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Abstract

New results concerning the kinetics and the atmospheric fate of small alkoxy radicals (ethoxy, 1-propoxy, 2-propoxy, P-nutimsy;,
and 3-pentoxy) are reviewed here. The three main reactions of atmospheric relevance are considered to be: the bimolecular reaction with
O3, the unimolecular isomerization, and the unimolecular decomposition. Concerning the latter, significant advances have been achieved
thanks to the combination of direct time resolved techniques and theoretical (ab initio and statistical) calculations. Based on a reasonable
accord between theory and experiment, a few simple structure activity relationships (SAR), proposed recently by different authors, are
compared and should allow a reliable prediction of the unimolecular decomposition rate constant of many alkoxys. On the other hand, new
measurements concerning the reaction of a few alkoxys witto@firm that the generic value b, = (8-£2) x 10-*°cm?® molecule ! s~2
at 298 K is indeed applicable for all alkoxy radicals. Concerning the unimolecular isomerization, all recent experimental data (from indirect
experiments) confirm the order of magnitude estimates proposed by Atkinson [Int. J. Chem. Kinet. 29 (1997) 99] for the isomerization
rate constants but only direct absolute measurements, still lacking, will allow a reliable SAR to be developed.
© 2003 Published by Elsevier Science B.V.
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1. Introduction for variable yields of decomposition products according to
the source reaction; this suggestion has been substantiated
As clearly pointed out by Atkinson et 4lL,2] in two crit- by a series of experimental and theoretical stufiieg].

ical reviews, alkoxy radicals are important intermediates in  In contrast to peroxy radicals, the fate of most alkoxy rad-
the chemical mechanism of tropospheric oxidation of many icals needs further investigations, except for the few small
classes of VOC. A few data relevant to alkoxy radicals (reac- ones like methoxy (CkD), ethoxy (GHsO), 1-propoxy and
tions with & and NO) can also be found in IUPAQG] and 2-propoxy (GH7O) and 1-butoxy (gHgO), for which the
NASA [4] evaluations (the next update of IUPAG] will dominant sink reaction in the atmosphere—near 298K and
also include recommendations for decomposition and (or) over 1000 mbar of air—(reaction withOexcept isomer-
isomerization of butoxy radicals). In the atmosphere, they ization for 1-butoxy) is well established.

are formed either by the reaction of small peroxy radicals  In atmospheric conditions three different competing reac-
with NO: RO; + NO — RO+ NO; (at high NQ. levels) or  tions have to be considered:

by the self reaction of peroxy radicals: 2 RS> 2 RO+ O, _ » o

(at low NO, levels). These two main formation channels 1. Channeél a: Unimolecular decomposition, yielding an
are rather well characterized (rate constants and product 2&/kyl radical and a carbonyl. The rate constant of this

yields) for a number of small peroxy radic##s6]. In recent reaction is.denoted_ bl _
years, the formation of nascent excited (“energized”) alkoxy 2- Channel b: Isomerization by intramolecular H atom
radicals—initially proposed by Wallington et §7]—in the transfer (only effective for. alkoxys having qt least four
exothermic reaction RO+ NO — RO* +NO,, permitting a carbons). The corresponding rate constant is denoted by
prompt decomposition of RQhas been invoked to account Kisom: . ) o
3. Channel c¢: Reaction with Q, yielding a carbonyl

* Tel.: +33-3-20-43-4485; fax:+33-3-20-43-6977. molecule (aldehyde or ketone) and an fH@dical. The

E-mail address: pascal.devolder@univ-lillel.fr (P. Devolder). rate constant of this reaction is denotedigy.
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The distribution of oxidized products depends on the rel- 2. Unimolecular decomposition of alkoxy radicals
ative importance of the available alkoxy radical sink reac-
tions (a, b or c¢); this in turn may influence the propensity of  The six following unimolecular decomposition reactions
the parent organic compound to generate ozone. (R1), ..., (R6) will be considered. Where more than one
Regarding the decomposition (channel a), the absolutedecomposition pathway is possible, only the fastest decom-
rate constanky had been derived for a few radicals by indi- position channel, which happens to be the dominant one for
rect or relative experimental methods—mostly above room the six radicals (as predicted by theory at 298K and 1 bar
temperature—providing, for example, the values of the ra- or known from product analysis) is considered:
tioskg/kno (kno is the bimolecular rate constant for reaction

oM
of the relevant alkoxy with NO) okq/ko,. Only recently ~ CHsCH0°—CHz + HCH(O)  (ethoxy (R1)
those rate constantgy) have been measured directly over M

large temperature and pressure rangsion 2.3. CH3CH2CH0° = CoHs + HCH(O) - (1-propoxy  (R2)

As for the channel b, various recent experiments have
confirmed, on the basis of product analysis, the occurrence
of fast alkoxy isomerizations already at room temperature
[9-15], confirming earlier measurements of Carter eftla], C2H5CHOOCH3M> + CoHs 4+ CH3CH(O)  (2-butoxy)
Niki et al. [17] and Cox et al[18]. (R4)

