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Kinetic studies of the reactions of 3-pentoxy with NO ang lave been performed using laser-induced
fluorescence detection of 3-pentoxy radicals. Experiments were carried out at a total pressure of 50 Torr at
subambient temperatures. Arrhenius expressions are obtained for the reactions of 3-pentoxy wWitB)NO (
and Q (ko,): kno = (5.6+ 1.6) x 103 exp[(7.8+ 0.6) kI mot/RT] cm® molecule* s71 (216-276 K), and

ko, = (4.1 + 1.2) x 1075 exp[(2.6 + 0.6) kJ mot¥/RT] cm® molecule® s (220-285 K). No pressure
dependence was observed for either rate constant at 243 K between 50 and 150 Torr. The negative temperature
dependence dfyo is significantly larger than that of other alkoxy radicals, and this suggests a 298 K rate
constant that is only one-third to half those measured for other alkoxy radicals. The small negative temperature
dependence d&, is different from the small positive temperature dependence observed for ethoxy and propoxy
radicals but is comparable to that previously observed for 2-butoxy radicals. The observed temperature
dependencies dyo andko, confound expectations that the kinetics of the reactions of larger alkoxy radicals
would be very similar to the kinetics of,€C; alkoxy radicals.

I. Introduction bimolecular reactions of 2-butoxy, 1-butoxy, 1-pentoxy, and
3-pentoxy’~° However, all of the experiments were carried out
at 293 K, so the activation barriers were not obtained. Moreover,
these studies used a somewhat indirect method: extracting the
rate constants depended on the reliable understanding of a
complex reaction scheme. To date, direct kinetic studies have
only been carried out for the unimolecular decomposition of
tert-butoxy radicalg!-?5its reactions with NO and Ng¥1-26and
the reactions of 2-butoxy radicals with NOp,Gand NQ.2427

In this paper, we have investigated the temperature depen-
ence of the rate constants for the reactions of a five-carbon-
atom alkoxy radical, namely, 3-pentoxy, with NO and &d
using the direct detection of 3-pentoxy by LIF. Arrhenius

The formation of ozone and secondary organic aerosol in
polluted air results from the gas-phase oxidation of volatile
organic compounds (VOC) in the presence of solar radidtion.
Alkoxy radicals are very important reaction intermediates in
VOC oxidation. It is well-known that three competing reaction
pathways dominate the fate of large alkoxy radicals: decom-
position, reaction with @ and isomerizatioA2 Each reaction
channel has potentially different effects on the yields of ozone
and secondary organic aerosol formed during a smog episode.d
Although alkoxy radical- NO reactions are rarely significant
under atmospheric conditions, they are commonly used as
refer_enge reac_:tions in relative rate studies of alkoxy radical expressions for the rates of both reactions are acquired for the
kinetics?® Relatively few absolute rate constants are known for first time
alkoxy radical reactions, and the data are even scantier for large '
alkoxy radicals £ C,4). The modeling of tropospheric phenomena
requires a good understanding of alkoxy radical chemistry;
however, the absence of kinetic data for large alkoxy radicals  3-Pentyl nitrite was produced by the dropwise addition of
undermines the reliability of such efforts. The present under- sulfuric acid to a mixture of 3-pentanol and sodium nitfte.
standing of large alkoxy radicals is primarily based on product- Purification was performed by freezpump-thaw cycles
yield and relative-rate studiésguantum calculation%,® and followed by trap-to-trap distillation. The identity and purity of
real-time monitoring of OH and NN cycling experiments:® 3-pentyl nitrite were verified by its FTIR! UV,3*2 and NMR*

Laser-induced fluorescence (LIF) spectroscopy long ago Spectra. 3-Pentyl nitrite was then diluted in nitrogen to a mole
demonstrated its ability in monitoring;ECs alkoxy radicals ~ fraction of 0.02 and stored in a 10 L darkened gas bulb.

