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Summary

Rich chemiluminescence is observed in the gas phase reactions of F,
with a variety of organosulfur compounds at room temperature and from 0.2
to 2.0 Torr. HCF(A 'A") and vibrationally excited HF are observed in the
reaction of F, with all the hydrogen-bearing compounds under varying condi-
tions of reactant pressure. For the organosulfur reactants used in this study,
CH,S(2 3A,) is observed only with CH3;SH, CH3;SCH; and CH3;SSCH;. The
character of the emission spectra changes dramatically with changing reac-
tant pressures or when CH30H or CH;CN are present. CH,S* is observed
with CH3;CH,SH and higher thiocls when CH3;OH is present. A new vibra-
tionally structured spectral feature appears ubiquitously in all of the reaction
systems studied, and distinctly in the reaction of F, with CS,. It is ascribed
to an electronic transition of the transient species, FCS. The initiation of the
reactions of F, with the stable organosulfur species and the implications of
this work for IR multiphoton dissociation are discussed.

1. Introduction

The study of gas phase chemiluminescent reactions has often led to new
spectroscopic data on interesting molecules and kinetic and mechanistic
information on their formation. Ozone [1], halogens [2, 3], metal atoms
and metal clusters [3 - 5] have been popular chemiluminescence reagents in
the recent past. Atomic fluorine has been used as a chemiluminescence
reagent in hydrogen abstraction reactions, where ground state HF vibrational
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distributions are of special interest in reaction dynamics [6]. Fluorine atoms
have also been used to generate electronically excited molecular chemi-
luminescent products in reactions with halogen-containing, nitrogen-
containing and organic compounds [7, 8]. Although molecular fluorine is
frequently present in these reactions, its direct participation in the genera-
tion of the chemiluminescent products is usually neglected.

Reactions of molecular fluorine have, however, produced chemi-
luminescent products. Reactions of F, with other halogens [9, 10] and the
hydrides of boron, silicon, germanium and nitrogen [11 - 14} have yielded
vibrationally and electronically excited chemiluminescent products under
high temperature flame conditions. It is often postulated that reactions of
molecular fluorine are initiated by fluorine atoms that are in thermal equi-
librium with molecular fluorine. Subsequent fluorine atom reactions are
believed to be responsible for much of the chemiluminescence observed
when F, is used as a reagent gas. As the reaction chain propagates and
branches, heat builds up in the reaction mixture and the equilibrium favors
atomic fluorine. Quasi-combustion conditions can then result in complex
chemistry in the reaction mixture. The appearance of C,* and CH* emission
in the F,—~CH, flame [14, 15] attests to the high degree of fragmentation of
the fuel under these conditions.

To reduce the complexity of these reaction systems, the severe chemi-
cal conditions can be controlled in several ways. In the gas phase, fast
pumping speeds and the presence of a buffer gas can keep the reactions close
to room temperature. The arrested relaxation technique [6,16] is an
extreme example of this. The walls of the reaction vessel are maintained at
cryogenic temperafures to trap every reactive product of the first reactive
encounter between the reagents. The arrested relaxation experiments are also
carried out at very low pressure to ensure single-collision conditions [6, 16].
Control of the reaction conditions can allow these reactions to be studied
from few-collision conditions to many-collision or quasi-combustion condi-
tions.

We have previously reported preliminary results of low pressure, room
temperature reactions of F, with CH3SH [17] and (CH3Se), [18] in the
presence of a helium buffer gas. These studies yielded the phosphorescence
spectra of CH,S and CH,Se. Vibrationally excited HF is also a major con-
tributor to the emissions observed in the reactions of F, with a large number
of organosuilfur compounds [19]. Furthermore, it was reported that the
chemiluminescence observed in the reactions of F, with organosulfur com-
pounds was orders of magnitude more intense than that observed under the
same conditions for the reactions of F, with other classes of compounds,
i.e. oxygenated hydrocarbons, paraffins, olefins and nitrogen compounds
[19]. This unique property has been exploited in the development of a sensi-
tive and selective detector for organosulfur compounds in gas chromatog-
raphy (GC) [19] and high performance liquid chromatography (HPLC) [20].

