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Abstract

The reactions of the molecular anions of several low electron affinity (EA) compounds, including anthracene, quinazoline
benzophenone, quinoxaline, and azulene, with oxygen and water have been studied by pulsed high pressure mass spect
etry (PHPMS). It is shown that in the simultaneous presence of oxygen and water, these molecular anians,ripidly
destroyed and the ion, O(H20), is rapidly formed. It is shown that the high rate with which this transition occurs can not
be explained by the simplest model envisioned that is based on well-known ion molecule reactions. These results can
explained, however, by inclusion into the model of a previously uncharacterized reaction between the molecular ion—oxygs
complex, MQ~, and water. The results reported here explain why the molecular anions of compounds that have lower EA’
than that of azulene are not readily observed in electron capture ion sources of 1 atm buffer gas pressure. In addition, i
shown that the reactions characterized here lead to a state of chemical equilibrium betweenahd &~ (H,O) ions
within the PHPMS ion source from which the EA values of the low-EA compounds can be determined. By this method the
electron affinities of anthracene, quinazoline, benzophenone, and quinoxaline are found to be 0.54, 0.56, 0.61, and 0.68
respectively. (Int J Mass Spectrom 222 (2003) 201-212)
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction as symbolized b¥qg. (1) [1-5]

In the environmental and biomedical sciences, an e+M=M @)

ever-increasing need exists for the trace detection Resonance electron capture (REC) reactions of this

and analysis of specific target substances in complex type have been shown to often occur with exceedingly
samples. In meeting these needs, some of the mOStIarge rate constants, if the buffer gas pressure

promising methods that have been developed haveyithin the ion source is sufficiently high so that the
been based on the gas phase negative ionization ofeycited molecular anion initially formed by electron
compounds having positive electron affinities (EA) attachment is rapidly stabilized by collisions with the
by the simple attachment of thermal-energy electrons | ey gas moleculef§]. This accounts for the extraor-
dinarily high sensitivity that can be obtained by meth-
* Corresponding author. E-mail: grimsrud@montana.edu ods based on REC. The most common instrumental
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forms of such methods have been the electron cap-be offered by simply lowering the temperature of
ture detector (ECD)2,7-9] for gas chromatography the ion sourcg5]. In this way, a point should be
(GC), the ion mobility spectrometer (IM$)0], the reached where the lifetime of the molecular anion
atmospheric pressure ionization mass spectrometeragainst TED would be long relative to its lifetime
(APIMS) [11-13] the ion mobility spectrometer with  against normal ion loss processes (either recombi-
detection by mass spectrometry (IMS/MB}], and nation with positive ions or diffusion to the walls)
the negative chemical ionization mass spectrometer and the mass spectra thereby produced should in-
(NCIMS) [4,5,15] clude an intense molecular anion. However, when
In the use of these methods based on REC reac-using ion sources of relatively high pressure, as in
tions, however, a number of associated problems have APIMS or IMS, along with relatively low ion source
been encountered. For some classes of compoundstemperatures, we have found great difficulty in ob-
such as halogenated aromatic hydrocarbons, trace levserving the expected molecular anions of low-EA
els of oxygen commonly present in the buffer gas of compounds. For example, in spite of numerous at-
an ion source have been shown to undergo side reac-tempts to observe and study the molecular anions
tions with molecular anions formed by REHC6,17] of benzophenone, anthracene, and azulene, we have
For other classes of compounds, such as perfluori- observed a molecular anion only for the case of
nated aliphatic hydrocarbons, trace levels of water azulene[22], even with use of ion source tempera-
in the buffer gas have also been shown to cause fasttures as low as 20C. It is interesting to note that
side reactions with molecular anions formed by REC similar observations were also made about 25 years
reactions[18]. In addition, REC reactions inherently ago by Horning et al[23], the first practitioners of
include an elementary step called thermal electron APIMS.
detachment (TED) that is the reversekxf. (1) This In recent additional observations of our own by
reaction is particularly undesirable since it completely IMS/MS, we have also noted that when low-EA com-
destroys the molecular anions of interest and the as- pounds, such as benzophenone and anthracene, are
sociated response to the analyte, M. The rates of TED added to the ion source at relatively low temperatures,
reactions increase strongly with increased temperaturethe intensity of an ion at/z = 50 is significantly in-
and decreased EA of M so that, at commonly used ion creased. Since a likely assignment for the identity of
source temperatures of about T&Dor greater, TED  thision is @~ (H20), this observation suggests that if
typically becomes unacceptably fast for compounds molecular anions are being produced in these cases,
having EA values of less than about 18kcalmol  they are being rapidly destroyed by reactions involving
[5,19,20] In a recent reporf21], we demonstrated trace levels of oxygen and water, both of which com-
that the detrimental effects of the TED reaction on monly have partial pressures approaching the mTorr
the REC mass spectra of some low electron affin- level in the buffer gases of 1atm total pressure. In
ity compounds (such as benzophenone) obtained atthe present study, this possibility is explored in detail
relatively high ion source temperatures could be over- and is, indeed, shown to explain the lack of REC re-
come by the intentional addition of small amounts of sponses to low-EA compounds in high pressure ion
silicon tetrafluoride to the ion source buffer gas. Due sources at low ion source temperatures. This study
to a strong Lewis acid—base interaction between; SiF also reveals a novel mechanism for the reaction of
and the molecular anions of low-EA compounds that molecular anions with water and oxygen that is shown
have a sterically unhindered Lewis base site, a strong to be uniquely fast for low-EA compounds. It is also
molecular anion—Sif-complex is formed which pre-  shown that the new reaction processes revealed here
vented the TED reaction for low-EA compounds. offers a simple and reliable means for determinating
Another means of minimizing the TED reac- the EA of compounds having EA’s less than about
tion of low-EA compounds would be expected to 0.7eV.
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2. Experimental