Concerning channel c, it is agreed that the rate constant
for the reaction of.alkoxy radicals withhould be rather (CHas)3 CO°M>(CH3)2 C(O) + CHs (1-butoxy) (R5)
small. The generic value ofo, 208k = 8 x 10~ cm?
molecule 1 s1, based on the data for ethoxy and 2-propoxy, Vv
was often the basis for estimates lgf or kisom from the (C2H5)2CHO’ = CoHsCH(O) + CoHs - (3-pentoxy
measured ratios/ ko, [1,2]. (R6)

However, in spite of various but dispersed data, an unified . Lo .
and coherent model for predicting the rate constigter The hl_gh and low pressure !|m|t|ng values as well as thglr
kisom Was clearly lacking. This probably explains the wealth va}lue in tropospherlc conditions (298 K, 1000 mbar of air)
of investigations related to alkoxys in the recent period. In Will &, respectively, denotekl;o, kd.co andg,am-
particular, significant advances have been made concerning2 1. Earlier determinations of k;
the unimolecular decomposition thanks to the combination ="~
of absolute time resolved techniques (direct measurement of o .
kq) and theoretical methods (quantum ab initio and statisti- _ Béfore the 1980s, a few indirect experimental data rela-
cal calculations). Also, part of the previous contradictions (V€ t0 decomposition were available from detailed system-
in literature were probably linked with the fact that both the &tiC product studies performed mainly by Bidi#], Heicklen
decomposition and the isomerization are unimolecular reac-[20l: and Waddington and co-workef81]. From variable
tions and thus may be pressure and bath gas-dependent. temperature product analysis of the thermolysis (or photol-

This review is organized as follows: ysis) of aIkyInitrites(RONOi RO+ NO), they were able to
derive the Arrhenius parameters of the ra#Qs/ ko, for a
few alkoxy radicals (from gto Cs); nevertheless, pressure
effects (fall-off behavior) could not be properly accounted
for in detail in these complex systems (also, both RONO and
RO might exhibit fall-off behavior). The data of B4tt9],
accepted in the reviews of Atkinson et@l,2] and Heicklen
[20], were also in overall agreement with early theoretical
estimations (with empirical Benson thermochemical rules)
of Choo and Bensof22] and Baldwin et al[23]; two sets
of these earlier data are gatheredrable 1

(CH3)2CHO" X CH3 + CHsCH(O) (2-ropoxy  (R3)

¢ In the first part Section 2, the recent advances concern-
ing the unimolecular decomposition of a few alkoxys will
be presented, resulting from both experimental and theo-
retical efforts.

¢ In the second partSection 3, the data concerning the
isomerization (indirect experiments and theoretical calcu-
lations), will be reviewed.

e In the third part Section 3, all recently published abso-
lute measurements of the rate constants wigh & im-
portant sink for many alkoxys, will be reviewed. This is
an interesting parameter for two reasons: (i) the rate con-
stant for ethoxy at 298K is often taken as the reference
for all alkoxys and it is worth checking this assumption;
(ii) the low pre-exponential factor fdip, points to a com-
plex reaction mechanism (i.e. not a simple abstraction).

2.2. Indirect or relative determinations of k; at room
temperature

Initial measurements concerning the decomposition of
2-butoxy at 298 K, relative to its reaction wittpChave been
This manuscript deals with alkoxy radicals containing up performed by Cox et a[18], Carter et al[24] and Atkinson
to five carbons for which (i) sufficient experimental data are et al. [2] using GC techniques. Using the FTIR technique
available and (ii) sophisticated theoretical treatments from in a photoreactor, Zabel and co-workg$—28] and Car-
different groups have appeared recently in the literature. lier and co-worker$29,30] have also recently measured the
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Table 1 The results of these relative or indirect determinations
Comparison of various estimations for the Arrhenius parameters of the 3round room temperature are gathered Tmble 2 for
decomposition rate constant of five alkoxy radicals (high pressure limits) 2-butoxy, an average value (kfj,atm/koz — 28 x 108

Estimation (thermochemical Review [1] molecule cn? (at 298+ 4 K) is obtained, which translates

rules) [22] into a value ofkq atm = 2.2 x 10*s~* at room temperature,

Ad,c Bdoo Ad, 00 Ed.oo which is larger, as expected, than the absolute value deter-
Ethoxy ax 103 836 2% 104 845 mined by Hein et al[31] at 50 mbar: (H+ 2) x 10°s~ L.
1-Propoxy  5x 1013 65.2 - - The data for 1-propoxy and 2-propoxy are scattered but
2-Propoxy  6.3x 1213 70.2 4x 101: 73.6 in overall agreement with theoretical predictio@lfle 4
f_g:g)‘:;y i;xloll ot 22-4 gi £4 2?:? central columns) indicating that the valueskafam are in

the range 18-10°s~1.