To investigate the relatively efficient chemiluminescent processes that
occur in the F,—organosulfur compound reactions, we have made a detailed
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survey of the emissions resulting from these reactions. We have obtained
spectra of HCF(A 'A"), CH,S(3 3A,), and vibrationally excited HF from the
reactions of F, with an array of organosulfur compounds at room tempera-
ture and total pressures ranging from 0.2 to 2.0 Torr. In addition, a recently
discovered novel electronic spectrum, first identified during the reaction of
F, with carbon disulfide and tentatively assigned to FCS [21], is observed
frequently in the reactions of many organosulfur compounds. The reactions
also were studied in the presence of large amounts of methanol and aceto-
nitrile to characterize the chemiluminescence in the HPLC system.

2. Experimental details

The chemiluminescent reactions were studied in either a small volume
reaction cell [19, 20] or a large volume, crossed effusive beam chamber
[17]. A schematic diagram of the top view of the small volume (0.04 1),
stainless steel reaction cell and spectrometer is given in Fig. 1. The construc-
tion of this cell for use as an analytical detector has been described in detail
previously [20]. The emission resulting from the chemiluminescent reaction
was viewed through two quartz windows of diameter 5 cm located on both
sides of the reaction cell. On one side, the chemiluminescence was viewed by
a cooled, red-sensitive photomultiplier tube (EMI, 9659QB). The PMT was
operated when the reaction cell was used for HPLC or GC analyses [20].
The window opposite the PMT was used for spectroscopic investigations. An
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Fig. 1. Top view of the small-volume chemiluminescence chamber and IDARSS.
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intensified diode array rapid scan spectrometer (IDARSS, Tracor Northern,
TN1710) was positioned in front of the window. A 0.1 mm entrance slit was
contained in an eyepiece attached to the front flange of the reaction cell.
The spectrometer had a holographic grating of focal length 0.25 m and 512
diodes that spanned a 500 nm wavelength region.

Reactants were flowed into the pumped reaction cell through stainless
steel tubing orthogonal to the cell axis and extending into the cell to about
1 cm from the crossing point. Pure organosulfur compound liquids were held
in a Pyrex cold finger and introduced into the reaction cell by directly
pumping on the liquid. The organosulfur reagent was introduced through a
short length of 0.025 cm tubing. A 5vol.%F,~-95vol.%He or a 10vol.%F,—
90vol.%He reagent mixture was introduced through a 0.64 cm tube. The gas
flow rates were controlled by needle valves.

To investigate the chemiluminescent reactions in the presence of
vaporized methanol and acetonitrile, an HPLC pump, injector and vaporiza-
tion line were utilized. A 2 ml sample loop was used to introduce a 10 - 20
vol.% organosulfur compound—90 - 80 vol.% solvent mixture into the 100 ul
min~! HPLC solvent flow. All of the liquid reactant mixture was vaporized
at 300 °C in the vaporization line before entering the reaction cell. Pure
organosulfur reagents could also be introduced in this manner. The initial
F,—He pressure was 0.4 Torr. The addition of the volatilized reactants raised
the pressure in the cell to about 0.9 Torr. The cell was evacuated by means
of a dry-ice trapped mechanical pump, and the cell pressure was measured by
a capacitance manometer.

The large-volume reaction cell was similar to the small cell illustrated in
Fig. 1. The larger cell was a 12 ¢cm aluminum cube. Effusive beam sources
were formed by a 0.5 mm orifice in a KEL-F plug pressed into the end of a
0.25 mm stainless steel tube. The nozzles were 1.5 cm from the crossing
point at the center of the cell. Only the diode array was used for optical
detection. Pumping was accomplished in the same way as for the small
chamber. Pure organosulfur compounds were introduced by directly pump-
ing on a liquid in a cold finger.

The spectra were usually obtained by the following procedure. The
signal was accumulated in a memory register of a muitichannel analyzer for
a time interval of 10 - 20 min with both reactants flowing. The organosulfur
fuel flow was then turned off and the background signal was accumulated in
another register for twice the initial time. The fuel was then turned back on
and the signal accumulated in the original register for one time interval. The
two registers were subtracted and the resulting spectrum was outputted to a
chart recorder. The diode array was calibrated in wavelength by a low
pressure helium line source. The spectra reported below were not corrected
for the spectrometer response. (Although the spectra presented in this paper
were not corrected for spectrometer response, the spectra can be normalized
by using the following relative sensitivities of the IDARSS: 400 nm, 0.40;
450 nm, 0.80; 500 nm, 1.00; 550 nm, 1.00; 700 nm, 0.70; 850 nm, 0.25;
900 nm, 0.11.)



