<
brought to you by .{ CORE

View metadata, citation and similar papers at core.ac.uk
provided by UNT Digital Library

Available online at www.sciencedirect.com .
Proceedings

ScienceDirect of the

Combustion
Institute

CrossMark

Proceedings of the Combustion Institute 37 (2019) 373-379
www.elsevier.com/locate/proci

Experimental and computational studies of the kinetics
of the reaction of hydrogen atoms with carbon disulfide

Katherine E. Kerr!, Yide Gao’, Paul Marshall*

Department of Chemistry and Center for Advanced Scientific Computing and Modeling, University of North Texas, 1155
Union Circle #305070, Denton, TX 76203-5017, USA

Received 1 December 2017; accepted 12 June 2018
Auvailable online 7 July 2018

Abstract

Pulsed laser photolysis at 193 nm of NH3/CS, mixtures in an Ar bath gas combined with resonance flu-
orescence detection of atomic H yielded the rate constant for H 4+ CS; over 295-490 K. The reaction was
found to be pressure dependent and in the fall-off region or near the low pressure limit. Fitting to the Troe
formalism yielded ko = 7.5 x 1072* (77300 K)~'47¢ exp(—5180 K/T) cm® molecule=2 s~ over 295490 K. At
490 K equilibration of adduct formation was observed which yielded a H-SCS bond dissociation enthalpy
of 73 £ 10kJ mol~!. These observations are consistent with W1 results for the potential energy surface and
comparison suggests HSCS is the major addition product. Transition state theory yields an estimate for the
high-pressure limit of addition over 290-300 K of 1.3 x 10~? exp(—7.2kJ mol~!/RT) cm?® molecule ! s~'.
Uncertainties are discussed in the text.
© 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

Keywords: Carbon disulfide; Falloff region; Thermochemistry; Addition kinetics; Claus process

1. Introduction mechanistic details of the Claus chemistry, we have

investigated the reaction
H + CS, — products (1)

Woiki and Roth [3] made shock tube measure-
ments on the pathway leading to SH 4+ CS at 1170—
1830K, and this reaction has been incorporated
into a recent mechanism for CS, flames [4]. Carbon
disulfide has been employed as a carbon source in
diamond deposition [5] and reaction (1) was a po-

The Claus process, where hydrogen sulfide and
sulfur dioxide disproportionate to yield elemental
sulfur, is a central step in the removal of sulfur from
hydrocarbon fuels [1,2]. Undesirable by-products
include carbon disulfide (CS,) and carbonyl sul-
fide. In order to improve our understanding of the

* Corresponding author.
E-mail address.: paul. marshall@unt.edu (P. Marshall).
! Present address: Wentworth Institute of Technology,
550 Huntington Avenue, Boston, MA 02115, USA.
2 Present address: PPG Industries, 3333 North Inter-
state 35, Gainesville, TX 76240, USA.

https://doi.org/10.1016/j.proci.2018.06.091

tential interference in the use of CS, as an S-atom
precursor in our laboratory studies of the S+ H,
reaction [6]. Because the abstraction channel is en-
dothermic by 87 kJ mol~!, it will be slow in Claus
reactors operating at around 400-600 K. Here, we
investigate temperatures up to ca. 500 K that have
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not been explored previously and find evidence for
a new, addition pathway. With the observation of
CS, in comets [7], this channel might also have
a role in astrochemistry. Studies of H/CS; inter-
actions may also be compared to the valence iso-
electronic OH + CO/H + CO, system, central to
CO oxidation and heat release in combustion and
where a stable HOCO intermediate was invoked
to explain the unusual temperature dependence of
the OH + CO reaction [8]. Detailed computational
studies on the OH + CO system confirm formation
of an HOCO adduct (and that HCO, is less sta-
ble), which dissociates exothermically over a bar-
rier to H+ CO, [9]. As we indicate below, sim-
ilar species arise in the analogous sulfur system
but differences in their thermochemistry change the
ordering of relative stability. In particular, HSCS
is observable as a product of H+ CS, via the
pressure-dependence of the measured kinetics.

