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The overall rate coefficients of the reactions of GSRCSe, and OCSe with &) atom have been determined

to bekcse = (1.4+ 0.2) x 1072 cm?® molecule? s72, kscse= (2.8 £ 0.3) x 107! cm® molecule! s™1, and

Kocse= (2.4 £+ 0.3) x 107 cm?® molecule! s* at 301303 K using Fourier transform infrared (FTIR)
absorption spectroscopy. The measurements have been accomplished by calibrating against the literature value
of the rate coefficient for GP) with CS (4 x 10712 cm?® molecule’s™). A product channel giving OCSe in

32.0+ 4.2% yield has been found for the-© CSe reaction. Although CO was also detected, its generation

could be attributed to subsequent reactions of OCSe with O atoms. The corresponding reactiot for O
SCSe gives OCS and OCSe as observable products, with their yields given ais 85.2nd 30.2t 3.3%,
respectively. Computational studies using UB3LYP/aug-cc-PVTZ methods have been used particularly to
determine the reaction pathways for the channels in which OCS or OCSe is produced.

Introduction still of interest to compare and contrast the effect of chalcogen
substitution in CXX, (X = S, Se, or O) on their reactions with

The reaction of oxyger?P) atom with carbon disulfide, GS g .
has received considerable attention for its role in atmospheric .OGP) atoms. FTIR spectroscopy is ideal for broadband monitor-

chemistry, especially in the elucidation of global sulfur cycle ing of the changes in the chalcogenide precursor and product

leading to acid raid. Three main product channels have been concentrations upon O atom reactions. The generation #)0(
identified for this reéctior?' atoms is accomplished by using UV xenon lamp photolysis of

NO,.2 Apart from examining the primary reactions, some

O(SP) +CS, —CS+ SO(SZ_) AH = —80.7 kd/mol secondary processes such as the reactions of O atoms with the

(1a) product OCSe will be studied as well. Computational studies
of the vibrational frequencies and band strengths of the species
—CO+ 82(32_9) AH = —347.8 kJ/mol involved and the energies and geometries of reactive intermedi-
(1b) ates and transition states in these reactions will be determined.
. 3 _ _ However, the assumed dominant channel of the O/G$&tem
OCS+S(P) AH 2274 kJ/mojI_C) which produces CSe and SeO could not be directly investigated

under static cell conditions. Its importance will be inferred by
Cheng et al. has studied the dynamics of the dominant channelmeasuring and then subtracting out the contributions from other
la by examining the vibrational state distributions of £3( product channels. Such reactions would be best conducted using
and SOfX) using laser-induced fluorescence spectroséopy. flow cell reactors, but the difficulty of obtaining large amount
Cooper et al. used tunable infrared diode laser absorptionof CSe and SCSe precludes their study here.
spectroscopy (TDLAS) to determine a value of 2.8 for the
branching ratio of (1c)/(1b).Other related studies include a Experimental Section
study of the oxidation of CSat high temperatures, temperature-
dependent kinetics for the determination of the activation energy
of (1a), reactive scattering using crossed molecular beams, an
chemiluminescence where thgBoduct of (1b) was identifiett.”
In addition, the kinetics of the reaction of carbon monosulfide,

CS, with OfP) atoms were also carried dut. h led. th d b duced b .
However we found that oxygen atom reactions with carbon search revealed that CSeou € produced by passing
dichloromethane vapor over hot selenium powder at 700

chalcogenide species such as carbon diselenidep, Gbel hil ; . .
carbon selenide sulfide, SCSe, have not been explored. OnlyWhile SCSe was made by passingSer iron(ll) selenide at

o~ 10,11 i
one related investigation where the vibrational distribution of 650 | Cd . However attempts ustljng these metr:jods_often
highly excited CO products after UV photolysis of a mixture '€Sulted in severe contamination by &, or CS despite
containing nitrogen dioxide, NOand CSgwas measuredlin careful steps taken for sar_nple .punflcatlon. Thgrefore an
this work, Fourier transform infrared (FTIR) absorption spec- alternative method was dpwsed n Qrder to obtain gaseous
troscopy is used to extend the scope off)(@tom reactions to samples of the chalcogenides from silver selenocyanate salts.