221

3. Results

3.1. Formation of vibrationalily excited HF

Figure 2 shows a spectrum obtained from the reaction of 350 mTorr
CH;CH,SH with 3.5 Torr of a 5vol.%F,-95vol.%He mixture. The most
intense features are the vibrational overtone emissions from ground state HF
[22]. The only observable band in the Av = 3 sequence is the 3-0 band. This
is because of the greatly reduced response of the intensified diode array
beyond 880 nm (see Section 2). The Av = 4 sequence is complete to v’ = 8.
The Av = 5 sequence appears weakly between 550 and 650 nm, and looks at
first to be misassigned. The shapes of the features near the 7—2 and 8-3
transitions are inconsistent with the vibrational band contours of HF'. This
inconsistency has been explained by the observation of emission bands
between 600 and 650 nm in the reaction of F, with CS,. These bands,
assigned to FCS as discussed below, can account for the interfering features
near the 7-2 and 8-3 HF bands. Emission from HCF(A !A") below 650 nm
also appears weakly in the limit of low organosulfur concentrations, and is
discussed below.

Spectra very similar to that shown in Fig. 2 are observed in the reac-
tions of F, with all of the higher thiols, sulfides and disulfides. A summary
of the chemiluminescent products observed in the reactions studied in this
work is given in Table 1. The reactions can be grouped into two classes: the
long-chain sulfides and thiols which produce primarily HFT, and the methyl-
substituted species which produce CH,S(a *A,) and exhibit other com-
plexities. In addition, the chemiluminescent product from the CS,-F,
reaction [21] is often observed from 600 to 700 nm under fuel-lean condi-
tions in spectra recorded during the reactions of F, with nearly all organo-
sulfur species studied. This ubiquitous feature is discussed below for the
CS, + F, system, where the spectrum occurs distinctly.

-0 4-1

500 600 TOO 800 900
WAVELENGTH (nm)

Fig. 2. Emission spectrum obtained in the reaction of CH3CH;SH with the F,-He mix-
ture. The HF vibrational overtone bands are marked. Features that can be ascribed to the
FCS spectrum are numbered 1 through 6 (see Fig. 5).
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TABLE 1

Observed emission features in the reactions of molecular fluorine with pure organosulfur
species

Reactant Condition® HF(Av = 4) HF(3-0) CH,S HCF FCSs*©

MeSH L M M M w w
H W w S

Me, S L w M w S w
H w M S

(MeS), L w M w a M w
H w M S

Et,S H M S w

Allyl,S L M S w M
H M S

t-Bu, S H M \ M M

EtSH L M M w M
H S S w

OctSH H S S w

CS, H M

CD;SH L w w (CD,S)M w
H w W (CD;8)S

2L, low fuel; H, high fuel.
b Relative intensity: S, strong; M, medium; W, weak.
©Tentative assignment (see text).

3.2. Formation of HCF* and CH,S*

Figure 3 illustrates the effect of reactant concentration on the emitters
formed in the reactions of (CHj;),S with molecular fluorine. The spectra
obtained over a range of reaction conditions from fuel rich (Fig. 3(a)) to
fuel lean (Fig. 3(c)) are given. Fuel-rich conditions are defined here as
P(fuel) > P(F,). In other experiments, changes in the helium concentration
comparable with the reactant concentration changes cited in Fig. 3 had little
effect on the general features of the emission. Therefore, the reactant partial
pressures were responsible for changes seen In Fig. 3 and not the total pres-
sure. Figure 3(a) is very similar to spectra obtained during the reaction of F,
with CH3SH [17] and the features around 700 nm are assigned to thio-
formaldehyde (CH,S) phosphorescence (a A, > X 'A,) with a minor contri-
bution from HF(Av = 4). Figure 3(c) shows the intense appearance of the
HCF(A'A" =+ X 'A') spectrum under fuel-lean conditions. This HCF emis-
sion feature was first observed by Patel et al. {14] in the fuel-lean CH4,F,
flame, and is characterized by progressions in the HCF bending mode. The
HF(Av = 4) bands are also observable in Fig. 3(c) around 700 nm, as well as
a trace of the CH,S(3 A, - X 'A,) feature.



