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The reaction of nitrate radical with dimethyl sulfide was studied with cavity ring-down spectroscopy-in 20
200 Torr of N> diluent in the temperature range of 28318 K. The rate constant for this reactidq, is

found to be temperature dependent and pressure indepenqent4.5f‘2‘:g x 10713 exp[(3104 220)/T] cm?d
molecule* s™1. The uncertainties are two standard deviations from regression analyses. The present rate
constants are in good agreement with those reported by Daykin and Wind.(Chem. Kinet199Q 22,

1083) and may be used in the atmospheric model calculation. Theoretical calculations were carried out to
verify the existence of an intermediate complex.

1. Introduction molecule! s~ under 0.5-4.5 Torr of He diluent and 20 Torr
of Ny diluent17:21 Most recently Daykin and Wirté reported
k; = (1.34 0.3) x 1072 cm® molecule* s~1in 19-500 Torr
of N, and air diluent. NASA/JPE and IUPAC* recommenda-
tion values for the rate constant of N@ DMS to use the
atmospheric model calculation are xQL0-12and 1.1x 10712
cm® molecule® s71, respectively.

Dimethyl sulfide (DMS), the largest natural source of
atmospheric sulfur, is produced by phytoplankton in the oceans
and is released into the atmosph&reWhen DMS is oxidized
in the atmosphere, the organic sulfur species become hygro-
scopic and may form condensation nuclei, leading to the

production of aerosols and possibly clouds. Thus, the oxidation Dlugokencky and Howafd and Wallington et a#° reported

of DMS s of particular importance o the production of a negative temperature dependence for the rate constant in the
atmospheric aerosols, and hence to Earth’s radiation balance 9 p P

and climate systerfiThe effects of aerosols and clouds remain ranges 256 376 and 286:350 K, respectively. Those results

as the largest uncertainty in climate forecasting totd&aMS inr:'gmbe?ji:tg ég(rjr:c?e“)?n of the formation of a short-lived
has been considered to be mainly oxidized by reaction with piex.

hydroxyl (OH) radicals during the daytinfel® At night, DMS _ *

is considered to be mainly oxidized by nitrate radical GNO NO; + CH;SCH, = [(CH,),S(ONQ)] (1a)

via the following reaction, because OH radical is absent in the — [(CH,),S(ONQ,)] — CH,SCH, +

atmospheré?-14 HNO, (1b)
3

NO, + CH,SCH;, — CH,SCH, + HNO. 1
3 sSCH; -SCH, 3 @) Daykin and Winé? and Jensen et &}.observed a significant

deuterium isotope effecky/kp = 3.8 at room temperature),
showing that the rate-determining step involveskC(or C—D)
bond breakage. However contradicting to these studies, the rate
constants at several temperatures reported by Tyndall et al.
shows the rate constant is temperature independent3{0.3)
x 10712 at 278 K, (0.99+ 0.35) x 1072 at 298 K, and (1.00
+ 0.25) x 10712 cm?® molecule’® s1 at 318 K18

The previously reported experimental data show that the rate

has been measured by several methods as listed in TABI&21. constant is independent of total pressure over the range from
Wallington et al. reported the rate constant to be (G£75.05) 0.5 to 760 Torr. For example, Daykin and Wine suggested the

« 10-12 cm? molecule! s~ in 50—400 Torr of He diluent® pressure independence of the rate constants in the rage of the
! ir 22
and (0.81+ 0.13) x 10-12cm® moleculel s in 50100 Torr  total pressure of 19500/N; or Air.**
of N, diluent2® Other works reported; ~ 1 x 1012 cnd In this work, we have reexamined the temperature and
pressure dependence of the rate constant foy NOMS using

* Corresponding author. E-mail: yukio_n@im.hiroshima-cu.ac.jp. Fax: Cavity ring-down spectroscopy, which is known as a high
+81-82-830-1825. sensitive absorption technique. The low detection limit achieved
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NO; radical is considered to be one of the most important
oxidizer, especially in urban areas, because; Mdormed by
the reaction of N@with O3.15 Solar photolysis of N@and the
reaction with NO suppress the concentration of sN&D the
daytime. Because of this, the mixing ratio of pl@eaks at
nighttime. In the marine boundary, the concentration ofzsNO
rises up to 10 ppt during the night.

