Published on 01 January 1966. Downloaded by University of Saskatchewan on 9/17/2019 1:46:13 PM.

View Article Online / Journal Homepage / Table of Contents for thisissue

Reactions of Thermal Energy Ions
Part 5.*—Ion-Molecule Reactions in Hydrogen Sulphide

By A. G. HARRISON AND J. C. THYNNE {
Dept. of Chemistry, University of Toronto, Toronto 5, Canada

Received 15th June, 1966

The formation of H3S* in the high-pressure mass spectrum of hydrogen sulphide has been shown
to be due to the two concurrent ion-molecule reactions :

1
I‘I2S+ -+ st —>H3S+ + SH

2
HS*+H,S -H3S8+4-S.

The cross-sections and rate constants for these reactions have been measured at a field strength
of 10:5 V cm! (corresponding to an ion exit energy of 3-7 eV) when values of 2:1 X 10-10 and 2:6 X
1010 molecule~! cm3 sec~! were obtained for k; and k» respectively. Using a pulsing technique
the rate constants for thermal energy ions were measured and values of 2-8 x 10~10 and 3-6x 10-10
obtained for k1 and k,. These have been compared with values calculated from the simple ion-
induced dipole model.

Recent work on ion-molecule reactions in water 1 and in ammonia 2 has shown
that the formation of the H;O*+ and NH} ions in these systems is not due to simple
reactions involving only the parent molecular ions, i.e.,

H,0* +H,0-H,0" + OH,
NH7 +NH,—~NH; +NH,,

but at higher electron energies the product ions are formed by proton transfer re-
actions involving the OH* and NH? ions, i.e.,

0H+ +H20—"H30+ + O
NH; +NH,;-NHJ +NH.

The presence of the H3S+ ion in the high-pressure mass spectrum of hydrogen
sulphide has been attributed 3 to the reaction

H,S++H,S—>H3S++SH.

In view of the role of OH* and NHY in the formation of the secondary ion in
water and ammonia it seemed of interest to study the possibility of the HS+ ion
similarly reacting by a proton-transfer process with hydrogen sulphide to form the
protonated ion H3S+.

In studies of ion-molecule reactions by the conventional internal ionization tech-
nique the reactant ions undergo continuous acceleration by the electric field needed
to withdraw the ions for analysis. Hence the cross-sections (and rate constants)
measured under these conditions represent a weighted average for ions having
energies from zero to the final ion exit energy which is determined by the repeller

* part 4, see ref. (2).
T present address : Department of Chemistry, The University, Edinburgh.
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field strength and the distance which the ion travels. The dependence of the rate
constant for the ion-molecule reaction upon the ion velocity or field strength has been
discussed and various studies have yielded results in disagreement, especially at
low field strengths.47 The reaction of ions under thermal conditions (i.e., zero-
field strength) can be studied using the pulsed mode of operation of the internal
ionization method. In this technique 89 a short pulse of electrons is passed
through the ion source (which is at zero field) and in the normal manner produces
primary ions by electron impact with the molecules in the source. A known and
variable time later a voltage pulse is applied to the repeller plate to expel the ions
from the ion source for analysis. In the interval between the ionizing pulse and the
withdrawal pulse the ions react with the molecules under virtually thermal con-
ditions and consequently reaction rates may be determined. Accordingly we have
studied ion-molecule reactions in hydrogen sulphide (@) in the presence of an
applied field of 10-5 V/cm, and (b) at zero-field strength using the pulsing technique.

EXPERIMENTAL

The modified AEI Ltd., MS 2 mass spectrometer described previously9 was used.
The cross-sections and rate constants for the individual reactions were measured at 10-5V
cm™! repeller field strength (corresponding to an ion-exit energy of 3-7 eV) using the ratio
plot method.10-12  The electron beam was pulsed (pulse duration 0-1-1-0 usec with a repeti-
tion rate of about 2x 105 pulses sec™1) with a constant repeller field, so that space-charge
effects are minimized. Thermal constants were measured using the pulsed source technique.?