CSe and SCSe under static cell conditions. Although these Se-AgNCS_e wals synthesized from anoequlim_olﬁr rearl]ction of
containing species are less abundant in the atmosphere, it igpotassium selenocyanate, KNCSe (97%, Aldrich), with AGNO
aqueous solution. Typically, CSevas generated from the

*Corresponding ~ author.  Fax:  65-67791691.  E-mail; vacuum decomposition (2500 °C) of AgNCSe (+-2 g) in
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CS; was purchased from Ajax Chemicals and distilled before
se. Cylinders of NO, N@ OCS, and S§gases were available
rom Linde gas and used without further purification. Because

of the difficulty of obtaining commercial CgSeand SCSe
samples, their syntheses have to be carried out. A literature




11816 J. Phys. Chem. A, Vol. 109, No. 51, 2005 Li et al.

windows for passage of the FTIR beam. Upon inspection by TABLE 1: Experimental and Calculated Vibrational
FTIR spectroscopy, the main decomposition product was CSe \F/requen:\:/lle? an;j B?nd In_ten&gellsi (after Scaling) for the
(v = 1300 cnrl) with a little amount of HCN ¢ = 3314 cnt?, arious Molecules Investigated Heré

<1% CSe). The latter presumably arose due to reactions with exptlyp®  calclip
hydrogen contaminants on the wall of the gas cell. Due to the Molecule expt(cm™) calcv(cm™)  (km/mol)  (km/mol)
differences in boiling points, HCN could be gradually removed  CO 2143 2207 62 80 (65)
after CSe was collected in a dry ice/acetone trap. It was CO 2349 2401 530 675 (547)
estimated that, during each synthesis, aboutA®bTorr of CSe CS 1535 1550 597 684 (554)
- Py CSe 1300 1322 546 (442)
could be. generated in a t.otal' volume of 500 cmls amount SCSe 1435 1453 626 (507)
was sufficient for a few kinetic runs in the static cell. For the  ocs 2062 2108 634 763 (618)
production of SCSe, AgNCSe (03 g) and silver thiocyanate, OCSe 2034 2075 769 (623)

AgNCS (0'5_,3 g Aldrich, 99%), were m|xed and decomposed a All the bands here have been used as spectroscopic probes for
together at similar temperatures, yielding vapors containing the measurement of rates of reaction. The concentration limits of detection
three expected products, &% = 1520 cnTl), SCSe ¢ = 1435 are also given here for each molecule using the respective vibrational
cm—l), and CSg!2 The production of exclusively SCSe was band.? Except for CO, these values represent the asymmetric stretching
attempted by varying the ratio of the salt precursors, but it was Vibrational frequencies.Reference 14¢ Scaled intensities in paren-
unsuccessful because the resulting vapor contained eitherneses (factor= 0.81).

copious amounts of Gt high ratios of AQNCS to AgNCSe
or very little SCSe at low ratios of AgNCS to AgNCSe.

However, contamination with Cgeould easily be removed ¢ ho reactants were kept lowr20%) by adjusting their vapor
by UV photodissociation at 254 n#d Reddish solids attributed pressures such that Bedrambert's law could be reliably used

to selenium and carbon deposits were produced upon photolysiS, torm 4 linear relationship between absorbance and concentra-

Unfortunately, C$ could not be eliminated using the same o Purging of the spectrometer with, Nvas carried out to

method or by cold traps, so experiments_carri_ed out on SCSeeduce interference from water and CQhis is especially

always contained some amount of CBespite this, the simple  jy5ortant in experiments for which the appearance rate of CO

method of decomposing the silver salts using their cyanate saltsj, tne gas cell was to be measured accurately. Whenever

offered a very convenient way of generating €®e SCSe  ossible, we used initial rate measurements to probe the kinetics

vapor. during the early stages of irradiation. Typically this duration
A typical photolysis experiment would begin with the addition ranged from 0 to 5 min or slightly longer if the irradiation power

of carbon chalcogenide {3L0 Torr), NG (3—20 Torr), and was reduced. Initial rates measurements also served to minimize

the buffer gas, Sf(~1 bar), into the gas cell placed in the contributions from secondary reactions caused by product

sample compartment of a Nicolet Nexus 870 FTIR spectrometer buildup. Each experiment was repeatees4times, and uncer-

in a dark room. A capacitance gauge (MKS; range, 60000 tainty in the rate coefficient or branching ratio was quoted to

Torr; accuracy~ 0.005 Torr) was used for gas pressure 3o deviation. The rate coefficients or product concentration

determination. G) atoms were generated by a broadband ratios in their final form, i.e., after data analysis, are listed in

Xenon lamp (356-380 nm, 100 W) irradiation of N® The Table 2 together with the previously determined rates from the

lamp was fixed at 2 cm away from the main body of the glass O/CS and O/OCS systems.

