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A pulse radiolysis technique was used to measure the UV absorption spectratéf@s(e) and (c-GHsOs)-

O,(e) radicals over the range 22@00 nm, witha(c-CsHsOx5(s))250 nm= (5.2 0.7) x 108 ando((c-C,Hs0s3)-
O2(#))250 nm= (3.7 £ 0.4) x 1078 cn? molecule®. The self-reaction rate constant for the g=g0s(s) radicals,
defined as d[c-gHsOs(s)]/dt = 2ks[c-C3Hs05(s)]?, wasks = (3.1 £ 0.6) x 1071 cm® molecule® s1. The

rate constants for reactions of (gHzO3)Ox(s) radicals with NO and N@wereks = (5.84 1.4) x 102 and

k; = (1.1+ 0.2) x 107 cm® molecule® s72, respectively. The rate constants for the reaction of F atoms
with 1,3,5-trioxane and the reaction of gHzOs(s) radicals with Q wereks = (1.1 4+ 0.4) x 1071° andk;

= (7.4+ 1.1) x 1072 cn?® molecule® s7%, respectively. Relative rate techniques were used to measure the
rate constants for the reactions of OH radicals and Cl atoms with 1,3,5-trioxane and Cl| atoms with H(O)-
COCHOC(O)H,kzp = (6.0 £ 1.0) x 107%2 kpy = (1.0£ 0.2) x 107, andkys = (5.1 + 1.0) x 1072 cn?®
molecule® s71, respectively. FTIR-smog chamber systems were used to show that the atmospheric fate of
the alkoxy radical (c-gHsO3)O(e) is decomposition via €0 bond scission leading to the formation of H(O)-
COCH,0OC(O)H (methylene glycol diformate). The IR spectrum of the peroxynitratesk@s)O,NO; is
presented. The results are discussed with respect to the atmospheric chemistry of 1,3,5-trioxane.

1. Introduction conducted an investigation of the atmospheric chemistry of

. ) » 1,3,5-trioxane.
Ethers are an important class of automotive fuel additives.

For example, methytert-butyl ether (MTBE), ethytert-butyl Thg atmpspheric dc.agrada.tic.m of 1,3,5-trioane is initiated by
ether (ETBE)tert-amyl methyl ether (TAME), and diisopropy! reaction with OH radicals giving an alkyl radical which adds
ether (DIPE) are widely used octane enhancing additives in Oz t© form an alkylperoxy radical:
gasoline. In addition, ethers such as dimethyl ethand

dimethoxymethane are under consideration as alternative diesel 0

0
fuels. To predict the environmental impact of ether fuels and OH + g\:‘o — HO0~+ o(\joo M
fuel additives it is desirable to understand how the structure of
such molecules impacts their atmospheric reactivity and deg- o, 0_0;, *
radation pathways. 1,3,5-Trioxane is not used currently as an o(vl * 0+ M —= ng +M @

automotive fuel additive but is a convenient model compound
whose chemistry provides insight into the behavior of alkyl

peroxy, and alkoxy radicals connected directly to two oxygen We have used pulse radiolysis coupled with time-resolved

ether "Qk"’.‘gesﬁ A.S parft of a cpllatf)oria\ti\é%_ ;tudy of hthe UV —vis absorption spectroscopy to determine the UV absorp-
atmospheric chemistry of automotive fuel additives, we have yi,, specira of the alkyl and alkyl peroxy radicals derived from
1,3,5-trioxane and the kinetics of reactions£ 6, and 7.

TE-mail: jens.sehested@risoe.dk. . .
E E_Q;:I: {Svgsuﬁ,‘;@%?o?d%ﬁ?e FTIR product studies were performed to determine the fate

8 E-mail: barnes@physchem.uni-wuppertal.de. of the alkoxy radical (c-gHs03)O(e) formed in reaction 6a.
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2. Experimental Section

The three experimental systems used are described elséwthere
and are discussed briefly here.

2.1. Pulse Radiolysis Systemc-CsHsO3(e) radicals were
generated from 1,3,5-trioxane by the pulsed radiolysis @f SF
c-CsHgO3 gas mixturesn a 1 Lstainless steel reaction cell with
a 30 ns pulse of 2 MeV electrons from a Febetron 705 field
emission accelerator. $Was always in great excess and was
used to generate fluorine atoms:

SFg 2MeVe-o k4 products

@®

0 0.,
F+Orﬁo—>HF+(l)/\jo 3

~~
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L’Air Liquide; NO», (>98%), Linde Technische Gase; NO
(99.8%), Messer Griesheim. All chemicals were used as
received.

Six sets of experiments were performed using the pulse
radiolysis system. First, the rate constant for reaction of F atoms
with 1,3,5-trioxane was determined using the pulse radiolysis
of SR/1,3,5-trioxane/Climixtures. Second, the UV absorption
spectra of the alkyl and alkyl peroxy radicals derived from 1,3,5-
trioxane were obtained by using the diode array camera to
capture the UV absorption following radiolysis of &E3,5-
trioxane and S§1,3,5-trioxane/@ mixtures. Third, the rate
constant for reaction 4 was determined from the rate of the decay
of the absorption at 250 nm, following the radiolysis ofsSF
1,3,5-trioxane. Fourth, the rate constant for the association
reaction between £and the alkyl radical derived from 1,3,5-
trioxane was measured by monitoring the loss of alkyl radicals
in the presence of £ Fifth, the rate of N@formation following
radiolysis of SK/1,3,5-trioxane/@NO mixtures was used to
measure the rate constant for the reaction between NO and the
peroxy radical derived from 1,3,5-trioxanie, Sixth, k; was
determined by monitoring the rate of NQoss following
radiolysis of Sk/1,3,5-trioxane/@NO, mixtures (eqs 6a,b and
7).