Hydrogen sulphide was obtained from a cylinder (Matheson Co.) and used without
further purification. The pressure of the gas in the inlet reservoir was measured using an
Atlas-Wecke type MC Torrmeter calibrated against a dibutyl-phthalate manometer.

RESULTS AND DISCUSSION

The H3St ion is formed by a bimolecular process in the high pressure mass
spectrum of hydrogen sulphide. Because of the similarity of the appearance
potefitials of H,S* and H3S+ (10-50 and 10-6 €V, respectively) the ion-molecule
reaction leading to the formation of the H3S+ ion is said to be 3

1
H,oS++H,S—H;3S++SH.

This method of correlation of appearance potentials to identify the reactant ion
is only valid when the secondary ion is produced by a reaction involving only one
primary ion. In the mass spectrum of hydrogen sulphide the HS+ ion is a significant
primary ion and its appearance potential 13 is appreciably higher (14-4 ¢V) than
that of H,S+,

2
HS++H,S—>H3S++S.

One criterion for the occurrence of an ion-molecule reaction is that it is exothermic
or thermoneutral. Field and Franklin 14 15 have reported values of 236 and <187
kcal mole-t for the heats of farmation of H,S* and HiS* respectively. Palmer
and Lossing 13 have measured AH(HS*) as <276 kcal mole-1. Using these values
in conjunction with AH;(H,S) = —4-8 kcal mole~!, AH;{HS) = 32 kcal mole~! and
AHyS) = 66 kcal mole~! we find that reactions (1) and (2) are exothermic by 12
and 18 kcal mole~1 respectively, and on the basis of their thermochemistry are both
capable of contributing towards the formation of the H3S* ion at energies above
the appearance potential of HS+.


https://doi.org/10.1039/tf9666203345

Published on 01 January 1966. Downloaded by University of Saskatchewan on 9/17/2019 1:46:13 PM.

View Article Online

A. G. HARRISON AND J. C. THYNNE 3347

DETERMINATION OF CROSS-SECTIONS AND RATE CONSTANTS

RATIO PLOT METHOD

In fig. 1, curve 1, is shown the [y,g+/u,s+ ratio as a function of the nominal
electron energy at a constant repeller voltage of 10-5 V cm~! and a hydrogen sulphide
source concentration of 4-46 x 1013 molecules cm—3. From the appearance of the
H3S+ ion at 5-7 eV nominal electron energy to 9 eV the ratio is, within experimental
error, constant. At this energy the ratio begins to increase; this increase can be
correlated with the formation of the HS* ion, also shown in fig. 1 (curve 2) and
shows that the HS+ ion is contributing significantly to the formation of the H;S+
ion.
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Fic. 1.—Curve 1, Iyy,s+/I1,s+ against nominal electron energy (V); curve 2, Iys+ against nominal
electron energy. Ordinate for curve 2 given on r.h.s.

For the two concurrent reactions (1) and (2) studied under conditions of con-
stant jon acceleration, the total secondary ion current Iy.s- is given by eqn. (3),

IH3S+ =S IH25+Q1[HZS]d+IHs+Q2[H2S]d+4'19 X 10_2IHS+ +0'74X 10_21H25+. (3)

where Qg is the macroscopic cross-section for reaction X, d is the distance the re-
actant ion travels in the ion source and [H,S] refers to the source concentration
in molecule cm™3, In formulating egn. (3) the small differences in collection
efficiencies have been neglected, and the last two items are isotopic corrections be-
cause of the contributions of the HS34 and H,S33 ions towards the total ion current
at m/e = 35.

Division of eqn. (3) by Iy,s+ yields the following equation:

Igs+/Tgs+ = (0074 x 1072 +Q [H,S]d) + (Iys + /11,54 Y419 x 1072 +Q,[H,S]d)  (4)

which predicts that a plot of Iy,s+/Ip,s+ against Jys+/Ig,s+ should yield a straight line
with the cross-sections Q,and Q; being obtainable from the slope and the intercept
respectively.