The rate constant of the reaction of Bl@&dical with DMS
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TABLE 1: Rate Constants of NO; + DMS at Room Temperature

experimental technique pressure (Torr)/diluent gas ki (1072 cm® molecule*s™) ref
relative rate method 735/air 0.990.02 17,24
molecular modulation 20/N 1.0+0.2 18
flash photolysis with visible absorption 5@00/He 0.75+ 0.05 19
flash photolysis with visible absorption 5000/N, 0.81+0.13 20
flow tube with laser-induced fluorescence ©45/He 1.05+0.13 21
laser flash photolysis with visible absorption -1800/N,, Air 1.3+0.3 22
laser flash photolysis with cavity ring-down spectroscopy —200/N, 1.284+ 0.08 this work

2 The measured rate coefficient ratio kfNOs; +CH;SCH;)/k(NOs + trans-2-butene)= 2.55+ 0.05 is placed on an absolute basis by use of a
rate coefficient ok(NOsz + trans-2-butene)= 3.89 x 10713 cm?® molecule® s™1. ® As mentioned in the text, the rate constant shows no pressure
dependence. Thus, we adopte the rate constant deterined in 100 Tordofiéht.

Photolysis Light the reaction region (0.46 m) whileis the cavity length (1.04

4 I et el m); 7 is the measured cavity ring-down time;and o are the
e e PYL }7 _ concentration and absorption cross section of the species of
s PR interest;c is Fhe speed ofllight.
N, o N, The reaction cell consisted of a Pyrex glass tube (21 mm
a 2 |2 i.d.), which was evacuated by an oil rotary pump. The volume
3 ,.rd f=l _m of the detection region of reaction cell was 160 3crithe
N gl - temperature of the gas flow region was controlled by circulation
Codlai fire of a thermostated mixture of methanol and water and was
el A controllable over the range from 283 to 318 K. The difference
e between the temperature of sample gases at the entrance and
“/— exit of the flow region was<1 K. The pressure in the cell was
: - CH,SCH, /N, DOS monitored by an absolute pressure gauge (MKS, Baratron). Gas
MFC i i flows were measured and regulated by mass flow controllers
Figure 1. Experimental apparatus of cavity ring-down spectroscopy (KOF,LOC’ model 3660). A slow flow ,Of nitrogen d'.luem gas
for the measurement of the reaction of N@ith DMS (HRM, high was introduced at both ends of the ring-down cavity close to

reflective mirror; PYL, pulsed N4:YAG laser; DL, dye laser; DG, the mirrors to minimize deterioration caused by exposure to
delay generator; DOS, digital oscilloscope; PMT, photomultiplier tube; reactants and products. The total flow rate was kept constant at
BPF, band-pass filter; MFC, mass flow controller; TM, thermometer; 1 0 x 103 cm® min—! (STP). Experiments were performed with
PG, pressure gauge). 1-2 Hz laser operation. Hence the gas mixture in the detection
by using the cavity ring-down spectroscopy technique allows region refreshe_d in-13 laser shots under the pressure conditions
us to keep radicals concentrations as low, hence reducing theof these e.xperlments. .
complications from radicairadical reactions. NOs _radlcals were produced by the 266 nm photolysis (laser
power is 16-80 mJ/pulse) of MOs (0.3—3 x 10'® molecules
2. Experimental Section Cm_a) in 20—200 Torr of '\b diluent.

Our cavity ring-down spectroscopy apparatus is shown in .
Figure 1 and similar to the previously reported dAdwo NZO5 -+ hw(266 nm)—NO, + NO, (3)

pulsed lasers were employed. A NdYAG laser (Continuum . N e . )

Co., Surelite 1) was used to photolyze nitrogen pentoxide 1N€ electronic transition NEB“E' — X“A’5) was monitored at
(N,0s) at 266 nm to generate NQ@adicals. A dye laser (Sirah ~ ©62.0 nm. The absorption of NOwas converted to the
Co., Cobra-Stretch; DCM Dye) pumped by the 532 nm output concentration by using the reported absorption Cross section at
of a NcB*:YAG laser (Continuum Co., Surelite I) was used to 662 nm,ono, = 2.0 x 1077 c? molecule 232729 Signal

probe the concentration of NOAfter the photolysis laser beam ~ decays of N@in the presence of excess DMS were used to
traversed a reaction cell nearly collinear to the axis of the Provide kinetic data for the reaction of N@ DMS. Since the

ring-down cavity, the probe laser beam was injected through reactions were carried out under pseudo-first-order conditions
one of two high-reflectivity mirrors which made up the ring- with DMS in excess, the_ N©radical concentration does not
down cavity. The mirrors (Research Electro Optics) had a Nave to be known with high accuracy.

reflectivity of 0.9994 (correspond to the 58 of cavity ring- N2Os was synthesized by the method reported by Caeser and
down time for vacuum) at 662.0 nm, a diameter of 7.75 mm, Goldfrank® Highly concentrated nitric acid (HN§pcontained

and a radius of curvaturefd m and were mounted 1.04 m in aglass flask was cooled to dry ice temperature. Ozone in an
apart. Light leaking from one of the mirrors of the ring-down Oz stream was passed through the flask ap@sRvas added.
cavity was detected by a photomultiplier tube (Hamamatsu Evolved NOs gas with NO, was collected in a cold trap at
Photonics Co., R928) through a broad band-pass filter (656 nm,dry ice temperature. The condensation was fractionated by
fwhm 10 nm). The decay of the light intensity was recorded vacuum distillation. Other reagents were obtained from com-
using a digital oscilloscope (Tektronix TDS430A) and trans- Mercial sources. DMS (99.0%) was subjected to repeated

ferred to a personal computer. The decay of the light intensity freeze-pump-thaw cycles before use..N>99.9995%) and
is given by equation, He (>99.9999%) were used without further purification.

