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The kinetics of the reactions of OH with methyl formate (1), ethyl formater{y,opyl formate (3)n-butyl
formate (4), andert-butyl formate (5) were studied using the pulsed laser photeNaser-induced fluorescence
technique. The obtained results in the temperature range ZBBK were the following (in crfhmolecule*

s1): kg = (8.54+ 1.98) x 10°%2 exp[—(461 + 70)/T], ko = (5.66 + 1.10) x 10 % exp[(134+ 53)T],

ks = (1.654 0.45) x 10 2 exp[(42+ 78)/T], ks = (3.63+ 1.08) x 10712 exp[(154 88)/T], andks = (3.59

+ 0.98) x 10 12 exp[—(4494 82)/T]. At room temperature the obtained rate coefficients were the following
(in 1072 cm?® molecule! s™Y): k; = 1.734 0.21;k; = 8.524 0.75;ks = 18.04+ 1.7; ks = 35.44+ 5.2; and

ks = 7.46+ 0.91. These results are discussed with respect to literature data and stractivigy relationships.

Introduction measurements of the temperature dependence of the rate

Oxygenated compounds are widely used in paints, as solventLonstants for the reaction of OH with these formates.

and degreasing agents. Esters are an important class of thes
oxygenated compounds. Esters are used as food flavorings an
in perfumes, and they are also present in some fruits and can The apparatus and experimental techniques used have been
be then emitted to the atmosphere naturally. They are alsodescribed in detail previously®and are briefly discussed here.
produced in the tropospheric degradation of some volatile The pulsed laser photolysigaser-induced fluorescence (PLP-
organic compounds. For example, methyl formate and ethyl LIF) technique was used. Two sources were used to generate
formate are the most important products of the tropospheric OH radicals: photolysis of }D, atA = 248 nm (KrF excimer
degradation of dimethyl ether and diethyl ether, respectivély. laser) and photolysis of HONO dt= 351 nm (XeF excimer
The atmospheric degradation of the two fuel additives, methyl laser). The concentration of hydroxyl radicals was monitored
tert-butyl ether (MTBE) and ethytert-butyl ether (ETBE), at various reaction times ranging from ca. A9 to 10 ms by
yields mainlytert-butyl formatel> pulsed laser induced fluorescence. A Nd:YAG pumped fre-
The role of these formates in the formation of tropospheric quency-doubled dye laser was used to excite the OH radical at
ozone and other secondary pollutants is of some concern. Thel = 282 nm. Fluorescence from the OH radical was detected
tropospheric photochemical reactivity of formates is controlled by a photomutiplier, fitted with a 309 nm narrow bandpass filter.
mainly by their reaction with OH radicals. Their reaction with The output pulse from the photomultiplier was integrated for a
NO; radicals? or Os,” and the tropospheric photoly$iare slow preset period by a gated charge integrator. Typically the
processes and are thus negligible in the atmospheric degradatioifluorescence signal from 10 to 15 different delay times from
of the formates. In order to assess the potential impact of this 100 probe laser shots were averaged to generate OH concentra-
class of VOCs on air quality, rate coefficients data for their tion—time profiles over at least three lifetimes. Formatgdyl
reaction with OH are needed. or formate/HONO mixtures in helium diluent were flowed
We report in this paper the absolute rate coefficients for the slowly through the cell, so that each photolysis/probe sequence
reactions of the OH radical with five formates, methyl formate, interrogates a fresh gas mixture and reaction products did not

xperimental Section

ethyl formate p-propyl formate p-butyl formate, andert-butyl build up in the cell.
formate, in the temperature range 23&%2 K: All experiments were carried out under pseudo-first-order
conditions with [formate}> [OH]o, the initial concentration of
OH + HC(O)OCH, — products (1) OH being [OH} < 2 x 10 molecule cm®. The temporal
profiles of [OH], therefore, followed the pseudo-first-order rate
OH + HC(O)OGH, — products 2 law
— —K't
OH 4 HC(O)OCH,, — products (3) [OH], = [OH]ee
wherek' = k[Xi] + Ko. X; refers to the formate in reactian
OH + HC(O)OGHy — products (4) (i = 1-5) andk is the rate coefficient for the reaction of OH
with the formate i). The decay ratek'o, is the first-order OH
OH + HC(O)OC(CH); — products (5) decay rate constant in the absence of the formate. The value