II. Experimental Section

for direct studies of reaction kinetié&:2° Spectra of larger The reaction cell (1.4 L) consists of a Pyrex tube with two
alkoxy radicals have only been investigated recéttf? and long glass side arms containing apertures and quartz windows
used for kinetic studies by oursel¢ésind othergl25-27 Jet- attached at Brewster’s angles. A frequency-tripled Nd:YAG laser

cooled LIF spectra, recently obtained by Carter et al., tend to (Quanta-Ray DCR-2) provides-al5 mJ/pulse at 355 nm for
confirm the previous identification of these larger alkoxy radicals the photolysis of 3-pentyl nitrite. To minimize secondary
and extend our knowledge to alkoxy radicals containing up to chemistry, we modified the experiment by not focusing the
12 carbon atom&:29 photolysis laser beam and introducing it to the cell &tretative
Hein et al. monitored OH cycling and NGormation to to the probe beam (through a side window into the reaction
determine the absolute rate constants of unimolecular andCell). The probe beam from an excimer-pumped dye laser
(Lambda Physik Lextra 100 and FL 3002) passes through the

*To whom correspondence should be addressed. E-mail: tsdibble@ 10Ng arms of the cell. The probe laser is operated at 3.3 Hz
syr.edu. Fax: (315) 470-6856. with a pulse energy of 12 mJ. The 3-pentoxy radicals are
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probed by monitoring the fluorescence resulting from the NO Gas Mixture Pressure (0.92%)
excitation of B— X (2—0) transition at 362.9 nm. 1 = 4torr
The fluorescence signal is collected perpendicularly to the 04 : g:""
laser beams and normalized by dividing by the signal obtained * 1oc::rr
from a photodiode (Thorlabs DET 200) exposed to the light 1 . 12torr
scattered from the optics train of the probe beam. A cutoff filter -2

(CVI Laser LP-435) was used to reduce the scattered light. The
delay time between the two lasers was varied between 5 and
500 us. At each delay time, 200 points were averaged. We
treated the LIF signal at the delay time of 508 as the
background signal on the basis of empirical observations that 64
the LIF signal was lower at this time than at shorter or longer
times. The background signal was subtracted from the signal
obtained at each delay time to construct the decay curve. -8
To avoid the accumulation of photolysis or reaction products
between the successive laser pulses, 2% 3-pentyl nitrite in
nitrogen flows continuously through the reaction cell at 20 sccm. Figure 1. Typical LIF intensity versus time profiles for 3-pentoxy in
The residence time of the gas in the cell is about 20 s. We Lhitemp’:r?)egtcgg g!ﬁ:r)eﬁ F%frfst‘:)eioo;gr': ’\(‘S g";irrrn'ﬁ‘)"g 'I('(()).r?Z% n
verified thgt 3-pentyl nitrite is unreactive Wlth t.h.e walls of the and g-) 4 Torr: solid lines représent the best fits. ’
cell by letting a sample of 2% 3-pentyl nitrite sit in the cell for
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A

0 20 40 60 80 100 120 140 160 180 200
delay time (us)

20 min. A portion of the mixture was then analyzed by FTIR.

No peaks were observed other than those attributable to 3-pentyl 1.5%10°1 X
nitrite, indicating that no significant wall reaction occurs. The

absence of gas-phase and wall reactions of 3-pentyl nitrite with 1.2x10°1

O, and NO was verified in the same manner. Calibrated flow - . x
controllers (MKS 247) are used to control the flow rates of the o 9061077

nitrite—gas mixture and the NO or OThe concentration of x 6.0x10'

each gas in the reaction cell was calculated from the total '

pressure, as determined by a capacitance manometer (MKS 662), 3.0x10° =

and their mole fractions. The flow of the nitrogen buffer gas is

controlled manually by adjusting a needle valve. Typical 0.0 — — — —
concentrations of the reactants were as follows: 3-pentyl nitrite, 0 X107 2407 30T 410
(4-5) x 10 molecules cm?3, NO, (1-5) x 10* molecules [NO] (molecule om™)

cm3; Oy, (1—10) x 10 molecules cmd. Using the 355 nm  Figure 2. Plot of the pseudo-first-order rate constant versus the NO
absorption cross section of 3-pentyl nitrite measured in our concentration at 224 K.