A pulsed high pressure mass spectrometer (PH-
PMS) was used for all experiments. The PHPMS was
constructed in our laboratory and has been described
in detail previously{18,21,24] For the present exper-
iments, a gaseous mixture consisting of small quan-
tities of water, oxygen, and the low-EA compound
of interest, M, were added to the major diluent gas,
methane, in an associated gas handling plant. This
mixture then flowed slowly through the ion source of

the PHPMS. The ion source pressure was set to some

constant value between 1 and 4 Torr. The ion source
temperature was generally held constant atG0A
brief pulse (2Qus) of 3000 eV produced positive ions
and electrons within the ion source. In the methane
buffer gas, these secondary electrons were rapidly ther-
malized and then captured primarily by the compound
M (Eg. (1) to form molecular anions, M, which are
also rapidly brought to thermal energy by collisions
with the buffer gas. At the relatively low temperature
used, the primary loss of theseMons will not be by
their TED reactions, but will be shown to be by reac-
tions with oxygen and water. The number density of
ions within the source is sufficiently low so that the
dominant loss of total negative charge is by diffusion
to the ion source walls rather than by recombination
with positive iong25]. Relative ion abundances within
the ion source are determined as a function of time
after the e-beam pulse by measuring the relative ion
wall currents; that is, by observing the ions that pass
through a narrow slit on one wall of the ion source
into a vacuum chamber where the ions are mass ana-
lyzed (quadrupole mass filter), detected (ion-counting
channeltron), and time analyzed (multichannel scaler).

3. Results and discussion

In order to mimic the absolute concentrations of
water and oxygen that might commonly be present
in an ion source at 1 atm pressure, small amounts of
water (0.9 mTorr) and oxygen (0.5 mTorr) were added
to the methane buffer gas (3.0 Torr) of our PHPMS.
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Fig. 1. (A) The negative ion mass spectrum obtained with 0.5 mTorr
oxygen and 0.9 mTorr water present in the methane buffer gas
of the PHPMS ion source. The total pressure is 3.0 Torr and the
ion source temperature is 3Q. (B) The negative ion spectrum
obtained immediately after 0.06 mTorr anthracene was also added
to the ion source mixture described in (A).