2.2. FTIR—Smog Chamber Systems.FTIR—smog cham-
ber systems at Wuppertal and Ford were used to investigate
the kinetics of the reactions of OH radicals and Cl atoms with
1,3,5-trioxane and the atmospheric fate of the alkoxy radical
(c-C3Hs03)O(e). In Wuppertal the experiments were performed
using a 405 L Pyrex reactband a 1080 L quartz reactdiThe
405 L reactor is surrounded by 18 super actinic fluorescent
lamps (Philips TLO5/40 W: 326< 1 < 480 nm,Amax = 360
nm). UV radiation for experiments conducted in the 1080 L
guartz reaction chamber was provided by either 32 low-pressure

The radiolysis dose was varied by insertion of stainless steel mercury lampsAnax= 254 nm) or 32 superactinic fluorescent

attenuators between the accelerator and the reaction cell.
this work we refer to the radiolysis dose as a fraction of the
maximum dose that is achievable. The fluorine atom yield was
calibrated by monitoring the transient absorption at 260 nm by
CH30; radicals produced by pulse radiolysis of ¢8FH4/O-
mixtures, as described previouslyUsing o(CH;O;) = 3.18

x 10718 cn? molecule,% the F atom yield was determined to
be (3.16+ 0.35) x 10* molecules cm? at full radiolysis dose
and 1000 mbar of S The quoted error includes 10%
uncertainty ino(CHsO,) and two standard deviations from the
experimental absorption measurements. Unless otherwise state

InIamps. At Ford the experiments were performed using a 140

L Pyrex reactdtsurrounded by 22 fluorescent blacklamps (GTE
F40BLB, A > 300 nm). FTIR systems are interfaced to the
reactors. Loss of reactants and the formation of products were
monitored in situ by FTIR spectroscopy, using a resolution of
0.25, 1, and 1 cm! and analyzing path lengths of 27, 50, and
485 m for the 140, 405, and 1080 L reactors, respectively.

All experiments were performed at 76@50 Torr total
pressure (M+ O,) and 296+ 3 K. The photolysis of Glwas

d;sed as the Cl atom radical source. OH radicals were generated

y either the 254 nm photolysis of,8, or the UV irradiation

all uncertainties reported in this paper are two standard (4 > 300 nm) of CHONO/NO mixtures
deviations and standard error propagation methods were used. '

The analysis light was provided by a pulsed 150 W xenon

arc lamp and was multipassed through the reaction cell using

internal White cell optics to give total optical path lengths of

3. Results and Discussion

3.1. Reaction of F Atoms with 1,3,5-Trioxane.To measure

80 or 120 cm. After leaving the cell, the light was guided ks, experiments were performed in which the observed maxi-
through a monochromator and detected by a photomultiplier mum transient absorbance at 260 nm was measured following
(to record absorption transients) or by a diode array (to record the radiolysis of SF1,3,5-trioxane/Cli mixtures. The radi-
absorption spectra). All absorption transients were derived from olysis dose (41.6% of full dose) and total pressure (1000 mbar)
single pulse experiments. Using the photomultiplier detector were held fixed. The concentrations of 1,3,5-trioxane and CH
the spectral resolution was 0.8 nm while it was 1 nm when the were varied over the ranges-8.2 mbar and ©48.1 mbar,
diode array was used to record spectra. Spectral calibrationrespectively. Figure 1 shows the observed maximum absor-
was achieved using a Hg pen ray lamp. bance as a function of the concentration ratio [ZH3,5-
Reagent concentrations used were the followings, SE8— trioxane. Reactions 3 and 9 compete for the available F atoms.
997 mbar; 1,3,5-trioxane, 3 mbar;;30.3—-40.0 mbar; CH,
1.2—49.0; NG, 0.23-1.18 mbar; NO, 0.321.02 mbar. All
experiments were performed at 296 K and 1000 mbar total
pressure. Chemicals were supplied by the following:s SF
(99.9%), Gerling and Holz; 1,3,5-trioxane>99%), Fluka
Chemica; @, (ultrahigh purity), L’Air Liquide; CH, (>99.95%),

gy o (Y

0

(©)

F+CHy —= HF+CH; ©)
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Figure 1. Plot of the maximum absorbance observed at 260 nm B
following the radiolysis of 1,3,5-trioxane/GFBFR; mixtures versus the
concentration ratio [CE/1,3,5-trioxane. 250 om
CHg radicals do not absorb significantly at 260 nm. In contrast g o2l N
the alkyl radicals derived from 1,3,5-trioxane absorb appreciable _§
at 260 nm (see section 3.3). As shown in Figure 1, as the g
concentration ratio [Ck)/1,3,5-trioxane increases, the maximum <
absorbance decreases because a greater fraction of the F atoms
react with CH to give CH; radicals. The solid line in Figure 0.0 w __________
1 is a three parameter fit of the following expression to the
experimental data: . .
0 25 50 75

= + ks)[CH,]/1,3,5-trioxane)/
Arax = (Ag ACHB(kQ/ JICH 10X ) Figure 2. (A) Transient absorbance at 250 nm following the pulsed

(1 + (ky/ky)[CH,]/1,3,5-trioxane) radiolysis (dose= 42% of maximum) of a mixture of 3 mbar 1,3,5-
trioxane and 997 mbar $FThe UV path length was 80 cm. A second-
: : : order decay fit to the experimental data is shown. (B) Transient
Here_ Amax |sbtheb0bserv?d ”T?X”g.uml absorbanctjégf, IS Ithelk | absorbance at 250 nm following the pulsed radiolysis (maximum dose)
maximum absorbance of alkyl radicals expected It only alkyl o 5 mixture of 3 mbar 1,3,5-trioxane, 40 mbag, @nd 977 mbar SF

radicals from 1,3,5-trioxane were produced, akgh, is the The UV path length was 80 cm.
maximum absorbance expected if only Liadicals were
produced. Az andAcn, were measured to have an absorbance 0.6 N T ' '
of 0.225 and 0.014, respectively. The paramefessich, and A
ko/ks were varied simultaneously; the best fit was obtained with 04 550nm 1
Ar = (0.23+ 0.02),Ach, = (2.0 £ 16.4) x 1073, andkg/ks = [
(0.604 0.19). Usingky = (6.8 4 1.4) x 10711 0 givesk = s 02 :
(1.1 + 0.4) x 10710 cn?® moleculel s™L. S