laboratory (1.4x 10719 cnm? molecules?) and the diameter of

the photolysis laser beam (0.4 cm), we are able to estimate that
the photolysis pulse produces an initial 3-pentoxy concentration -23.8+

-23.64

of 5 x 10" molecules cmd, —5 24.04

The carrier gas (N MG 99.999%) and the reactants NO "o 940
(Matheson 99.0%; a mixture of 0.0092 mole fraction ip N g ’
99.9%) and @ (MG 99.999%) are used without further puri- 5 2441
fication. The total pressure inside the reaction cell was typically mg -24.6 [
maintained at 50 Torr. The temperature inside the reaction cell G
) . ~ -24.8-
is measured by a thermocouple located directly below the =

reaction zone. The temperature range was controlled between -25.01
216 and 285 K by adjusting the temperature of circulating
ethanol from a thermostated bath through the jacket surrounding
the reaction cell. The degradation in the structure of the LIF 1T (K™

ex‘?'tat'on spectrum of 3-pentoxy as the tempera_ture INCreasesigyre 3. Arrhenius plot showing the negative temperature dependence
limits the upper temperature range accessible with the presentof the rate constant for the reaction of 3-pentoxy with NO.
apparatus.

3.6x10°  3.9x10° 4.2x10°  4.5x10°

rate constants can be derived from a plot oklwj versus 1T:
Ill. Results and Discussion

- ~13
1. Reaction of 3-Pentoxy with NO.Typical 3-pentoxy LIF kno = (5.62+ 1.62) x 10"~ exp[(7.84+

signal decay curves as a function of delay time are shown in 0.58) kJ mol/RT] cm® moleculé* s™*
Figure 1. The pseudo-first-order approximation allows us to
obtain the bimolecular rate constants of the 3-pentéxiNO (All uncertainties reported in this paper represent a statistical

reaction,kyo, from the slopes of the plots of the pseudo-first- 1o error, unless otherwise specified). Table 1 summarizes the
order rate constants against the concentration of NO (as in Figurditerature on the kinetics of alkoxy radical reactions with NO.
2). As illustrated in Figure 3, values ko decrease by a factor ~ The reactions of propoxy and butoxy radical isomers with NO
of 3 as the temperature is increased from 216 to 276 K, from all have nearly the same activation energy) ©f about—3 kJ

4.5 x 1071 to 1.6 x 1071 cm® molecule s71, respectively. mol~1, but 3-pentoxy has a much more negative activation
An Arrhenius expression for the temperature dependence of theenergy 7.8 kJ mot?). The Arrhenius pre-exponential factor
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TABLE 1: Arrhenius Parameters from Direct Studies of the O, Pressure
Reaction of Alkoxy Radicals with NO 07 m 4torr
A(cm? Ea temp range 14 e 8torr
radical  moleculets™) (kJ mol?) (K) ref A 12torr
C:HsO 2.0x 101 —0.6 286-388 14 27 ¥ 16torr
1-GH,0  1.2x 101 -2.9 289-380 20 — -3 ¢ 20torr
2-C3H,O 1.22x 1074 —2.6 298-383 13 2
0.89x 10°1* -3.3 286-380 20 2 44
tert-C4HoO  0.78x 107 —2.85 206-390 21 2
0.76x 1071 -3.2 223-305 26 < -5-
2-C4HO 0.75x 1071* —2.98 223-311 24 £
0.91x 1071 -3.4 223-305 27 61
3-pentoxy  0.056< 10°%* —7.84 216-276  this work 7
all =C4 23x 101 —-1.25 3 N
'8 T T T T T T T T 1
is also much lower than that for other alkoxy radicals. The 0 50 100 150 200 250 300 350 400
Arrhenius expression can be extrapolated to obtain the rate delay time {us)