The mixtures of NOs/buffer gas and DMS/buffer gas,
I(t) = | exptit) = | exptity — ondLg/L)t)  (2) prepared and stored in a glass bulb, were injected into the
reaction cell using mass flow controllers. The concentrations
wherel(t) is the intensity of light at timd. 7o is the empty of N2Os and DMS in the reaction cell could be calculated by
cavity ring-down time (5.6:s at 662.0 nm)Lg is the length of using the flow rates.
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Figure 2. Pseudo-first-order decay profiles of Meadical with [DMS]
= 0 (closed circles) and [DMS¥ 9.7 x 10" molecules cm?® (open
squares) in 100 Torr of Ndiluent at 298 K. The curve is a fit of eq 7
to the data.

3. Results and Discussion

3.1. Experimental Study of the Reaction of NQ with
DMS. NO; was produced by the 266 nm photolysis ¢iQy at
a total pressure of 100 Torr withNliluent at temperatures of
298 K. Under these conditions, N@as lost via the following
reaction pathways.

NO, — diffusion and wall loss (4)

NO, + NO; — products (5)
NO, + NO, — NO + NO, + O, (6a)
NO, + NO, +M — N,O; + M (6b)

As discussed in our previous work, the processes 5, 6a, and 65D

do not contribute significantly to the consumption of jl@nd
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Figure 3. Plot ofk' vs concentration of DMS for data in 100 Torr of
N2 diluent at 298 K. The solid line is a linear least-squares fit to the
data, wherek' stands forky[DMS] + ka.

TABLE 2: Rate Constants for NO; + DMS Observed at
Various Pressures and Diluents (298 K)

total pressure (Torr)/diluent gas  k; (10-*2 molecule*cm? s™)

20/He 1.22+0.09
20/N; 1.27+£0.12
50/N, 1.29+0.10
100/N, 1.28+ 0.06
200/N, 1.33+0.18

TABLE 3: Temperature Dependence of the Rate Constants
for NOz + DMS in 100 Torr of N, Diluent

temp (K) ki (1072 molecule*cm?® s™)
283 1.37+ 0.06
293 1.30+ 0.04
298 1.28+ 0.06
308 1.244 0.08
318 1.244+ 0.13

is in excellent agreement with that reported in most recent work
y Daykin and Winé?2 and is close to those reported by
Atkinson et al1” Tyndall et al.1® and Dlugokencky et &t These

process 4 is the dominant pathway for the consumption of "€Sults are summarized in Table 1.

NO;.21 Figure 2 shows a typical decay profile of N@easured
under these conditions (B®s] = 3 x 10" molecules cmd),
in which the measured decay profile of N well reproduced
by a single-exponential decay curve:

[NOg; = [NO;l, exp(= K 1) @)

where [NQ]; and [NGs]o are the concentrations of N@t time
t = 0 andt, respectivelyk' is the first-order rate constant for
the loss of NQ.

To determine the rate constant of pl@ith DMS, temporal

To test the pressure effect by a diluent gas, additional
experiments were performed at 20 Torr of He diluent and at
20, 50, and 200 Torr of Ndiluent. Consequently, we obtdka
= (1.22 £ 0.09) x 107*2in 20 Torr of He diluent, (1.27%
0.12) x 107*2in 20 Torr of N, diluent, (1.294- 0.10) x 10712
in 50 Torr and (1.33& 0.18) x 10712 cm?® molecule* st in
200 Torr. Uncertainties reported here are two standard deviations
determined by the fitting method. These results are summarized
in Table 2. These data are consistent within experimental error,
therefore any pressure dependence that might exist is very slight.
Therefore, our experimental results suggest that the rate constant

(up to 3.2 x 10 molecules cmd). Under these conditions,

NO; radicals were lost via reactions 1 and 4 and a single-

exponential decay is shown in Figure 2 for [€3CH;] = 9.7
x 10" molecules cm?. In eq 7,K is expressed by the following
equation.

K = k,[DMS] + k, ®)

The decay profiles of N® were analyzed with the same

procedure, and’ was determined at several concentrations of

DMS. Figure 3 show&' vs [DMS] in 100 Torr of N diluent at

298 K. By considering the relationship of eq 8, a linear least-

squares analysis gively = (1.28 = 0.06) x 1012 cm?®

the range of pressures and dileunt gases used here2(#0

Torr of He and N). These results agree with that reported by
Daykin and Wine?2 We conclude that the present value
determined in 100 Torr of Nis appropriate for use in
atmospheric models, because of no notable pressure dependence
in the reaction rate constant.