3.2. Spectrum of Alkyl Radicals Derived from 1,3,5- £ 00 } } } }
Trioxane. Following the pulse radiolysis of $f,3,5-trioxane 2 B
mixtures, a rapid (complete within G-8.5 us) increase in < 04} 250nm f
absorption was observed at 250 nm, followed by a slower decay.
Figure 2A shows the transient absorption at 250 nm following 02k _
the radiolysis of a mixture of 997 mbar §&nd 3 mbar 1,3,5-
trioxane. No absorption was observed when either 997 mbar 0.0 { . P .
of Sk or 3 mbar of 1,3,5-trioxane was radiolyzed separately. 0.0 02 0.4 0.6 08 Lo
We ascribe the absorption shown in Figure 2A to the formation Relative Dose

of alkyl radicals and their subsequent loss by self-reaction. As Figure 3. (A) Maximum transient absorbance at 250 nm following
with all reactions of F atoms with saturated organic compounds, the pulsed radiolysis of mixtures of 3 mbar 1,3,5-trioxane and 997 mbar
it is expected that reaction 3 proceeds via H-atom abstraction SFe versus the radiolysis dose. The UV path length was 120 cm. (B)
to give alkyl radicals. To work under conditions where 1009 Maximum transient absorbance at 250 nm following the pulsed
f the F atoms are converted into alkyl radicals, it is necessar radiolysis of mixtures of 3 mbar 1,3,5 trioxane, 40 mbar &nd 957

0 ) i - " Yy : » Y mbar Sk versus the radiolysis dose. The UV path length was 120 cm.
to consider potential interfering radieafadical reactions such  The solid lines in A and B are linear regressions of the low-dose data
as (4) and (10). To check for such complications, experiments (filled circles).

0. o . were performed using mixtures of 997 mbar og&Rd 3 mbar
I o\jo —=  products O of 1,3,5-trioxane, with the maximum transient absorption at 250
h o nm measured as a function of radiolysis dose. Figure 3A shows
F +01/ \(l)' —= products (10) the observed maximum absorbance as a function of the dose.

~ As seen from Figure 3A, the absorption observed in experiments
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Figure 4. (A) UV-absorption spectra of the alkyl radicals derived from
1,3,5-trioxane and cyclohexane. (B) UV-absorption spectra of the
peroxy radicals derived from 1,3,5-trioxane and cyclohexXane.
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TABLE 1: Absorption Cross Sections Measured in This
Work

wavelength 0(c-C5HsOx3(e)) 0((c-C3Hs03)O4(e))
(nm) (10~2°cn? molecule?) (1072 cn? molecule™)
220 336 180
230 502 377
240 546 418
250 518 372
260 427 283
270 423 177
280 218 79
290 156 36
300 114 20

Platz et al.

1/t(10° s™)

0.0 . . L

0.1 0.2 0.3

Absorbance

0.0

Figure 5. Plot of the reciprocal half-life for self-reaction of cA@sO0s-
(+) radicals as a function of the maximum absorbance at 250 nm.

lower maximum and is blue shifted by approximately 10 nm
compared to the UV absorption spectrum of cyclohexyl radical.

3.3. Kinetic Study of the Self-Reaction of c-GHs03(e)
Radicals. Figure 2A shows a typical absorption trace obtained
by pulse radiolysis of a mixture of 997 mbar &&hd 3 mbar
1,3,5-trioxane. The trace shows a rapid increase in absorption
at 250 nm followed by a slower decay. We ascribe the decay
to the self-reaction of the alkyl radical, via reaction 4. The decay
was fitted with the second-order decay expresn = (Ao
— Aint)/(1 + 2ka(Ao — Ainp)t) + Ains, WwhereA(t) is the measured
absorbance at time Ay andAjs are the absorbances extrapolated
to time zero and infinite time, respectively. The fit is shown
in Figure 2A. No residual absorption was observed, indicating
the absence of any long-lived products which absorb signifi-
cantly at 250 nm.

The reciprocal half-lives, L, (derived from the fits), are
plotted as a function of, in Figure 5. The alkyl radical
concentration was varied by varying the initial F atom concen-
tration. A linear least-squares fit of the data in Figure 5 gives
a slope of (3.49: 0.51) x 1 st = (k4 x 2 In 10)/@(alkyl)L),
whereo(alkyl) is the absorption cross section of the g=4g03-

(») radical and L is the optical path length (80 cm). The intercept

using maximum dose was significantly less than that expected of the linear regression of the data, (0:860.08) x 10F s%, is

on the basis of a linear extrapolation of the low-dose data. This

observation suggests that unwanted radicatlical reactions

not significantly different from zero. The slope of (3.490.51)
x 10° s71 can be combined with;sg nn{c-CsHsO3(e)) = (5.18

such as reactions 4 and 10 become important at high radical _ 0.70) x 10718 c? molecule’! to give ks = (3.1 + 0.6) x

concentrations.
The line through the experimental data in Figure 3A is a linear

101 cm® molecule s1. The quoted error includes statistical
uncertainties associated with both the slope in Figure Soagid

least-squares fit to the low-dose data and has a slope of 0.567  (c-C;Hs04(e)). ks is similar to the rate constant for the self-

+ 0.043. Combining this slope with the F atom yield of (3.16
+ 0.35) x 10' molecules cm? (full dose and [SE = 1000
mbar), we obtainrasg nr{alkyl) = (5.18 & 0.70) x 10718 cn?
molecule’l. The quoted error includes statistical and potential

reaction of alkyl radicals derived from 1,4-dioxane, (38.4)
x 10711 cm?® molecule! s71.12

3.4. Association Reaction between and c-CzHs03(e)
Radicals. The kinetics of reaction 2 were studied by monitoring

systematic uncertainties associated with calibration of the F atomthe loss of c-GHsOs(e) radicals in the presence obOAs seen

yield (see section 2.1)

from Figure 4, both the alkyl, cE1505(s), and alkyl peroxy

The spectrum of the alkyl radical was measured by recording radical, (c-GHsO3)O2(e), absorb significantly in the UV.

