1437

Chemical kinetics and thermodynamics of tin
ionization in H,-0,-N, flames and the proton
affinity of SnO

John M. Goodings and QingFeng Chen

Abstract: A small amount £10° mol fraction) of tin was introduced into five, fuel-rich,,HD,-N, flames in the

temperature range 1820-2400 K at atmospheric pressure. lons in a flame were observed by sampling the flame along
its axis through a nozzle into a mass spectrometer. The major neutral tin species in these flames were SnO (>97%) and
Sn (<3%). The principal tin ions observed were SiGihd Sri. Thermodynamic functions for SnOHSH", SnO, and

Sn were calculated by statistical mechanics using published data from ab initio calculations and spectroscopy. The
SnOH ion was formed initially by proton transfer to SnO by®f, a natural flame ion, with which it is in

equilibrium. It was also produced by chemi-ionization of SnO reacting with H; Sn@kidly equilibrates with Sh

lon ratio measurements of SNOM;O* led to the proton affinityPASeg (SNO) = 911 + 21 kJ mot? (218 + 5 kcal

mol). A calculated equilibrium constant provided the SnT&i" ion ratio. When electron-ion recombination of

SnOH" with free electrons was made dominant by the addition of, @hd K, the measured recombination coefficient

of SnOH" was (0.116 + 0.065y(1-66£0-16)cm3 molecule® s the temperature dependence is in good agreement with

the T-1® dependence predicted by simple theory. The rate constant for chemi-ionization could not be measured due to
impurity ions from potassium and sodium, but the equilibrium constant for chemi-ionization/recombination was
calculated to be 0.004 863 exp (—52 0NO/Assuming detailed balance and the experimental recombination coefficient,
the relatively small rate constant for chemi-ionization was given by 3.27 3% #xp (—48 630T) cm® molecule® s,

Finally, calculated values were obtained for the bond en®{HO—Sr) = 408 + 21 kJ mot!, and the standard

zero-point enthalpy of formatioA;HJ(SnOH") = 637 + 21 kJ moft.

Key words flame ionization, chemi-ionization, proton affinity, mass spectrometry, tin.

Résumé: On a introduit de faibles quantités (fraction mola&®0®) d’étain dans cing flammes de,HD,-N, riches en
combustible, a des températures allant de 1820 a 2400 K et a la pression ambiante. On a observé les ions dans les
flammes en procédant a un échantillonnage de la flamme le long de son axe a 'aide d’'une canule de spectrometre de
masse. L'espéce principale d'étain dans ces flammes est le SnO (>97%) accompagnée de Sn (<3%). Les ions
principaux observés sont le SnOMdt le Sri. Faisant appel a des méthodes de mécanique statistique et utilisant des
données publiées de calculs ab initio et de spectroscopie, on a calculé les fonctions thermodynamiques*d&$SnOH
SnO et Sn. Lion SnOHse forme initialement par un transfert de proton d@®Ha SnO, un ion naturel de la flamme

avec lequel il est en équilibre. Il se forme aussi par chimi-ionisation du SnO réagissant avec H; 1& Séq@Hlibre
rapidement avec le SnDes mesures de rapports ioniques SAMGHO* permettent de déterminer I'affinité protonique
PAS.g(Sn0O) = 911 + 21 kJ mot (218 + 5 kcal mat?). On a obtenu un rapport ionique SnOH I'aide de la constante
d’équilibre calculée. Lorsque I'addition de Gt de K fait que la recombinaison électron-ion du SriGidec des

électrons libres devient la réaction dominante, le coefficient de recombinaison mesuré dti &tGdal a (0,116 +

0,065) T 1:6620.18) c;® molécule® s7; la relation avec la température est en bon accord avec la dépen@idriogui

est prédite par la théorie simple. Il n’a pas été possible de mesurer la constante de vitesse de la réaction de chimi-
ionisation a cause de la présence d'ions de potassium et de sodium a I'état d'impuretés; on a toutefois calculé que la
constante d’équilibre chimi-ionisation/recombinaison est égale a 0,004 863 exp (32 (5i0/on fait I'hypothése

qu'’il existe une balance détaillée et que I'on utilise le coefficient de recombinaison expérimental, on peut établir que la
relativement faible constante de vitesse de la réaction de chimi-ionisation est donnée par I'équation 3 Z7expl@-

48 630M) T cm® molécule® s Finalement, on a obtenu des valeurs calculées pour I'énergie de li@§aEAO—SIT)

= 408 + 21 kJ mot!, et I'enthalpie de formation au point zéro standakg5(SnOH) = 637 + 21 kJ moi.

Mots clés: ionisation de flamme, chimi-ionisation, affinité protonique, spectrométrie de masse, étain.
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Table 1. Properties of the hydrogen—oxygen—nitrogen flames.