To determine the temperature dependence in 100 Torpof N
diluent, k; was measured at various temperatures 283 K.
(Table 3 and Figure 4). Figure 4 shows the negative temperature
dependence for the reaction of M@ith DMS. The tendency
of the temperature dependence of the rate constant agrees with
that reported by Dlugokencky and Howa&fdand by Wallington
et al2® A linear least-squares analysis of the present data with

molecule’! s™1. Uncertainty reported here is two standard weighting by the inverse of dispersions for each data gk¢es
deviations determined by the fitting method. The present value = 4.5733 x 10713 exp[(3104 220)/T] cm3 molecule® s,
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Figure 4. Temperature dependence of the rate constants of NO
DMS in 100 Torr of N diluent. Present work (closed circles),
Dlugokecky et al. of ref 21 (open triangles) and Daykin and Wine of
ref 22 (open squares).

Figure 5. Calculated structure of the DMSNO; complex.

Uncertainties reported here are two standard deviations deter
mined by the fitting method. The negative activation energy

(Ea = —2.6 & 1.8 kJ motY) determined herein is consistent

with that determined by Dlugokencky and HowdrtE, = —4.4

+ 0.2 kJ mot?) and Wallington et af® (B, = —1.4 4+ 1.1 kJ

mol~) within experimental errors, The negative activation

energy suggests that the reaction of N@th DMS proceeds

via an associated complex as shown reactions la and 1b.
3.2. Theoretical Study of the Reaction of N@Qwith DMS.

Theoretical calculations were done to verify the existence of
an intermediate complex as described in reaction 1. All

calculations were performed using the GAUSSIANDSLite

of programs. The results of the calculations presented here resul

from calculations performed at the B3LYP/811++(3df,3pd)
level of theory334and the UMP2/6-311++(3df,3pd) level of

Nakano et al.

atom on the nitrate radical interacts slightly with a hydrogen
atom of DMS. The intermolecular distance between these two
atoms is calculated to be 2.698 A using the UMP2 method and
2.586 A using the B3LYP method. The angle formed between
the C-S—C plane of the DMS and the nearest oxygen atom of
nitrate radical is nearly perpendicular, and 8520 UMP2/6-
311++(3df,3pd) level and 864B3LYP/6-311-+(3df,3pd)
level of theory. The plane formed by the nitrate radical is nearly
parallel to the SC—H plane on the methyl side further from
NOs. All of the optimized geometric coordinates for the DMS
NO; complex are listed in supplementary Table S.1, and the
structure is shown at three different angles in Figures-S.4.

The two methods differ somewhat in their calculation of the
well depth D¢), however. At the UMP2 level of theory, the
binding energy is 30.5 kJ mol, while, using the B3LYP
method, the well depth is calculated to be 59.0 kJThaThese
are taken as a lower and upper limit fDe of this complex.
The harmonic zero-point energy correction was calculated to
be 13.0 kJ moll, resulting inDo to be 17.6 kJ molt using the
UMP2 method, and 46.0 kJ mdlfor the B3LYP method.

The reaction of OH with DMS is also known to form the
similar complex as shown in the following reaction scheme.

OH + CH,SCH, == (CH,),SOH 9)

The binding energy of complex formed between DMS andsNO
determined here is similar in magnitude to the complex formed
between DMS and OH, which has the same type of interaction
between the SO intermolecular coordinate. Using the same
methods and basis sets, the binding eney for this complex

is 8.9 kcal mot? using the UMP2 method and 50.6 kJ mbl
using the B3LYP methotf Several other previous theoretical
calculations of the DMSOH compute similar values using
comparable basis sets and methods, such as El Nahag%et al.
(Do = 37.7 kJ mot? at the PMP2/6-31t+G(2df,2pd)//MP2/
TZ++ level of theory), Gonzalez-Garcia et‘dl(Do = 37.7 kJ

‘mol~1at PMP2/6-31G(2d,p) level of theory). These are validated

by the experimental observations of Barone éfahd of Hynes

et al.#” who report bond enthalpies\H) for the DMS-OH
complex of 43.14= 10.5 kJ mot?! at 298 K and 54.4 13.8 kJ
mol~! at 258 K, respectively. Theoretical studieésf the
reaction mechanism of reaction 9 show that reaction via the
DMS—OH complex is an important reaction channel. The
binding energy between DMS and N@ comparable to that

of the DMS-OH complex. Thus, theoretical calculations suggest
the existence of an intermediate complex in the reaction
mechanism of N@ + DMS. This result may explain the
Fxperimentally determined temperature dependence of the rate
constant for of the reaction of NOF DMS.
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