nOI invol"ed in the initial step but in later Slages
of the degradation protOlS are reoomb,nation and lhermal decomposition
reaction•. For example. alkyl radical' which are formed in the reaction of
hydrocarbon, with OH.

RH+OH - R-.-H,O (3)

will u,ually add oxygen in the atmosphere.

"R+O, - RO,

These reactions are follov.ed by further oxidation rea<lion,. ultimately )'Ield.
ing CO or CO,. Another re«lmhination process, which represems One of the
more important smog reactions. i' the addition of NO, to OH radical« to
produce nl,ric acid molecules.

1'0,+ OH
M- HSO, (')

The nitric acid can be remo"ed ffOm the troposphere by rain. The rate con·
stant, for reaction' ,uch as (4) and (5) under atmospheric condition' are
expected to be both pressure and temperature dependent in a «lmplex man­
ner. Many laboratory measurement< of these rea<lions are available but they
usually do not co' er the range of condition. necessary to <imulate the atmos­
pheric processes. Fortunate])'. rhe rheorctical undcr-s,anding of recombination
and un;mol.culaf decomposi'ion reactions has markedly advanced during th.
laSl decade (.... e.g. Troe. 1979) and data obtained O>'CT a limited range of
reaction conditions may be extrapolated to atmospheric conditions with fairly
good confidence. Some sel.Cled rate COnStantS for this group of reactions are
also included in Table 2.3.2.
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Finall)', lh~re is a class of reacl;ons for which direct melhoos ha,-e proved as
yel unsati,faclory for their complete analysis_ These are lhe addilion «,actions
invoh-ing a moderalel)' thermally 'table inlermediale ""ith a dissoeialion
energy ,,;25 kcal mol ',The appreciable long lifetime of such intermediates
can lead to different results for experiments perform~d at typical 'dir~ct

method' conditions (pressures ,,;10 torr, nobl~ gases or N, as buffer gases)
and those at atmospheric condition' (p _ 1 atm, p«'sence of 0,). For exam­
ple, the "ery important reaction of CO with the OH radical,

CO?OH - CO,+H (6)

has be~n m~asUfed independently bl' many research groups and it has b«n
established that th~re is a lactor of 2 difference in k. between measurements
mad~ at low pressur<:' and those at 1 atm in air, This difference ha, been
suggested 10 be a result of the presence of oxygen rather Ihan a pressure effect
(Smilh, 1977; Biermann el at.. 1978)_ Very recently. this 'oxygen effect' was
observed for other r~actions.swell, For example. the consumption of CS, bl
OH was acceleraled by se"eraJ orders of magnitude in the presence of OXIgen
(Barnes e, al., 1983), Ob"iously, these effects are more readily obsel"ed at
high pfessur~" which makes indirect methods. for example th~ use of large
'en"lfonmental chambers" perhaps more amenable for research in this .rea,
These methods will be di"'ussed in Senioa 2,3,2,

2,3.2 'ENVIROKME",TAl. CHAMBER' APPLICATION TO
ATMOSPHERIC PHOTO-OXIOATlON STUDIES

Although absolute (non-comparative) ~.perimental techniques provide
aCCUrate rate COnstant data for elementary reaCllon" these methods operate
most efficiently al low pressures and are ther~fore technically difficult 10

apply at atmospheric pressure. The ratO\ and product distributions of man)
atmospherically important reaction' are. however, pressure dependent and
extrapolation of rate COnstanl data obtained at low pressure to atmospheric
pre"ure is often difficull. SUCh absolute teChniques are al"" inadequate for
the in'~";gations of man) of the more complex processes occurring in the
atmosphere. On the othu hand. the recent use of emironmenlaJ chambers in
association with highly sensit;"e and selecti'e analyt;cal instrumentation has
led 10 significant advaa<:es in our knowledge of atmospheric photCK>.idat;,-e
r~actions, Such chambers Can 'imulale lhe comple. reaction mechanISms
occurring in the troposphere while automatically including less understood
processes such as aerosol formation,

Environmental chambers have been used quite successfully in two major
areas 01 atmospheric chemistry First. they hO"e been used to obtain
ume-<oncentration profiles of numerous reactants, producls and
intermediates under vary'ing conditions of temperature, pressure and light
intensity, From ,uCh concentration profiles it has be~n possible 10 extract
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relative rate data for the reaClionl of I'opospherically imporulnt SUbslanceS
"llh active species 5ueh as OH, NO" and 0" TlUs dam has been primarily
used for generalion of kinetic model' of atmospheric ohcmistry for use in a;r
poIlulion ronlTo] ,Iraleg,es, The serond major use h'S been CQUpling of
en"ironmental chambers 10 in Jim anaJ}lical lechniques suoh as long palh
Fourier Iransform infrared (LP-FTIR) SpeClro5COp) and long path
differenlial op,ical (UV and "isible) ab'lorp'ion 'peClro5COp). The
rombina'iom of these techniques have led to the deleetion of man,. imponam
reaClion inlermcdiale, and ha"e yiclded a wcallh of mechanistic informalion
in lhe p,p.b. and p.p,m. roncentralion rangcs. Thc full ut,l;t) of ,hese
combined techniques has yel to be full)' e.ploiICd.