Flame number

Property 2 25 3 4 5

Equivalence ratiap 15 15 15 15 15

H,/O,5/N, 2.74/1/2.95 3.0/1/3.5 3.18/1/4.07 3.09/1/4.74 3.12/1/5.77
Total unburnt gas flow (cfhs™) 300 250 250 200 150

Measured flame temperature (K) 2400 2230 2080 1980 1820

Rise velocity in burnt gas (m™§ 19.8 18.6 15.6 11.4 8.4

Equilibrium burnt gas composition (mol fractions)

H,O 0.3460 0.3063 0.2754 0.2553 0.2249

H, 0.1286 0.1527 0.1622 0.1390 0.1259

o, 0.000 105 7 0.000 000790  0.00000072  0.000000 18 0.000 000 01
H 0.006 019 0.002 650 0.001 077 0.000 500 8 0.0001415
OH 0.003 084 0.000 7951 0.000 2130 0.000 088 90 0.000 017 54
O 0.000 094 69 0.000 009 35 0.000 000 99 0.000 000 23 0.000 000 01
N, 0.5157 0.5375 0.5610 0.6052 0.6490
Percentage SnO/Sn (%) 97.1/2.9 96.9/3.1 97.0/3.0 97.6/2.4 98.1/1.9

1. Introduction tion were compromised by the presence df &d Nd im-

) purity ions. However, values of the rate constant were ob
_Ina short note in 1969, Jensen (1) reported on the fermaained by calculating the equilibrium constant for chemi-
tion of tin ions when 1610 mol fraction of Sn(CH)4, @  jonization/recombination and multiplying it by the experi

rather high concentration, was introduced into a pair  H mental recombination coefficient with the assumption of de-
0O,-N, flames at 2020 and 2475 K and atmospheric pressurqgjled balance.

Using a microwave cavity resonator to measure the free
electron concentration Tfeand a mass spectrometer to sam-
ple the ions, he first showed that the SnO&hd Sri ions
observed were linked by a balanced (equilibrated) reaction. Five premixed, laminar, HO,-N, flames of fuel-rich
Further experiments indicated that the rather strongly endoeomposition (equivalence ratip= 1.5) at atmospheric pres-
thermic chemi-ionization reaction of SnO with H to form sure were employed for this work spanning a temperature
SnOH" was not equilibrated in these flames. Aided by statis-range 1820-2400 K. Their properties, including the calcu-
tical thermodynamic calculations, values were obtained fotated compositions of the equilibrium burnt gas based on the
the zero-point standard energy changg;(= AHg) for both  JANAF tables (5), are given in Table 1. These flames have
reactions and the standard internal energy of formatiorbeen used extensively by Hayhurst and Kittelson who have
A(ES(SNOH). measured their temperatures, rise velocities and free-radical
Very recently, Hopkinson and co-workers (2) carried outcompositions (6). The concentrations of free radicals -over
ab initio calculations of the group 14 monoxides for C, Si,shoot their equilibrium values in the flame reaction zone and
Ge, and Sn to obtain their proton affinities. For tin, thesethen decay downstream towards equilibrium in the burnt
were conducted at the B3LYP level of theory with wave gas. The actual concentration is obtained using Sugden’s dis
functions optimised using density functional theory. In-par equilibrium parametey (7), defined as the ratio of the local
ticular, two calculations designated A (B3LYP/DZVP) and B concentration of a radical at a given position in the flame to
(B3YP/Sadlej) each provided a set of rotational and vibraits final equilibrium value given in Table 1y can achieve
tional temperatures for SnOHor statistical thermodynamic large values (>100) close to the reaction zone of the cooler
calculations. Combined with the thermodynamic data and taflames before decaying downstream in the burnt gas towards
bles for SnO from Pedley and Marshall (3) and the spectrounity. For fuel-rich flames where J@ and H, are major
scopic data for Sn and Sifrom Moore (4), this provided us product speciesyy = Yo = Y andyg = y?. Plots ofy versus
with the impetus to re-examine the ionization of tin in axial distancez are available (6) for the five fuel-rich flames
flames. listed in Table 1; thus, the radical concentrations are known
The objectives of this study were to measure the protorat all points in the flames. These pseudo-one-dimensional
affinity PA of SnO, the electron-ion recombination coeffi (flat) flames were stabilized on a water-cooled brass burner
cient for SnOH and the rate constant for chemi-ionization previously described (8), consisting basically of a circular
of SnO reacting with H using our flame-ion mass spectromebundle of 151 stainless-steel hypodermic needle tubes. The
ter to sample flames in the temperature range 1820-2400 Kuel-rich flames in plug flow were cylindrical in shape with
Experimental values for PA°(SnO) by proton transfer witha diameter of about 12 mm.
H,;O" and the recombination coefficient were obtained. For Tin was introduced into the flames by spraying an aque
the very fast equilibrated reaction linking SnOldnd Sr, ous solution of SnGI5H,O (Aldrich, 98+%) as an aerosol
ion ratio measurements were falsified by cooling of the samderived from an atomizer described previously (9) into the
ple in the nozzle of the mass spectrometer but the equilibnitrogen supply of the premixed flame gas. This salt-con
rium constant was calculated by statistical methods. Directained very small amounts of potassium and sodium as im
measurements of the relatively weak chemi-ionization veacpurities. Spraying a 0.1 M solution introduced 9.5 x40