the initial absorbance following the pulsed radiolysis of/SF

Fortunately, the absorption by the alkyl radical is greater than

1,3,5-trioxane mixtures using a diode array. The delay was 1 that of the peroxy radical and so the conversion of alkyl into

us, the integration time was 105, and the spectral resolution

peroxy radical can be observed by monitoring the decrease in

was 1 nm. The initial absorbances were scaled to that at 250absorption during the reaction. A monitoring wavelength of

nm and placed upon an absolute basis usig nm= 5.18 x
10718 cn? molecule’l. The results are given in Table 1 and
Figure 4A. For comparison the UV absorption spectrum of the
cyclohexyl radical is also given in Figure 4A. The UV

290 nm was selected on the basis of the low noise of the optical

system and significant difference in the absorption cross sections

of the alkyl and alkyl peroxy radicals at this wavelength.
Reaction mixtures of 497 or 997 mbar of SB.0 mbar of

spectrum of the alkyl radical derived from 1,3,5-trioxane has a 1,3,5-trioxane, and 0.2%2.30 mbar of @were employed. From
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6 T : : . unwanted radicatradical reactions such as reactions 4 an¢ 10
L 12 and loss of F atoms by reaction with molecular oxygen,
5L £ reaction 13.
.§0.05 'Y
< 0.
_ 4 000 i F +ofv\(|)' — products (10)
—:m 0 10 (2;)
> Time uslg ) 0.0y
«E/ 3 F +(I)/v\0( — products an
v
2 -
0., 0.0, 0_0* _0_0°
SX5 8 — 88 - 6% 12
1 -
F+0,+M—> FO;+M (13)
0 1 1 n 1 n 1
0.0 05 10 L5 20 23 In section 3.1 we reporks = (1.1 + 0.4) x 1071 cm?
[0,] (mbar) molecule! st Using ks = (1.9 = 0.3) x 101 cm?

Figure 6. Pseudo first-order rate constants for the formation of (c- molecule™t S |1 we Cal_culate that 2.3% Qf the F atoms are
C3Hs03)Ox(e) radicals as a function of the;@oncentration in 500C) converted into F@ radicals and 97.7% into alkyl peroxy
and 1000 @) mbar of Sk, diluent. The insert shows an experimental ~ radicals. Corrections were computed for the presence ef FO
transient obtained using a mixture of 3 mbar 1,3,5-trioxane and 0.86 radicals using literature data for the UV spectrum of,FO
mbar of Q, in 996 mbar of Sk The UV path length was 80 cm, and  radicals'® The corrections weres11.5% (highest at 220 nm).
the radiolysis dose was 42% of maximum. The smooth curve in the  There are no literature data concerning the kinetics of
insert is the first-order decay fit reactions 16-12; hence, we cannot calculate their importance.
. . To check for these unwanted radicabdical reactions, the
ks = 1.1 x 107 cn® moleculql st it fOHO.WS. that in the transient absorbance at 250 nm was measured using mixtures
presence of 3 mbar Of. 1.3,5-trioxane the I'Tet'm(.a of F atoms ¢ 957 mpar SE, 3 mbar 1,3,5-trioxane, and 40 mbag ®ith

with respect to conversion |nto_c38503(o) rad|c_als is 0.1%s. the radiolysis dose varied by 1 order of magnitude. The UV
Assuming that c-@HsOs(e) radicals behave like other alkyl path length was 80 cm. Figure 3B shows the observed

radilclalfnsand add QlNit_hl a rate constant of the order 1]@7 maximum absorbance of the experimental transients at 250 nm
10~ cm® molecule™ s, the lifetime of c-GHsOs(e) radicals as a function of dose. As seen from Figure 3B, in experiments

with respect to conversion into (Cals05)Oo(¢) radicals will employing doses of 0.5 or greater the transient absorbance falls
be Qf thc_a order of Ls. Qonsstent W'th expectations, the pu_Ised below that expected from a linear extrapolation of the low-dose
radiolysis of Sk/1,3,5-trioxane/@mixtures produced absorptlon_ data. We ascribe this to incomplete conversion of F atoms into
transients which consisted of a initial rapid increase in absorption alkyl peroxy radicals caused by secondary radicatiical
(complete within 0.2s) and then a rapid decay which occurred  o4ctions 4 and 1612 at high radical concentrations. The solid
on a time scale of 10 us and followed first-order kinetics. jine grawn through the data in Figure 3B is a linear least-squares
The insert in Figure 6 shows a typical absorption transient ¢ of the low-dose data. The slope is 0.390.02. From this
together with a first-order fit. As seen from Figure 6, the |4 e and the yield of F atoms of (3.460.35) x 10'° molecule
pseudo-first-order ratek!s increased linearly with the O cm3 (full dose and [SE = 1000 mbar) we derive(250 nm)
concentration. It seems reasonable to ascribe the decay of_ (3.72 £ 0.42) x 10718 cn? molecule®. The quoted
absorption to loss of c-1505(e) radicals via reaction with © uncertainty includes both statistical and potential systematic
Experiments were performed in the presence of either 500 or yncertainties and so reflects the accuracy of the measurement.
1000 mbar of SEdiluent. As seen from Figure 6, there was 1o map out the spectrum of the alkyl peroxy radical, the
no discernible effect of total pressure suggesting that reaction jaximum transient absorbance between 220 and 300 nm
2 is at, or near, the high-pressure limit in 500000 mbar of  fg|iowing the pulsed radiolysis of $A,3,5-trioxane/@mixtures