of K¢ is essentially the sum of the reaction rate of OH with its
A few studies have been carried out so far on the reactions of precursor (HO, or HONO) and the diffusion rate of OH out of
OH with formates. The present work provides the first the detection zone. The concentrations of OH at various reaction
times (delay between the photolysis pulses and the probe pulses)
€ Abstract published ilAdvance ACS Abstractguly 1, 1997. were determined by measuring the LIF signal intensities at those
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delay times. Weighted (according to the signal to noise of the
measured signal at the given time) least-squares analysis were (a) : [MF] = 1.94x1015 molecule em™3
used to fit the data to the above equation and extract the values 4 @ (b) : [MF] = 2.94x1075 molecuie cm™
of K. The second-order rate coefficienky (vere obtained from dﬁ% (c) : [MF] = 4.65x10"5 molecule cm3

the measured values bfat various concentrations of formates. 5 QR (d) : MP] = 6.86x10"5 molecule om3
The helium carrier gas (UHP certified t899.9995% (Al- E o&*(c) i)

phagas)) was used without purification. The 50 wt %Ob! g 1000 _&-

solution, obtained from Prolabo, was concentrated by bubbling £ 5 A%, @

helium through the solution to remove water for several days & Ta B 2 A @ )

prior to use and constantly during the course of the experiments. R 14 ’M~ A @

It was admitted into the reaction cell by passing a small flow g Ae (a) * TN A A ® &

of helium through a glass bubbler containingQ4. HONO 9 1e TN ® Qg

was produced in situ by reacting Nah@®.1 M) with diluted 2 f 4 * ﬁ A ®Q

H,SO; (10%) contained in a stirred round bottomed flask. The & *p @

effluent from the flask was swept into the cell by a known flow - P YN
of helium. Methyl formate ¥ 99%) and ethyl formate>98%) ' *é
were from Flukan-propyl formate £98.7%),n-butyl formate
(>97%), andtert-butyl formate &99%) were from Aldrich. T 1 ' 1 T 7
These compounds were further purified by repeated freeze, 0 2000 4000 6000 8000 10000
pump, and thaw cycles and fractional distillation before use. Delay between the two laser shots (us)

For the kinetic measurements, the studied formates were Figure 1. Observed fluorescence signal obtained from the photolysis

; ; ; ; ; ; of different concentrations of HC(O)OGH[MF]) in helium ati =
Efgl‘;]e?n&tltr:ehztllgrpotlgl ?)r]égsbga@lsfolég$g:lrgh;|?mz g;;%;m 248 nm versus _the d(_elay b(_atween( ttze pr:gtoly]gis and excitatibarat
. Lo > 282 nm. This signal is assigned to the fluorescence ofGCBround

flowed into the reactor through Teflon tubing. The gas mixture 310 nm (see text).
containing the formate, the photolytic precursor,Qd or
HONO), and the bath gas (approximately 100 Torr of helium) 6000
were flowed through the cell with a linear velocity ranging
between 5 and 20 cnt& The concentrations of the formates
were calculated from their mass flow rates, the temperature,
and the pressure in the reaction cell. All flow rates were
measured with mass flowmeters calibrated by measuring the
rate of pressure increase in a known volume. The pressure in
the cell was measured with a capacitance manometer connecte
at the cell entrance.
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Results and Discussion maethy! formate

2000 —

For the studied formates, except methyl formate, the OH
decay plots, In[OH]= f(t), showed excellent linearity when
H,0O, was used as the OH precursor. The experiments were,
therefore, performed with this OH source for ethyl formate,
n-propy! formate,n-butyl formate, andert-butyl formate. In y '
contrast, some complications were apparent with methyl formate 0 - | : . -
using HO; as the source of OH. The OH decay plots in the 0 40 20 120
presence of methyl formate were curved. However, the OH

: - 1
concentration was sufficiently low ([Okf]< 2 x 10' molecule Figure 2. Plots of K; — k', vs formate concentration at room

3 : 0,
cm ) and the purity (.)f methyl formate was at a levelq9%) . temperaturei(= 1-5). The lines represent the linear least-squares
that secondary reactions of OH with a product of the reaction fitting.

or from the impurities were negligible and could not explain

the observed curvature of the plots. The possible role of this signal is probably due to the fluorescence of;ORvhich
photodissociation products of methyl formate was also consid- has been previously identified as a photolysis product of
ered. The reported UV spectrum of methyl fornfateows that HC(O)OCH; around 248 nn¥!2 Then, in order to avoid
this compound does absorb slightly/at= 248 nm. We have complications in our kinetic studies, we used radiation of
remeasured the UV absorption cross section using a diode arraywavelength 351 nm to generate OH from the photolysis of

[formate] (1014 molecule cm‘3)

spectrometet! The obtained value at 248 nmadsic(ojock, = HONO. Methyl formate does not absorb at this wavelerigth.
(7.74 &£ 0.75) x 10721 cn? molecule’l. This value is in Under these conditions, the OH decay plots, In[CHI]f(t),
excellent agreement with that previously reported at 248 showed excellent linearity.