The negative ion mass spectrum thereby produced is
shown inFig. 1A. At the attenuation setting used for
this mass spectrum, a very weak signal is noted at
m/z = 50, presumed to be due to the negative ion,
027 (H20). This ion was possibly formed by the REC
reaction of Q, followed by the hydration of the re-
sulting &~ ion by water. The observed low inten-
sity of this ion can be attributed to the very low rate
constant for the REC reaction by oxygen. The pseudo
second-order rate constant for the attachment of ther-
mal energy electrons to oxygen at 8D in nitrogen
buffer gas at 3.0 Torr pressure is estimated to be only
about 1x 10-13c¢mds~1 [26], which is about six or-
ders of magnitude slower than the rate constants of
fast REC processes (e.g., those of numerous substi-
tuted nitrobenzene compounds are known to exceed
1x 10 "cm?s~1[6]).

The mass spectrum shown kig. 1B was then
obtained after adding 0.06 mTorr of anthracene to the
same gas mixture that was used to produce the spec-
trum in Fig. 1A. Under these conditions, it is noted
that only a small amount of the molecular anion,
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M~, for anthracene am/z = 178 is detected. The 1.0 -
much more important effects of anthracene’s addition . @O
are noted for the ions of lower mass, which are not 2 0.8 "
materially related to anthracene. The most abundant 2 .
of these is the ion at/z = 50, again thought to be 9

027 (H20), and the next most abundant ionnaly = £

68 is thought to be & (H20),. An ion of low inten- d>’

sity atm/z = 60 is thought to be due to GO which -

is probably also formed from £ (H20) by its reac- EJ

tion with trace levels of C@in the buffer gas. An ion

of minor abundance a/z = 126 is thought to be due

to presence of an unknown impurity possibly intro- 0 5 10 15
duceq wnh anthracene. F|n.aIIy, aniomat = 210 is time (msec)

also invariably observed with anthracene and oxygen

simultaneously present in the ion source, although the Fig. 2. PHPMS measurements of the relative intensities of the ma-
; ; e ; e jor ions, M~ (x), O2~ (), MO2~ (J), and @~ (H20) (2), ob-
|nten§!ty of this ions IS, very low und?r the SnglflC served as a function of time after the e-beam pulse with 0.80 mTorr
conditions of the experiment shown kig. 1B. This oxygen, 0.050 mTorr water, and 0.17 mTorr anthracene present in
ion is thought to be due to an anthracene—oxygen the ion source. The total methane buffer gas pressure is 3.0 Torr
adduct ion, MQ~. In summary, the effects of adding and the ion source temperature is°&D

anthracene on the spectrum kig. 1B are roughly
those which we have been typically observed when- 5.4 the anthracene—oxygen adduct ion, MOhave
ever anthracene or other compound of similarly low 454 each reached terminal levels of about 0.07. Over
EA has been introduced to an atmospheric pressuréine entire period from about 2 to 10 ms after the pulse,
ion source set to a relatively low temperature. That is, gijther a state of chemical equilibrium or a steady dy-
instead of observing an intense"Mon, as expected,  pamic state appears to have been reached in which the
the intensity of the @ (H20) ion is greatly increased.  rgjative abundances of these four ions remain constant.
In attempting to identify the detailed reactions and
3.1. Determination of the mechanism mechanism that produced spectrunfig. 1Band the
time dependencies shown Ffig. 2, it is appropriate