2.3.2.1 T,.]>t!5 of 'En';ronmentaJ Chamberi'

Basically twO ly~ of en"ironmental chambers ha"e been emplo}ed in Ihe
sludy of almospheric processes:

(1) chambers ronstrueled from c)lindrical glass lubes, normally Plre., and
closed (usuall}'l bl Teflon·roated metal end flanges or

(2) collapsible bags from Teflon or similar ma'erial ("edlar bag,'),

The chambers V'ar; great!} in size, ranging from 101 to 6000 I. Man,. of them
are surrounded b)' banks of fluorescent lamps which 'Simulate. as far a, i'
pos'lible, natura! 'Sunlighl. A few of the glass chambel"l are lemper-nure COn­
trollable O\'er temperature ranges eXlending in one case from -JO'C to
+40"C Teflon bags ha"e Iwo major ad,'antages ",'cr gla" chambers. They
are financially more amacli"e rcquiring onll a small capital in'-estment for
seuing up 'he e.perimenUlI s)'stem and due to the collapsibility of the bag,
\hey aUlomaticalll rompensale for pressure dilulion effects caused by sampl.
ing during the course of experiments. On the other hand, they oflen ""ffer
from 'he evaporal;on of organic chemicals from their inner surface. For
examples of differenttl'~ of chambers see Japar ot aI., 197J, Barnes et aI.,
1979. Carler er al.. 1979, Cox rt a/., 1980, and AkimolO 01 al.. 1980.

2.3.2.2 Detrcminalion or Rdal;". 1{~aetlon RaltS

Although Ihe inil1al putpOSC of env;ronmen[al chambers was 10 p,,)\'id. a
da[aba.. for atmospheric compu[er models, one of Iheir grealest'uccesses in
r=", )'urs has been their aprlication in lhe determ,nalion of relati"e rat.
data, panicularl, for OH radical reaclion, ",lh aimosphericalll' ,mpananl
otpnic subsiances. Seveta! relativ'e·rale method~ ha"e been de, eloped emp­
10)lng environn,emal chambers, Generall" a OH rate coefficienl is deler_
mined for the lest sub'lance relali"e [0 [hat of a reference substance ..-uh an
aceuralely known OH-rale ronstam. b) follo",ng lbe ooncenlra[ion_hme
behaviour of both ,ubslance,. Assuming Iha[ Ihe reaelion mechanisms are
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suffidentl} under>tood, ,hese method' fall into the follo"'ing categories:

(I) The moruto,ing of 'he ,a'es of disappearance of the subslance. in an
:"OJai' photolysis s}'stem (lloyd e' aI" 1976).

(2) The monitoring of the rates of disappearance of substances in a HOl"·
O,air phOlOIj'5i, ,}..tem, This s~'stem has an ad"antage o"er (I) in that
higher OH concentrations are produced which help to minimize secon­
dary interference eff""lS such a, the photol~,i, of aldeh}'dcs, and it also
allo".. the detennination of rate con,tant, for .Io"'er reacting ,pecies
(Cox e, ai, 1980).

(3) A ne"-cr 'dark' method (Bame. e, m.. 1982) u.ing pero,)'ninic acid
(~IO,"'O,) in the presen"" of t>;0 as the sourct! of OH radicals through
the reactions

HO:J\:O: HO, + NO,
HO, ... ~O ----- OH ... NO,

(4) The monitoring ofYaria,ion in CO, production from the reaction of OH
"ith added CO as a function of reactam concemrations (Audle)' et 01 .•
1981), The non-photoly'ic sourct! of OH in these studies was Ihe
heterogeneous reaction of H,O: with NO,.

H,O, + NO, - OH + H:"O,

and finally.
(5) The de'enn;nation of the relative disappearance rate in an en,'ironmen_

tal chamber ,,'here the photolj'5i. of alkyl nnnte. is used as a source of
OH radical•. The phOIOIj";! of meth}1 nitrite. for example. produce.
methoxy radical' and NO.