223

*

CH,S

HF

HF

400 500 600 700 800 200

WAVELENGTH (nm)

Fig. 3. Spectra illustrating the effect of reactant concentration on the emitters formed in
the reaction of (CHj3),S with molecular fluorine. (a) 155 mTorr CH3SCH;, 30 mTorr F,,
570 mTorr He; (b) 30 mTorr CH3SCH3, 20 mTorr F,, 350 mTorr He; (¢) 30 mTorr
CH;38CH3;, 50 mTorr F,, 900 mTorr He.

The HCF* emission is most intense in the dimethyl sulfide system,
although effects similar to those observed in Fig. 3 are observed in the
methanethiol and dimethyl disulfide systems. The HCF* feature is also much
weaker in the higher thiol and sulfide spectra. No trace of thioformaldehyde
phosphorescence is observed in the reactions of F, with the pure higher
thiols and sulfides (c¢f. Table 1).

3.3. Spectral effects of solvent vapor

As described in the Section 2, the liquid organosulfur reactants were
dissolved in either methanol or acetonitrile, and the mixture volatilized in a
heated transfer line before entering the cell. Figure 4 shows the spectra ob-
tained when ethanethiol is reacted with F, in the presence of methanol or
acetonitrile vapor. When pure gaseous methanol or acetonitrile are reacted
with F,, a very weak signal (many orders of magnitude less than when the
organosulfur compounds are present) is observed by the PMT. The low light
levels are insufficient for recording diode array spectra of the emissions from
the pure solvent reactions.
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{a)} CHz CN

(b) CHs OH
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Fig. 4. Spectra obtained in the reactions of CH3CH;SH with the Fe,-He mixture in the
presence of (a) acetonitrile and (b) methanol. Spectrum (a) was obtained using a mixture
of 20 vol.% ethanethiol in acetonitrile and spectrum (b) was obtained using a mixture of
10 vol.% ethanethiol in methanol.

Most of the emission in Fig. 4(a) is assigned to two different emitters.
The most intense bands are from vibrationally excited HF. This spectrum
can be compared with Fig. 2 where the HF features also occur. The 3-0
band of HF is obvious in Fig. 4(a) at 870 nm, and the two strongest bands of
the Av =4 sequence are apparent at 670 and 700 nm. A broad, banded
feature extending from 570 to 840 nm, thought to be the same as that ob-
served in the CS,—F, system, is also observed in Fig. 4(a).

Spectrum 4(b) also exhibits the broad feature from 570 to 840 nm,
but aside from this similarity the differences between spectra 4(b) and
4(a) are striking. The HF Av = 4 bands are present in spectrum 4(b) but are
considerably diminished compared with spectrum 4(a). Also, the HCF*
spectrum appears weakly in Fig. 4(b) to the blue of 600 nm, although some
HCF* may also appear weakly in Fig. 4(a). The reaction of ethanethiol with
molecular fluorine in the presence of methanol yields intense emission from
CH,S(d ®A,). To determine whether the volatilization of the mixture in the
heated transfer line affected these observations, we ran similar experiments
with the transfer line temperature lowered to 120 °C. The reaction of F,
with a 20vol.%octanethiol-80vol.%methanol mixture gave virtually the same
spectrum, including the CH,S* feature, under these conditions as when the
transfer line was at 300 °C.

Similar studies were carried out on a variety of organosulfur com-
pounds. A summary of the results is presented in Table 2. These results can
be compared with those of Table 1, and some general observations made:
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TABLE 2
Observed gas phase emission features when the reactant is diluted in solvent

Reactant Solvent? HF(Av = 4)P HF(3-0) CH,S HCF Fcse
Me, S M, 20 W w S w
M, 1 W w S M
A, 20 M M S w
(MeS), M, 10 w w S w
A, 10 M M S W
Dimethyl M, 40 W w S
sulfoxide A, 40 w M S
Et,S M, 10 M w S
A 10 S S S
H,10 M M M
Allyl,S M, 10 M M ]
A, 10 S s S
t-Bu,S M, 20 M w S
Ph,S M, 20 M W S
A, 10 M W S
EtSH M, 10 W W S M
A, 20 S S S
HexSH M, 20 w W S M
A, 20 S S S
OctSH M, 20 W w S M
M, 20,120 °C w W S M
Thiophene M, 20 S
1-Hexene A, 40 w S
CS, M, 20 M
A, 20 M

2The first entry means, for example, that a solution of 20% methyl sulfide in methanol
by volume was vaporized at 300 °C. A, acetonitrile; H, hexane.

b Relative intensity: S, strong; M, medium; W, weak.