Fig. 2, curve 1, shows a typical result obtained for hydrogen sulphide at 10-5V
cm™1 repeller voltage (corresponding to 3-7 eV ion exit energy), plotted in terms of
eqn. (4). The ion current ratios were varied by changing the energy of the ionizing
electrons. The good straight line and the non-zero intercept and slope (after correc-
tion for the isotopic contributions) shows that reactions (1) and (2) are occurring.
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Our results yield values of 9-140-3 x 10-16 for Q; and 11-440-5x 10-16 for Q,,
both in molecule~1 cm2. The limits of error represent the mean deviation of a number
of runs and the experimental cross-sections were obtained by a least-squares analysis
of the data. The rate constants have been calculated from the relation k = Qdjz,
where 7 is the residence time of the primary ion. Values of 2-08+0-07 x 10-10
and 2-64+0-11 x 10-10 have been obtained for k1 and k» respectively (both in mole-
cule~1 cm3 sec1).
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Fic. 2.—Curve 1, Iy,s+/Iu,s+ against Igs+/Iyg,s+; curve 2, Iy;s+/I,s+ against nominal electron
energy (V). Abscissa for curve 2 given on upper scale.

In fig. 2, curve 2 (different x-axis), is also shown a plot of of Iy,s+/I,s+ at electron
energies below the appearance potential of HS+. The independence of this ratio
with changing electron energy indicates that in this region only reaction (1) is con-
tributing to the formation of the H3S+. The values of Q; and k; obtained from
several runs of the type in curve 2 are Q; = 9-0+0-2x 10-16 molecule~1 cm2 and
k1 = 206 x 10-10 molecule~! cm3 sec—! and are in good agreement with values of
9:1x 10716 and 2-08 x 10-10 found for Q; and k; by the ratio plot method above
using a wide range of electron energies.

Our data indicate that proton-transfer (reaction (2)) is favoured over hydrogen
transfer (reaction (1)) by a factor of about 1-3 and, if the number of available hydrogen
atoms, i.e., two, is taken into account, then the ratio is appreciably in favour of
reaction (2).

PRESSURE VARIATION METHOD

Lampe et al.3 have reported a value of 3 x 10~10 molecule~1 cm3 sec™! for k; by
measuring the Iyps+ s+ ratio as a function of pressure at 50eV. Our work,
using the ratio plot technique, has shown that the formation of the H3S* ion at
50 eV is not a simple reaction and consequently the value obtained by the pressure
plot method reflects a composite rate constant for reactions (1) and (2). For com-
parison we have made a similar plot of the Iy,s+/fy,s+ ratio versus source pressure
for hydrogen sulphide at 50 eV, and our results are shown in fig. 3. Using the
relations, Iys+/fu,s+ = QO[H2S}d, and k = Qd/r, where Q and k are the quantities
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referring to the apparent reaction (1), we find that 0 = 13-3 x 10-16 molecule~! cm?2
and k = 3:04 x 1016 molecule~1 cm3 sec-1. OQur value for k is in good agreement
with the value of 3-0x 10-1¢ obtained by the pressure-plot study of Lampe ef al.3

102 Ig,s+/Frps*

1 ] L 1 1 1 L 1 :

1 2
Q i 2 3 4 5 6 7 8 9 o it

H3,S reservoir pressure, mm Hg
Fi1G. 3.—Iy,s+/Ip,s+ against H,S inlet reservoir pressure (mm Hg).

We can make a direct comparison of Q and k with the values of Q and k we have
established above by the ratio plot method for reactions (1) and (2). The following
relationships exist between @, Q; and Q» and between k, k; and k»:

0 = Q1+UUus+0a/Tu,s+) and k = ky+Tgs+ky/Iy,s+)-
The ratio Jy,5+/Ig,s+ measured at 50 eV has a value of 0-33, Using this in conjunction
with the cross-sections and rate constants given in table 1 for reactions (1) and (2),

TABLE 1.—CROSS-SECTIONS 0 AND RATE CONSTANTS k& FOR ION-MOLECULE REACTIONS
kthermal *
k10.5 Viem Fthermal £10-5 Viem ktheory

H,St+HoS—H3ST+HS 91403 21 2:8 1-33 10-4  this work
HSt+H,S—H;3;5t4-S 11-44-0-5 26 3:6 1-36 10-5

reaction Q ref.