CH,Ol"O ~ CH,O + NO

The alkox)' radical. ,eact funher with 0, to gi,'e an aldehyde and HO, radi­
cal. ,,'hich ,ubsequentl}' react w;,h NO 10 produce OH radicals (Atkinson.'
al. 1981).

CH,O+O, ­
HO, + ,,0

HCHO + HO,
OH + NO,

In aU the abo,'e t)'j>CS of experiments. the disappearance of the added
rubsts""" was monitored using either GC. HPLC or FTIR. These relam'e
rate 'echniques ha,'e been lu=..full)' applied '0 the measurement under
condition' of atmospheric pre..ure and temperature of rate constant. for the
degradation by OH radicals of anthropogenic and natural tropospheric
rubstan"". such as alkanes. alkenes, aldehydes, alcohols. aromatics and
chlorinated aromati.. (Atkinson.1 m.. 1979),

Although reaction "ith OH i' considered to be the major degradation
path",a}' lor mO'it substances in the troposphere. owne is an imponam
component of phot<Xhemieal smog and reaction with 0, ean signir.cantly
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comribute to degradation of organic substance" particularly in the case of
complex olefins. The reaction. of 0, are reasonably easy to sludy using
environmemal chambers, The genecal procedure is to mix OZOne and an
excess of Ihe teSt "'bstance in large dilution 01 air or N,. The decrease in
ozone concentralion as a lunction 01 time is then loll"""ed by eilher
measuring the attenualion by ozone absorption of light lransmilled from a
UV mercury lamp or by using a NO-O, chemiluminescence deleClor, The
application 01 an en.ironmental cbamber to the delermination 01 the rate
conStanlS of 0, ,,'il" a "ariel) of olefins and aromati", at I aim can be found
in Iaparer aI., 1974, Pate el aI .. 1976, and Adenijier aI., 1981.

The reponed experimemal values agree reasonabl)' "'ell for Iermin.l
olefins bUI the scatter of ,'alues for inlemall)' double-bonded olefin. is far
beyond Ihe e<timaled experimenlal preci,ion, Thi' "",ncr i. allributed to
secondary ",acrion inlerfe",nce with t"e 0, consumption catc. The
mechanism. 01 these secondary "'actions are not sufficiently "'ell understood
to allow experimemal compen\.lllion fm- such effC<'lS, This mean. that all rale
constanrs for O,-olefin reaction' mu,1 be regarded as upper limil \'alues.
Kineric and mC<'hanislic StudIes a", needed to better characterize the reacti' e
inlermediates formed in O,-olefin ceaClions and in other seconda'}' ceactions
01 O~ Howe>'cr, in thi' field Ihe use 01 the en"ironmental chamber-FTIR
combinalion is allOWing almospheric scientist' to make exc<:lIenl progress.

E>'idence has also ceC<'mly emerged Ihal undec smog condilion. 'he
e1iminalion of 50me aromali", ,uch as pheools and Cl'esols by 1"0, ceaclions
would dominate Iheir degradation hy OH (Carler e, "I., 1991), Caner and
colleagUe< h",'e also 5!J.O"lI Ihal frequently used industrial nitrogen
comaining compounds such as amines and hydrazines, when released 10 Ihe
atmosphe.-e, can be rapidl)' consumed b~ reaClions ""ilh 0, as well as OH
radicals. The alx",e poi~ts demon"rate ho'" incomplete our knowledge of
degradation p,nhways for chemicals released to the troposphere is al the
presem time. These findings also poinl QUI the inhe",m danger in delermining
Ihe atmospheric lifetime of an atmospheric pollulanl based on a singJe
degrad.,lon pathway', for example ,eaction with OH 'adicals, which may not
be dominant under polluted condi,ions

Nevenhe;e"" because of ubiquilouS distribution of the OH radical and its
recogni>;ed importana: ,n atmospheric degradation processes undcr
unpolluted conditions, the intensi"e sludy of the reaerions of OH and olher
armoopheric radicals has been taken a, an initial .tep in describing and
quantifY'ing gas_phase atmospheric degradalion processes.