In order to obtain information concerning the dy- 1o first consider the most obvious candidate which is
namics of the reactions which produced the unex- primarily based on well-known negative ion-molecule
pected spectrum shown Fig. 1B, measurements of  reactions. This mechanism will be referred to here
relative ion intensities were also made as a function g5 “Model A” and consists of the series of reactions
of time after the e-beam pulses. Again using the case ghown below which are assumed to occur immediately
of anthracene as an example, one set of measurementgter the molecular anion, M has been formed by
of this type is shown irFFig. 2 Under the conditions  he e-peam pulse arf. (1)
of reagent concentrations used in this case, the molec-
ular anion of anthracene, N is the major ion ini- M~ +02=M + Oz" (2
tially formed by its REC reaction immediately after
the e-beam pulse. However, within only about 2 ms
after the pulse, the relative abundance of kas been M~ + O, = MO~ (4)
decreased to a terminal level of about 0.30 and that of
the @~ (H20) ion has increased to a terminal level of Eqg. (2) is a simple electron transfer from the
about 0.55. Over this short period of time, agrQon molecular anion to oxygen. The rate constants for the

02~ + H20 = 027 (H20) (3
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forward and reverse directions can be readily esti-
mated. The reverse reaction is expected to occur with
collision frequency[27] and, therefore, will be about
k_» = 2 x 10 %cm®s™. The rate constant for the
forward reaction can be estimated frok, and
the equilibrium constantk, kolk_2, expected
for this reaction which can be deduced frak» =
exp(~AG5/RT). The standard free energy change,
AG;, for Eq. (2)is adequately provided by the dif-
ference in the electron affinities of oxygen and an-
thracene[28]. Using a literature value of E§, =
0.45eV [29] and the EA of anthracene to be deter-
mined here, Efy = 0.54eV, an estimate of, =

8 x 10 cm3s1 at 50°C is obtained using a colli-
sional rate constant and a Boltzman exponent with an
activation energy for the reaction which is equal to the
difference in electron affinities. Rate constants for both
the forward and reverse directionsky. (3)can be ob-
tained from previous determinations of the third-order
rate constant for the forward directi§®0] and the to-

tal free energy chang& G = —11.9 kcal mol! for
this reaction at 50C [31]. From these, a second-order
rate constant of about; = 2 x 10 cmis1 and

a first-order rate constant of aboltz = 4s1 are
obtained under the present reaction conditions of
3.0 Torr total pressure and 3G. The combination of
Egs. (2) and (3in Model A provide for the conversion
of M~ to O;~(H20). Eq. (4) is included in Model

A in order to account for the observed production
of the adduct ion, M@, and as a side reaction, is
envisioned to play no role in the conversion of Nb
027 (H20) ions. In order to account for the position
of equilibrium for Eq. (4)and the rapid achievement
of this state observed ifrig. 2, a near collisional
second-order rate constantiof= 1 x 10 9cmis1
and a first-order rate constant bfs = 8 x 10*s™1

have been assigned to the forward and reverse direc-

tions of Eq. (4) respectively, in Model A.

In order to determine whether Model A provides
an adequate explanation of the dynamics of the an-
thracene reaction system, a computer simulation of
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Fig. 3. The relative intensities of the major ions; MO,~, MO> ™,

and @~ (H20) predicted by the candidate mechanism, Model A,
as a function of time under the ion source conditions described in
Fig. 2

it is noted that the final equilibrium state predicted by
Model A is, indeed, in good agreement with the ex-
perimental results. However, it is also noted that the
time required to achieve this terminal state by Model
A is about 200 times longer (0.4 s) than was required
in the experiment (2 ms). Therefore, Model A does not
adequately describe the processes by which the M
ions of anthracene were converted tg " @H>0) ion
in Fig. 2

Another candidate mechanism, which will be re-
ferred to here as “Model B”, can be envisioned simply
by addingEq. (5)to Egs. (2), (3), and (49f Model A.