cell. The temperature recorded by a thermocouple attached onto

the outer wall of the cell showed an increase of-012 K Results

during irradiation. However the laboratory temperature variation

was larger £2 K), and hence the reaction temperature wWas jpcorhance, Abs) was related to concentratios, via the
quoted as occurring in the_r_ange of 36303 K. A fiber optic BeerLambert law (Abs¢) = (v)cl for small absorbances,
cable placed at a fixed position of 1 cm away from the cellwas _ 15 ¢ path length), the molar absorptivitiegy), of the
used to direct a small portion of the radiation into an Acton |\ iecular vibrational bands need to be known or estimated,
Research monochromator (30. cm focal Iength) fqr monitoring especially for studying the main products of the reaction.
the lamp output. The photolysis of the reaction mixture would - athough the total vibrational band intensityi,, values for each
only be initiated once a constant output of radiation from the ¢ the vibrations of C§ CO, and OCS have been determiféd,
lamp could be maintained, as monitored using the fiber optic 4 jiterature search reveals scarce data for the corresponding
cable. Unlike a laser, the broadband radiation is not expectedyayes for other species under investigation here, such as SCSe,
to induce multiphoton and secondary processes which m'ghtOCSe, and CSe The lack of data for these species may be
affect the kinetic measurements. Nevertheless, the progress ofy e to the difficulty of obtaining pure samples; nevertheless,
the reactions under strong and weak irradiation could be easily\e have embarked on the calculation lof, of all relevant
compared by reducing the lamp power five time20 W) but species using density functional method B3LYP and a fairly
at the expense of a much longer irradiation time. We found large basis set aug-cc-pvtz in GaussiartOBlolecular geom-
that different irradiation power gave the same results for the gtries were also optimized at this level of theory in order to
kinetic runs; hence, multiphoton processes were kept t0 agptain a good match between the experimental and calculated
minimum in our experiments. For experiments that required a pond lengths and bond angles. Table 1 shows the calculated
mercury (Hg) lamp of 254 nm radiation, a quartz cell of similar yjiprational frequencies and band intensities as well as the
size (15 cm long, 2.5 cm diameter) was used instead, while all previously determined experimental values, if any, for the
other conditions were maintained as usual. molecules under study here. By comparing the experimental
FTIR spectroscopy was used to record the decay andand computed intensities, excellent agreement could be found
appearance of vibrational bands of reactants and products uporfor CO, CQ, CS,, and OCS if an arbitrary scaling factor of
NO- photolysis. Table 1 lists the vibrational frequencies of the 0.81 is applied to the calculated values, with a 4.6% discrepancy
molecules monitored during the reaction. Typically, an IR [=(1/N)(Z(Icaic — lexpd/lcad; N = 4]. A scaling factor of<1 is

spectrum (range, 1088500 cnT?; resolution, 1 cm?; average
16 scans) was collected every 1 min interval. The absorbances

A. Concentration Analysis. Since the measured infrared
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TABLE 2: Rate Coefficients and Branching Ratios Measured for the Reactions of O%p) Atoms with CS,, CSe, SCSe, and
OCSe

no. reaction rate coeff (chmolecule? s7%) percentage yield of produéts
1 OCP) + CS, — product$ 4.0x 10712 [OCS)/[CO]=2.8
2 OCP)+ OCS— CO+ SC° <1.0x 10716
3 OEP) + CSe — products (1.4:0.2) x 1071 [OCSe]= 23.0+ 4.0%
[CO]=9.0+1.1%
4 OEP) + SCSe— products (2.8:0.3) x 10°1* [OCS]=32.2+ 4.5%

[OCSe]= 20.2+ 3.0%
[CO] = 10.0+ 1.0%
5 O@P)+ OCSe—~ CO + SeO (2.4 0.3) x 1071 [CO] ~ 100%

aThe ratios quoted here are the ones where the effects of secondary reactions have been taken into account. Thus they are not necessarily the
raw experimental value$.Reference 2¢ Reference 12.

typical of those used to scale vibrational frequencies as well. NO, and C$ pressures (510 Torr each); this is in good
The good match gives some confidence in using the scaling agreement with the above literature value.
factor for molecules for which thki, have not been determined In addition, we have also investigated the reaction of O with

yet. The band intensity is related &) by lvip = [e(v) ov, OCS to determine if CO might have been produced from this
wheredv is the vibrational bandwidth. Since a typical bandwidth oo tion. The small value of its rate coefficient( x 1016

. 1 .
c_>f the _molecule_s he_re is 2010 cn, we have omitted the_ small  cns molecule s 112 implies that CO is not expected to be
line width contributions from the 1 cn spect.ral resolution .Of bserved over a short irradiation time. A large pressure of OCS
theinFTtlrI?esf%er%tL(?;neter. Thus the concentration can be esnmate(ﬁ/as therefore used with the possibility of generating more CO
9 molecules for detection. However, the CO transitions were still
o unobservable despite a few hours of photolysis of 5 Tore NO
c=(lypl) fAbS(V) ov and 30 Torr of OCS. From these findings, we found that the
) o data collected were consistent with previous studies of these
where the integral represents the area under the vibrational bandreactions, thus lending support to the reliability of our system
For consistency purpose, we have used either the actualfor extending the scope of similar reactions.
experimental value if possible or the scaled calculated values  ~ o, oo e 2P) atoms with CXiX5 (X, = Se X, =