Sks. This behavior is consistent with the available database \y55 recorded using a diode array. The delay wass5the

for the addition of Q to large &C,) alkyl radicals!® Linear integration time was 1@s, and the spectral resolution was 1
least-squares analysis of the data in Figure 6 gives (7.4 + nm. The initial absorbances were scaled to that at 250 nm and
1.1) x 107*2 cm® molecule’* s™1. This value is similar to the placed on an absolute basis us@50 nm)= 3.72 x 10718

rate constant of (8.8 0.9) x 10~*2 cm® molecule™ s™* for cn? molecule. Results are given in Table 1 and Figure 4B.
the reaction between (cs870,)Ox(e) radicals and @ The For comparison the UV spectrum of the cyclohexyl peroxy

y-axis intercept is (0.44 0.24) x 10° s * and is ascribed to @ agdical is also given in Figure 4B. The UV absorption spectra
small but nonnt_agligible contribution of the self-reaction to loss ¢ alkyl peroxy radicals typically consist of a broad featureless
of the alkyl radicals. band in the region 206300 nm with a maximum absorption
3.5. Spectrum of Alkyl Peroxy Radicals Derived from cross section atz240-250 nm of (45) x 10718 cn?
1,3,5-Trioxane. Following the pulse radiolysis of mixtures of molecule1.16 Inspection of Figure 4B shows that the UV
957 mbar Sk, 3 mbar 1,3,5-trioxane, and 40 mbas, @ rapid spectra of the peroxy radicals derived from 1,3,5-trioxane and
increase (complete within 0-:2.0 us) in the UV absorbance  cyclohexane are typical for this class of radical species.
was observed, followed by a slower decay. An example is 3.6. Kinetics of the Reaction between (c-§H503)Ox(e)
shown in Figure 2B. We ascribe this UV absorbance to the Radicals and NO. To study the kinetics of the reaction between
formation of the peroxy radical via reaction 2. To work under NO and the alkyl peroxy radical derived from 1,3,5-trioxane,
conditions where a known fractions of the F atoms are convertedthe rate of NQ formation was measured following the pulse
into alkyl peroxy radicals, it is necessary to consider potential radiolysis of 1,3,5-trioxane/NO/SF mixtures. The initial
interfering secondary chemistry. Potential complications include conditions were 3 mbar 1,3,5-trioxane, 20 mbar &d 0.32-
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4.0 T T T . T radicals and all the peroxy radicals reacted via reaction 6a and
- A is consistent with a small secondary loss of peroxy radicals and/
or a minor contribution via reaction channel (6b). In light of
30 oo i the positive intercept in Figure 7A we choose to add an extra
< ’ 10% uncertainty tds resulting in a final value oks = (5.8 +
" 1.4) x 102 cm?® molecule s71.
=0l 3.7. Kinetics of the Reaction between (c-§503)Ox(s)
v o 25 s0 Radicals and NG,.. The kinetics of reaction 7 were studied by

Time (us) monitoring the decrease in absorbance at 400 nm following the
pulsed radiolysis of mixtures of 3 mbar 1,3,5-trioxane, 20 mbar
0O,, 0.231-1.100 mbar N@, and Sk added to 1000 mbar total
pressure. The insert in Figure 7B shows the absorbance as a

function of time after the radiolysis of a mixture containing

1.0

0.0 —— — — 0.344 mbar of N@ The rate of decay of the absorbance at
00 02 04 06 08 10 12 . i . |
400 nm increased linearly with the N©oncentration. It seems
[NO] (mbar) .
5.0 : : . : : reasonable to ascribe the loss of absorbance to loss efitNO
N the system. Three reactions could be responsible for the NO
0.00 Jytd B loss:
40 | 1
o0 F + NO, + M — FNO,FONO +M (14)
N30 KOW' fos (15)
vy — roauc
= vos ‘ ‘ 0_0 + NO, pro
;’ 20k 0 25 50 75
—.‘éd Time (j1s) 0.0, 0._0,NO,
orvwo/ +N02+M—»o(v\g +M (7)
1.0} 1
However, the time scale of the decay shown in the insert (Figure
ool o+ . IR B S 7B) is only consistent with reaction 7 causing the loss of,NO
00 02 04 06 08 10 12 (the lifetimes for both F atoms and ci@s0s(s) radicals are
[NO,] (mbar) <0.4 us; see sections 3.1 and 3.4).
Figure 7. (A) Pseudo-first-order rate constants for formation of NO The smooth curve in the insert (Figure 7B) is the first-order

following pulsed radiolysis of S§1,3,5-trioxane/@NO mixtures versus fit which gives a pseudo-first-order rate constddt, = 8.96
[NO]. The insert shows the transient absorbance at 400 nm observedyx 104 s1. To allow sufficient time for conversion of F atoms
following pulsed radiolysis (dose: 42% of maximum) of a mixture jntg the alkyl peroxy radicals the analysis of the decay traces
of 0.72 mbar NO, 3 mbar 1,3,5-trioxane, 20 mbag nd 977 mbar was performed startings after the radiolysis pulsek!stvalues

Sk. (B) Pseudo-first-order rate constants for decay of, Ksllowing ! . B . .
pulsed radiolysis of S¥L,3,5-trioxane/@NO, mixtures versus [N@. for eight experiments with different concentrations of NeDe

The insert shows the transient absorbance at 400 nm observed followingshown in Figure 7B. Linear least-squares analysis of the data

pulsed radiolysis (dose= 22% of maximum) of a mixture of 0.344  in Figure 7B gives a slope of (2.76 0.36) x 1(° s mbar?

mbar NQ, 3 mbar 1,3,5-trioxane, 20 mbar,Gand 977 mbar S which givesk; = (1.14+ 0.2) x 10" cm?® molecule* s™L. The
y-axis intercept in Figure 7B is{0.75+ 2.58) x 10* s 1 and

1.03 mbar NO, in 1000 mbar of gHdiluent. NG was is not statistically significant.

monitored using its absorbance at 400 nm. The insertin Figure 3.8. Kinetics of the Reaction of OH Radicals with 1,3,5-

7A shows the absorbance as a function of time after the pulsedTrioxane. The FTIR systems at Wuppertal and Ford were used

radiolysis of a mixture containing 0.72 mbar of NO. NO to investigate the kinetics of the reaction of OH radicals with

absorbs strongly at 400 nm, and we ascribe the increased1,3,5-trioxane. The techniques used are described elsewhere.

absorbance in the insert (Figure 7A) to N@rmation via Photolysis of methyl nitrite or kD, was used as a source of

reaction 6a. The absorption transients were fitted using a first- OH radicals.