— 11
constant allt r910m temperatubgesk = (1.3+ 0.5) x 10°% e , Figure 4. Typical LIF intensity versus time profiles for 3-pentoxy in
molecule’* s71. This is significantly smaller than Atkinson's o presence of different pressures efaD224 K: @) 20 Torr, (*) 16
recommended value of 3.8 107! cm® molecule’* s71.23 Torr, () 12 Torr, @) 8 Torr, and M) 4 Torr; solid lines represent the
The reaction of secondary alkoxy radicals with NO is best fits.
generally believed to proceed through two channels: the addition

of NO and the abstraction of arhydrogen atom. The addition 2.0x10° 1 ]
channel is thought to dominate in all but the lowest presstifes.
Because we measured the disappearance of 3-pentoxy radi- 1.6x10° -
cals, the rate constant we obtained is the sum of parts a and b
of eq 1. ~ 1.2x10°
CH,CH,CH(Os)CH,CH, + NO “ .ox10°
— CH,CH,CH(ONO)CH,CH; (1a) ,
4.0x107
— CH,CH,C(=0)CH,CH;+ HNO
0.0 T T T T
(1b) 0.0 2.0x10”  4.0x10”7  6.0x107  8.0x10"

[O,] (molecule om® )

However, Caralp et al. have proposed a barrierless pathway to
HNO formation from CHO + NO.2 and such a change in  Figure 5. Plot of the pseudo-first-order rate constant versus the O
mechanism might explain the very different activation energy concentration at 251 K.

observed here. A test of the pressure dependenggmivas
carried out within the pressure rangéotal) = 50—150 Torr

at 243 K. No significant pressure effect was observed. Previous
experiments suggested that the reactions of etHoand
propoxy?® with NO approach the high-pressure limit by 15 and
30 Torr, respectively, and no pressure dependence was foun
for the reactions of NO witltert-butoxy?* and 2-butoxy in the
pressure ranges ofB0 and 7175 Torr, respectively*2’ The

the gas flow. We measured an RN@npurity in the NO at the
level of about 1% of the NO concentration; however, this is
unlikely to have a significant effect on the rate const&hisle
therefore estimate the trues2uncertainty in the computed
Oactivation energy as about 20%.

2. Reaction of 3-Pentoxy with Q. The data for the rate of
the G reaction were analyzed in the same manner as the data
: ._for the NO reaction. Plots of the LIF signal versus the delay
lack of any pressure dependence in the present study IStime are shown in Figure 4, and a plot of the pseudo-first-order

consistent with these observations. T o
rate constant versus the ©@oncentration is found in Figure 5.

Rate constants appear to be insensitive to the energy of the_I_ . .
: he intercepts of these plots increases from»6.90° to 1.7 x
photolysis laser pulse and the flow rate of the gases. Upon 10* s as the temperature is raised from 220 to 285 K,

reducing the power of the photolysis laser by 56% at 243 K respectively. The bimolecular reaction rate constant falls slightly
and the total pressure by 50 Torr, we obtained a rate constan om 1.8 % 10-1 t0 1.25 % 10-1 crm? moleculed s-1 with

koask Of (2.2 £ 0.4) x 10~ cm® molecule’! s, which agrees ) . .
within the experimental uncertainty with the value of (27 Increasing temperature. The temperature _dependenk@ mc.
0.5) x 10-1 cm? molecule™? s calculated from the Arrhenius depicted in Figure 6. The resulting Arrhenius expression is

expression. The flow rates of all of the gases were doubled while, _15
keeping their partial pressures constant; the rate constantkoz = (4.10+ 1.24) x 10 exp(2.65+
obtained, (2.6t 0.1) x 10! cm® molecule! s71, was nearly 0.63)kJ molYRT] cm® molecule* s *
identical to the calculated value.