for all molecules in the determination of_thel rate constants in 0, S, or Se).Upon thermal decomposition of AQNCSe and/or

this work. As discussed later, the determination of many of the AGNCS. all three carbon chalcogenides could be produced. The

rate coefficients were carried out using pseudo-first-order 9 : genides cou progucea.
production of Cgwas the most facile, and hence its IR signal

approximations, which requires only a change in the concentra- v ob d 1o be th f the th X
tion rather than the absolute value themselves. Hence the errotV@S 9enerally observed to be the strongest of the three species,
while SCSe and C$eend to have similar intensities. Depending

incurred in the band intensity calculations is small except in ‘ ' ;

cases where the product yields of molecules such as OCSe an@" the amount of silver salts used, it was possible to saturate

CO are required. The minimum detectable concentration changethe IR signals of all three chalcogenides. The absorbances of

of a molecular species could also be obtained by monitoring &ll three infrared bands remained unchanged even aft& 2

its absorbances as the reaction progressed and converting théays, indicating their stability toward self-decompositions and

values into concentrations using Be¢mmbert's law. Not ~ wall decompositions.

surprisingly, molecules possessing intense vibrational bands such Having produced a sufficient amount of GSthe reaction

as OCS and OCSe have the lowest detection limit of concentra-of O@P) atoms with CSecan be subsequently studied in the

tion changes 0f0.001 Torr or 3x 10" molecules crm?. static cell. A few control experiments were carried out initially
As mentioned, experimental errors were quoted ® 3 tginvestigate the effect of interference from unwanted reactions.

deviation. However for measurements that required the calcu-irst, the xenon lamp radiation was directed into a sample

Iateql intensity values such as product yields of O(;Se, the eITor containing only CSgbut no photodissociation resulted from

or dlscrepa_mcy between the calculated and_ expe_rlmental valuespe process. Second, when N®as added to CSd5 Torr) in

should be included. For example, the relationship between the o el in the absence of photolysis, the IR spectra of CO and

i i 2 — 2 2 —
errorsllls given bt)rlfz(/)ZCS_ (.A'?/(Q)_—F (AB/BY?, Wrd?rzAmZ\ _ OCSe could not be detected, implying that the reaction of NO
overat error In the € yield = average yieldA o with CSe was very slow under our experimental conditions.

crfordiscrepancy in caloulated intenaty. I ail cases here, the S1Se NO Is the product of NCphotalysis, he effect o mixing
pancy y: ' an excess of NO (10 Torr) with Cs€5 Torr)) was also

experimental error was larger (0%) than the error associated ) .
with the intensity calculations (4.6%). examined, but_no_ reaction was observed. It was only upon xenon
B. Reactions of O fP) with CS, and OCS. The reaction of ~ |aMP photolysis in the presence of both Nénd CSethat IR~
OG@P) with CS was first carried out to test whether our apparatus Signals of CO and OCSe began to appear and increased in
could be used to obtain reliable rate measurements. It is knowninteénsity with respect to the irradiation time. This observation
that UV photolysis of N@ around 366-380 nm gives a unit indicateql that it was indeed Fhe O atoms pr'oduced fromy NO
quantum vyield of OP) atoms Using flash kinetic infrared photolysis that were responsible for generating CO and OCSe.
spectroscopy, Cooper et al. found the [OCS])/[CO] ratio produced Figure 1 shows a typical IR spectrum taken of the reaction
in this reaction to be 2.7We have used FTIR spectroscopy to Mixture before and after photolysis, showing the decay of,CSe
measure the relative rate of appearance of these species bynd appearance of CO and OCSe upofPPatom reactions.
monitoring the evolution of COu, = 2143 cn1l) and OCS Since a minor production of OCSe from the thermal decomposi-
(vocs = 2062 cnTl) absorptions. Our initial rate measurements tion of AQNCSe was unavoidable, it could be easily subtracted
gave an average [OCS]/[CQ] ratio of 2480.2 over arange of  from the much larger OCSe signals that came from the
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CSe infrared signal showed depletion, while the appearance of small
signals of OCSe and CO could be observed. The intense bands around In A (CS2)/InA«(CS2)
1600-1750 cntt belong to NQ. Figure 2. (a) Plot of OCSe and CO productions vs G&ess during
early stages (5 min) of UV lamp photolysis of O/GSb) plot of In
AcselIn Agcse Versus InAcs/In Ao cs during UV lamp photolysis of
photolytic reaction. The product yields of OCSe and CO were O/CSe. A linear relationship was observed until all the G8as been
measured over a range of N@&nd CSepressures by comparing ~ completely reacted.
their appearance rates to the decay rate of,CSe )
Since the amount of O atoms produced was far less than CS
or CSe, the reaction proceeds via pseudo-first-order kinetics:

Reo = kco/kcs.eZ = A[COJ/A[CSe);

In([CSe]/[CSe)])

Rocse= kOCSt!kCSFQ = A[OCSe)/A[CSe}; In([CS,]/[CS,]) o kCS%/kCSz
whereA[X] represents the change in concentration of X at time, In[(AOvCS‘“z/ECSle)/ (ACS%/ ECS%I)] _ /
t; kx is the appearance or decay rate of X. The linear plots of IN[(Ag cs/ecs ) (Acs/ecs )] = Kosofkes,
CO and OCSe production versus G&ess are shown in Figure
2. It was found that after repeating the experiments four to six IN(Ag cs /Acs%])
times, the average yields of [OCSe] and [CO] were determined R e Kese/Ke
to be 23.04+ 4.0 and 9.0+ 1.1% during the initial stages of In(Ay cs/Acs,) vTes
irradiation.

where the subscript O denotes the concentration [X] or absor-
banceA of species X at time zero (before photolysis). A linear
relationship was indeed observed betweeAdrte/Acse) and

The overall reaction rate constants of @&éh O atom could
also be measured relative to the reaction betweenad8 O
?ﬁom. I-Ir his \tNe.‘S. achomplljtgg by ((:ijelllllaergtel);)aidgg S:j IN(Ao.cs/Acs,) and the ratidkcseskcs, was estimated from the

e cell containing N@an gand aflowing bo Saan initial linear slope of the plots shown in Figure 2b. A value for

CS to react competitively with O atoms. Since the rate he gyerall reaction rate of O with CSavas then determined
coefficient of the latter reaction is known previously, the rate o pe kg, = (1.4 + 0.2) x 10720 cm? moleculet s after

coefficient of the former reaction could then be determined. The substituting the value fokcs, = 4.0 x 10712 cm® molecule’ 1
relative ratekcse/kcs, was obtained by observing the disap- s71.6When the rates of change of the three species {T3&Se,
pearance of CSand C$ during the initial stages of irradiation.  and CO) were compared, a ratio of (18®):(23.0+ 4.0):(9.0
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Figure 3. (a) Plot of InAscsdln Agscseversus INAcs/In Ao cs during

UV lamp photolysis of O/SCSe. A linear relationship was observed
until all the SCSe has been completely reacted. (b) Plots of OCSe,
OCS, and CO formation vs SCSe decay for the reaction &f 8CSe

in the presence of GRluring photolysis.

+ 1.1) was obtained for Ce®CSe:CO, respectively (with the
negative sign indicating a signal decay).

The control experiments described earlier for the O/CSe
system were also performed for the O/SCSe/§&tem. Similar
results were obtained, whereby it was only upon photolysis of
NO. in a mixture of C$ and SCSe that CO, OCS, and OCSe
first appeared. Although the production of SCSe was always
accompanied by the presence of ,C&is is advantageous
because the competitive reaction ofB)with CS may again

J. Phys. Chem. A, Vol. 109, No. 51, 20061819

determined that GSdecays 7 times slower than SCSe and if
the branching ratio for the production of OCS from @8 SCSe

is similar, then the OCS contributions from the OfG&$stem
are~14% of the total amount. However, it was possible in our
experiments to synthesize about 50% more SCSe thartlg@s
reaction mixture was usually used for a better differentiation
of the OCS branching ratio. We further estimate the contribu-
tions to OCS by Cgor SCSe by increasing the ratio of €18

a fixed amount of SCSe in the reaction mixture and remeasuring
the OCSe/OCS ratio again. If the O/C&action contributes
significantly, the signals of OCS will also increase correspond-
ingly compared to OCSe, which comes only from SCSe. From
the results of varying the reactant ratios ranging from [SCSe]/
[CS;] =1.5:1to 1:4, we could revise the overall [SCSe]:.[OCS]:
[OCSe]:[CO] ratio to be (10&- 2.2):(32.2+ 4.5):(20.2+ 3.0):

(10 £ 1.0).

The importance of secondary reactions involving OCSe was
also considered since they could contribute to the generation
of CO and perhaps CQupon subsequent reactions with O
atoms. The preparation of OCSe free from €% SCSe
contamination could be carried out in this manner. Starting from
a reaction mixture containing Cgand excess N§) 254 nm
UV irradiation of the sample over time would result in OCSe
being formed and CSebeing completed reacted. The major
components of the gas mixture at the end of the 254 nm
irradiation would be N@ NO, CO, and OCSe. Further
photolysis of NQ would then allow the reaction of O with OCSe
to proceed and its products to be monitored. A known pressure
of CS could also be added into the reaction mixture in a
separate experiment run so that the rate coefficient of the
reaction could be calibrated agaitgt,. It was found that the
OCSe IR signal decreased further upon reactions with O atoms
but at a rate of about 5.8 times slower compared to O and CSe
reactions. This resulted in a rate coefficient for the O and OCSe
reactions to békocse = (2.4 & 0.3) x 10711 cm® molecule’?
s~ (Figure 4a). In addition, only the increase of CO infrared
signals (subtracted from CO already present in the mixture) was
registered without any detectable formation of Cldterestingly
the magnitude of the decay rate of OCSe appeared to be very
close to the appearance rate of CO, judging from a near-unity
value (0.94) for the gradient of Figure 4b.