order kinetic expression, and resulting pseudo-first-order rate

constants are plotted versus the initial NO concentration in cHoNO Mo cHO + NO 6
Figure 7A. The expression used wad) = ((Aint — Ag)(1 — 3 3 (16)
exp(-Krstt)) + Ao, whereA(t) is the time dependence absorbance, CH;0 + 0, — HCHO + HO, (17)

At is the extrapolated absorbance at infinite time, &pds
the extrapolated absorbance a 0. This method of measuring
the kinetics of the reactions of alkyl peroxy radicals with NO hv

HO, + NO —= OH + NO, (18)

; ; S : LA 9
has been used previously in our laboratory and is discussed in Ha0; 2 OH (%)
detail elsewheré’ As seen from Figure 7A, the pseudo-first- ro
order rate constantsk!s increased linearly with the NO OH + o\) > products (20)

concentration. Linear least-squares analysis of the data in Figure

7A givesks = (5.8 £ 0.8) x 102 cm® molecule™ s%. The The kinetics of reaction 20 were measured relative to reactions
y-axis intercept is (2.8 1.5) x 10* s~ and suggests that radical 21 and 22.

reactions such as the self-reaction, reaction 5, may contribute

to the loss of the (c-6Hs03)O(e) radicals. The N@ yield OH + C;Hy —= products (21)
calculated from the observed maximum absorbance was 79

100% of that expected if all F atoms were converted into peroxy OH + ¢-CeHjz — products (22)
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Figure 8. Decay of 1,3,5-trioxane versusid; and cyclohexane when
mixtures of these compounds were exposed to OH radicals. For clarity,

the data using cyclohexane reference have been shifted vertically by

0.2 units.

The observed loss of 1,3,5-trioxane versus that of the
reference compounds following the UV irradiation of mixtures
of 0.5—4 mTorr of 1,3,5-trioxane, 45 mTorr of GH4 or 0.4—

1.0 mTorr of c-GH15, and 100 mTorr of CEHONO or 4-8
mTorr of HO, in 700—750 Torr total pressure of air is shown
in Figure 8. Linear least-squares analysis giket,; = 0.67
+ 0.05 andkyo/koz = 0.824- 0.04. Usingky; = 8.5 x 1071219
andky; = 7.5 x 10712 1¥9giveskyy = (5.7 £ 0.4) x 10712 and
(6.2 + 0.3) x 10712 cm® molecule® s, We estimate that
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Cl + C;H, — products (26)
Cl + CH;0CH; — products (27)
Cl + CH;0H —> products (28)

Cl + CH, — products (29)

Cl + CH;Cl — products (30)

to the loss of methoxymethyl formate for all ranges of
consumption showing that the reactivity of Cl atoms toward
methoxymethyl formate is much greater than that toward HC-
(O)OCH,OC(O)H. When the methoxymethyl formate had been
totally consumed, small amounts (15 mTorr) of a reference
compound (CH or CHsCl) were added. The irradiation was
continued, and the decay of HC(O)O&MC(O)H and reference
was monitored.

The observed loss of 1,3,5-trioxane and HC(O)QGHE(O)H
versus those of the reference compounds is shown in Figure 9.
In the 1,3,5-trioxane experiments 700 Torr of & air diluent
was used; there was no discernible effect of the diluent gas on
the results. Linear least-squares analysis on the data in Figure
9 giVGSk24/k25 =1.084+ 0.06,k24/k27 = 0.59+ 0.03,k24/k28 =
1.77 + 0.10, kog'kog = 5.4 £ 0.5, andkos/ksp = 1.01 4+ 0.12.
Using k26 =94 x 1(Tll,22 k27 =19x 1@10,23 kzg =54x
1071122 kg = 1.0 x 1071322 andkgp = 4.8 x 10713 2 gives
ko = (1.024 0.06) x 10710, kpg = (1.12+ 0.06) x 10719, kpg
= (9.6 £ 0.5) x 1072, kps = (5.4 + 0.5) x 10713 andkys =
(4.8+ 0.6) x 10713 cm? molecule’s™1. Consistent results were
obtained using the different reference compounds. We choose
to quote values fokz4 andkys which are the averages of the
results above with error limits which encompass the extremes

potential systematic errors associated with uncertainties in theof the ranges; hencép, = (1.03+ 0.15) x 10720 and ks =
reference rate constant could add an additional 10% to the(5.1 £ 0.9) x 10713 cm® molecule’! s71. We estimate that
uncertainty range. Propagating this additional 10% uncertainty potential systematic errors associated with uncertainties in the

givesky = (5.74 0.7) x 10712and (6.2+ 0.7) x 107 12¢cm?
molecule’l s™1. We choose to report the average of these two

reference rate constants could add an additional 10% to the
uncertainty range. Propagating this additional uncertainty gives

determinations with error limits encompassing the extremes of ka4 = (1.03+ 0.18) x 1071° and ks = (5.1 + 1.0) x 10713

the determinations. Hencégy = (6.0 & 1.0) x 10712 cm?®
molecule! s71. This result is in excellent agreement with the
value ofkyo = 6.1 x 1072 cm?® molecule® s71 reported in the
absolute rate study of Zabarnick et?al.

3.9. Kinetics of the Reaction of C| Atoms with 1,3,5-
Trioxane and Methylene Glycol Diformate. Prior to inves-
tigating the atmospheric fate of (c503)O(e) radicals, relative

cm® molecule’? s1. There are no literature data to compare
with these results.

3.10. FTIR Study of the Atmospheric Fate of the Alkoxy
Radical (c-CsHs03)O(s). To determine the atmospheric fate
of the alkoxy radical (c-eHs03)O(e) formed from reaction 6a,
the FTIR-smog chamber systems were used to study the
products resulting from the Cl atom initiated oxidation of 1,3,5-

rate experiments were performed using the FTIR systems totrioxane in the presence of NO. All experiments were per-

investigate the kinetics of the reactions of Cl atoms with 1,3,5-
trioxane and HC(O)OCKDC(O)H (an oxidation product of

formed in 700-750 Torr total pressure of AD, diluent at 296
K. The aim of these experiments was to determine the relative

1,3,5-trioxane). Photolysis of molecular chlorine was used as importance of reactions 31 and 32 in the atmospheric chemistry

a source of C| atoms.

c, e 2 (23)
{0)
cl+ [} — products (24)
0_0
Cl + HC(O)OCH,0C(O)H — products (25)

of (c-CsHs03)O(e) radicals.