On the other hand, these relative or absolute data suggest,
in agreement with recent statistical calculatid@g], that
ratios: decomposition or isomerization products/products of even for 3-pentoxy radicals, the rate constagtare not yet
reaction with @ versus the mole fraction of£n air; USing close to their h|gh pressure limits at 1 bar.

a generic value foko, at 298 K, all these authors determined

the value ofky at 298 K and atmospheric pressure; concern- 2 3. Absolute time resolved determinations of k; at

ing the variation ofky aim with T, Zabel and co-workers  variablep and T

[28] very recently published a few measurements concern-

ing 2-butoxy in a small range of temperatures. For alkoxys including three carbons or less, indications

Also in the recent period, Zellner and co-workgg$—33] from a few early experimentd9,21] suggested thaty is
have used a different approach: they monitored the time clearly in the fall-off range at atmospheric pressure. On the
resolved kinetics of both OH and NG@n laser pulse initiated  other hand, it is already well established from product yield
oxidation of alkanes in NQair/alkane mixtures (at 298K);  analysis that the reaction with,Qs the dominant pathway
from a modeling of the OH and NOconcentration/time  for these small radicals in atmospheric conditions. As a con-
profiles, sensitivity analysis and statistical calculations, (for sequence, an accurate determinatiorkp¥ersus pressure
extrapolation at 1 bar), they were able to derive the absoluteand temperature is not of strict atmospheric relevance for

value forky at room temperature. these small alkoxys.
Table 2
Results of indirect determinations of a few alkoxy decomposition rate constants
kd,atm/ ko, (molecule cntd) T (K) kd.atm (room temperature) () Reference
2-Butoxy (2.6+ 0.35) x 10'® 296 (3.9x 10') exp(=47.1 kJ mot/RT)? [18]
3.15x 10'8 - [24]
(3+ 0.6) x 10'8 298 [25]
(2.3+ 0.5) x 10'8 298.2 [28]
(2.9 + 0.3) x 10'8 - [30]
Averaged data 2.& 108 2.2 x 10%
293 3.5+ 2) x 10° (at 50 mbar [31]
3-Pentoxy 293 (5t 2.5) x 10% (at 50 mban
293 3.3x 10* (at 1000 mbaf [33]
(3.6 + 0.6) x 108 298 2.9x 10 [26]
(3.8+ 0.7) x 10'8 - 3 x 10 [30]
3.3x 10 296 2.6x 10 [2]
Averaged data 3 x 10%
i-Butoxy(2-methyl 1-propoxy) (6.2 1.2) x 108 298 [26]
(4 + 0.6) x 108 - [30]
Averaged data 4 x 10%
1-Propoxy (3.8 0.41) x 106 - 300 [30]
2-Propoxy (2.94 0.3) x 106 - 230 [30]
Ethoxy - 0.8 [29]

kd,atm at the specified temperature or at room temperature (—) and (unless indicated) in 1 bar of air. The samekyglue8ok 1015 ¢cm? molecule’®
s~ 1 is adopted for all alkoxys to deriviey atm from relative measurements.

2Variable temperature experiments (280-313K) at 1 bar.

b Average of data at room temperature and 1 bar.

CIndirect absolute values (extrapolation from a fit of a complex mechanism) from time resolved experiments.
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However, the main interest of a systematic experimental initio and statistical calculations with almost no empirical
determination ofky over wide range of pressure and tem- or adjusted parameters.
perature (and thus deriving an accurate construction of the
whole fall-off curve) is to compare the experimentally de- 2.4. Theoretical (quantum chemistry) determinations of
rived results with computed values obtained by different the- k; at variable temperature and pressure
oretical methods and in this way to find the “best” adapted
theory. This procedure is an essential step to elaborate and In recent years, many quantum chemistry based cal-
validate structure activity relationships (SAR) applicable to culations of the various parameters needed to completely
every alkoxy. To fill this gap, Devolder and co-workers have calculate the fall-off curves of many simple alkoxy de-
determined the complete fall-off curves for decomposition compositions have appearg¢d4,38—-41] Eqk (barrier at
of three representative radicals: ethdg2$], 2-propoxy[36] 0K), enthalpies of reaction, limiting low and high pres-
andt-butoxy[37] using the following procedures: sure rate constants (pre-exponential factor, activation en-
L . ergies), broadening factor, etc. Since all decomposition
e The decay kinetics of the alkoxy radicals have been fol- reactions (R1)—(R6) have significant barries ¢: at least

lowed by time .resol\./ed L”.: using two absolut_e °°”.‘p'e' 50 kJmot1), and since the corresponding transition states
mentary techniques: the discharge flow technique (in the : .

are tight, their structural parameters can be accurately
mbar bath gas pressure range) and the pulsed IaserphOtOI(-:haracterized by high level ab initio techniques. This in
ysis technique (from~0.13 to 50 bar). For each radical, y hig ques.

! turn provides a sound basis for subsequent statistical cal-
the temperature range of the experiments (always above

298 K) was chosen to obtain decay rates well adapted toCUIatlonS ("standard” RRKM or master equation based.).
. As a consequence and not unexpected, various theoretical
the selected technique.

e The analysis of the fall-off curves have been performed groups derived very close set of parameters, for example,

combining the Troe fitting procedure with ab initio and for the value ofEq o (actlv_anon energy In the limiting h|gh_
statistical (RRKM) calculations. pressure range), even using rather different methodologies.