2. Experimental method

Details of our apparatus for laser flash pho-
tolysis experiments with time-resolved resonance
fluorescence detection of atomic hydrogen, includ-
ing with other sulfur-containing species, have been
provided previously [10-14] and so the method is
outlined here. Inside a heated stainless steel reac-
tion cell, H atoms are created by pulsed photoly-
sis of a precursor at 193 nm, ammonia (NHj3) in
this case, and then react with a large excess of CS,
which is therefore effectively at constant concen-
tration. The time scale is short compared to the
time for diffusion to the reactor surfaces so the
experiments are largely separated from heteroge-
neous processes. Resonance fluorescence from the
H atoms is excited by a microwave-powered flow
lamp at Lyman «, 122nm. The photon-counting
signal I; observed with a solar-blind photomulti-
plier tube, and accumulated over typically several
hundred pulses repeated at ca. 1 Hz in a slowly
flowing mixture, is proportional to [H], plus a con-
stant background from scattered light. NH; and
CS, were purified by freeze-pump-thaw cycles with
liquid nitrogen and dilutions in a large excess of ar-
gon (Ar) were prepared manometrically. Mole frac-
tions in the mixtures, the measured flow rates of
the mixtures and further pure Ar into the reactor,
the pressure p and the temperature 7 (monitored
at the center with a retractable thermocouple cor-
rected for radiation errors) are combined to obtain
the molecular concentrations. Values are given in
Table S1 of the Supplemental Information, along
with the average residence time 7 in the heated cell
before photolysis. The Ar serves to slow diffusion to
the cell walls and by raising the heat capacity of
the mixture ensures isothermal conditions during
reaction. The measured laser pulse energy E, which
is corrected for window transmission, and its cross
section of 0.5 cm? were combined with absorption
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Fig. 1. Pseudo-first-order decay coefficient for H atoms as
a function of CS; concentration. The insets show a fluo-
rescence decay and, on an expanded scale, a plot of the
residuals from the exponential fit.

cross sections of NHj3 and CS, of 5.0 x 10~!® and
2 x 1071 cm? molecule™! [15,16], respectively, at
193 nm and assumed unit quantum yields to obtain
estimates of the initial concentrations of [H] and
[S].

Following their generation, H atoms are lost
mainly through reaction (1) and via diffusion out
of the observation zone, with the latter described
by an effective first-order rate constant kg;:

d[H]/dt = —ki[H][CS:] — kqin[H] = —kpa[H]  (2)

kys1 1s the pseudo-first-order decay coefficient and is
obtained by fitting the observed fluorescence signal
to an exponential decay with time ¢, which does not
require knowledge of the absolute [H]. At a given
set of conditions (7, p, [NH;], t, E) variation of
[CS,] with typically 5 values from 0 to [CS;]max al-
lows determination of the second-order rate con-
stant k; as the slope of a plot of kps vs. [CS;]. The
constant kg appears in the intercept along with
any minor contribution from the reaction of H with
NH3;, which is slow under our conditions [17]. Lin-
ear least square fits, weighted to incorporate uncer-
tainty in kys and [CS;], then yield k; and its 1 &
statistical uncertainty. Figure 1 shows such a linear
plot, along with an example decay of time-resolved
fluorescence.

3. Experimental results

Conditions and results for 42 experiments, each
based on 5 determinations of kp;, are summarized
in Table S1. An immediate observation is that the
data are dependent on pressure. The overall range
of [Ar] used was (0.4-13) x 10"® molecule cm~3.
Figure 2 shows the room temperature depen-
dence of the second-order k; on [Ar], where at
low [Ar] k; is proportional to [Ar] which is the
low-pressure limiting behavior expected for the
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Fig. 2. Falloff curve at 295K for H+ CS; + Ar.

Table 1
Low-pressure limit data for H+ CS, + Ar.

T/K Observed ko/1073! cm®  Troe fit ko/1073! cm®

molecule™2 5! molecule™2 5!
290 2.144+0.3 2.13
350 2.80+£0.3 2.84
400 2.5040.3 2.52
450 1.95+0.3 1.87
490 1.334+0.3 1.36

Lindeman—Hinshelwood mechanism for addition
to make a CS,H species:

H + CS, — CS,H* rateconstantk, (3)

CS,H* — H+ CS, rateconstantk,  (4)

CS,H* + Ar — CS,H + Ar rate constant k.
(%)
This scheme yields
ko [A kokoo[A
" A KokafAt] ©

T kp + kJAT] koo + ko[AT]

where the high- and low-pressure limiting values
of k are ko, =k, and ko[Ar] = (k.k./kv)[Ar], re-
spectively. For an improved treatment of the inter-
mediate fall-off region, Troe proposed multiplying
Eq. (6) by a scale factor [18] so that:

. _( ko[M] )
T T+ koMK

-1
1-+[log o (ko[M]/koo )/(0.75—1.2710g g Feent I
X Fiem } (7)

The broadening parameter F..,, was set to 0.6
as recommended for an atom +linear molecule
system [19]. A fit to Eq. (7) is shown as the
curve on Fig. 2. The corresponding third-order kg
is given in Table 1 and the second-order k., is
5.4 x 10712 cm?® molecule~! s='. We comment that
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Fig. 3. Temperature dependence of the low-pressure limit
for H+ CS; + Ar.

the high-pressure extrapolation has a significant
uncertainty, likely a factor of 3 or more. At higher
temperatures the low-pressure region extends to
higher [Ar] so that while it is possible to obtain kj
easily the extrapolations for k., are unreliable.