2. Experimental
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mol fraction of total tin into the unburnt flame gas. A small As an alternative to individual ions, total positive ion
amount of a grey solid, presumably metallic tin, condensedTPI) profiles can be measured by switching off the dc volt
onto the cooled sampling nozzle and mounting plate placedges to the quadrupole rods. Still with the dc voltages
in front of the flame. The usual very pale blue colour of theswitched off and the spectrometer’s mass dial set to a given
flames developed a slightly stronger whitish luminosity with mass number, all of the ions above that mass number are
tin present. No evidence was observed for the formation otollected; e.g., TR}, designates total positive ions above
solid particles. 100 u which includes just the tin ions whereas {LHh-

The five flames described in Table 1 exhibit only a low cludes all the ions (since no measureable flame ions occur
level of natural ionization. It was sometimes advantageou®elow 12 u). This technique is useful in separating total tin
to add 0.25 mol% of Chito the premixed flame gas to pro ions from ions of low mass number such aglfi, K*, and
duce a high initial concentration of J8* ions stemming Na' if present. However, the sensitivity of the mass spec
from the chemi-ionization of B + O near the flame reac trometer is different for individual ions and TPI because the
tion zone; these ions subsequently decay downstream Hgrmer are measured at fairly high resolution whereas total
electron-ion recombination. With the simultaneous additionion collection amounts to zero resolution. The former sensi
of tin, HyO* can produce tin ions by chemical ionization tivity is approximately one half of the latter. Since a flame is
(CI) processes. The addition of Gias small enough, how @ quasi-neutral plasma, [TH] is equal to [€], the concen
ever, so that the flame composition and temperature retration of free electrons. It should be pointed out that no
mained essentially unchanged. In other cases, it waBegative tin ions were detected in the FR flames.
occasionally desirable to add a small amount of KN®the A second method of measuring total ion signals was em
tin solution sprayed by the atomizer to product ahd free  ployed, which has a bearing on calibration procedures. With
electrons gin the flame by collisional (thermal) ionization. an appropriate voltage bias on the sampling plate, the total
By this means, the electron—ion recombination rate of the tircurrent of positive ions passing through the orifice was col
ions could be increased; there was no evidence for any diected on the ion lens and nose-cone in the first vacuum
rect reaction of K with the tin ions. Thus, tin ionization chamber; it was measured with a sensitive picoammeter.
could be enhanced early in the flame by methane and (orJhis method is appealing when absolute ion concentrations
suppressed later in the flame by potassium. must be measured because tuning errors and mass discrimi-

The burner is mounted horizontally on a motorized car-hation of individual ions are avoided. The total ion current
riage with calibrated drive coupled to tieaxis of anXY.re- ~ Wwas calibrated using the known rate for electron-ion recom-
corder. The flame axiz is accurately aligned with the bination of HO* with e~. With the atomizer turned off, 0.25
sampling nozzle of the mass spectrometer. The apparatus h&®!% of CH, was admitted. From the slope of a second-
been described in detail previously (8) so only a brief de-Order recombination plot together with Butler and
scription will be given here. Flame gas containing ions isHayhurst's rate coefficierk = (3.6 + 0.5)T 2***"cm® mol-
sampled through an orifice in the tip of a conical nozzle pro-ecule® s (10), a calibration factor was obtained for con-
truding from a water-cooled sampling plate. The nozzlesverting ion current [A) into ion concentration
were fabricated by swaging a tiny electron microscope lenémolecule cm®). The same procedure was employed with
of Pt/Ir alloy into the tip of a 60° stainless-steel cone; orificethe mass spectrometer for calibrating ion signal (mV) in
diameters of 0.17 and 0.20 mm were employed. Alternaterms of ion concentration (molecule T The calibration
tively, a 60° electroformed nickel nozzle of diameter Was routinely done for each flame when absolute ion densi
0.20 mm exhibited less cooling of the sample in the beundties were needed.
ary layer and was used when it was desired to minimize the On occasion, it was noted that the ion signal slowly and
formation of ion hydrates. The ions enter a first vacuumsteadily decreased over a period of several minutes. The
chamber maintained at 0.04 Pa (3 x4Torr), and are fo  worst cases occurred for the hot flames 2 and 25 when the
cused into a beam by an electrostatic lens. The beam thdpurner was moved in close to the sampling nozzle; in these
passes througa 3 mmorifice in the tip of a nose-cone into circumstances, the nozzle can become red hot. A possible
a second vacuum chamber pumped to a pressure belog@xplanation involves the formation of a thin layer of dielec
0.003 Pa (2 x 1€ Torr). The ions traverse a second ion lenstric oxide which coats the orifice rim and subsequently ac
into a quadrupole mass filter in which they have an axial ionquires a positive charge which repels incoming positive ions
energy of 15 eV. They are detected by a Faraday collectoas they approach the nozzle. Accordingly, the calibration
connected to a vibrating-reed electrometer having a gridprocedure with Chl addition was carried out at the begin
leak resistance of 8 ohm; the ion signal is applied to the ning and end of each set of tin experiments with each flame,
Y-axis of the XY-recorder. Thus, ion signal magnitudes and the results were accepted only if the calibration factor
quoted in the figures below as a voltage (in mV) refer to theremained constant. Calibration procedures for the atomizer
collected ion current passing through'4®@hm. By driving  delivery of tin into the flame gas have been given previously
the flame towards the sampling nozzle, profiles may be ob(11, 12).
tained of an individual ion signal versus distance along the When the gas is sampled through the nozzle, it cools in
flame axisz. The zero on th&-axis distance scale & 0) is  two regions: in the thermal boundary layer surrounding the
defined experimentally where the pressure abruptly risesrifice and in the near-adiabatic expansion downstream of
when the sampling nozzle pokes through the flame reactiothe nozzle throat. This can cause a shift of fast equilibrium
zone into the cooler unburnt gas upstream. The pressure isactions in the exothermic direction during sampling. In
measured with an ionization gauge mounted on the seconghrticular, ion hydrates can be enhanced with respect to the
vacuum chamber. parent ion. These sampling problems have been discussed in
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Table 2. Calculated parameters of the SnOldn (2).