Discussion

The reaction rate coefficienkgse, ((1.44 0.2) x 10719cm?
molecule* s™1) andkscse((2.8 4 0.3) x 101 cm® molecule?
s71) have been measured to be 34 and 7 times larger than that
of kcs, (4.0 x 10712 cm?® molecule® s71); this may be a result
of lower activation barriers for these reactions. Qualitatively, it
is not surprising to observe an increase in rates since #8eC

be used as the internal standard for determining the overall ratebond of CSe or SCSe is weaker than the<S bond of C%

coefficient of OfP) with SCSe.
The decays of equal pressures of SCSe ang (6STorr)

and hence yielding relatively lower energy transition states as
well. Because of the weaker€Se bond, the O and OCSle€se

signals were compared, and it was found that SCSe reacted 7= (2.4 + 0.3) x 101! cm® molecule’®! s™1) reaction is also

times faster with O atoms, hence with an overall rate constant
of kscse= (2.8 & 0.3) x 107 cm® molecule® s (Figure
3a). The unsymmetrical SCSe molecule may react witfPP(

observed to proceed much faster than the corresponding O and
OCS reactionK < 1.0 x 10716 cm® molecule’! s71). Evidence
gathered by the excellent match between the decay rate of OCSe

to form either OCS or OCSe. The rates for the production of with the appearance rate of CO upon O atom reactions suggests
OCS, OCSe, and CO were measured to be about 3, 5, and 1@hat only a single channel is open and the measured rate
times slower, respectively, if compared against the decay ratecoefficient may be used to describe the single reactior; O

of SCSe during the initial stages of irradiation (Figure 3b). In
other words, the [SCSe]:[OCS]:[OCSe]:[CO] ratio could also
be expressed as (16D 2.2):(34.5+ 5.0):(20.2+ 3.0):(10+

1.0). However, OCS could also be generated from the reaction
of O with CS albeit with a different rate. Since it has been

OCSe— CO + SeO.

Two products from the O/CSesystem were detected, i.e.,
OCSe and CO with the former being more abundant with
product yields of 23.0t 4.0% compared to 9.8 1.1%. The
combined appearance rates of OCSe and CO are thus only a
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Figure 4. (a) Plot showing the decay of OCSe against the decay of
CS; signals upon O atom reactions. (b) Plot of CO production vs OCSe
loss during UV lamp photolysis (366880 nm) of an O/OCSe mixture.
No CQO, was observed during the reaction.

fraction, about 32%, of the Cgalecay rate. This certainly
implies that at least another product channel is open for the
O/CSe system. By analogy to reaction 1a of the OfGgstem,

the channel could be attributed to éP] + CSe — CSe +

SeO. The large discrepancy in the above measured rates would
suggest that the production of CSe and SeO is the main reaction

channel. The ratio of products generated by the O{Ggstem
could then be expressed as CSe:0CSe=€@®8 + 5):(23.0+
4.0):(9.0+ 1.1).

It is tempting at this stage to ascribe three reaction channels
(represented by CSe, OCSe, and CO products) for the Q/CSe

system, similar to those observed for the O/C§stem.
However OCSe continues to react further with O atoms to yield
exclusively CO with a rather large rate coefficient. This is
certainly unlike the O/CSsystem, where the slow reaction
between O and OCS does not contribute significantly to the
production of CO. For clarity sake, the possible reactions in
the O/CSeg system may be written as

O(P)+ CSg — CSe+ SeOfx") (2a)
—CO+Se(’27) (2b)

— OCSe+ SefP) (2c)

O (P)+ OCSe— CO + SeO (3)

The CO production could come from reactions 2b and 3. To

Li et al.