NM: Guc)ock = 7.9 x 1072 c? molecule®.® Using this Possible contributions to the measured rate constants from

value, we can calculate that under our experimental conditions secondary reactions of OH with the products of reactions 1

up to 16* molecule cm? of photoproducts could be produced were significantly reduced by using high a0 [formate]/

in the photolysis cell. Photofragment production was confirmed [OH] ratios. As expected, the values kf were independent

by observing a fluorescence signal in the absence ,H of the OH radical concentration. The rate constants were also
Typical temporal profiles are shown in Figure 1 where the shown to be independent of variations in the flow velocity
fluorescence signal intensity was plotted as function of the delay through the reactor, changes in the total pressure of the system,
time between the two laser shots (photolysis and LIF shots) for or variations in the photolysis laser fluence (at 248 or 351 nm).
different concentrations of methyl formate. It is suggested that Values ofk; were derived from the least-squares fit of the straight
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TABLE 1: Reactions OH + Methyl Formate (1), OH + Ethyl Formate (2), OH + n-Propyl Formate (3), OH + n-Butyl
Formate (4), and OH + tert-Butyl Formate (5): Summary of Experimental Conditions and Measuredky, ks, ks, ks, and ks

[methyl [ethyl [n-propyl [n-butyl [tert-butyl
formate] 1018 x formate] 108 x formate] 102 x formate] 102 x formate] 108 x

T (K) (1042 (ki £ 20)° (1042 (k2 & 20)° (1042 (ks & 20)° (1042 (ke £ 20)° (10142 (ks & 20)°
233  8.12-79.76 1.29+0.06

243 4.65-31.35 10.26+ 0.39

253 7.83-8451 133 0.06 7.06-72.45 9.70+0.11 3.46-36.49 195 0.06 0.53-7.95 4.30+0.26 2.68-21.39 6.20+£0.24
253 11577276 1.38:-0.11 8.03-55.96 9.80+0.25' 6.45-58.05 2.08:0.08' 0.16-2.34 3.91+0.32 7.09-49.93 6.34L0.7%
263 6.48-69.24 9.12+0.33 2.7728.58 1.99+0.03 0.6%8.64 3.82+0.34 2.56-21.53 6.87+0.25
263 0.60-8.48 4.06+ 0.22

263 0.52-7.39 4.06+0.39

273  6.79-76.51 156+0.05 6.29-67.22 8.90£0.42 3.33-33.91 1.870.04 0.518.03 4.06+0.14 2.24-17.67 6.98:0.32
273 0.47-8.72 3.55+0.32

283 0.46-8.07 3.47+0.28

297 0.42-7.80 3.56+ 0.3#

298 5.79-54.84 1.80+£0.07 6.48-59.04 8.43:£0.32 2.53-31.48 1.73:0.08 0.49-7.65 3.61+0.23 1.66-19.98 7.29+0.43
298 7.4186.58 1.60£0.12 6.1464.22 8.320.27 2822577 1.82£0.04 0.42-8.32 3.45:0.18 2391741 7.46t£0.30
298 10.89-105.53 1.82:0.09 3.55-37.25 8.82:0.3% 2.67-25.24 1.86+0.05 2.19-20.53 7.50+0.52
298 8.76-9591 1.69+0.12 3.60-32.16  7.58+ 0.54
298 21.05-102.04 1.75: 0.0

313 0.47-7.67 3.64+0.32

323 8.7796.58 1.95-0.13 5.79-59.03 8.30+0.32 2.79-29.14 1.74+0.09 2.12-16.07 8.87+0.52
333 0.42-6.17 3.82£0.22

333 0.36-7.00 3.75+0.18

348  8.38-90.08 2.25£0.09 5.8755.00 8.514+0.53 2.69-27.28 1.87+0.06 2.17-16.47 10.25+0.82
348  9.05-69.14 2.41+0.10

353 0.40-5.84 3.95+0.28

371 0.35-5.71 4.10+0.16

372 7.89-82.83 2.48-0.08 4.9851.36 8.74£0.36 2.4325.32 1.92£0.04 2.19-15.04 11.15+0.83
372 18.61105.22 2.7k 0.1Z2 9.24-63.88 8.41+0.58 4.59-44.53 2.00+ 0.1 1.89-14.11 11.63t0.6#

aUnits of molecule cmd. ® Units of cn? molecule® s7L. ¢ Variation of the photolysis laser fluence (decrease by a factor ¢f\Briation of
flow velocity (decrease by a factor of 3)Experiments carried out at 300 TofVariation of the photolysis laser fluence (decrease by a factor of

2).

lines. Figure 2 shows the plots d§ versus the formate
concentration obtained at room temperature for the different
formates. The quoted errors fér determined in this work
include 2 from the least-squares analysis and the estimated
systematic error 5% (due to uncertainties in measured concen-
trations). .