However, in this review, we have chosen to restrict the
Final results from analysis of these fall-off curves are comparison of experiment to theory to those groups having
gathered inTable 3which includes the values of the Troe performed systematic calculations on a complete set of re-
parameters: (i) low pressure limiting rate constkgg (in actions (R1)—(R5): (i) Caralp and co-workd@8,42] (ii)
helium bath gas); (ii) high pressure limiting rate constant Somnitz and Zellnef34,39], and (iii) the group of Viskolcz
kd..o and (iii) broadening factoF. and, from the latter pa-  and co-workerg37,40] Their results are gathered in the
rameters, the derived value kf in atmospheric conditions  columns subtitled “theory” oTable 4together with the data
(298K, 1 bar of air). Measurements using the discharge flow from Atkinson et al[1,2] and, where available, a few recent
technique (low pressure range) have only been performed forexperimental determinations.
reaction (R1)35]. As a consequence, the limiting low pres- For each alkoxy decomposition, three parameters have
sure rate constantkqp) are more reliable for this alkoxy; in  been retained for a comparison of experimental data with
contrast, examination of the fall-off curves has given confi- results from various ab initio calculationgy o, Ed..c and
dence that the measurements at the highest pressures (a fewy atm; for such a comparison, the two former ones (limiting
tens of bars) allow a small extrapolation to derive accurately high pressure values) have been preferred to the correspond-
the limiting high pressure valueg.). The knowledge of  ing ones in standard conditions (298 K, 1 bar of air) because
these latter parameterd{ ., and Eq o) represents an ex- there is no need to take into account the bath gas colli-
cellent benchmark for a meaningful comparison with theory sion efficiency; in contrast, for the decomposition rate con-
since Eg. .o and Ay are direct outcomes of combined ab  stantky aim, we have reported in the tables, the experimental

Table 3
Results of direct absolute measurementkgpffall-off parametersky.o andky.«o, Ed.0 andEg ) for three alkoxys

ka0 kd,oo(s71) Fe keam(s™Y)  Reference

Ago/[He] cm® molecule? 1 Ego (kI molY)  Ageo (1) Edoo (kI moll)

Ethoxy 33x 1078 58.5 1.1x 10  70.3 0.76— T/2060 5 [35]2
1 x 10 78.2 [37]°
2-Propoxy  1x 1078 43.8 1.2x 10  63.7 0.89— T/935 400 [36,58F
1 x 104 63.1 [37]°
t-Butoxy 1.5x 1078 38.5 1x 104 60.5 0.87— T/870 2500 [371°

Troe formula: logka/kso) = log(¥/(1 + x)) + logFc/[1+(logx/(0.75 — (1.27 x logF¢)))?] with x = kq,0/Kd, o
aBest experimental set of parameters.
bldem but withAq « fixed at 134s1,
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Decomposition of ethoxy, 1-propoxy and 2-propoxy, 2-butoxy &bdtoxy

141

Reevaluation  Theory (ab initio and statistical calculations) Experiments
of Batt data
[19] in [1,2] [34,39] [38P [37] [60]
Ethoxy
Adoo (571 2 x 10 29x 1018 8 x 108 104 3.2 x 1018 (1-2) x 1013 [35]
Edoo (kJmolY)  84.4 75 75.7 75.6 79 72 2 [35]
kd.atm (S71) 0.3 1.5 3.2 6 §35]
1-Propoxy
Ad.co 42x 108  1.06x 10 1.3 x 10"
Ed.c0 63.6 66.3 67.6
kd.atm 2.4 x 10 45 x 10° 1.9 x 107
2-Propoxy
Ad.o 4 x 10t 71x 108  1.85x 10% 1 x 10" 4.4 x 102 1.2 x 10 [36]
Ed.c0 73.6 63.7 68.8 66.5 63.5 63[36]
Kd,atm 49 35x 1% 2.2 x 10? 2.2 x 10? ~400 [36]
2-Butoxy
Ad.co 2 x 10* 45x 1018 1 x 10" 1.6 x 10 (5 + 4) x 10" [56]
Ed.c0 59.8 51.8 54.8 63.1 41.56]
Kd,atm 6.5 x 10° 2.7 x 10* 1.6 x 10° 1.4 x 10° 0.35-2.4x 10* [25,31] 2 x 10* [56]
t-Butoxy
Ad.co 6 x 10* 2.7 x 104 1 x 10" 1 x 10 [37] 1.4 x 1013 [59]
Ed.co 67.8 63.7 61.2 60.537] 57 [59]
Kd. atm 790 1.2x 10° 1.9 x 10° 2.5 x 10° [37] 565 [59]

Comparison of the Arrhenius parameters (high pressure limits) akd @f (estimated, experimental or theoretical da#)oo and kg am in S Ed.00

in kJmol1; in the right columns, the experimental data are referred to their specific reference.

2 Average of BAC-MP4 and DFT results.

values (where computed by the quoted authors, either from2.5. Sructure activity relationships for alkoxy
indirect measurements or from extrapolated absolute mea-decompositions
surements) together with the theoretical ones.