Calculation A Calculation B

Parameter (B3LYP/DzVP) (B3LYP/Sadlej)

Sn—O bond length (A) 1.931 1.885

O—H bond length (A) 0.973 0.969

Bond angle (degrees) 154.1 167.9

Rotational temperatures (K)  150.590 11 669.578 11
0.409 83 0.426 47
0.408 72 0.426 20

Vibrational temperatures (K) 339.01 120.53
989.66 1039.94
5427.05 5521.94
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might indicate that SnOHis linear? The ground electronic
state is nondegenerate, and there is no evidence of a low-
lying excited state. For calculations A and B, the sum of the
rotational and vibrational contributions to the thermedy
namic functions had very similar magnitudes. Since there
was no reason to prefer one calculation over the other, the
results of the two calculations were simply averaged.
Largely for reasons of conformity with the JANAF tables
(5), a standard state for pressure of 0.1 MPa rather than 1
atm, designated by ° on thermodynamic quantities, was em
ployed for the statistical calculations. Any differences,
which only arise for functions involving the entropy, are
small and well within the error limits.

considerable detail (13—15). In general, if the relaxation time4. Composition of neutral tin species in
T of an equilibrium reaction is greater than the samplingflames
time of roughly 1ps, it may be assumed that the reaction

does not shift during sampling. In the present study, the Available spectroscopic evidence indicates that tin is-pres
problem arising from hydrates of the tin ions, such ase_nt.m fle_lmes o_nI_y as Sn and Sno; the total concentration of
SnOHH,0 and Sii-H,0 which are probably not genuine tin ions is negligible in comparison. The percentage of each
flame ions, is obviated by measuring TR such that hy neutral species was found by calculating the equilibrium
drate contributions are included with the SnOHind Sri  constantk, for the reaction
parent ion signals. At the other extreme, consider for exam _
ple flame 3 in Table 1 with a rise velocity in the burnt gas of [ Sn + H0 =Sn0 +h
15.6 m s™. Appreciable air entrainment is minimal for ap- The free energy function 6§ - H3sg/T over a wide tem-
proximately the first 2.5 flame diameters downstream of theperature range is available for,@ and H from the JANAF
reaction zone; i.e., 30 mm, equivalent to a time of 1.9 mstables (5) and for SnO from the tables of Pedley and Mar-
For a reaction to reach equilibrium within the time-scale ofshall (3). At any temperatur§ K, is obtained fromAG3$[1]
the flame, clearlyt must be small compared with 1.9 ms. = —RT In K; with AG} = AHjg5 — TA{—(G} — H3g9)/T} for
reaction [1]; AH%gg1] = —D3g5(SNO) + D3gg(OH) + D3gg(H-
OH) — D3gg(H,) = —42.2 kJ mot* (16) based orDg(SnO) =
] ] ) ] - 528 + 13 kJ mot* (3). A plot of In K; versus 1T gives a
For some of the reactions involving tin, some of theiryery good straight line over the whole temperature range
properties could not be measured experimentally. Tables 0§gg 152500 K. yielding<; = 1.665 exp (51401 from a
thermodynamic data for many of the ancilliary species in-east-squares fit; specifically over the temperature range
volved are listed in the JANAF tables over a wide tem 1820-2400 K of the five flamex, = 1.015 exp (6064)).
perature range (5); for SnO, the free-energy functionthe percentage SnO/Sn ratio for the five flames is given in

~(G7 — Hz99)/ T and enthalpy functionH7 —H3gg) are tabt  Taple 1: in all cases, SnO > 96.9% of the total tin present
lated by Pedley and Marshall (3) up to 4000 K. Such datgyng SnOH is negligible.

are not available for Sn, Snand SnOH, and it was neces

sary to calculate third-law absolute entropigg, free en . .

ergy, and enthalpy functions for some of these species bp+ Results and discussion

standard statistical methods. A good summary of the-rele 1he {in atom has 10 stable isotopes (16) with mass-num

vant formulae is given in the introduction to the JANAF ta hers y and natural abundances (%) of 112 (0.97), 114 (0.65),

bles (5). For the Sn neutral atom, Moore (4) lists three low-115 (0.36), 116 (14.53), 117 (7.68), 118 (24.22), 119

lying electronic states below 10 000 chwith correspond (8.58),120 (32.59), 122 (4.63), and 124 (5.79). With the at

ing electronic temperaturedy, (and degeneracies, values)  gmizer spraying a 0.1 M aqueous solution of SpEH,0

of 2002.5 K @, = 3), 4931.7K ¢, = 5), and 12 392.3 Kd;  into flame 3, a mass spectrum measured at high resolution