2.3,2.3 U~"r I.a'llt Rta<:1io<1 V""",.. 1tI Mfthanlstk Studia

A, empha<ized, the fate of many atmospheric chemicals in the gas phase is
governed primarily b)' Iheir reaction with OH and O~ 01-1 Is panicularly
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important in that it i. the maJOr chain CI~r of atmO$phcr>; r<:Ktions and
ck,(rmines thc abili~ of Glher ch(mK:a1s (C.I. 0,) 10 form OiidanlO. 8«a,*
of the imporwIt roll: pla}(d b} OH and 0, in the ckJ"l"btion of a'''''''''JlM'rio:
eMnuc:aIo, mud! cffo:ct has I""" inlO deto:nnininl the m«hanislioe ...,u", of
lheoe reactiom. Reanion dwnbl:n~ ",th GC and ma<o oputn:IIDC:tcr
analytiCII~ hJI' c IIlack r<:marbble progress in Clt(JONulI 1M
'aricon produa. from 1M OH Illd 0, ruetiom ..,m 'carionuo d>emDb,
particularly h}drocarbort$.

\fllCh of !be produa ickntifiCltioa lor O,-oopnicn~ has~ from
\00>' ~n all<bes ......, f~ no.. pbo«oOonKation maa spearolMt(t
t«hnaqun (Atkinoou n III. 197J). TIM: urt>~c~"""" for
-..a1k.-m~ ",al;tiorl$ ....."' t.al oa !be Criegee medIInism (W~

Illd o.ClaDO'ic, 1963 and CmJff and Sd1r6<kr. 1960) in which !be Ulitidl)
f<>rtMd I. 2. J trio'oa.- frqawllu {orilla eatboall axnpowxI and a rUCU>(
"'"'" (Criegee intcrmediale). A primlt} ......,ick of alll c\neriplion has l(1
10 be obKn<"d in !be,.. phase:

[, /1-c-c-
0, + .....c=c...- - I \ _ C-O-O' + c=o...-..... 0.... 0

if'
Howcvcr. thc imerm(diate dio~inne (CH,(O),) has been idenlified in Ihe
low lempernlUre reaclion of 0, ..';th e'hene (Lov;» and Suenram. 1977 and
Martinn.t al .• 1977) and prO\';d<!s con"ncini e"idence for the Ott\lITence of
Ihe Criegee mechani.m, In ord<!r to explain the excited molecular produe,s and
free radical. oh'ierved cxperimenlall)'. O'Neal and Blumstein (1973) and Su
.t ~1. (1980) have suggested Iha'ihe d;radical (CH,(O),) could rearrange by
internal H·.lom lran~er tOiether "-ith some subsequent frngmentalion steps
to produce Ihe excited molecular species. The lenera! oooclusion drtlwn 0\ er
!be )-U11 b)- ,-arious reoearcbc:1111 that the dJOxirane wW rearran.e 10 form
'-ibrationa.Uy excil<"d formioe acid ..-hich thellsubsequentll frqmenlS:

---
CO- H,O
CO, * H;
CO, _ 2H

HCO;H

BlmOIecuIar r<:_ilww ..... COO '~cred 10 be unimportant
Although DO diJeet IDOaitorinl of reann... iatermediltes fOl'1Md til

O.--orpn;c- ruaions has mn made undera~ eoo>dilioal.. twO

.....eardl """P' mine reaction d1ambe. 'FTIR facilities ha,... 1l:ad IOII>C rcalll
~ in de<ecUnJ a __ l1li)01" lfIIISItor,- plod"'" U>. the pi pba:oe
O,-<:lbeot reactioo (So n •.. 1980 aDd r.lki nlll., 1981).
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The.., groups ha"e ~0"1l that as much as 38'" of the CH,O, species
formed in the O,-elhene reaction rna) take part in bimolecular reaction.,
They h",'e also idenlified a new major product. fonnic acid anhydride. and
suggeSt thai it. precursor i. HOCH,OCHO formed by lhe reaclion 01
Ihermally slabilized CH,OO wilh CH,O"

0] + CH, - CH, - CH,O + CH,OO'
CH,OO' _ producu (62"')
CH,OO' +),1 _ CH,OO + 11.1 (38"')
CH,OO + HCHO - HOCH,OCHO
HOCH,OCHO - (CHO),O + H,

There h",'e also been indication< Ihal Ihe preeurso< 10 (CHO)P undergoes
gas 10 aerosol Iransformalion al high concentralions (Niki el a/" 1991)
<uggesting thal il could be a major aorosol precursor. al leaSt in O,-C,H,
reactions,

Anolher inlere'ling de"elopmen, to rome f<om reaction chamber/FIlR
<Iud,es is 'he OO>or\ation of a ne'" inlermediate hydroperoxy_
h)'droxy.melhane (HO,CH,OH) formed in Ihe reaction of HO, <adical.
wilh CH,O radicals (Su.' a/ .. 1979).