¢Tentative assignment (see text).

(a) the HF' bands are diminished and the broad, banded feature somewhat
enhanced when methanol is present in the reaction mixture, (b) acetonitrile
has little effect on the HF features of all of the spectra and (c) thioform-
aldehyde phosphorescence appears intensely in spectra recorded during the
reactions of the higher thiols with F, in the presence of methanol.

8.4. Formation of FCS*
The spectrum in Fig. 5 is essentially the same as that published previ-
ously [21]. The previous spectrum had better resolution and showed that
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Fig. 5. Spectrum obtained in the reaction of 350 mTorr CS,; with 75 mTorr F; and 1.4
Torr He. The numbering of the bands is arbitrary.

the bands labeled 1 -15 in Fig. 5 resolve into vibrational bands that form
long progressions of 356 and 831 em™! [21]. The weak minimum near
750 nm observed in the spectrum in Fig. 5 was enhanced in other spectra
obtained at higher CS, pressures. This was because of a relative increase in
intensity of bands 13, 14 and 15. Correlated with the increased intensity
of these bands, the weak continuum to the blue of 560 nm also increases
relative to the most intense features. There is no trace of the HF 3—0 band
at 870 nm. This implies that there is no significant amount of hydrogen-
containing compounds in the reaction cell, i.e. reduced sulfur compounds
or pump oil on the walis.

4. Discussion

Before discussing the emitting species and their formation, the nature
of the bulk reaction mixture and the proposed initiation reactions will be
described. Consider first the reaction mixture consisting of 100 mTorr of
an organosulfur compound and 100 mTorr F, in 1 Torr He before any
reactions occur. The F, = 2F- equilibrium constant is about 1072 atm at
room temperature [23]. Thus, the fluorine atom concentration is only
10"® of the F, concentration, or about 3 X 107 F atoms cm™>. If the bi-
molecular rate constant for the fluorine atom reaction with the fuel is
assumed to be 107!'° ¢cm?® molecule™! s7! (this is the rate constant for one
of the faster hydrogen-abstraction reactions of atomic fluorine; see ref. 16),
then 9 X 10!'2? reactions s™! ecm™ 2 occur between fluorine atoms and the fuel.
Now consider the reaction of molecular fluorine with the fuel. For this
reaction to be as important as the reaction with fluorine atoms, the rate
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constant for the reaction between the two molecular species must be only
1073 cm3 molecule s 1,

This is relatively slow and there is reason to suspect that F, will react
faster with an organosulfur compound. A small amount of evidence exists
suggesting that the reaction of molecular fluorene with alkenes occurs with
non-zero rate {24]. The only reported rate constant for the homogeneous,
gas phase reaction of F, with a stable molecular species is for the chemi-

luminescent reaction

F, + NO—> FNO + F (1)

The rate constant at room temperature is 1.5 X 107 !* c¢cm?® molecule™! s™ .
(A rate constant of 7.0 X 107!? exp(—1150/7T) cm? molecule™ ! s7! is given
for the reaction of F, with NO in the evaluation of Baulch et al. [25].)
Therefore, the rate constant for the reaction of F, with organosulfur com-
pounds could be greater than 1078 cm3 molecule !s™ 1,

We also have assumed above that the F, = 2F- equilibrium is reached
and maintained. This is a poor assumption since it neglects the rapid loss of
fluorine atoms to the walls of the tubing on the way into the cell and that
the equilibrium is then only very slowly regained in the cell. Hence, much
fewer than 107 F atoms cm™? initially enter the cell. Therefore, we feel that
reactions between F, and the sulfur fuel are more important than the reac-
tions of F atoms in initiating the chemistry that results in chemilumines-
cence.