0.

Y

0_0

Oe

+M — H(0)COCH,0CH,0() + M (31)

0._Oe

Y

0_0

0.0
+0, == F + Ho, (32)

The loss of 1,3,5-trioxane and the formation of products were

The kinetics of reaction 24 were measured relative to reactions monitored using FTIR spectroscopy. Figure 10 shows IR

26—28 while reaction 25 was measured relative to (29) and (30).
HC(O)OCHOC(O)H was prepared in situ by the UV irradiation
of mixtures of 16-11 mTorr of methoxymethyl formate
(CH3OCH,OC(O)H) and 150 mTorr of Glin 700 Torr of Q.

The resulting HC(O)OCEKDC(O)H was readily identified by
its characteristic IR features at 955, 1091, 1169 and 1769.¢m
The increase of HC(O)OGIDC(O)H was directly proportional

spectra acquired before (A) and after (B) a 30 s irradiation of
a mixture of 8.0 mTorr of 1,3,5-trioxane, 87 mTorr of,C12
mTorr of NO, and 592 Torr of @in 700 Torr total pressure of
N2 diluent. Subtraction of features attributable to 1,3,5-trioxane,
NO, NO;, CINO, CING;, HONO, HONGQ, and HQNO, from
panel B gives the infrared product features shown in panel C.
By comparison with the available literature spectréinwe
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Figure 9. Decay of 1,3,5-trioxane versus @bH, GH,, and CHOCH;
(top) and methylene glycol diformate (MGDF) versus4{CHand CH,

[O,] (Torr)

Figure 11. Yield of methylene glycol diformate following the UV
irradiation of 1,3,5-trioxane/@NO/O,/N, mixtures as a function of
the G, partial pressure at constant total pressure (700 or 750 Torr) and
296 + 2K. The curve through the data is a fit; see text for details. The
insert shows the formation of methylene glycol diformate versus loss
of 1,3,5-trioxane for an experiment employing 8.0 mTorr of 1,3,5-
trioxane, 87 mTorr of G| 12 mTorr of NO, and 592 Torr of £ at

700 Torr total pressure with Ndiluent.

As shown in the insert in Figure 11, the concentration of
methylene glycol diformate increased linearly with the loss of
1,3,5-trioxane over the range of 1,3,5-trioxane consumptions
used in the present work{85%). Methylene glycol diformate

(bottom) when mixtures of these compounds were exposed to Cl atomsis formed via reaction 31 followed by either reaction 33, or

in 700—750 Torr total pressure at 295 K.

09 -
A : Before UV irradiation

0.6

0.3

0.0
09 -
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Figure 10. IR spectra acquired before (A) and after (B) a 30 s
irradiation of a mixture of 8.0 mTorr of 1,3,5-trioxane, 87 mTorr of
Clz, 12 mTorr of NO, and 592 Torr of £n 700 Torr total pressure of

N2 diluent. During the irradiation 51% of the 1,3,5-trioxane was
consumed. Subtraction of features attributable to 1,3,5-trioxane, NO,
NO,, CINO, CING,, HONO, HONQ, and HQNO; from panel B gives
panel C. We assign the IR features at 957, 1091, 1168, and 1769 cm
in panel C to methylene glycol diformate, H(O)CO&MC(O)H.

assign the IR features at 955, 1091, 1169, and 1769'¢m
panel C to methylene glycol diformate, H(O)CO&HC(O)H.

reaction 34, or both.

H(O)COCH,0CH,0(-) + 0, — H(0)COCH,0C(O)H + HO, (33)

H(O)COCH,0CH,0(-) + M — H(0)COCH,0C(O)H + H + M (34)

To confirm the identification of methylene glycol diformate,
mixtures of methoxymethyl formate (GBCH,OCHO) and Cl
in 700 Torr of @ were subject to UV irradiation. The resulting
product spectra had IR features at 957, 1091, 1168, and 1769
cm! which matched those observed in the 1,3,5-trioxane
experiments. It is expected that a substantial fraction of the
reaction of Cl atoms with CEOCH,OCHO occurs at the CH-
group resulting in the oxidation of GG@CH,OCHO to meth-
ylene glycol diformate. The coincidence of the IR product
features provides confirmation of our identification of methylene
glycol diformate.

In experiments using the 1080 L quartz glass reactor and super
actinic fluorescent lamps, distinct curvature was observed in
plots of the concentration of methylene glycol diformate as a
function of the loss of 1,3,5-trioxane. This curvature was not
observed for experiments performed in the 405 L Pyrex reactor
equipped with the same UV light source. Tests indicate that
the curvature is primarily due to photolysis of methylene glycol
diformate with a photolysis frequency of betweerrdand 104
s™1. Under the assumption of a quantum yield of 1 for the
photolysis, extrapolation of the chamber results to atmospheric
conditiong* suggests upper limits for the photolysis frequency
of methylene glycol diformate betweeh= 3 x 1072 and 0.3
x 1072 s71 for July 1 clear sky conditions at a latitude of°40
N corresponding to an atmospheric photolysis lifetime of
between 6 and 57 min.

Product features at 1640680 cnt! characteristic of alkyl
nitrates were searched for but were not found suggesting that
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reaction 6 proceeds predominately, if not exclusively, via
channel (6a).