The experimental conditions and the measured values of the™,
rate coefficients over the temperature range 238 K are
listed in Table 1. They are also shown in Figure 3 in the
conventional form of the Arrhenius equatiok £ Ae E/RT),
The Arrhenius parameters for the OH reactions with the formates E
are given in Table 2 together with those from previous studies. “E
For each reaction, only one previous study has been carried £
out at room temperaturel® Agreement between the rate
constant for reaction of OH wittert-butyl formate obtained in
this study and that derived from relative rate measurements by
Smith et al* is excellent. The rate constants for methyl, ethyl,
andn-propyl formates are consistently lowerZ5%) than those
reported by Wallington et al2 although the value fon-butyl
formate is slightly higher than found by these workers.

Trends in the OH + Formate Reaction Rate Constants.

For n-alkyl formates, the observed increase of the rate constants
(ki1—ks) at 298 K with the number of carbon atoms in the alkyl
group indicates that the OH radical reacts predominantly with
the alkoxy group.

The present values &f—ks can be compared with the rate
constants previously obtained in our laboratory for the corre-
sponding acetatés!® (in parentheses)k; = 1.73 (3.20) k. =
8.52 (16.7)ks = 18.0 (34.2) ks = 35.4 (55.2) ks = 7.46 (5.60),

(in units of 10713 cm® molecule s! at 298 K). Then-alkyl

n-buty| formate
n-propyl formate
1.0E-11 ethyl formate

tert-butyl formate

qomb e
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Figure 3. Plots ofk; to ks vs 1/T. The solid lines represent the two-
parameter least-squares fits to the individual data points for each
formate. The error bars of the individual point areghd do not include
estimated systematic errors.

I

24E3 4.0E-3 4.4E3

—OC(O)R group was calculated to beFpC(O)R)= 1.6 at
298 K, R being an alkyl radical.

Similar SAR calculations fok;—ks (OH + formate reactions),
assuming that H-atom abstraction from th@C(O)H group is
formates are 3649% less reactive than the corresponding negligible, give values which differ significantly from the
formates, whilgert-butyl formate is ca. 30% more reactive than experimental ones. The calculated values are in parentheses:
tert-butyl acetate. The rate constants for these acetates agred; = 1.73 (2.18) k, = 8.52 (16.6) ks = 18.0 (31.5)ks = 35.4

well with the ones calculated from the structwativity
relationship (SAR) of Atkinson based on group reactivftyn
the updated SAR data ba8ehe substituent factor for the

(45.7),ks = 7.46 (5.03). The lower experimental values for
ki—k4 compared to calculated ones suggest that the substituent
factor for the—OC(O)H group, F-OC(O)H) is lower than
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TABLE 2: Comparison of OH Reaction Rate Coefficients with Previous Work

ka, 102 cm? A2P10712cm?
molecule T, K molecule* st moleculel st E/R2 K Trange, K technique reference
HC(O)OCH; 296 0.227+ 0.034 FP-RF 13
298 0.173+ 0.021 0.854+ 0.198 461+ 70 233-372 LP-LIF this work
HC(O)OGHs 296 1.02+ 0.14 FP-RF 13
298 0.852+ 0.075 0.566+ 0.110 —134+ 53 243-372 LP-LIF this work
HC(O)OGH- 296 2.38+£0.27 FP-RF 13
298 1.80+ 0.17 1.65+ 0.45 —42+78 253-372 LP-LIF this work
HC(O)OCH, 296 3.12+ 0.33 FP-RF 13
298 3.54+ 0.52 3.63+1.08 —154 88 253-371 LP-LIF this work
HC(O)OC(CH)s 297 0.7374 0.005 RR 4
298 0.746+ 0.091 3.59+ 0.98 449+ 82 253-372 LP-LIF this work

aErrors are those given by the authdr&or our data, the uncertainties farand E/R were given byAA = 2Agi, o and AE/R = 2 ogir for the
Arrhenius forms¢ Key: LP-LIF, laser photolysislaser-induced fluorescence; FP-RF, flash phototysisonance fluorescence; RR, relative rate.

F(—OC(O)R)= 1.6. Further, hydrogen abstraction from the
formate group may make a significant contribution to the overall
rate constant&; andks for the reactions of OH with methyl
formate andert-butyl formate which only contain low reactive
CHjz groups. Taking a mean value of FQC(O)H) = 0.6,
derived from the fitting of experimental and SAR calculated
values ofky, ks andka, a value of 0.9x 10713 cm® molecule?!