(5)

In the new model thereby creatdsl). (4) which is
very fast in the forward direction, along witaq. (5)
becomes the major means for conversion of kb
027 (H20) ions. Eqg. (5) might be viewed as a clus-
ter exchange reaction in which a water molecule re-
places the molecule, M, in the MO complex ion.

It is driven by the expected stronger hydration of the
O, ion relative to that of the very charge delocal-

MO,~ + Hp0 = Oz~ (H20) + M

the pulsed e-beam experiment based on Model A wasized M~ ion. An interesting point concerninigg. (5)

created and is shown IRig. 3. In comparing this pre-
diction with the experimental results shownFiyg. 2,

is that if the center of negative charge density within
the complex ion, M@, lies within the molecule M
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rather than @ (as might be expected from the fact that
EAMm > EAo,), then motion along the reaction coor-
dinate towards the transition state flaq. (5) would
involve a shift in negative charge density from M to
O2 molecules within the complex ion. Alternately, it is
also possible that the center of negative charge within
the MO~ actually lies within the @ species, in spite
of its lower EA, possibly due to the increased ion clus-
tering potential of the molecule, M, over that 0p.O

In order to estimate rate constants for the forward
and reverse directions &q. (5) the same procedure
as was previously applied tBqg. (4) will be used.
That is, it is assumed that the steady-state condition
which is achieved by the intermediate ion, MQ and
the product ion, @ (H20), in Fig. 2 is reasonably
close to an equilibrium condition fdq. (5) With this
assumption, an equilibrium constant teq. (5) K5 =
kslk_s = 25, is determined from the measured ratio of
MO,~ and @~ (H20) ion intensities inFig. 2 at any
time afterr = 2ms and the known concentrations of
H,0O and M within the ion source. The magnitudes of
ks andk_s were then varied until the model provided
the best fit to the observed time dependencies of ion
intensities. With estimates @f = 2 x 10 cm®s?!
andk_s = 8x 10~ cm?s1, and using the same rate
constants as used in Model A fégs. (2), (3), and
(4), the time dependencies predicted by Model B are
shown inFig. 4 to be in very good agreement with
the experimental results irig. 2 In summary, while
Egs. (2) and (3)nust be occurring and account for
the steady-state abundance of Oobserved in this
case, they are of minor importance in the observed
fast conversion of M ions to @~ (H20) ions. This
is thought to be caused primarily by the sequence of
Egs. (4) and (5)both of which are sufficiently fast in
both directions as to cause the rapid achievement of a
true equilibrium condition between these two ions.

In Fig. 5, a PHPMS experiment is shown where

quinazoline rather than anthracene was used as the

low-EA compound. Under these conditions, the ions
M~, MO2~ and Q@ (H20) again have significant rel-
ative intensity with the M@~ ion being significantly
more intense than it was for anthraceneFiy. 2

For this reason, much less oxygen and much more
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Fig. 4. The relative intensities of the major ions; MO,~, MO, ™,

and @~ (H20) predicted by the candidate mechanism, Model B,
as a function of time under the ion source conditions described in
Fig. 2

water was used in this case in order have significant
ion abundances of these three major ions throughout
the period of measurement. Because a higher water
concentration was used in this case, two higher or-
der water cluster ions, M&J (H20) and G~ (H20)2,
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Fig. 5. PHPMS measurements of the relative intensities of the
major ions, M~ (x), MOz~ (%), MO2~(H20) (=), O2~(H20)

(A), and @~ (H20), (O), observed as a function of time after
the e-beam pulse with 0.15 mTorr oxygen, 1.06 mTorr water, and
0.38 mTorr quinazoline present in the ion source. The total methane
buffer gas pressure is 3.0 Torr and the ion source temperature is
50°C.