The statistical uncertainties in the individual rate constants which can be extrapolated t@, = (1.2 + 0.6) x 1074 cm?
are not the only source of error in determining the rate constantsmolecule’* s~ at 298 K. Atkinson has proposgthat the rate
or the Arrhenius parameters. Potential errors in determining NO constant for all secondary alkoxy radicals with © kpggx =
concentrations (5%) generate a 5% error in the computed rate8.0 x 10715 cm?® molecule™! s71, which is within the uncertainty
constants at a given temperature. The temperature measurementsf our data. Combined experimental and theoretical investiga-
contain a 1% calibration error and a potential for another 1% tions performed by Hein et 8lsuggested that the rate constant
error (overestimate) of the temperature because the thermocouplef 3-pentoxy with Q is ko, = (7.2 &+ 3.5) x 10715 cm?
is located slightly below the reaction zone in a warmer part of molecule’! s™1 at 298 K, which also is consistent with our result.
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Figure 6. Arrhenius plot showing the temperature dependence of the
rate constants for the reactions of 3-pentoxy wit(l) and our present
results for 2-butoxyt+ O, (O).

The effects of the experimental conditions were also checked
by doubling the flow rates of all of the gases while keeping the
partial pressures constant, resulting in a rate constant of{1.7
0.1) x 10714 cm® molecule® st versus (1.8 0.3) x 107
cm?® molecule? st at 219 K.

The antiparallel arrangement of the photolysis and probe laser

beams in our previous kinetic study of 2-butékgreated the
potential for the accumulation of much higher concentrations

of photochemical reaction products, and hence more unwanted

Deng et al.

TABLE 2: Rate Constants for the Reaction of 2-Butoxy
with NO Compared to Those Computed from the Arrhenius
Expression Derived in Our Previous Work?*

temp previous results (calcd) this work

(K) (cm® moleculet s™) (cm® molecule* s™)
276 (2.7£0.9)x 10711 (24+0.1)x 1012
253 (3.1+£0.8)x 107 (3.2+0.3)x 10711
226 (3.7£0.6) x 10°1* (33+0.2)x 10°1*

+ NO reactions. This is largely because @ an effective
guencher of alkoxy radical fluorescentdeand the small value
of the alkoxy+ O, rate constant requires the use of fairly high
O, concentrations. The effect of fluorescence quenching can
be seen by studying how the intercepts of the plots of the LIF
signal versus time (Figure 4) vary with the, ©@oncentration
and by comparing the intercepts to a similar plot for NO (Figure
1). As compared to the uncertainty generated by the poor S/N
in the @ experiments, other sources of uncertainty would appear
to contribute only modestly to the errors of most of the
individual rate constants. The rate constant only varies8§%
over the temperature range studied, so the error bars on the
individual data points in Figure 6 imply ac2error in the
activation energy for the 3-pentoxy reaction that approaches
100%. However, for the 2-butoxy O, reaction, an error ik,
of similar magnitude still produces a definite negative temper-
ature dependence.

Alkoxy radicals are generally assumed to react withvia
a bimolecula-hydrogen abstraction reaction to form carbonyl
compounds and hydroperoxy radicals:

chemistry, than does our current (perpendicular) arrangement

of the two laser beams. The potential effects of unwanted
chemistry are rather terrifying when one considers that the
presence of 355 nm light, NO from RONO photolysis, and,HO
produced in the RG- O; reaction can produce OH and @a

the same chemistry that producesi®the polluted atmosphere:

HO, + NO— OH + NO, )
NO,+ hv —NO+ O 3)
O+0,+M—0,+M (4)

Our concern over the potential impact of secondary chemistry
on our previous results led us to reinvestigate the 2-butbxy
O, reaction in the range 221 K T < 266 K. An Arrhenius
plot of the results are shown in Figure 6, yielding a temperature
dependence:

Ko-putoxyro, = (1.2 1.0) x 10 exp](4.6+

1.6) kJ mol'/RT] cm® molecule * st

which is consistent with our previous report lof butoxyro, =
(1.3 £ 0.4) x 1075 exp[(5.5 £ 0.7) kJ mot¥RT cm?
molecule’? s71.24 Two factors suggest a much greater influence

of secondary chemistry on our previous work than on the present

CH,CH,CH(O»)CH,CH, + O, —
CH,CH,C(=0)CH,CH, + HO, (5)

For alkoxy radicals smaller tharyGhe reaction rate exhibits a
positive temperature dependence (positigg but our results
for 3-pentoxy and, more strongly, 2-butoxy indicate a negative
temperature dependence for the ®actiong*

Jungkamp and Seinfeld investigated a mechanism for the
reaction of alkoxy+ O, reactions that could be used to
rationalize a negative temperature dependence. Their quantum
computations on the G4 + O, system suggested that the
reaction was initiated by ©addition to the radical center to
form a trioxy radical intermediate (GOO») that subsequently
eliminates HQ@.3% The addition reaction could possess a negative
temperature dependence, and where this step is rate-limiting,
one would expect to observe a negative temperature dependence.
However, more recent calculations performed by Bofill etal.
indicate, fairly convincingly, that Jungkamp and Seinfeld
misidentified the transition state. Bofill et al. find that the
production of CHO + HO; from CH;O0O would have to
proceed via

CH,000— TS3— CH200H— TS4— CH,0 + HO,
(6)

results: (1) the new rate constants are about 60% lower than
the old values (although the results are consistent within the but that TS3 lies 51 kcal mol above CHO + O, rendering

combined errors); (2) the intercepts of the plots of the pseudo-

first-order rate constant versusjjGare about 6 times lower in
the current arrangement than in our previous work (3.60°

s lversus 2.2x 10* st at 277 K). We note that the intercepts
of the pseudo-first-order plots are much larger for thg O

this pathway inaccessible under atmospheric or even combustion
conditions. Instead, the reaction is found to proceed via direct
hydrogen abstraction through a cyclic structure involving
“intermolecular noncovalent ©O bonding.” Bofill et al. do

find a weakly bound prereactive complex, albeit very different

reactions than for the NO reactions, and our previous results from a trioxy radical. A negative temperature dependence might

for 2-butoxy+ NO appear to be valid (see Table 2).
The statistical uncertainties in our studies of alkokyO,

be rationalized under conditions where this complex became
important in the dynamics of the reaction. Note that such a

reactions are very large, much larger than those in the alkoxy complex would likely have a stronger influence at the subam-
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TABLE 3: Arrhenius Parameters from Direct Studies of the
Reaction of Alkoxy Radicals with O,

A (cm? Ea temp range
radical moleculets™) (kJ moi?) (K) ref
CH3O 55x 1071 8.3 298-450 12
C,HsO 71x 10°% 4.6 295-411 14
24 x 10715 2.7 295-354 20
1-GH/O 14x 10715 0.9 223-303 17
25 x 10715 2.0 289-381 20
2-CH;0 10x 10715 1.8 218-313 17
15x 10715 1.6 298-383 13
16 x 10715 2.2 288-364 20
2-butoxy 1.33x 10715 —5.5 223-311 24
1.25x 1071 —4.6 221-266  this work
3-pentoxy 4.10< 1071 —-2.6 220-285  this work

TABLE 4: Rate Constants for the Reaction of 3-Pentoxy
with O, at 243 K at Different Total Pressures

total total
pressure k pressure k
(Torr)  (cm®moleculets™)  (Torr)  (cm®moleculets™?)
50 (1.42+0.10)x 107 150 (1.31+£0.13)x 104
100  (1.444 0.18)x 104

J. Phys. Chem. A, Vol. 105, No. 39, 2008989

more diverse set of alkoxy radicals, not merely of those derived
from linear alkanes. Further investigations of the pressure and
temperature dependence of the rate of alkoxy radieaD,
reactions would be invaluable for illuminating the dynamics of
this important class of reactions.
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