= 5); for the ground stateg, = 1. For Si (4), §p = 2, and  showing all of the tin ions present downstreanz at30 mm

there is one low-lying state wit, = 6116.9 K @, = 4). is given in Fig. 1. With increasing mass number, these in
The calculation of thermodynamic functions for SnOH | de HO*, Na", a hydrate contribution from 4D,*, 39",

was made possible by the ab initio calculations of Rodriquezic+ and three groups of isotopic tin peaks above 100-u in

et al. (2). Two of the calculations designated here as A,|ing S, SnOH (including a small contribution from
(B3LYP/DZVP) e}nd B (B3YP/Sadlej) each provided a set of i*-H,0), and SnOK+H,0; sodium and potassium are pres
rotational and vibrational temperatures, and also structuraint in the tin salt as impurities.

parameters given in Table 2. Both calculations depict ShOH | is propably helpful to list all of the ionic reactions rele
as a bent asymmetric-top molecule with one low vibrational ,gnt to this paper in one place. These include
temperature and two very low, nearly equal, rotational-tem
peratures; conceivably, an even higher level calculatiof2]

3. Statistical thermodynamic calculations

H+H+OH = HO" + e

2A.C. Hopkinson. Personal communication.
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Fig. 1. Mass spectrum at high resolution measured at30 mm downstream in flame 3 with the atomizer spraying a 0.1 M solution
of SnCl,-5H,0.

Fig. 2. lon profiles measured at low resolution in flame 3 with
the atomizer spraying a 0.1 M solution of SRGH,0, where
TPI,, denotes total positive ions, and TRJis total ions of tin.
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The flame reaction zone is located near 0.
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(9]
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lon signal (mV)
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Distance z along flame axis (mm)

H;O0* + SnO = SnOH + H,O
SnO + H <« SnOH + e
SnOH" + H = St + H,0
Snff+e+M - Sn+ M
K+M - Kt+e +M
Na+M - Na"+e + M
H;O0* + K « K*+ H,O + H
H;O* + Na = Na* + H,O + H

90 120 150 180

m/z (u)

where M is a third body. Here, the = sign refers to a fast bal-
anced reaction at equilibrium whereas refers to a reaction
proceeding in both directions which is not necessarily bal-
anced. From this list, it is clear how the ions observed in the
mass spectrum arise. The ion hydrates are not included,
since they are assumed to form during sampling and are not
genuine flame ions.

5.1 The SnOH/H;0" equilibrium

In H,-O,-N, flames, the degree of natural ionization is
measureable but small, produced by the chemi-ionization re-
action [2] with a rate coefficienk, = (3.3 + 1.6) x 10%¢exp
(=13 8001 cm® molecule? s (17) and a reverse recombina
tion coefficient already given ak_, = (36 + Q9T 207 ¢
molecule* s (10). With the atomizer spraying distilled wa
ter (or turned off — the same signal is measured) in each of
the five flames, an kD" profile is obtained (not shown; see
(6)) which rises rapidly near the flame reaction zone to a
constant plateau value that persists downstream; the magni
tude increases with increasing flame temperature. The rapid
rise reflects they®-dependence of the three radical concen
trations in reaction [2]. When tin is added to a flame, SHOH
is produced from KO* by the chemical ionization (ClI) reac
tion [3] involving fast proton transfer, supplemented by the
chemi-ionization reaction [4]. Atomic Snions are also
formed immediately by the fast balanced reaction [5].

Figure 2 presents profiles for the individual ions in flame
3 measured at low resolution with the atomizer spraying a
0.1 M solution of SnGJ-5H,0. For a given tin ion, low reso
lution effectively blended all the tin isotopes into a single
peak and yielded higher sensitivity. The total positive ions
TPI;, and the total tin ions TR}, are also shown; the differ
ence of these two profiles is the sum of thgQH, Na’,
Hs0,", and K profiles. The important point at issue is that,
downstream neaz = 30 mm, the SnOH (+ hydrate) and
H;O* profiles are constant, indicative of equilibrium for the
fast proton transfer reaction [3] between SnO an@®HEven
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Fig. 3. lon profiles measured at high resolution in flame 2 with Fig. 4. Van't Hoff plot for the equilibrium constant of the proton

the atomizer spraying a 0.01 M solution of SRGH,0. The transfer reaction [3] involving k0" and SnOH measured in
flame reaction zone is located near 0. five flames over the temperature range 1820-2400 K with the
16 ‘ ! . ! , ! atomizer spraying aqueous solutions of Sp&H,0 of
concentrations 0.1 M (open circles) and 0.01 M (closed circles).
20 L | A | L |
o 0.1 M SnCl,
E 18 - e 0.01MSnCl, |
Iy
©
=3
» 16 - L
5 ¥
- s
-
14 o r
[
Q
T T T T T T T 12 - [
0 10 20 30
Distance z along flame axis (mm)
10 T T T T T T
though the reaction is strongly exoergic, the large concentra 4.0 4.4 4.8 5.2 5.6
tion ratio [H,0)/[SnO] =3 x 1 can still bring the HO* and )
SnOH' ions into equilibrium in flames. Furthermore, the re- (10" KT