Concentration (x10'” molecule cm™)

Time (mins)

Figure 5. Plots of CSg OCSe, and CO concentrations as a function
of photolysis time in a reaction mixture containing 5 Torr gSH
Torr NO,. Arrows pointing upward indicate the tangents drawn for the
estimation of O atom concentration. Arrows pointing downward indicate
the sampling of three different times for the estimation of the
contribution of O/OCSe reaction to CO production.

determine the relative importance of these two channels, the O
atom concentrations need to be estimated first. This can be
accomplished by examining the rate of decay of £@4ring

the early stages of irradiation (see Figure 5), where

d[CSel/dt = —k.s,[Ol[CSe)]

The concentration change of CSeould be estimated by
drawing a tangent to its decay curve at certain time intervals,
and since bothkcse and [CSe] are known, the O atom
concentration could then be determined. Calculations carried
out at three different early times as indicated in Figure 5 gave
an average value of [G¥ (5.04 0.5) x 10’ cm3. As expected,

the concentration is rather low because of the low power
irradiation used for the experiments. The CO contribution from
the O/OCSe reaction could be approximated now that the O
atom concentration is known. We first assume that all CO came
from this reaction, thereby ignoring reaction 2b;

d[COJ/dt = k,[O][OCSe]

Sinceks has been measured and both [OCSe] and d[GOHd

be evaluated directly from Figure 5, the values for the left-
hand and right-hand sides of the equation can be compared at
different times of the reaction. When comparisons were made
for three different times as indicated in the graph, it turns out
that the left- and right-hand-side values were equal and thus
the reaction of O with OCSe could perhaps fully account for
the production of CO! If this were the case, reaction 2b is at
most a minor channel on the basis of this analysis. Since some
OCSe have reacted further to generate all the CO detected in
the system, the branching ratio of reaction 2c would have been
underestimated, and hence, it should be revised accordingly to
include the CO contributions to 23% 9% = 32%.

Similar analysis could also be carried out on the O/SCSe
system. The product ratio of [OCS]:.[OCSe]:[CO] has been found
to be (32.2+ 4.5):(20.2+ 3.0):(10+ 1.0). The probability of
direct CO production from O and SCSe reaction is again in
doubt. As usual, the [O] concentration could be determined to
be 4.5x 10’ cm~3 from the early stage of irradiation for a NO
(15 Torr)/SCSe(7 Torr)/CE Torr) mixture. Indeed, for the
given concentration of [O], it appears that the © OCSe
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TABLE 3: Optimized Structures and Vibrational o
Frequencies of the Intermediates and Transition States in Energy (kJ/mol) \
the O/CS;, O/SCSe, and O/CSgSystems Determined at the
UB3LYP/aug-cc-PVTZ Level of Theory?

0 ° 2.1
\» 0+CSe,

Se/C\Se
D

332

P 6, Q / \Se

01 (deg),
structure P,Q a,b,c(A) 6, (deg) vibrational freq (cmt) ?

A S, S 195,161,156 79,162 431i, 247, 328, 402, 635, 1429
B S,S 1.19,1.78,1.78 133,94 289, 381, 508, 547, 606, 1798
C S,S 1.16,2.28,1.64 119,87 307i, 222, 394, 503, 750, 1992 E

D Se, Se 207, 169, 1.75 76, 165 354|, 193, 242, 326, 378, 1240 Reaction coordinate

E Se, Se 1.18,1.94,1.94 133,94 178, 279, 450, 459, 495, 1812 __ .

F  Se Se 1.16,2.49,1.79 118,87 228i, 137,321, 450, 561, 1993 Figure 7. Energy level diagram for the &) + CSe — OCSe+

G S,Se 1.98,1.56,1.72 97,170 473i, 177, 262, 334, 493, 1349 SefP) potential energy surface showing the intermediate and transition
H
|
J
K
aT

AH =-323

153

OCSe + Se

S,Se 1.18,1.72,2.03 139,93 209, 261, 457, 489, 666, 1830 States computed at the UB3LYP/aug-cc-PVTZ level of theory.

S,Se 1.17,2.30,1.65 121,90 211i, 205, 374, 492, 727, 1945

Se, S 1.15,2.43,1.78 117,84 265i, 164, 348, 457, 576, 2020 potential energy surface. The calculated enthalpy of formation,
Se,0 2.03,1.75,1.16 57,179 395i, 361, 469, 637, 690, 2106 AH,, of the overall reaction is-235 kJ/mol, which puts it in

_ he imaginary frequencies of the transition states are denoted by very good agreement with previously determined experimental
I values? Several intermediates or transition states were found

along this pathway as well. The first optimized transition state

Energy (kl/mol) A depicts the oxygen atom approaching,@8anJOCS angle
of about 79. Despite several attempts, we have been unable to
find an optimized structure in which the O atom is directed
— perpendicularly[[OCS= 90°) toward the C atom. Incidentally,
+CS§;

a bent transition state rather than a collinear one was also found
previously for the primary channel #a&n earlier study showed
AH =235 that the average kinetic energy of the’®Yatom following 355
nm photolysis corresponding to NO{X,»=0) state was 1833
cm1.15 As the calculated activation energy turns out to be about
23 kd/mol (1922 cm?), it is just low enough for the reaction to
- take place at rates measurable over a short time under our
0cs+$§ experimental conditions. Not surprisingly, this value is higher
than the activation energy of the primary channel 1a, which
_ _ Reaction coordinate was estimated to be about 420 Tm®é The transition-state
Figure 6. Energy level diagram for the &R) + CS, — OCS+ S(P) structure also shows that the two sulfur atoms of the i@Giety
potential energy surface showing the intermediate and transition states . . .
computed at the UB3LYP/aug-cc-PVTZ level of theory. have bent away from the incoming O atom anq ywll event.ually
lead to the intermediate CQ8enoted as B. This intermediate