HO, + CH,O - HOOCH,O - OOCH,OH
OOCH,OH'" HO, - HOOCH,OH· 0,

The fale of lhis new transient specie•. HO,CHpH. in the photochemical
oxidation of lormaldeh)de is oonsidered '0 be eithe< 'hennal M
pholochemically cataly..,d decompo5i'ioo 10 ultimalely yield HCO,H and
H 20.

HO,CH,OH - H,O - HCO,H

The que.tion as 10 ,,'helher .uch a transient species plays a role in the
almO'lpheric photooxidation of CH,O depends laIlel) On the abilily' of lhc
peroxyradkal O,CHpH 10 build up 10 high enough concentration' to allow il
10 react with HO, andlor NO,

There are se"eral different reaclion ,'e<..,1 melhod< "'ailable for obtaining
mechanistic data for Ihe reactions of OH radi<als "ith organi..,Th.... include
.tal;c sm.1I <eactors where Ihe OH is produced phololy'tic.lI)' b) the <eaction
of O(LD} atoms produced from Ihe photodi<socialion 01 N,Q or 1'>0, w'ith H~
Hp M C,J-I, (Henri and Om. 1976; Oelano\'ic. 1976 and Meagher and
Heicklen. 1976) or by' phololysis of Hp, (Me.gher .nd Heicklen. 1976) and
'he photoly,i, of HO:-':O ;n large rea<\ion vessels (I'>,ki.t a/ _. 1978; eo. n a/_.
1980 and Kerr and Sheppard. 1981), The lauer melhod based on Ihe
irradiation of HO"-'O-NO-organic·air mix lure•. with long path Fourier
rransform infrared spemoscopio or GC analy~s. pfO\'ide. a polentially
"",,-erful 1001 for the elucidation of the mechanisms of OH radical initiated
oxidalion of chemi<al~ under almO'lpheric condition., In recent )'eaN,;t has
been convincingl) demOn't<aled that OH radioall undergo predominanll)
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additiOll reactions ";th C,H,. C,H. and other methyl·substituted olefins
(Herron e, ~I., 1979), The resulling OH.adducII are expected to be
collisionaH)' dcactivatcd in I a,m of air. In the case of olefin. containIng weak
ally~c h~'drogens. such as I-butene, etc.• it has been suggested that
H.absttaCt;On could OCCUr 30'110 of the time (Atkinson er al., 1977). The fate of
the produCt' from OH-addition or abstraCtion reactions ";th chemicals in the
atmosphere is still "eT)' uncenain. Howe"ee. in conjun01ion with computer
modelling of 'mog chamber data. progre.. ha' been made: in the
interpretation of lhe complex secondary processes. occurring after the initial
OH anad, for the simplee alkenes (C,H.. Cli. and 2·C,H,l (Canee et at.,
1979) and for wm.e aromati'" (Atkinson el at.. 1980). There arc se"eral
problems in .he use of smog chamber data for the deri"ation of a specific
cl>c:mical mechani<m for atmospheric oxidation processes. For in5lance. in
t~'pical smog chamber "pcrimenll oxidation processes are initiated hy both
OH and 0, and thus an adequate understanding of bolh OH and O,..organic
reaction mechanisms is requieed, In smog chamber expcriments there ace
also. as )et. undefinable SOUrces and sink. for chain carrielS such as OH and
HO,. Such dfe<:rs are commonl~' rdern:d to as 'chamber effeCts', A
discussiOll of these interferences along ,,;!h the utility and limitalion' of smog
chamber data for computer modelling can be found in a re"iew article b)
Caner eI al, (1979),

2.3.2.4 F.umplf$ 01 Troposphcrk Degr-adaUon by OH RadN::aJs

Considerin8 the importance of the 01,1 radical lhe pre",nt Slate of our
knov.'ledge o\Cr the tropospheric degrad'l\ion me<:hanisms for lhe following
classes of compounds "'th OH radicals will be briel1~ outlined:

(a) alkanes
(b) aiken..
(c) aromaUe<
(d) aldeh)des

A/kana. The major degradaliOll proce.. for alkanes in the lfoposphere i.
their reacliOll with OH. which proceeds "ia H·abmaClion. The initially
formed alkyl radicals will react further with 0,.