The reaction
RR,S+F,— R;R,SF + F- (2)

may be considered to occur as the rate-limiting step that leads to chemi-
luminescence. A reaction similar to reaction (2) occurring between F, and
an oxygen analog of the sulfide is expected to be much slower than the
sulfide reaction. We observe that molecular fluorine does not react with the
oxygenated hydrocarbons to give appreciable chemiluminescence under the
same thermal conditions. This may explain the strong chemiluminescent
reaction selectivity of the F, reactions with organosulfur compounds over
paraffins and oxygenated hydrocarbons, since the rate of the rate-limiting
step ultimately determines the chemiluminescence intensity.

The average lifetime of a fluorine molecule in 100 mTorr of fuel is
about 3 s. Since the residence time of the reactants in the cell is of the
order of 0.1 s, only a small fraction of the reactants react in the cell. In
addition, the buffer gas prohibits the reaction mixture from reaching an
elevated temperature.

4.1. Formation of HFT

In a previous publication [19], a survey of the reactions of molecular
fluorine with reduced sulfur compounds showed that ground state HF was
produced in vibrationally excited states to as high as v’ = 6. Included in the
compounds studied were the higher sulfides, disulfides and thiols. Dimethy!}
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sulfide and dimethyl sulfoxide were also studied, and produced HF(v' = 6)
when reacted with molecular fluorine. No other emission features were
reported for any of the reactions in that study [19]. In the present study,
we have taken a more detailed look at the emission spectra employing
varying reaction conditions and longer spectral integration times. The newly
discovered complexity of these reaction systems is demonstraied by the
results in Table 1. The general observation of vibrationally excited HF in
the reactions of F, with the higher organosulfur compounds is, however,
reaffirmed in Table 1.

Vibrationally excited HF is known to be produced in several types of
chemical reactions that could be occurring in the F, reaction systems in this
study. Fluorine atoms can abstract a hydrogen atom from reduced sulfur
compounds to yield HF(v < 4) [2, 26]:

F- + RSCH, — HF(v < 4) + RSCH, (3)

It is probable that fluorine atoms are produced in the F, reaction system,
which could account for some of the intensity in the HF 3—-0 and 4-0 bands
in accordance with reaction (3). In addition, since reactions such as

F, + CH,S — CH,S + HF + F- (4)

are exothermic (—53 kcal mol™!), translationally hot fluorine atoms could be
formed, thereby increasing the exothermicity of reaction (3).

Other plausible pathways to HF (v < 8) must also be considered, such as
the attack of atomic fluorine on a reactive radical species:

F- + RCH,S- —> HF + RCH=S (5)

Reactions of this kind, producing HF and a stable molecular species, would
be highly exothermic. The rate of reaction (5), however, is expected to be
relatively slow given the low concentration of the reactants [17]. Hydrogen
atoms produce HF(v < 9) on reaction with molecular fluorine [22]:

H- + F,——> HF(v <9) + F- (6)

The observation of HF(v' = 8) in Fig. 2 may indicate that hydrogen atoms
are formed in the reactions of the present study.

4.2. Formation of HCF* and CH,S*

The formation of HCF” in the reactions of fluorine with simple organic
molecules in the gas phase is not unprecedented. The observation of HCF* in
the CH,—F, flame [14] suggests that the excited species may be formed in
the reactions of F, with many hydrocarbon compounds when the initial
activation barrier is overcome. The spectrum of HCF* has been investigated
previously using the CH,4~F, flame [14], but the mechanism for its forma-
tion has not been discussed. Emissions from CH* and C,* were also observed
by Patel et al. [14] and Vanpee et al. {15] in the high temperature CH,—F,
flame. Emissions from these diatomic species were not observed under any
conditions in the present study. Therefore, although the conditions under
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which HCF* appears in this study allow many reactive collisions to occur,
the inhibition of the chemistry by the buffer gas and the short residence
time in the cell do not allow extensive combustion to occur.

The mechanism for the production of HCF* is probably the same in
both systems, because the spectra obtained are essentially congruent. The
shortest wavelength of emission, 480 nm, corresponds to an energy content
of the HCF* product of 65 kcal mol™!. Formation of HCF(A 'A”) with as
much as five quanta in the bending mode (Fig. 3(c)) suggests that the reac-
tion producing this species must be at least 65 kcal mol™ ! exothermic, and
that the dynamics allow creation of the excited state species with a bond
angle different than the equilibrium bond angle of the excited state.