secondary reactions could account for the entire CO producedB; which sits in a relatively deep potential energy well (250
during the initial stages of photolysis. Thus, the ratio of [OCS]: kJ/mol) with respect to structure A, is also believed to be the
[OCSe]:[CO] is revised to 1.6:150. However the total ~ Precursor to channel 2b, where CO andage produced.The
appearance rate of these species could only account for 62% ofC—0 bond distance of 1.19 A for B is only slightly longer than
the decay rate of SCSe. Similar to the OGgstem, two other @ typical carbonyl bond of organic molecules (11517 A).
product channels could be assigned to the production of SeoFurther along the pathway, a second transition state C was found
and CS, and SO and CSe. Unfortunately the relative importancein Which one of the €S bonds lengthens as the sulfur atom of

of the two channels could not be separately determined here;that bond begins to pull away, leaving behind an OCS moiety
hence 0n|y one branching ratlo of 38 5% will be used to which has a quaSI|IneaI' structure with an obtuse angle of.154

describe the contribution of these channels. The dissociative €S bond distance at 2.28 A is considered
D. Computational Studies.Ab initio computational studies rather long but consistent with C being a late transition state

have been performed using Gaussian 98 to further understand®nd hence productlike in structure.

and substantiate the experimental findings. Since OCSe has been As expected, similar transition states and intermediates of

detected as the main observable product in this work, we placethe reaction pathway were also computed for the OfG§gtem

emphasis on the computation of the (1c), (2c), and related With AH, = —323 kJ/mol (Figure 7). The first activation energy

reaction pathways for the O/SCSe system. The density functionalleading to structure D for this system is only 2.1 kJ/mol. This

theory (DFT) method of UB3LYP with aug-cc-PVTZ basis sets almost barrierless reaction explains the experimental data in

has been used for the optimization of the structures and energiegvhich the production of OCSe from CSe2387 times faster

of reactive intermediates and transition states in all the reactionsthan the production of OCS from GSThe transition states, D

of O(P) with CS, CSe, and SCSe (Table 3¥. and F, also closely resemble their sulfur counterparts in structure.
Comparisons with the experimental values of the enthalpies The intermediate COSelenoted by E occupies a deep potential

of formation of the three channels of the OAC§stem were well relative to D and forms the lowest energy state of the

first made to check the reliability of the calculations. As shown reaction pathway for the O/Cgeystem.

in Figure 6, the reaction pathway leading to OCS and S (channel For the O/SCSe system shown in Figure 8, the enthalpies of

1c) has been calculated for the OACS/stem on a triplet reaction for the production of OCSe and S and for the production
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Energy (kJ/mol) (|) Summ ary
s—C~—se 0 We have determined the rate coefficients of the reactions of
AR € the carbon chalcogenides, GSBCSe, and OCSe with &R)
*| “o+scse atom to bekcse = (1.4 + 0.2) x 10719 cn® molecule® s72,

AH =-238

kscse= (2.8 & 0.3) x 10711 cm® molecule® s71, andkocse=

A =318 (2.4 £ 0.3) x 10711 cm® molecule? s at 301303 K using

the technique of Fourier transform infrared (FTIR) absorption
spectroscopy. These measurements have been carried out by
using the known value of the rate coefficient for®P) with

CS (4 x 10712 cm?® molecule’® s71) as the internal calibrant.

A main product channel yielding OCSe has been found for the

OCSe +S

OCS 4 5¢ O + CSe reaction, similar to the O/GSystem. CO was also
observed in the O/C%esystem, although its generation could
) ) Reaction coordinate be attributed to subsequent reactions of OCSe with O atoms.
Figure 8. Energy level diagram for the &) + SCSe— OCS + The corresponding reaction for ® SCSe gives roughly equal

SefP) and OCSe+ SEP) potential energy surfaces showing the .
intermediate and transition states computed at the UB3LYP/aug-cc- amounts of OCS and OCSe as products, although the dominant

PVTZ level of theory. channel is still inferred to be the one that produces CSe and
SO, and CS and SeO. Ab initio studies using density functional

of OCS and Se have been determined to{2388 and—318 methods such as UB3LYP/aug-cc-PVTZ have been used

kJ/mol, respectively. Interestingly, these values are very close particularly to determine the reaction pathways for the channels

to the corresponding values for the O/G®d O/CSgsystems, in which OCS or OCSe is produced.

indicating that the strength of a particula=S or G=Se bond
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