-
M

t HoST+ HoS—H;St+HS 133 30 — — 104 »
T HoSt+H,S»H:St+HS 30 3 — — 104 3
H,0++H,0-H30t+O0H  19-3 60 49 082 122 1
OH'+H,0-H;0*+0 183 59 47 086 124 1
D,0++D;0-D;0++0D  11-8 35 37 106 — 1
OD*++D,0-D30++0 84 26 23 085 — 1
NH{ + NH;>NH; +NH, 247 77 52 068 106 2
NH} +NH;>NH} +NH 160 51 34 067 108 2
CH +CH4—CHZ +CH; 218 76 61 080 134 18
CD; +CD4—CD? +CD; 156 64 47 073 119 18

units of @: 1016x molecule™! cm?; units of £ : 1010 molecule™! cm3 sec™1.

* calculated on the basis of ion-induced dipole interactions only.
t results based on pressure plot at 50 V electron energy.
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we find that § = 12:9 x 10-16 molecule~! cm2 and k = 2:95 x 10-10 molecule~1 cm3
sec~1, which are in excellent agreement with our directly measured values mentioned
above.

PULSED (i.e., ZERO-FIELD) METHOD

The cross-sections and rate constants reported above have been measured at
a constant field strength and 10-5V cm~! and the ions which react have a range of
energies from zero to 3-7eV. Consequently the rate constants are not those corres-
ponding to the rates for thermal energy ions for reactions (1) and (2). These could
be obtained if the dependence of the cross-section on the ion velocity was known.
This information is not easily obtainable because a study of the variation of Q with
ion exit energy coupled with extrapolation of Q to zero-field has dubious validity.
This has been attributed 16 to space-charge and mass discrimination effects at low
repeller voltages. The thermal (or zero-field) rates can be measured directly by the
pulsing technique, since in the time interval or delay time (0-1-1-6 usec) between
the ionizing pulse and the ion-withdrawal pulse, the ions react with molecules under
field-free conditions and from the variation of the product to reactant ion ratios
with the delay time their rate of reaction under thermal conditions can be obtained.

For two concurrent reactions (1) and (2), the secondary ion current [gs. ob-
served after a time interval ¢ between the pulses can be expressed (neglecting small
differences in collection efficiencies) as the sum of the two independent contributions :

IH;S"‘ = (kl[H2S]1H25+ + kZ[HZS:IIHS"‘)t + C, (5)

where C is a constant representing the H3S+ formed by the ion-molecule reactions
occurring during the ionizing and withdrawal pulses. Rearrangement of this
equation gives

Ty s/ Tiyse = {ka[H,ST 4 (ko[H S s+ /Iy 54)}t+ C. (6)

This expression predicts a linear relationship between Jfy,s+/Ig,s+ and reaction time
at constant electron energy when the source pressure is constant, provided the
extent of reaction is small. The Iy,s+/Iy,s+ ratio was varied by changing the ionizing
energy and, over the range of the delay times used, remained constant for constant
electron energy.

In fig. 4 are plotted our delay curve data in terms of eqn. (6) for a range of un-
corrected electron energies (10-0-14-7 eV) where Iys+/Iy,s+ 1S zero or very near to
zero. The slopes of these delay-time curves are given in table 2, and are plotted

TABLE 2.—DELAY CURVE DATA: [SLOPE = k14 (Jus+k2)/Iu,s+]
electron energy (¢V) 10-0  10-3 10-5 10-7 109 112 11-4 117

slope x 10—4 120 123 1-18 1-17 1-30 1-27 1-25 1-27
TIys+/Fs+ 0 0 0 0 0 0 0 0
electron energy 120 121 123 12-8 13-0 13-3 135 13-7
slope x 10—4 124 125 1-22 1-26 122 124 1-22 126
Igs+/ s+ 0 0 0 0003 0003 0007 0010 0016
electron energy 140 142 14-5 14-7 150 190 20-0 220
slopex 104 124 130 1-31 127 1-32 1-57 1-54 1-64
Tys+/Ig,s+ 0025 0030 0047 0048 0058 0223 0243 0-270
electron energy 25 28 30 32 38 46 47-5 48
slopex 10—4 162 179 178 1-81 1-83 1-87 1-68 1-92
Iys+/Igos+ 0300 0335 0309 0-330 0365 0340 0334 0341

all electron energies are uncorrected.
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energy at which they were obtained.
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in fig. 6, curve 1. A good straight line is obtained with zero gradient, the intercept
of which gives a value for the thermal rate constant, k; = 2-76 x 10-10 molecule—1
cm3 sec™l. At these low electron energies there is no contribution to the secondary
ion formation by reaction (2).