Figure 3(a) shows a spectrum of thioformaldehyde phosphorescence.
In a previous study [17], CD;SH was employed to help assign the vibrational
features and to help elucidate the mechanism of formation of HFY(DF') and
CH,S*(CD,S*). A short radical chain mechanism was proposed involving the
CH,S radical to account for the production of CH,S*. The production of
CH,S* from dimethyl sulfide, dimethyl disulfide and methanethiol in the
F,—He system was thoroughly discussed previously [17], and will not be
discussed in detail here.

4.3. Spectral effects of solvent vapor

The spectrum obtained during the reaction of molecular fluorine with
ethanethiol in the presence of acetonitrile (Fig. 4(a)) may be compared with
that of the ethanethiol-F, reaction in helium (Fig. 2). The HF" features are
evident in both figures. The most significant difference between the two
spectra is that the banded emission feature is enhanced when acetonitrile is
present. The spectrum of the ethanethiol-F,—methanol reaction mixture
(Fig. 4(b)) is considerably different from both Fig. 2 and Fig. 4(a). The
banded feature is still relatively enhanced in Fig. 4(b) compared with Fig. 2.
The HFT bands in Fig. 4(b) are considerably diminished compared with
those in Figs. 2 and 4(a). The appearance of CH,S* in Fig. 4(b) is highly un-
expected based on the results of the ethanethiol-F,—He reaction system, and
clearly demonstrates the participation of the solvent gas in the chemi-
luminescent reaction mechanism.

The solvent vapor may interact as a physical or chemical quencher in
the reaction systems. Methanol can be considered to have physical quenching
properties different from those of acetonitrile because of the potential for a
hydrogen-bonding interaction between methanol and vibrationally excited
HF |6, 27].

It is difficult to postulate a mechanism for the chemical quenching
without knowledge of the identities of the reaction products or interme-
diates other than the chemiluminescent products. Methanol and acetonitrile
can act as fluorine-atom scavengers, and this is probably initiated in the first
steps of the reaction of molecular fluorine with the organosulfur com-
pounds. Since methanol and acetonitrile are the reactants in excess by a
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factor of as much as 5 - 10, their presence should make a large impact on the
fluorine atom concentration and the entire radical chain chemistry.

4.4. Formation of FCS*

Based on spectroscopic and chromatographic information, it appears
that the only elements present in the CS,—F, reaction are sulfur, carbon and
fluorine. No HF' was detected in the emission spectrum of this reaction
(Fig. 5), which strongly suggests that there were no hydrogen-containing
species in the reaction cell. This spectrum also was observed to some extent
in every organosulfur compound-F, reaction studied including that with
CD3;SH. Therefore, a logical assighment of the spectrum given in Fig. 5 is to
a species having the general formula F.C,S,. The spectroscopic evidence can
be used to eliminate molecules that could not be the source of the emission
band and to deduce the identity of the emitting species.

In a previous publication [21] a Deslandres table was constructed con-
taining 36 bands that fit two progressions of unique frequencies. Arguments
were also presented against the assignment of the new spectrum to other
simple molecules, namely CF,, SF,, CS, and F,CS. Based on the analogy
with other X AB molecules the tentative assignment to FCS was made.

The assignment of FCS as the emitting species in Fig. 5 is strengthened
by considering that the chemistry in these systems is compatible with the
formation of FCS. Previous studies of two analogous reaction systems indi-
cate this. The FCO radical has been studied by absorption spectroscopy both
in the gas phase [28] and in a matrix [29]. In both cases, the molecule was
formed by reacting fluorine atoms with CO. In the second reaction system,
the three-body combination reaction of a fluorine atom with NO yielded the
chemiluminescent product FNO [30]. It therefore may be that the reaction
of a fluorine atom with CS forms FCS*.

4.5. Implications for IRMPD

These results may be useful in interpreting some of the new experi-
mental data on the chemistry initiated by the IR multiphoton dissociation
(IRMPD) of SF4. Spurlin and Yeung [31] have used IRMPD of SF, in the
presence of hydrocarbons to obtain chemiluminescence from C, and CH.
The results presented in the present study suggest that the conditions of the
IRMPD system are much like those of the CH,~F, flame of Vanpee ef al.
[15]. In addition, Pola et al. [32] have studied the stable products formed
during the IRMPD of SF, in the presence of CS,. We suggest that the chemi-
luminescent system described in this paper may include chemistry similar
to that of the system described by Pola et al. [32].
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