(CH3C(O)O(CHp)3).15 If it is assumed that the temperature
dependence ok; and ks is mainly controlled by H-atom
abstraction from CHl groups, the present data, then, further
confirms that H-atom abstraction from a €ldroup has a
positive temperature dependence.

Although the Arrhenius plots fdky, ks, andk, are correctly
fitted by a straight line with a near zer@és(and ks) or very

s ! is obtained for the partial rate constant corresponding to slightly negative slopekg), slight curvatures of the plots cannot

H-atom abstraction from the-OC(O)H group in methyl
formate. This process will then contribute to ca. 50% of the
overall reaction in methyl formate. For thmealkyl formates,

be excluded as clearly observed in the same range of temperature
for methyl acetate and ethyl acetad®é* The curvature in the
Arrhenius plots probably arises from differences in the tem-

the experimental rate constants obtained at 298 K compareperature dependencies of the individual rate constants for OH

relatively well with the calculated ones in brackets using
F(—OC(O)H) = 0.6 andk(—OC(O)H) = 0.9 x 10713 cm?
molecule! s k; = 1.73 (1.72) k, = 8.52 (8.18) ks = 18.0
(21.0),ks = 35.4 (34.2) (in units of 10'3 cm® molecule’* s71).

Similarly, for tert-butyl formate, the difference between
experimental and SAR calculatdg (7.46 — 5.03= 2.43, in
units of 1013 cm?® molecule® s~1) would correspond to H-atom
abstraction from the-OC(O)H group. Assuming that the H
atom and CH group have only a small influence on the
reactivity of thetert-butyl group in thetert-butyl formate and
tert-butyl acetate, respectively, the contribution of H-atom
abstraction from the-OC(O)H group to the overall rate constant
can be calculated as follows:

k(H) = k(OH 4+ HC(O)OC(CHy),) —
[k(OH + CH,C(O)OC(CHy),) — k(CH,)] = 2.86x 10 **

wherek(CHj) is the contribution of the C§C(O) group to the
overall rate constark(OH + CH3C(O)OC(CH)3) and is taken
ask(CHz) = 1.0 x 10~13 (half of the experimental rate constant
value for the reaction OH- acetone:k(OH + CH3;C(O)CH)

= 2.19 x 10718 recommended valué,and (1.844 0.24) x
10713, recently obtained in our laboratdfy. The higher value
of the partial rate constant of theOC(O)H group intert-butyl
formate, (2.43-2.86) x 107'3, compared to that in methyl
formate, 0.9x 10713 may be explained by a higher positive
inductive effect of thetert-butyl group intert-butyl formate
compared to the methyl group in methyl formate. From the

attack at different sites in the formates. Also, a second pathway
forming a long-lived adduct by OH addition to the carbonyl
group cannot be excluded specially at low temperatures and
low pressures. This was for instance suggested for OH reaction
with aliphatic ketoneg® However, the occurrence of such a
mechanism could not be firmly established since no pressure
dependencies of the rate constants were observed.

Atmospheric Implication

With a typical tropospheric OH concentration ofxl 10°
molecules cm?® the following tropospheric lifetimesz(=
1/k[OH]) are calculated (in days): 66.9, 13.6, 6.4, 3.3, and 15.5
for methyl formate, ethyl formaten-propyl formate,n-butyl
formate, andert-butyl formate, respectively. These lifetimes
are fairly long and mean that the formates may be transported
far from their emission locations. In particular, urban and
suburban emissions of these compounds are unlikely to con-
tribute to local ozone and photooxidant formation. The lifetimes
of the studied formates are also significantly higher than those
of the ethers which produce them as intermediates in their
atmospheric oxidation mechanisms. The lifetimes for the
precursor ethers are 4 days for dimethyl ether (methyl formate),
1 day for diethyl ether (ethyl formate), 3.7 days for metieyt-
butyl ether {ert-butyl formate), and 1.3 days for ethrt-butyl
ether (ert-butyl formate)t®1® Thus, the capacity of these ethers
to form ozone and other oxidants is not only limited by their
OH-initiated oxidation but also in part by the OH-initiated
oxidation of the formates generated in the primary process.

above discussion, it may be speculated that the nature of the

Ri group in the ester f£(O)OR: influences the reactivity of
the R, group and vice versa.

Temperature Dependence of the OHt- Formate Reaction
Rate Constants. The rate constants, andks exhibit a weak

positive temperature dependence as previously observed in our
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