laxation timet; = 1/(kg[SnO] + k_g[H,0]) is of the order of
100 us, appreciably greater than the sampling time of
roughly 1ps, such that the equilibrium reaction [3] does not*?°SnOH" was measured, and {B@*] > [*2°SnOH] at the
shift during sampling. For this estimate, a typical valuéspf lower tin concentration. For plotting purposes, t#&n iso-
for a proton transfer reaction of the order of1@m® mole-  topic signals were multiplied by 100/32.59 to give 100% Sn
cule! st was assumedkf would be somewhat higher at signals. Figure 4 presents a van't Hoff plot of ka versus
flame temperature than room temperature). A valuekfgr 1/T for the two runs with the 0.1 and 0.01 M solutions
for the reverse reaction was estimated to be thatkfore-  sprayed into five flames. From the slope of the straight line
duced by an exponential factor corresponding to the approxitted by least square®yH5,,[3] = —218.0 + 10.5 (standard
imate endothermicity of the back reaction. deviation) kJ mot* over the flame temperature range 1820—
The objective of this aspect of the study was to measur@400 K centred on the average temperature of 2100 K.
the ion ratio [SnOH)/[H ;0] to get the equilibrium constant ~ To obtainPA%g(SnO) =PA%eg(H,0) —AHZed3], the reae
K; giving AH°[3] from the slope of a van't Hoff plot of In tion enthalpy at 298.15 K is required, derived frdhl5q =
K versus 1T where AH°[3] = PA°(H,0) — PA°(SnO), the AH3190— A (H3100 — H%e9 Where the standard enthalpy func
difference of the proton affinities. There is another importanttion (H3,9o — H%gg is available for HO*, H,O (5), and SnO
feature of this method involving the measurementkgfin (3) but not for SNOH. Accordingly, it was calculated by sta
five flames spanning nearly 600 K. Suppose the two ion sigtistical methods at the average flame temperature of 2100 K.
nals are subject to mass discrimination leading to an incorFor reaction [3], the temperature correction is small;
rect value ofK; = f x Ky wheref is a constant factor which  A(H35;09 — H%9 = 1.82 kJ mot! giving AHS¢g3] = —219.8 +
is independent of temperature. The slope of the van't HoffL0.5 kJ mot’. Based on the current value BA3qg(H,0) =
plot will still yield the correct value oAH°[3] although the 691.0 kJ mot'?® the proton affinity of SnO has a value
intercept will be AS[3)/R + In f). It will be shown in the PA3eg(SNO) = 911 + 21 kJ mot = 218 + 5 kcal mat?, in
next section that reaction [5] producing *Sehifts to the excellent agreement with the calculated value of 215.6 kcal
right during sampling such that measured values of [SHOH mol~* obtained by Rodriquez et al. (2).
are slightly small by a nearly constant factarhich is only
very weakly dependent on temperature. This is similar to th&.2 The SnOH/Sn* equilibrium
case of mass discrimination, and good valuedHP[3] are The equilibration of SnOH and Si by reaction [5] is
still obtained. rapid in flames. Ifks = 10°° cm® molecule! st is assumed
By way of contrast, the profiles in Fig. 3 were measuredwith k_s reduced by a factor corresponding to the endother
at high resolution in the hot flame 2 with the atomizer spray micity of the back reaction (approximately 100 kJ rijl
ing a 0.01 M solution of SNGI5H,0. Again, the SnOHand  the relaxation timas = 0.1 us. This means that the reaction
H,O" profiles are constant downstream, indicative of equi will shift to the right in the exothermic direction during sam
librium. In this case, only the single biggest isotopic peakpling, and measured [SnOH[Sn*] ratios will be too small.

3E.P. Hunter and S.G. Lias. NIST Standard Database Number 69. March 1998 release. http://webbook.nist.gov/chemistry/form-ser.html/
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Fig. 5. lon profiles measured in flame 3 with 0.25 mol% of 5.3 Recombination of ShOH with electrons
added CH and the atomizer spraying a mixed solution of These hydrogen flames contain a small amount gDH
0.098 M SnCJ-5H,0 and 0.001 M KNQ@ such that electron—ion  natyral jonization formed by the chemi-ionization reaction
recombination of SnOHis the dominant process downstream;  [2] and SnOH is formed by chemical ionization (Cl) of
TPI,, denotes tqtal positiye ions and TRJis total ions of tin. SnO by HO* via the proton transfer reaction [3]. A further
The flame reaction zone is located nea* 0. possible source of SnOHs the chemi-ionization reaction
600 ‘ ' , . : [4]. To study the recombination reaction [-4], the objectives
were to form a relatively high concentration of SnOtdp-
TPI,, ~ total ions I idly near _the flame reaption zone and then_ to assure that re
combination was dominant downstream in the burnt gas.
These conditions were achieved, first by adding 0.25 mol%
of CH, to produce a superequilibrium level of,&" for ClI
by reaction [3]. Then, a small amount of potassium as KNO
was added to the atomizer solution to raise the concentration
of free electrons in the flame, thereby enhancing the rate of
recombination of SnOHby reaction [-4]. Potassium atoms
are chemically ionized initially by ED* to some extent by
reaction [9] (19) but progressively ionize further down
stream by collisional (thermal) ionization via reaction [7]
(20). There is no evidence that potassium interacts with tin
by any process other than its effect on recombination
’ ‘ ‘ ' through [€]. It was necessary to adjust the relative corcen
0 10 20 30 trations of both SnGI5H,0 and KNG, in the atomizer soku
tion rather carefully so that)H;O* disappears quite rapidly
downstream to maximize the region in which SnOidcom-
bination is dominant, andi}j [SnOH'] falls to a value near