Comparing the various ab initio derived values&yf
(Table 9, it is rewarding to notice that all recent experi-

In view of its obvious practical interest, it is highly de-

sirable to rely upon a simple structure activity relationship

mental data are well reproduced by most different theoreti- between the alkoxy structure and its Arrhenius decomposi-

cal methodologies; also, these energy barriés(, at the
center of the lines) are between 6 and 10 kJThdelow
previous recommendations (left columns). Even if the cor-

tion parameters: high pressure limitBy(-c and Ag,o0) OF
values at 1 bar of MNor air.
In his latest review, Atkinsoiil] has proposed the fol-

responding pre-exponential factors are usually also belowlowing SAR, considered to be accuratedst kJ mol:

those recommended by Atkinson, these changes translate _
Eg (cosidered close tB )

into rate constants in atmospheric conditiokga¢m) which
are one or two orders of magnitude larger than previously

estimated. As already explained above, this increase has no

atmospheric implication for reactions (R1)—(R5) considered
in Table 4since the reaction with £ assumed to have a
pseudo-first-order rate ot 4 x 10*s™1 (in 1 bar of air at
298K), remains by far the dominant sink in lower tropo-

sphere.

Nevertheless, the remarkable agreement between accu
rate experimental data and various theoretical predictions
gives confidence to any structure activity relationship (for
prediction of ky atrm) based only on theoretical (ab initio
and statistical) grounds as far as it has been validated for
a few structurally different species. Obviously, it would be
interesting to perform such a similar thorough comparison
experiment/theory for a series of other types of alkoxys:

B-hydroxyalkoxys, halogenated alkoxys, etc.

— (10.0IP(eV) — 33.9) + 1.50AH

(al)

where IP is the ionization potential of the leaving alkyl group
(in eV) andA H (kJmol1) the reaction enthalpy of the de-
composition reaction; the latter enthalpy was deduced from
measured or estimated (with Benson rules) enthalpies of for-

mation of the alkoxy radical and of its decomposition prod-

Eq =585+ 2.05AH

ucts. Except for ethoxy (which is apparently a specific case),
the SAR (al) fitted nicely existing data (but disagrees with
recent determinations). After a detailed study focussed on
a specific class of alkoxy radicals (ROGR) R, radicals),
Aschmann and Atkinsof43] have revised the SAR (al) for
the particular case corresponding to the methyl radical as
the alkyl leaving group; their improved SAR (for all alkoxy
radicals leaving a —Cflgroup) (a2) is as follows:

(a2)
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Table 5
Comparison of the predictions of a few recent different structure activity relationships (SAR)
Reevaluation of Batt datfl9] in [1] Theory SAR[34] SAR (b) [38] SAR (d) [38]
[37] [39]

Ethoxy 84.5 75.6 75 735 75.4 76.9
1-Propoxy - 67.6 63.6 61 65.6 58.9
2-Propoxy 73.6 66.5 63.7 61 68.1 68.1
2-Butoxy 59.9 63.1 51.8 51 50.2 50.2
t-Butoxy 67.7 61.2 61 61.9 59.3

Values of high pressure limiting barriers for decomposition at 298K (in kJ®oln columns 3, 6 and 7 the pre-exponential factdgs,, are close to
10%s72,

(instead of (al)Ey = 64.8 4+ 1.50AH) To reproduce re-  supports the suggestion of Fittschen et[al] to adopt a
cent data, a few groups have proposed new SFabdle 3; generic value loglq am = 14 for all alkoxys (of course,
Méreau et al[38] have developed SAR based on ab initio the barriers computed ii837] are systematically larger than
and DFT calculations (of and A;H) which support the  those of[39]).

basic principle of SAR (a); they propose the two following And finally, another simple SAR has also been proposed
SAR (b) and (c), from DFT or BAC-MP4 based calculations, by Méreau et al[38]:

respectively, Eq oo (kIMOFY) = 10451P + 8.8y — 435 (d)

Ed.oo (kImolY) = 7.5IP — 1824+1.42A;H (DFT) (b) ,
whereny is the number of hydrogen atoms on the carbon

Eq oo (kI morl) =75IP— 125+ 146 AH atom bearing the reactive center C—(&.g.ny = 1 for

(BAC-MP4) © _2-butoxy); the predictions of this last SAR are also presented
in Table 5(last column).

Their SAR (b) (column 6 offable § is in reasonable agree- All the above SAR concernin@y.., are claimed to be

ment with recent experimental data fBg -, (where avail- accurate at=4 kJ mol®; on the other hand, the associated

able: right columns oTable 4for reactions (R3) and (R5));  pre-exponential factors are in the rangé3® a few 164;

it is worth emphasizing that almost the same coefficient mul- altogether, in the worst case, this translates into a variation of

tiplying Ar H is derived for SAR (a), (b) and (c), which isa rate constant o&50 at room temperature. For atmospheric

hint that the transition states barriers are indeed highly cor- purposes, this uncertainty is acceptable for alkoxys exhibit-

related with reaction enthalpies. ing an overwhelming sink reaction channel but not where
However, these Evans—Polanyi tyfss. (a)—(c)have a competition between two channels is anticipated. Also,
been criticized by Somnitz and Zelln¢4,39] for both taking into account the well established weak temperature

practical (uncertainties ak; H) and more fundamental rea- dependence dfo,, in contrast with the strong temperature
sons (the presence of multiple reaction channels for mostdependence dfy, a valid conclusion at ground level might
alkoxys should affect the fastest canonical rate constant).be in error in the upper troposphere at lower pressure and
After a detailed discussion and noting that the reactive cen-temperature.