To investigate the dependence of the methylene glycol \\\
diformate yield on the @ partial pressure experiments were 04 ( W\OONoz
performed using mixtures of614 mTorr of 1,3,5-trioxane, 10
100 mTorr C}, 5—20 mTorr NO, and 2.4592 Torr Q, in 700~
750 Torr total pressure of Ndiluent. Methylene glycol
diformate was observed as a major product in all experiments.
As seen in Figure 11, for experiments employing][& 100—

600 Torr there was no discernible effect of,]J@n the yield of
methylene glycol diformate.

Unfortunately, we do not have a sample of methylene glycol
diformate and so we cannot calibrate its IR features. In light
of the absence of any other IR product features it seems
reasonable to assume that reaction 6 proceeds essentially 100% 0.0
via channel (6a) and that in the presence>&00 Torr of Q . | | ‘ .
the subsequent conversion of the alkoxy radical {eHO3)O- 800 1000 1200 1400 1600 1800
(+) into methylene glycol diformate is 100% effective. These 1
assumptions were used to derive the absolute scale gfdRis Wavenumber (cm™)
in Figure 11. Figure 12. IR spectrum of 3.9 mTorr of the peroxy nitrate (c-

As shown in Figure 11, for experiments employing]G: CsHs03)O02NO;. The IR path length was 28 m.

50 Torr the observed yield of methylene glycol diformate was

significantly less than in experiments with JO> 100 Torr. 0.2 were obtained. Using these results it can be calculated that
The fact that the yield of methylene glycol diformate drops when in the presence of 1 atm of air diluent 0= 160 Torr) the

[O;] is decreased below 50 Torr shows that additional loss Yield of methylene glycol diformate will be 96%.

mechanisms become important for the alkoxy radical HC(O)-  Thus far, we have not addressed the products of reaction 35.
OCH,OCH,O(s) formed in reaction 31. It is conceivable that In addition to reactions 33 and 34, possible fates of H(O)-
reaction with Cj and/or NO compete with £for the available =~ COCHOCH,O(e) radicals include decomposition and isomer-
HC(O)OCHOCH,O(e) radicals. To test for the effect of [NO]  ization via internal H-atom abstraction. Eberhard ePalnd

and [Cb] on the observed product yields, experiments were Atkinson and Aschmarth have shown that isomerization is
performed with [Q] = 6 Torr and [NO] and [G] varied important for aliphatic @and G alkoxy radicals. The analysis
independently over the ranges—%8 and 3189 mTorr, presented above is unaffected by the exact mechanism of the
respectively. While there was no observable effect off[@ler ~ reaction 35. For experiments conducted with low [gartial

the range stated, increasing [NO] from 5 to 18 mTorr resulted pressures, IR features attributed to one or more unknown
in small (=10%) but significant decrease in the methylene glycol products were observed at 757, 915, 1033, 1070, 1124, and 1195
diformate yield. Presumably this small decrease reflects cm *, which are presumably attributable to products following
scavenging of HC(O)OCHDCH,O(e) radicals via reaction with ~ isomerization and/or decomposition of the H(O)CQOIEH;O-

NO to give the nitrite HC(O)OCKDCH,ONO. To minimize (¢) radicals.

complications caused by such an effect, only data obtained using Finally, we need to consider how our results fit in with the
[NO] < 10 mTorr are shown in Figure 11. available data concerning the atmospheric degradation mech-

As seen from Figure 11, the yield of methylene glycol anisms of other alkoxy radicals. The results from the present
diformate, while sensitive to the Qpartial pressure, does not work show that under atmospheric conditions at least three loss
approach zero at the lowes Pressures studied. Such behavior mechanisms compete for H{O)COGBCH,0O(s) radicals. Simi-
suggests that there are two pathways by which methylene glycollar conclusions were reached in recent studies of the alkoxy
diformate is formed in the chamber; one pathway is dependentradicals derived from dimethyl carbonate, £}(0)OCHO(e)®
upon @, and the other is not. The trend of the data shown in and dimethoxymethane GBCH,OCH,O(s).28 There are obvi-
Figure 11 suggests that there are at least three competing fate§us structural similarities between these alkoxy radicals, and

Absorbance,,
o
]
T

for the HC(O)OCHOCH,O(e) radicals: similar behavior is reasonable.
3.11. IR Spectrum and Thermal Decomposition Rate of
H(0)COCH;0CH,0() + O, —= H(O)COCH,0C(O)H + HO,;  (33) the Peroxy Nitrate Derived from 1,3,5-Trioxane. The UV

irradiation of 1,3,5-trioxane/@INO/O,/N, mixtures resulted in
consumption of NO and formation of methylene glycol difor-
H(O)COCH,0CH,0() — other products (35) mate and N@ When all of the NO had been consumed,
additional product features at 792, 897, 923, 949, 1090, 1174,
The expected dependence of the yield of methylene glycol 1206, 1301, 1412, 1726, and 1769 chwere observed. The

diformate on the @partia| pressure can be expressed as: same IR prOdUCt features were observed fO”OWing irradiation
of 1,3,5-trioxane/GINO,/O, mixtures. These features increased

H(O)COCH,0CH,0(*) + M — H(0)COCH,0C(O)H + H + M (34)

a3 linearly with the consumption of 1,3,5-trioxane and are ascribed
k_?,4 O] +1 to the formation of the peroxy nitrate (css03)O,NO; via
Y(H(O)COCHOC(O)H)= e reaction 7.
[O J+1+ [ The IR spectrum of the peroxy nitrate, (gHgO3)O2NO,
k3 is shown in Figure 12. There was no discernible los8%)

4

The above expression was fitted to the data in Figure 11 with of (c-CsHs03)O,NO, on standing in the dark in the chamber

two parameters varied simultaneoustyy/kss andkss'kss. Best for 10 min. However, addition of NO resulted in a complete
fit values ofkss/ksa = 0.07 £ 0.04 Torr?! andkss/kss = 0.5+ (>95%) loss of (c-GHs03)O,NO; within the 2 min taken for
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the addition. As with other alkyl peroxy nitrates, (gHgO3)O2- the factors which influence the atmospheric fate of alkoxy
NO; is thermally unstable and decomposes to give 4ds03)- radicals.

Oy(e) radicals and N@ In the presence of NOthe peroxy
nitrate is re-formed via reaction 7. Addition of NO serves to
scavenge the (c4Bls03)O,(e) radicals and prevents the re-
formation of the peroxy nitrate. The thermal stability of the
peroxy nitrate derived from 1,3,5-trioxane is low, and like other
alkyl peroxy nitrated8 it will not play any role in atmospheric
chemistry.
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