Since absolute SnOHconcentrations were needed for the zero atz = 30 mm downstream indicating that SnOkpn
recombination studies described below, it was necessary roduction by the chemi-ionization reaction [4] was negligi-
calculate the equilibrium constakt; as a function of tem-  ble.
perature. In this way, total tin ion signals [T could be Figure 5 presents profiles for flame 3 with added Gid
measured and true [SnOHdetermined usings. with the atomizer spraying a mixed aqueous solution of
The free energy function &F — H34g)/T was calculated 0.098 M SnCJ-5H,0 and 0.001 M KNQ. At these concen-
by statistical methods for SnOHand Sii at many tempera- trations, the profiles fulfil the conditions outlined i) @nd
tures up to 2500 K and combined with corresponding valuegii) above. The TR, signal includes SnOH Sn, and any
from the JANAF tables (5) for H and J® to obtain hydrates formed during sampling. Since negative ions were
AGT — AH3gg for reaction [5]. Using all values at 298.15 K not detected in these flames, the TPprofile which mea
(16) and our value ofPA%.(SNO) = 910.8 kJ moat, sures the sum of all positive ions gives][because a flame
AH3d5] = PA°(SnO) — IE°(H) +D°(SnO) + IE°(Sn) — is a quasi-neutral plasma. From reaction [-4], —d[SAJH
D°(OH) —D°(H-OH) = —86.3 kJ mot, giving AG} and thus = k4SnOH'][e”] — (ion production term) withv = dz/dt =
Ks. A plot of In Kg versus 1T gives a very good straight line 15.6 m s from Table 1. Differentiation of [TRbq gives the
over the range of flame temperatures 1820-2400 K with &inetic expression —d[TR{q/dt = —d[SnOH]/dt — d[Sn']/dt
least-squares fit represented bis = 0.07738 exp =Kk,SnOH]eT] + ks[Sn'][e7] — ky[SnO][H].qy in which the
(11 450M). In fact, a good straight line is obtained over the equilibrated reaction [5] does not appear. The assumptions
whole temperature range of 298-2500 K fitted Ky =  are made that three-body recombination of atomit iSre-
0.1115 exp (10 890). The entropy change of reaction [5] action [6] is negligible compared with reaction [-4], and that
was calculated to bAS}; o, = —21.2 andASes = —6.4 I mot?  the production term from reaction [4] can be ignored be
KL The reaction enthalpy has a valiis,,, = —94.8 kJ  cause of the experimental conditions set up; also, reaction
mol™ at the average flame temperature witHj = —-84.3 +  [3] does not contribute downstream where,{H] = 0. Since
20.9 kJ mot! (= AES), in reasonable agreement with the [SNOH] = [TPlod/(1 + Kg[H]c4v/[H,O]), the kinetic
value arrived at by Jensen (1). He quotes a va#lEg§[5] =  expressiomeduces to Wd[TPl;od/d2)(1 + Kg[H] ¢y/[H,0]) =
—100 + 20 kJ mot' based on mass-spectrometric measureK_JTPl;od[TPI;,]. Note that the factor (1 Ks[H]¢q/[H,0)),
ments of the [SnOH/[Sn*] ratio at two flame temperatures Which has been multiplied across to the left-hand side, is
and a rough statistical calculation with vibrational tempera equivalent to (1 + [SH/[SnOH"]); the ion ratio is small
tures estimated from those of the alkaline earth metals. Hi§ompared with unity, varying from 0.13 in flame 2 to 0.06 in
ion ratio measurements may not have been shifted apprecilame 5.
bly by sampling cooling because, to the best of our knowl For the final kinetic expression, Fig. 6 presents a plot for
edge, he was employing low-pressure flam& = 1-10 flame 3 of the left-hand side versus [TRI[TPI,;] in the
Torr) in his mass spectrometer (18); since the relaxation timeangez = 15-30 mm where [5kD*] = 0. The slope of the plot
T 0 1/P, its magnitude in his experiment may have exceededjives the recombination coefficiet, = 3.6 x 107 cm®
the sampling time of approximately 1 ps. molecule® st in this particular case. The small negative in

400

lon signal (mV)