ter C-O only “sees” adjacent neighbors, these autliddd Inspection ofTable 5shows that there is satisfying agree-
propose values of threshold barrieE ) depending only ment between all recent theoretically predicted values of
on the structure of resulting molecular fragments (products). Eq ~, either directly based on ab initio and statistical cal-
They suggest the existence of only three different values, culations or derived from SAR. The high value Bf », =
depending only on the number of carbon atoms of each of 63.1 kJmol* predicted for 2-butoxy if37] is probably in

the two fragments (at right sides of (R1)—-(R6)). Translated error. Most values foEq « in the columns 2—6 are within

into activation energies they obtain: (i) for two; Grag- +2kJImol1, which corresponds to less than a factor of 5

ments: Eq _atm = 73.6 kJ mot1, (ii) for one G fragment, on the rate constant in atmospheric conditions. This is prob-
one >C, fragment: Eq atm = 61.0kJmof?, (iii) for two ably well enough for most modeling purposes both in the
>C, fragments:Eqg atm = 51.0kJ molt® (for a convenient atmosphere or in photoreactors.

comparison with other authors, the valuegpk from [34] To conclude, on the basis of these many various data,
have been reported in the fourth columnT&ble 5 [39] we recommend the following Arrhenius parameters for

shows that, according to the radical, the valueE@fm decomposition of small alkoxys in the troposphere:

are between —1.7 and 1.2 kJmblof Egk). This very sim- kd.atm(S™1) = 5 x 10'3exp(—E4/RT), with the following

ple SAR does not require any thermochemical data and iSEa (in kJmol? at £3kJmol?): 75kIJmot? (ethoxy),

in excellent agreement with experimental data; the authors65kJmot? (1-propoxy and 2-propoxy), 51kJmdi

also remark that all their theoretical values of Mgam (2-butoxy), 61 t-butoxy). For simplicity, fall-off effects have
are in the range 13-13.3; in its principle, this latter result been purposely neglected in the latter recommendations,
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which are thus only appropriate at (or near) 1bar of air; and 2-pentoxy (transfer of a primary H) and for 1-pentoxy
it is worth recalling that Somnitz and Zelln¢B9] have (transfer of a secondary H). To our knowledge, there is no
performed systematic calculations of the complete fall-off direct absolute measurementi@fm and very few data out-
curves for reactions (R1)—(R6) between 220 and 300K; side room temperaturd 3].

from their figures and tables we note that, at 300K, the re- Atkinson et al.[1,2] has proposed simple empirical for-
duction ofky is modest between 1000 mbar and 267 mbar: mulas for predicting the rate constants for isomerization,
Kd.1000 mbafkd, 267 moar = 1.5 while at 1bar or below, based on the two following basic assumptions:

the temperature coefficient is larg&s sook/kd, 220k ~
103-10*; as a consequence, over quite different experimen-
tal conditions—for example, below 10-100 mbar—and (or)
over temperatures far from 298 K, fall-off behavior should
be taken into account.

e The barrier for isomerization is the sum of two contribu-
tions: the ring strain energy for formation of the interme-
diate transition state (first step) and the activation energy
for abstraction of an hydrogen atom (second step), the lat-
ter energy is supposed to exceed largely the former. This
procedure has been originally suggested by Baldwin et al.

3. Isomerization reactions [23]. o i
e The activation energy of this second step—the hydro-

Alkoxy isomerizations are intramolecular H atom transfer ~ gen atom abstraction—is estimated by analogy with well

which are assumed to proceed via a six-membered transition known barriers for H atom abstractions by the hydroxyl
state[1]: radical in bimolecular reactions, with H-bonded either to

a primary (-CH), secondary (—Cbt) or tertiary & CH-)

C carbon atom.
C/ \Cl

A O l o C C The isomerization barriers proposed by Atkinson on the

G °— C4\H © =N on previous basis are included frable 7(left column). In an
attempt to validate this approach, Viskolcz et [d4] per-

The 1-butoxy is the smallest alkoxy for which there is formed quantum chemistry (ab initio) calculations to show
experimental evidence of such an isomerization reaction. that this additive rule holds for intramolecular H atom trans-
Like for decomposition, the data before 1997 concerning fer in alkyl radicals. In addition, Lendvay and ViskolpiO]
the isomerization rate constarkgom at room temperature  reached the same conclusion by comparing the calculated
have been reviewed by Atkinson et @l,2]. Most exper- barriers for the isomerization of 1-butoxy to the barriers
imental data were derived from the measurement of the for hydrogen atom abstraction in propane initiated by the
ratioskisom/ ko,, based on product yields analysis, again as- methoxy radical, both attacking an H atom bonded to a pri-
suming a generic value @b, common to all alkoxys. To-  mary C. The various theoretically predicted barriers for iso-
gether with the recommendations of Atkinson et[&|2], merization are gathered ifable 7(column 3-5).
Table 6includes older and recent relative measurements at Inspection ofTable 6 shows that there is a reasonable
room temperature and theoretical predictions for 1-butoxy agreement between the estimations kgpm provided by