R-+O, _ RO,

For lhe lower alkanes the ,ubsequenl "cps can, foe example. be represented
as for C,H.:

C,H,O, + ",0
C,H,O
C,H,O - 0,

- C,H,O -+ "'0,
- CH,+HCHO
- CH,CHO + HO,

The remhing alde:h)de. or kelones are further oxidized or pho.olysed.
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Alkt~. The initial rcaaion of OH \!lith a1kenes is one of addition (A.lkinson
t1 <d., 1979), The reaction~ sub<equent to the OH atlac~ are also roawnably
well understood. A~ in the case of the al~anes, the nut ~tep i~ the addition of
0, forming I peroxy rldical which can sub\.equen!ly react with NO to fonn an
al~oxy radical. This al~o") radical can either decompos.e or fUMher react ..-ith
NO. NO, Or 0, forming nitrates and aldehydes or ~etones, etC, Some of the
possible pathways for lhe terminal addition of OH to i>Topc:ne are 511""'1\
below.

OH -+- CH1-CH=CH: _ CHJ-CH-CHlOH ....!2-
00'
I

CH1-CH-CH:OH

•-
/ I~

CH1<j-CHlOH

ONOl

0, ~

OOCH1OH - OCH1OH -+- '<°l

I0,

HCOOH -+- HOl

The expected major products will be formaldeh)'de or acetaldeh)'de which
will react tunher in the atmosphere, For the alkenes with long ~de chains,
H·atom abstranion ..ill play. competing role and as will unimoltcular
isomeriution of the al~o,y radicals. For the smaller alkenes in the
atmQl;phere. reactions with OH are probabl)' the major pathwa)' of
dtgradation. ho,,'Cver. for highly branched and C)'dic alkenes reanions with
0, alw play an imponant role.

Aromariel'. The chemistry of OH.aromatic reactions is incompletely
understood at present. !ie"eral good reviews are available detailinll the
prOilress in product analyse~ and the prtsen' S,atuS of the mechanis,ic
undemanding (Atkinson el Ill" 1979 and AtkinSOll et Ill., 1980). U,ing
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toluene as an example, the initial reaction of OH can be one of either addition
OT abstraction,

-

-

H,0·6'

[&~Hr
Ob'-iously addition of OH 10 the benzene ring can OC<:tIr at any of the ortlw,

po'o or mem positions forming a variety of OH-aromatic adduct' bm by
analogy with OCP)-alOm reaction' (Gaffney n al.• 1976) allack at the <mho
position is thought 10 be predominant, Under atmo,pheric conditions further
reaction of the'" radical> with O')&en would be expected, "';th the subsequent
formalion of pero,ide radicals. Thus, from the I-I·abstraction at lhe
CH,.,uhstituted group on toluene, benzylaldehyde and benzylnitrate are the
expected products. Benzaldeh)de can further react ",ith OH·radicals in a
manner analogous to the aliphatic aldehyde._

-
(:1--1,0,-

1:6. CH,ONO,

+"- 1:6 -
HO,. 6° -"- 6: HO, _ 6,ONO,

The radical fonned by aHack of OH at the benzene ring is also expected 10
Teacl wilh oxygen.



72 TfSfS TO PREDICT TIlE ENV1ROl'\IEl'TAl 9EHA VIOUR OF CHE.\llCALS

&OH • HO!

&OHC- H+O! (5oH &:H
CH,

,(lHHI H
h

~ 00- ° hI
0·

The peroxy radical can lhen reacl funher ";lh 1"0 10 form alkox) t3dical$
which through ring c!u,'age can lead to the many oxygonated <pecios ro<:endy
obsof"od in aromalie oJtidalion sy'sloms (Darnall ef 01 .• 1979 and Takagi tt al .•
1980).

Alkinson tlol. (1980) found. howe"or. thaI lhe formalion of ,,-dicarbonyls
in 1'0,-o-xylene-"ir .y'slems was inconSiStent wilh the alxwe mechanism and
po>lulated biC)'clic aromatic-OH-O, adduct. as the most reasonable
ahemative. CH,

GOH

V "
00

They envi...ge funhor reaction of the.. eyclized aromalie~OH~O, adducls
"';lh 0,.

The.. products could lhen reael wIth 1':0 10 form an alkoxy radical or a
stable niltale. A sories of highly fa,'ourable .B-s<:ission fragmentations of lhe
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~"dk pcroJ<)' alkOX} radicals oouJd lead 10 lhe formation of ..~rbonyl
pmdum. nu' fUClioa med>aJu<.m is JU&hly lopeCUlam'e aDd has OlIIy b«n
audet} oulliMd. Obriously a greal deal more work is~ ,n orde' 10
llftde...WId <he dcWled cbemistry of well comple~ "'Sltms.