The NHj3 and CS; concentrations and the pho-
tolysis energy were varied to change the initial radi-
cal concentrations for different rate measurements.
The lack of systematic variation of the observed
ky about the fitted fall-off curves indicates that sec-
ondary chemistry did not have a significant impact.
It is likely that as an atom + atom reaction, H+ S
addition directly is slow, and H + CS addition may
also be slow by analogy with H 4+ CO, which assists
isolation of reaction 1 from interference.

The results for the low-pressure limit are plot-
ted in Fig. 3 and there is clear non-Arrhenius be-
havior, similar to that observed for example in
the systems S + C,H, [20] and O + SO, [21]. One
interpretation is that the addition step (3) oc-
curs over a modest barrier so that at low tem-
peratures the Arrhenius behavior of k, causes ky
to increase with increasing temperature, while at
higher temperatures the decreasing collisional en-
ergy transfer efficiency of step (5) causes k. to
decrease. An empirical summary of the data in
Fig. 3, not intended for wide extrapolation outside
the fitted range, is ko = 7.5 x 1072* (7/300 K)~147
exp(—5180 K/T) cm® molecule 2 s~!.

At around 490 K a change in behavior was seen
where the decays of [H] became bi-exponential. An
example is shown in Fig. 4, with data also plotted
on a log scale to reveal non-exponential behavior.

This means H atoms are being regenerated and
a plausible reaction scheme involves decomposition
of the stabilized adduct back to H + CS,:

H + CS,(+Ar) — CS,H(+Ar) rateconstantk,
®)

CS;H (+Ar) — H 4 CSy(4+Ar) rateconstantk_,
®
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Fig. 4. Bi-exponential decay of fluorescence at 490 K. In-
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H — diffusion loss rate constant kg

(10)

CS,;H — loss without H regeneration
rate constantky;  (11)

The integrated biexponential rate law is [22]
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Fig. 5. Effective first-order rate coefficients vs CS, con-
centration at 490 K. Squares: addition H + CS,. Trian-
gles: dissociation of HSCS. Solid symbols correspond to
Fig. 4.

that the ki, k_; and ky; parameters are strongly
coupled, in that changes in one parameter can be
largely compensated for by changes in another.
The ratio kps/k_; can be reduced by a factor of
5 and the fit is still tolerable. This corresponds to
a reduction of K.q by a factor of 5 at 490K, and

P - i S i -
(kpst + & I+kll+kd1ff)i\/(kpl+kdff+k 1

+ k|1)2 — 4(kpsikry + kaiwk—1 + kaikrr)

Ay = —

(H] = [H]

(g + koy + ket — (o + ko + ke
o

Al — A2

The first-order parameters kp,, k_; and ky; were
varied to fit decays directly (see Fig. 4), with kg
fixed by an initial experiment with no CS,. The re-
sults are summarized in Table S2 of the Supple-
mental Material. One test of this rate law is that as
[CS,] is increased, kps1 should increase in propor-
tion, but the unimolecular dissociation rate con-
stant k_; should remain constant. An example is
shown in Fig. 5. Although they often showed signif-
icant scatter, neither k_; nor ky; varied consistently
with [CS,]. The loss of adduct in step (11) without
hydrogen production was found to be rapid, usually
faster than H-atom diffusion, suggesting some sig-
nificant chemical pathway for the adduct. We spec-
ulate that a possibility is a reaction with CS, which
is known to polymerize readily.

The forward reaction information, kyy=
ki[CS;], yields a further k, datum. The ratio
kilk_, yields the concentration equilibrium
constant and hence, with transformation to
unit activity at a standard state of 10°Pa, the
dimensionless thermodynamic equilibrium con-
stant K.q =exp(—AG/RT). The mean AG’ is
—42.9423kJ mol~! where the uncertainty is
purely statistical and represents 1 o. Exploration
of the fits to the bi-exponential decays shows

(12)

thus an increase of AG® by 6.6 kJ mol~!. To reflect
this source of uncertainty the 95% confidence
interval for AG® is assigned as £10kJ mol~!. AH°
is of interest as it corresponds to minus the bond
dissociation enthalpy of the CS,H adduct, but AS°
must first be established. This in part motivates the
computational analysis that follows.