Table 6
Comparison of the results for isomerization rate constiggds, (s~1) of three alkoxys at (29% 2) K and in 1 bar: experimental data and critical reviews,
theoretical predictions

Experiments (relative data at 298 K) Exp. Exp. and review Exp.[69] Theory
(ksonfkoy) x 10°19  Reference 18l 17 [5] [34] [42]
1-Butoxy
1.5 [18] 1.3 x 10° 10° ~2 x 1P 1.6 x 10° (2.4 x 101! 3.5 x 10* 11 x 10° 10°-10°
exp(=35kJ mot/RT))
2.0 [17]
1.6 [24]
11 [30]
1.8 [27]
1.6 (average)
2-Pentoxy
2 x 10° - >10 2 x 1P 1.8 x 1P
1-Pentoxy
- >10 2 x 10° 1.8 x 1P

(kisom/ ko,) x 10719 in molecule cnm®,
a2 At 50 mbar.
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Table 7
Comparison of the energy barriers (kJmb)l for abstraction of the three kinds of H atoms (bonded to a primary, secondary or tertiary carbon atom)
either in alkoxy isomerizations or in G reactions

Isomerizations CBO abstractions
SAR [1,2,43] Theory Exp.[45,46] Theory [46,48]
[39,41] [40] [42]
— CHg (primary) 40 37/41 29.3 35.5/41.4
— CH; — (secondary) 28 32 18.9 24.5 18
> CH- (tertiary) 23 8/15 (allylic) ~

5/10 (aldehydic)

different authors, either from experiment or theory. Further- lected theoretical method (difference up to 10kJmpl
more, very recent data are also in essential accord with theAlso, when the comparison is possible, for example, for
numbers recommended by Atkinsfit], i.e. abstraction of  abstraction of a secondary H, the barriers for H atom
an H atom bonded to a primary Gisom = 10°s™%; ab- abstractions by the GI®D radical are within the range of
straction of an H atom bonded to a secondarykgom = isomerization barriers and further, these barriers undergo a
10°s1. Itis worth reminding that these numbers are within similar trend in function of the C—H bond energy. However,
the range of the pseudo-first-order rate constant (genericmore measurements of such H abstraction reaction rates by
value) for alkoxy reaction with @ 4x10*s™! at 298K the methoxy radical (which are less demanding than direct
and 1bar of air. Concerning the pressure dependence, staabsolute measurements of isomerization rates) should be
tistical calculationg39,42] show that already for 1-butoxy performed before presenting a significant structure activity
the unimolecular reaction of isomerization is close to its relationship.
high pressure limit at 1 bar and thus it is expected to be
so for all larger alkoxys. On the other hand, the tempera-
ture dependence dfsom is certainly important to predict 4. Reaction rates with O
the fate of alkoxys exhibitingisom = 10° s~ at 298 K: for
a typical barrier of 30 kJmotf, an increase of 20 K would Available data concerning absolute measurements of the
doublekisom. reaction rates with @of seven alkoxy radicals (all of them
To provide a new insight into these empirical correla- using the laser photolysis/laser induced fluorescence (LIF)
tions, Devolder and co-workers have measured the ratetechnique) are gathered irable 8 most of the more recent
constants for the reactions (hydrogen abstractions) of absolute determinations have benefited from recent find-
CH30 with a series of hydrocarborid5-47} experiments ings concerning the excitation and fluorescence spectra of
at variable temperatures have provided the correspondinga series of alkoxy$50-53] Using the classical discharge
barriers. In parallel with our experiments, ab initio calcula- flow/LIF technique, we have recently performed measure-
tions on model systems have been performed by Bohr andments of the reaction rate of (ethoxyO, — products)
co-workers[46—48] Though the rate constant for the reac- [61]. We have displayed orFigs. 1 and 2the Arrhe-
tion with ethane (six H atoms bonded to primary C atoms) nius plots of the various measurements for, respectively,
happened to be too small at our accessible oven temperaethoxy+ O, and 1-propoxy or 2-propoxy Oy; signs at
ture, we have been able to measure the rate constants fothe extremities of the plots indicate the two limits of the
CH30 reactions with cyclohexane, formaldehyde, acetalde- range of temperatures achieved by the auth®ig. 1 (dot-
hyde, cyclohexene and 1-4 cyclohexadiene. The decreasinded line) shows that the recommendation of IUPEE for
C-H bond energie$49] in this series of hydrocarbons: the rate constant of ethoxy Oy ko, (cm® molecule!
secondary 4397 kJmot?), aldehydic €364 kJmot?), s1) = 6 x 107 exp(-4.6 kImot1/RT) is indeed a good
allylic (~305kJmot?) is in line with the increase of the compromise. The data for 1-propoxy and 2-propoxy are
rate constant. However, for the two alkenes, detailed abalso in good shape; our recommendations (dotted lines
initio calculations [46] show that a contribution of the of Fig. 2) are: ko (cm®moleculets™1) = 2.4 x 10714
addition channel cannot be totally excluded. The experi- exp(—1.9kJ moI’lZ/RT) and ko, (cm® moleculels™1) =
mental barriers for CED abstractions (either experimental 1.6 x 10 *exp(—2.1kJmol1/RT) for, respectively,
or theoretical) are gathered irable 7(columns 7 and 8). 1-propoxy and 2-propoxy. For 2-butoxy and 3-pentoxy,
Table 7shows that recent theoretical data confirm both Table 8 shows that new measurements are needed. The
the trends and the order of magnitude of the isomeriza- data gathered inTable 8 support the generic value of
tion barriers heights of Atkinsoft]; however, in contrast ko, = 8 x 107*°cm® molecule! s71 at 298K for all
to decomposition barriers, theoretically predicted isomer- alkoxys (excluding CHO). Also, all temperature coeffi-
ization barriers are more scattered, according to the se-cients ofkg, are rather small, corresponding to activation
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Table 8
Rate constants with ©Oof a few alkoxys, experimental data in Arrhenius fokg, = A exp(—E/RT)
A (cm® moleculets71) E (kJ mol 1) ko, at 298K (cnf molecule s References
Methoxy 3.9x 10714 754+ 25 1.9x 10715 (612
Ethoxy (2.4+ 0.9) x 10714 27+ 1 8.1x 10715 [65]
6 x 10714 4.6 9.4x 10715 [3]
29 x 107 1.1+ 0.1 8x 10715 [62]
(71+£07)x 1014 4.5 11x 10715 [66]
4.85x 10714 4.4 8.2x 10715 [611°
1-Propoxy (2.5£ 0.5) x 10714 2405 1.1x 10714 [65]
(1.4+03)x 1014 09+ 05 8x 10715 [1,2]
9.8 x 10715 [52]
2-Propoxy (1.6 0.2) x 10714 22+02 6.6x 10715 [65]
1.5x 10714 1.6 7.9x 10715 [67]
1.4 x 10714 1.8+ 05 6.8x 10715 [52]
2-Butoxy (1.33+ 0.43) x 10715 —(5.48 + 0.69) (1.2+ 0.4) x 10714 [68]¢
6.5+ 2) x 10715 [53]
1.2 x 10715 —4.6 7.7x 10715 [70]¢
1-Butoxy (14+£07)x 10714 [69]
3-Pentoxy (4.1 1.2) x 10715 —(2.6 + 0.6) (1.2+ 0.6) x 107 [70]¢
(7.2+ 35) x 10715 [33]
1-Pentoxy - - <10713 [69]