Table 1

Electron affinities of low-EA compounds and rate constants for elementary steps in mechanistic models

Compound k(emds™)  kop (em®s™h) kg (em®sT) kg 571) ks (ecm®s™1)  k_s (cm®s7!)  EA (eV; present EA (eV; literature)

study)
Anthracene 7.8 x 10711 2 x 107° 1 x107° 8.2 x 10* 1x107° 4.0 x 107" 0.54 0.53 [33], 0.60 [34]
Quinazoline 38 x 10711 2 x 107° 4 x 10710 3.6 x 102 22 x 10710 2 x 107° 0.56 0.58 [35]
Benzophenone 6.4 x 10712 2 x 107° 1 x 10710 6.5 x 103 5 x 10710 5 x 10710 0.61 0.62 [27], 0.65 [36], 0.64 [37]
Quinoxaline 52 x 107183 2 x 1077 0.68 0.71 [35]
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also have significant relative intensities fig. 5. In 1.0 1

this case, the @ ion does not have significant rel- ]

ative abundance because much less oxygen was used% 0.8 1

and because the rate constdat,will be smaller than ‘c J I — M«:&%ﬁw&
it was for anthracene due to the slightly greater EA £ 06 1 TR
for quinazoline (0.56 eV), as indicated fable 1 In °

Fig. 5, it is again seen that the time required for es- E 0.4 1

tablishment of constant relative ion intensities is very % ',% . g & Lo
short, about 2 ms. Application of Model A to this reac- = 029 Aa%gﬁgiﬁ
tion system predicts that about 0.5 s would be required 00 -g“f e Iwﬁwﬂm
to achieve this terminal state and, therefore, Model A ' 0 5 10 15

again fails to explain this reaction system. However,
when Eq. (5)is also included in the mechanism for
_q“'“am“”e’ excellent agreemem between the exper- Fig. 6. PHPMS measurements of the relative intensities of the
imental results and those predicted by Model B are major ions, M- (x), MOp~ (%) O~ (H20) (&), and G~ (H20)

obtained when values @&f = 2 x 109%cmes 1 and (O), observed as a function of time after the e-beam pulse with

kg =2x 10 %cmis! are assigned (note that for 0.44 mTorr oxygen, _0.95 mTorr water, and 0.86 mTorr benzophe-
none present in the ion source. The total methane buffer gas pres-

this case, it is the reverse directiontd. (5)that ap- sure is 3.0 Torr and the ion source temperature i8G0
pears to occur with near collision frequency). In or-

der to account for the two higher order water cluster . ) )

ions observed in this case, rate constants for the for- of Igwer EA prewou_sly c?on5|dered. In th|3_ case, t_he

ward and reverse water clustering reactions were Setachlevement of termlngl ion abundance ratios rquwed
t046x 10~ cmPs 1 and 49x 103571, respectively, about 5ms. Also, it is noted that the adduct ion,

MO,~, does not have significant relative abundance

time (msec)

values which have been previously determined specifi-
cally for the clustering reaction leading tg Q(H20),
at 50°C [30]. 1.0 9= N

In Fig. 6, a PHPMS experiment using benzophenone 1 @[@
(EA = 0.61eV) as the low-EA compound is shown. 084 « N
In this case and under these experimental conditions,
only the M~, MO~ and @~ (H20) ions have ma-
jor relative abundance. Again, a steady-state condition
is very quickly achieved, within about 1 ms after the
e-beam pulse. Again, this fact can not be explained in
terms of Model A by which this state is predicted to
occur only after about 0.7 s. The resultsHig. 6 are
again well explained, however, by Model B when the
forward and reverse rate constants showifable 1
are assigned t&gs. (4) and (9)

In Fig. 7, a PHPMS experiment using quinoxaline,
which has a significantly greater EA of 0.68eV, is Fig. 7. PHPMS measurements of the relative intensities of the ma-
shown. Even though relatively high concentrations jor ions, M~ (x), 02~ (H20) (&), and @~ (H20). (O), observed
of both oxygen and water were used, it is noted that as a function of time after the e-beam puls_e with 0.98 mTorr_oxy-

_ . gen, 1.52mTorr water, and 0.040 mTorr quinoxaline present in the
02 (HZO) ions are formed somewhat more slower ion source. The total methane buffer gas pressure is 3.0 Torr and
than for they were with use of the three compounds the ion source temperature is 8.