In fig. 5 are plotted our delay curve data corresponding to eqn. (6) for a wide range
of ion energies (19-48 V). The slopes of these curves are given in table 2 and are

nominal electron energy (V)

10 il le i3 14
T T T T

1ok

delay curve slopes x 104

o 005 OfIO 0"‘15 0120 O"25 0:30 035 O-40 0“45
IHS*/IHzS‘*
Fic. 6.—Curve 1, delay-curve slopes (fig. 4) against nominal electron energy ; curve 2, delay-curve
slopes (fig. 5) against Jys+/Ig,s+ Abscissa for curve 1 given on upper scale.

plotted as a function of Iyg+/Iy,s+ in fig. 6, curve 2, when a reasonable straight line
is obtained, the gradient of which corresponds to k; and the intercept to k;. Least-
squares analysis of the data yield k; = 2:76x 10~10 molecule~1 cm3 sec! and
k> = 3-59 x 10-10 molecule—! cm3 sec~1. The value for k; obtained by this plotting
method is in complete agreement with the value of k; obtained by the pulsed-study
at low electron energies.

ENERGY DEPENDENCE OF k; AND kj

For ion-molecule reactions in which the interaction can be attributed to ion-
induced dipole forces, Gioumousis and Stevenson 17 have shown that the rate
constant should be independent of ion energy so that the rate constants measured
at 10-5V cm~—! and under zero-field conditions should be the same. From table 1
(column 5) for hydrogen sulphide and several other comparable substrates the
ratio Kiperma/k10-5 viem 1S Dot unity. For reactions (1) and (2) the ratio is about
1-3, i.e., the rate constant is greater for the thermal energy ion. This is the reverse
of the behaviour observed in the water system ! where the ratio is 0-82 for the
reaction

H,0++H,0-H;0*++OH.

Considering the errors involved in such work, these ratios are not significantly
different from unity, which suggests that most of these reactions are in approximate
agreement with the ion-induced dipole model in this energy range. In column 6
of table 1 we have calculated rate constants for the reactions on the basis of the
ion-induced dipole model using the relation k = 2ne(a/u)t where e is the electronic
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charge, « is the polarizability of the neutral species and p is the reduced mass of the
colliding pair.

The experimentally measured values for the rate constants are much lower than
the values calculated from the ion-induced dipole model; this difference may
reflect the possibility that other reaction channels such as charge exchange are
available to the collision complex. Also, such calculations do not inciude any
consideration of ion-permanent dipole interactions. In this respect the dipole
moment of hydrogen sulphide (0-93D) is much less than those of water (1-84D)
or of ammonia (1-44D) and the rate constants for the hydrogen sulphide system
are appreciably less than those for water or ammonia though the correlation may
be fortuitous.

Although the ratio Kwmerma/k10.5 viem for reactions (1) and (2) is somewhat
energy dependent, the ratio k1/k; is not, having values of 0-77 under zero-field con-
ditions, and 0-79 at 10-5Vcm-l. Similar conclusions may be drawn from the
data on the water and ammonia systems.

ION-MOLECULE REACTIONS INVOLVING H,S

Mixtures of argon+H,S, carbon monoxide+H,S and carbon dioxide+ H,S
were studied with the aim of investigating the thermochemically-possible reactions :

At +H,S—»>AH' +SH, AH ca. —13 kcal/mole™?
CO*4+H,S-»HCO" +SH, AH ca. —55 kcal/mole™?
COf +H,S-HCOJ +SH, AH ca. —29 kcal/mole™?!

No evidence was found to indicate the formation of any of these secondary ions
and it is concluded that, under our experimental conditions, the rate constants
for the above reactions are zero or close to zero.
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