aThis recommendation is based on the data of Gutman ¢62],. Lorenz et al[63] and Wantuck et al[64].

b Recent measurements from our group, using the discharge flow/LIF tech®itjue
¢ Negative temperature coefficient.

energies of=2kJmoll, and the pre-exponential factors
are usually much smallee(10~14s~1) than expected for
a classical H abstractiofp4]. This latter feature has been
tentatively explained by Jungkamp and Seinfi@d] by ab

13.50
7
< -13.75-
2
S
(3]
2
S
£ .14.004
m
£
(5]
—
=
o -14.254
o
14.50 . ' . '
25 30 35 4.0
1000/T(K)

Fig. 1. Arrhenius plots for the rate constant of (ethex®, — products);
the signs at the extremities of the lines indicate the upper and lower 2-propoxy+ O, — products); upper curves: 1-propoxy; lower curves:
temperatures of the relevant measurementsy [61]; (CJ) [65]; (O)
[66]; (%) [62]; dotted line: IUPAC recommendatiof8]. The IUPAC
recommendation for 1-butoxy O, is identical to that for ethoxy Oz.

log (k / cm® molecule™ s™)

initio calculations on the basis of an addition—elimination
mechanism:

CH20 + O2 & RCH, 000 — RCH(O) + HO»

-13.75
-14.004
-14.254
-14.50 T T T T
25 3.0 35 4.0 45
1000/T (K)

Fig. 2. Arrhenius plots for the rate constants of (1-propoxy and

2-propoxy; the signs at the extremities of the lines indicate the upper and
lower temperatures of the relevant measuremeny}; dnd () [65]; (v)
and Q) [52]; () [67]. Dotted lines: our recommendations.
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However, other recent theoretical d§&] seem to exclude  of an European Contract (SARBVO({56]). | thank the
such addition elimination mechanism because of a too largeCommission of the European Communities, Programme Na-
energy barrier of the first step. tional de Chimie Atmosphérique (PNCA, CNRS) and Cen-
tre d’Etudes et Recherches Lasers et Applications (CERLA)
for financial support; CERLA is supported by CNRS, Min-
istere Chargé de la Recherche, Région Nord/Pas de Calais
and the Fonds Européen de Développement Economique des
Régions (FEDER). | am grateful to C. Fittschen for use-
ful comments on a preliminary draft of this review and B.
Lecrenier for shaping the tables. | thank F. Caralp and H.
Hippler for many fruitful discussions and the referees for a
very careful reading and their many suggestions.

5. Conclusion

In the recent period, significant advances concerning one
of the three main sink reactions of alkoxy radicals—the
unimolecular decomposition—have been achieved, espe-
cially thanks to a combined effort of various groups co-
ordinated within the SARBVOC project of the CHB6].
Particularly fruitful has been the close comparison of re-
sults from absolute time-resolved experiments and theoret-
ical calculations (quantum chemistry based and statistical References
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