A~Jda, Y, nh Ille nceptior> of formaldch)'dc• ..-tlK:h is abo an IrI1ponatll

product fJoln llle phoco-oxi<btion of ""'l!WM: in <he allDOSphtrt. aldeh'*,
art imPO'UJII~ producl:<I from <he phorodoolf2dation of orpnio: air
poIl"l2Jl~ TIM: aldch)*' reX1 ...~<h OH In a mam>e'~ 10 <hal of lhe
I1kano. FormaIdch)de. fa, eumple. )lcids the HeO radial 1'l'1loch .::an
further 'UCi ..... th 0, 10 form HO,.

HCHO + OH - H,O + HCO
HCOTO, _ HO,+CO

Acelaldeh}'de ,nels "';th OH to form CH,CO which reacls fU'lhe, wilh 0,
10 fonn lhe acet}'l pero~l radical,

CH,CHO + OH - ClhCO + H;Q

I~
~O

CH,C....
0-0

Thil; ndJc;al on <he pus.et>Cl' of "'0, ..ado 10 <he formal_ of
pC~'acefj11l1lTa'c (pA;';). ODe of <he more nocorious c:omponenlS of smos

CH,qOr-o---o- • :-00, = CH,qO)---o-o-:-oO,

Similar reaaioa polih""ys are upected for h;per aldeh}*,. AllhouJII<he
quantum )itllh for pbotodiw>ciation for most aldcb)de:s and kctonn in Ill. at
I a,m are noc ......n k""".". em. n til, (1981) h'''t demons'rated 'ha' dtrtCl
photol)l'S can be one of ,he oo"ulIOOnl loss pr<:oce>SCS.- !.:liln, an assumed
q ....nlUm )1Cld of I for ph<»odISSOC1a"on, the) demooslT1ued ,ha, for lilrnple
aldch)o.k>. OH reaclion and 1'110101)"1'. oc:cu, at app.arently comparable ,at."
Il should be ltresscd. ho"..e"". ,hat recent .e.uh! of CH,CHO ph010lysis
indicale a quanlum yield of onl}' 0,21 (Wn"er <I al.. 1976). Such a low
quamum }',eld wauld significanlly inan'" Ih. importance of lhe
OH - aidehy'de ruCiion, Much more experimental "'ark is oI,...;ousl)' n~ded
on Ihe phOlOI)'lil$ nUes of <imple aidehy'des and ke'ones in ,he atmosphere
before lhe Importa~ of lhe major degradllion pol,h"">,, can be quamified
,,-;\h certainly,

Degrada'ion medlanis3m hI" b«n published for other VO"P1 of
c:ompoun<h ,odu<!Jn, alcohols. OIla"'C .ads. suJphur c:onwnin, compoun<h.
and amines (see Alkiroon n ilL 1979 and merenc:es the~inl,
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Z..J.J APPRAISAL OF LABORATORY GAS PHASE TEC",,"I1QUES

OH radicals are presently con'idered 10 be the most reacti"e species ,n
inihating the ~truction of organ;'; chemicals in the atmosphere.
Correspondingly, the ,""ersc of the product (OH rcacrion rate
constant) x (average atmosphcric OH COnccntration) for a certain compound
X should be a rough mcao;ure (at leaS! an approxima~ upper limit) for the
atmospheric lifetime (r) of compound X.

, - (k(X -+ OH --- producl5) x [OH)"

For selected molecules. the atmospheric lifetimes are reponed in Table 2.3.3.
Sintt lypicalrransport umes in the troposphere are of the order of I year

(Junge, 1978). chemical, With an OH lifetime exceeding thi, period would be
expected to be fairly homogeneously di<1ribute<l throughout the rroposphere.
Field measurements for 1',0. CH.. H" and ""me freo... confirm this
obsef"ation. Thi' long hfetime will allow migralion of these suMranceS into

T~bk 1.1.1 Tropospheric Ilf<times «) "ilh ...pocI lO OH roa<tion, assumi•• an
a"eros. OH ooncrntrat;on 10' Tl>Okcuk> <JD~'

, ,
Molecul. (yea,,) Referetlcc Molecule (dors) Reference

~,O "" , C,HCl, ,.• ,
CF,Cl, '"

,
l,l.~·trimethyl·

~=, " ,
CHF,Cl H , H,' " ,
H, ... , ey<lohexon' ,. ,
CH. " , C,H,

"
,

CH ,Ccl, "
, dielh)'k1.1>er U ,

CH,a; ,.. , dielh)'lthioelher U ,
HCN "

, CH,O 0.' ,
CH,Cl 0.' , prop',", 0." ,
0, o. , phenol 0.41 ,
pero'lacclyl· ~,- 0.• ,
mtrate (PAN) 0.19 , ~-pinene 0.21 ,
HNO, O.U , (CH,),NH 0.18 ,
CO O.ll , 1.3·huladi.l1< O.l~

,
C,H, 0.12 , c)'doh<Jlen. O.l~

,
HCOOH O~

,
anmn. O~

,
CH,OH 0.030 ,_.