4. Computational analysis

Possible bound minima on the H/CS, potential
energy surface include species where H is bonded
to the C atom of CS, or to one of the S atoms.
These possibilities were investigated by Ramesh
et al. [23] who carried out calculations on HCS,
and HSCS. These species, and connecting tran-
sition states, were characterized here using the
B3LYP density functional and the cc-pV(T +d)Z
basis set. The structures are provided in Table
S3 of the Supplemental Material, along with vi-
brational frequencies scaled by a factor of 0.985.
Relative enthalpies at 0 K were derived from the
relative B3LYP/cc-pV(T 4 d)Z energies combined
with the zero-point vibrational energy. Then refined
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Table 2
Enthalpies at 0 K of species on the H/CS; potential en-
ergy surface relative to the reactants.

Species DFT relative W1 relative
enthalpy/kJ mol~! enthalpy/kJ mol~!
H+CS, 0 0
TS2 to HCS; 29.9 35.5
A; HCS, -77.6 —63.3
B, HCS, —100.8 —95.1
TSI to HSCS 1.3 4.7
cis HSCS —66.9 —63.1
Torsion TS  —12.6 -20.4
Bend TS -56.4 —47.4
Trans HSCS —67.0 —65.8
TS3 to HCS, 48.2 50.0
607 Ts3
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T‘g 20 -
< 0
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Fig. 6. Potential energy diagram for H/CS, based on W1
data.

energies were obtained at the same geometries by
application of the W1 methodology of Martin and
coworkers [24], which approximates coupled clus-
ter theory extrapolated to the complete basis set
limit, and includes corrections for scalar relativistic
and core-valence electron correlation effects. These
quantum calculations were carried out with the
Gaussian 09 program [25].

Table 2 lists the relative enthalpies computed at
the two levels of theory and permits some assess-
ment of the reliability of the calculations. Devi-
ations between the two methods are in the range
1-10kJ mol~', with the exception of the A; state
of HCS, where the difference is 13kJ mol~!. As
in the classic example of formyloxyl (HCO,) [26],
the Hartree—Fock wavefunction is unstable with re-
spect to symmetry-breaking away from the C,y ge-
ometry, an artifact not present in density functional
theory (DFT). Thus, the W1 data are somewhat
suspect for this one species. Conservative error lim-
its for the W1 enthalpies are =10 kJ mol~".

The potential energy diagram is drawn in Fig. 6.
It may be seen that H can react with CS, over a low
barrier (TS1) to make planar cis and trans HSCS.
These isomers may interconvert via SCS bending
or, with greater difficulty, via rotation around the
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Fig. 7. Energy of HSCS as function of the SCS angle
showing bent cis and trans isomers. The horizontal lines
represent the corresponding eigenvalues.

central C-S bond. The significant barrier to the
latter process indicates some 7 character in this
bond. An alternative isomer is C,y HCS, where H
is bonded to the central C atom. On the basis of
Cs symmetry the excited A; state correlates with
the reactants but presumably can eventually relax
to the B, ground state. There are significant barriers
to forming HCS; both directly from H + CS, and
by isomerization of HSCS. Thus, kinetic control fa-
vors HSCS as the product, which is consistent with
the observation of this species in matrix isolation
experiments by Bohn et al. [27] who co-deposited
H and CS, with Ar at 12 K.

Having identified HSCS as the likely major
product, the issue now is to deduce its entropy.
A straightforward rigid rotor-harmonic oscillator
treatment would miss any anharmonic effects such
as those important in the entropy of chlorovinyl
radicals [28]. The two HSCS isomers interconvert
most easily via SCS bending. A scan along this
bending mode (with all other geometry parame-
ters allowed to optimize at a series of fixed S-C-S
angles every 2°) reveals that the H-S—C angle re-
mains locked and it is only the S—-C-S angle that
changes during cis/trans isomerization. The DFT
energy as a function of S—-C-S angle is plotted in
Fig. 7 and shows an asymmetric double-well poten-
tial. The wavefunctions and corresponding eigen-
values (quantized energies) for the system were
obtained using the FGH1D program [29] and they
indicate strong interaction between the two min-
ima, which therefore should not be treated as sepa-
rate species at elevated temperatures.