200 -
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Fig. 6. Plot involving the kinetic expression for SnOkbn loss Fig. 7. Logarithmic plot of the recombination coefficieft,
by electron—ion recombination by reaction [-4] for the raage versus temperatur€ in the range 1820-2400 K. The best-fit
15-30 mm downstream in flame 3 using the ion profiles solid line exhibits aT~'7 dependence, for comparison with the
presented in Fig. 5, where the slope yields the recombination  broken line giving theT-1® dependence expected from simple
coefficientk_,. theory.
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reached by Jensen (1). A final consideration is that the rate
tercept shows that ion production is small and can safely bef collisional (thermal) ionizatiomR, =10° ions cnt® s even
ignored. Similar profiles were measured and plots made téor a tiny (unknown) potassium impurity concentration of
evaluatek 4 in all five flames. The results over the tempera- 107 M in the atomizer solution (20); the ratg, for the
ture range 1820-2400 K are given in Fig. 7 as a plot of logchemi-ionization of tin is very comparable, and certainly not
k_, versus logT. A straight line fitted by least squares gives dominant. Although the experiments were not successful,
the temperature variation ask, = (0.116 <+ these considerations seemed worthy of discussion because
0.065)r ~466£ 018 cm3 molecule® s. A discussion of the they indicate the complete ionization picture and may apply
temperature dependence of electron-ion recombination coefe other metals with small rate coefficients for chemi-
ficients in flames has been given by Butler and Hayhursionization.
(10). Simple theory indicates B dependence with which Accordingly, the equilibrium constarK, for reaction [4]

our value is in good agreement. was obtained by statistical methods, again involving the free
energy function -7 — H3gg)/T calculated for SnOH and
5.4 Chemi-ionization of SnO + H available for SnO (3), H and™g5). At any temperaturd,

Repeated attempts were made to measure the rate constdnis gives A{—(G7 — H3q9)/T} = R In K, + AHZ4/T with
of the chemi-ionization reaction [4] directly but were frus AH3qg4] = —PA3qg(SNO) +IE 5qg(H) = 407.4 kJ motl. Over
trated by the presence of tiny amounts of potassium and sdhe temperature range 1820-2400 K of the five flames, a
dium in the salt sample of SngbH,O. These impurities  plot of In K, versus 1T gave a very good straight line from
give rise to the K and N& peaks visible in the mass spec which K, = 0.004 868 exp (—52 070). Over the whole tem
trum shown in Fig. 1 which arise initially upstream by the perature range 298.15-2500 K, a similar plot gave a good
electron transfer reactions [9] and [10] (19), and furtherstraight line yieldingKk, = 0.001 324 exp (—49 710/T).
downstream by the collisional (thermal) ionization reactions For reaction [4], other channels in both the forward and
[7] and [8] (20). The initial rise of the SnOHprofile in  reverse directions are unlikely, and the assumption of de
Fig. 2 stems from proton transfer by reaction [3]. Thistailed balance is reasonable. Usilg in the range of flame
means that the growth of the SnOHrofile in the upstream temperatures, the rate constant for chemi-ionization is ob
region cannot be analysed f&y. Figure 2 also shows how tained fromk, = k_,K,. When combined with the experimen
the K" and N4 signals grow downstream by thermal ioniza tal values ofk_, in the five flames, values df, are obtained
tion to increase [g. Furthermorek, cannot be readily eval ranging from 5.03 x 18°in flame 2 at 2400 K to 8.07 x
uated from the constant SnOldrofile downstream near=  102? cm® molecule® s in flame 5 at 1820 K. A plot of In
30 mm because reaction [4] is not at equilibrium. The relax k, versus 1T is shown in Fig. 8. A good straight line fitted
ation time is given byr, = {In (2e — 1)}/2(k,k_[SnO][[H])”* by least squares through the data points gikes 3.27 x
which has a value of the order of 10 ms for a 0.1 M solution1071° exp (—48 630r) cm® molecule® s for the tempera
of SnCl,-5H,0 sprayed by the atomizer agd = 102°cm®  ture range 1820-2400 K. Even at flame temperatures, the
molecule® s at 2100 K (derived below); equilibrium can values of the rate constant are small but should have been
not be achieved in the time of approximately 2 ms corre measureable experimentally were it not for the presence of
sponding to 30 mm of flame. The same conclusion wagotassium and sodium as impurities.
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Fig. 8. Semi-logarithmic plot giving the temperature variation of the electron-ion recombination coefficient of SnOHs a

the rate constant as ky versus 1T for the chemi-ionization function of temperature. 1t3~17 temperature dependence is
reaction [4] in the range 1820-2400 K. close to theT*° dependence predicted by simple theory.
41 ‘ | ‘ ! ‘ ‘ The recombination reaction is the backward direction of the

chemi-ionization reaction of SnO + H. Its relatively small
rate coefficient could not be measured experimentally due to
the ionization of potassium and sodium present as impurities
-43 r in the tin salt. However, the equilibrium constant for chemi-
ionization/recombination could be calculated by statistical
methods. Assuming detailed balance, the rate coefficient for
chemi-ionization as a function of temperature was obtained
-45 7 I as the product of the experimental recombination coefficient
and calculated equilibrium constant. Finally, the bond
strength D3(HO—Sn") could be calculated, and also the
standard zero-point enthalpy of formatiakHg(SnOH).

Ln k, (cm® molecule™ s™)

-47 r X . . ; S
This study combines experiment with theoretical caleula
tions to give a fairly complete analysis of tin ionization.
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