0.0:27 ,._. 0.027 ,
<thylac<tOl. 0.017 ,
n-e,H .. 0.01l ,
Vol>. ..otI" 1911; t1o.l'kh .. ..I.. 1'IiO (I); A,kin"", .. oi.• 1m> (l); Hompwa ond Gonia. 1973()~
Woltnn ..... Zeu><h. 19l!1 (41' fnt< .. ..I.• 191I(S)
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lhe SlTalosphue, and in lhe.., =s, the possible chemical implication. for the
wone la)'er mu.t be considered. On lhe other hand, chemical. wilh OH
lifetime. of the order of I da)' Or e>'en ,horter "'ill show large local
con.:enrralion duiation' and are nol expected lo reach lhe slralosphere

Of course, lhe possible COntribullon. of other initial degradation proe<:SSC'
(phOlOl~'Si<, ",acllon wilh 0, 0,) or non-degradation I"", (wa,h-oUl, rain-oul,
dry depo,ition) ha>'e to be considered. With re.pectlO lhe long-lived ,pecies,
additional loss processes .uch as the dcslruction on act;"e 'ite' on lhe earth
,urface a", of special imporUlnce

Ha"ing eSlabli$hed the rate for lhe initial degradation slep of a chemIcal, a
number of inlermediale, ""hich may be harmful ha>e lo be considered, To
account for lhe.., compounds, the complete degradation oequen"" of the
chemical must be kno"'n, In many ca... this situ.tion i' far from being
",aliud, but encouragement can be taken from the fact that the general
chemi.try of the .tratosphere is now conside"'d to be fairly well undemood.
Acceptable agreement h' been achie"ed betw~n field measurement. and
model calculation. booed on daUl from I.OOra,o,) experiments, The chemistry
of the troposphere i. con,iderabll more complex, but through the uSC of large
'en'ironmenta!' reaction chambers good progress has been made in rec.ent
l'ears "'ith respect to the elucidation of the general oxidation mechani.m"
The preoent .tate of the art mal be illustrated by the discussion ofintemional
releaoe of cenain chemical' to the atm<>spIlere as smog inhibitors. In 1974.
Heicklen (Jayanty or aI., 1974) proposed the uoe of dierh)lhydrOlcylamine
(DEHA) for ,hi. purpose, and .ubscquentl)' he "igorously pursued
permi"ion, from local aUlhoritieS for field lest•. In the meantime. medical
tests have been performeJ on DEHA with re.pect to ils toxicologic,
carcinogenic and mutagenic effects, Rale con'tant, ha"e been determined for
,he reaction' of DEHA with radical. (OH, 0, HO,) and .mog chamber
experiments ha.e ll«n performed on the overall effects of DEHA On smog
formation in simulated atmospheres. Howe"er, neither the medical nor the
ph}'Sico-chemicaltem have prompted definitive conclusions as 10 whether the
releaoe of DEHA to the polluled atmosphere i. mOre beneficial than harmful
(Maugh Il, 1976; Heicklen, 1981a, b; Cupin, 1981). This un""rtainty is due
to rhe unknown influen"". of weather conditio..., the imeractions bet""een
different degradation mechanisms in heavily polluted air, the contributions of
helerogeneou. reactions, etc.

2.3'" CO:"iCUJSIO:"iS

Mechanistic and quam;tat;,'e .tudies of 011 rad;cal ceactions with organic
chemicals are an imponant inilial step in understanding the gas-phaoe
degradatiOn of these compound.;n the atmosphere. En"ironmental chamber
techniques can simulate oomplu reaction processes al atmospheric pressure
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and have been useful in de"eloping relali,·. roaction ral. data and in
id.ntifying important r.act;on intermediate., Ho.....,'·.r. because presenl
knowledge of degradalion pathways is incomplete. eSlimales of almosph.ric
lifetime based only on a single rcaclion palbwa~ (OH radical reactions) aro
inh.r.ntJ}' uncenain. This ...·ould be pani""larl}' lru. of pnx:csse> in poIlul.d
air....·h.r. Ib.re remai... a good deal of uncenainty as to the int.ract;on.
among diff.r.nt d.gradlliion m.chanisms. Funh.r .lucidation of th.se
inleractions will be essenliallo lh. pr.diclion of quantitali'" lransformalions
of organic su~tances in th. pollut.d almospher.,
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