This numerical solution of the Schrodinger
equation for the 1 dimensional bending potential
requires knowledge of the potential energy as a
function of angle (Fig. 7) and the effective moment
of inertia. The latter was derived as follows. For a
linear triatomic molecule X—Y-Z with X~Y and Y-
Z bond lengths of /; and /,, Herzberg [30] notes that
the bending frequency v is related to the bending
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force constant k;/(/;1;) by

2 2 2
4r? = 1 <11 +li+(11+12) )ka (13)

112[22 my my my

which is of the form ks/(/;/5) + , and the moment
of inertia is /1, Because the H-S—C moiety is
essential rigid, we treat the HSCS molecule like a
three-particle system with my =33, my=12 and
my =32 amu. With /; =1.680A and h»=1.576A
determined from DFT calculations, u =2.529 amu
and p il = 6.698 amu A2,

The eigenvalues yield thermodynamic functions
for the bending mode, assumed to be separable
from the other vibrations and overall rotations
that are treated using the rigid rotor-harmonic
oscillator approximation. At 490 K, the bending
contribution to the entropy is 16.6J K mol~'.
Had the S-C-S bending frequency in trans
HSCS of 257 cm™! been treated harmoni-
cally, its entropy would be 10.9J K~' mol™'.
The total entropy of HSCS is estimated to be
313.3J K~! mol~'. Combined with S values for
H and CS, [31], ASyo for H+CS, — HSCS
is estimated as —73.8] K~! mol~!. Using the
experimental AGyyy from the previous section,
AHy0=-79.2kJ mol~'. Consideration of the
enthalpy corrections H90—H for each species then
yields AHy=-73.2+10kJ] mol~!. This range
agrees with the computed values AHy=—67
(DFT) or —66 (W1) kJ mol~!. Thus, it is possible
to rationalize the equilibration kinetics in terms
of reversible formation of HSCS. Presumably this
is the product at lower temperatures too, where
adduct dissociation is too slow to observe.

Consideration of TSI yields information about
the high-pressure limit for addition of H atoms to
CS,. At this transition state the SCS structure is lin-
ear (to within 0.6°) so there is no distinction be-
tween the two HSCS isomers at this early point
along the reaction coordinate. Together with the
W1 barrier of 4.7kJ mol™!, the standard rigid-
rotor harmonic-oscillator approximations yield a
transition state theory (TST) result over 290-600 K
of

koo = 1.3x107°
x exp(—7.2kJ mol™Y/RT) cm® molecule ! s™!
(14)

The uncertainty in W1 energies proposed
above implies broad uncertainties of a factor
of 60 in k., at 290K, dropping to a fac-
tor of 7 at 600K. The TST expression yields
koo =6.6 x 10711 cm® molecule™" s~! at 290K, an
order of magnitude larger than the fitted value of
5.4 x 107'2 cm? molecule ! s~! but within the limits
proposed. Eq. (14) can be combined with the exper-
imental determination of k, to make an estimate of
the effective second-order rate constant for H addi-
tion to CS, at any pressure via Eq. (7).

At modest temperatures the likely fate of HSCS
is reaction with another radical, so that CS, may
catalyze H + radical kinetics. HSCS might also re-
act with molecular oxygen which could open new
chemical pathways. CS, and H both appear in ki-
netic models for the Claus process [2] but the only
reaction considered is formation of SH + CS. The
impact of the new chemistry explored here on anal-
ysis of the overall Claus process remains to be as-
sessed by multi-reaction modeling.

5. Conclusions

Pressure-dependent kinetics have been observed
for the reaction of atomic hydrogen with CS,. At
room temperature, enough of the falloff curve is
available to characterize the high- and low-pressure
limiting kinetics, while only low-pressure rate con-
stants can be derived at higher temperatures. Prior
matrix isolation experiments have suggested HSCS
is the dominant product. At 490 K, the equilibrium
H + CS, = HSCS becomes less favorable and it is
possible to characterize both addition and dissoci-
ation kinetics, and hence the equilibrium constant.
Combination of this with an ab initio estimate of
the entropy of HSCS yields a H-SCS bond dissoci-
ation enthalpy in good accord with that computed
directly with W1 theory. Thus the thermochemistry
and kinetics of H addition to CS, can now be de-
rived over a wide range of conditions, suitable for
modeling details of the Claus process for sulfur re-
moval from sour gas.
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