064 x

0.4 -

relative intensity

time (msec)
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in this case. The fact that O is not observed in this

209

negative ionization 457, = 4.5 cal K1 mol~? [32])

case is expected due to the higher EA of quinoxaline which contributes about 0.08 eV additional free energy

which shifts the equilibrium position oEq. (2) far
to the left. As with the cases previously considered,

to its negative ionization at 5. Under the condi-
tions of this experiment which included very high con-

the time dependence of the ion intensities observed centrations of both oxygen and water, it is noted that

for quinoxaline can not be explained by Model A.
Primarily because the magnitude lof for this reac-
tion system is exceedingly low, Model A predicts that

0,7 (H20) ions were formed much more slowly than
for they were for all four compounds of lower EA pre-
viously considered. After the 40-ms period of this ex-

about 0.6 s would be required to achieve the terminal periment, a terminal steady-state condition was being

state. Therefore,

it appears that this reaction sys-

approached but has not yet clearly been achieved. It is

tem also proceeds by a different mechanism, which also noted that the adduct ion, MO, again does not
might also be assumed to be Model B. In the case of have significant relative abundance in this case. The

guinoxaline, however, it was not possible to experi-
mentally determine the magnitudes of the individual
rate constants of the two elementary stepgs. (4)

and (5) from PHPMS measurements as is was in the

fact that @~ is not observed is again expected due to
the higher EA and the\ S}, of azulene, which shifts
the equilibrium position oEq. (2)far to the left. As
with the cases previously considered, the time depen-

previous cases considered because the intermediatalence of the ion intensities observed for azulene could

adduct ion, MQ~, does not have significantly high
relative intensity as to provide a reliable estimate of
the equilibrium constantss andKs.

In Fig. 8 a PHPMS experiment using azulene as
the low-EA compound is shown. Azulene also has a
somewhat greater EA of 0.69ef32] and, in addi-
tion, is known to have an usually large entropy of

T CD
E, 0.8-,,();
§ 06
L -0 9 x&)&
.E x&} 0oO oo&
o O‘b OD@
g 0.4 - &"% %Q&%@%W@% 6?3&" f& oo%&e%@
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= 0.2
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time (msec)

Fig. 8. PHPMS measurements of the relative intensities of the ma-

jor ions, M~ (x), O~ (H20) (2), and @~ (H20), (O), observed
as a function of time after the e-beam pulse with 4.8 mTorr oxy-
gen, 4.0 mTorr water, and 0.040 mTorr azulene present in the ion

source. The total methane buffer gas pressure is 3.0 Torr and the

ion source temperature is 5G.

not be explained in terms of Model A. Due primar-
ily to the exceedingly small magnitude & (about

3 x 10 “cmPs™Y) for this case, Model A predicts
that the terminal state would take almost a full second
to reach. Therefore, it appears that Model B is again
required to explain the slower reaction dynamics as-
sociated with azulene. For this case, the rate constants
for Egs. (4) and (5kgain could not be individually
estimated because the intermediate ion, MCagain

did not have significant relative intensity. The results
shown here for azulene differ significantly from all of
those previously considered here in that even though
very high oxygen and water concentrations were used,
the conversion of M ions to @~ (H20) ions pro-
ceeded too slowly as to bring this reaction system into
a state of chemical equilibrium within the time of the
experiment. This explains why in past studies of the
electron capture reactions of low-EA compounds in
buffer gases of 1 atm pressure containing trace levels
of oxygen and water, the molecular anion of azulene
has been easy to observe while those of compounds
having slightly lower EA’s have not been.

3.2. Determination of electron affinities

It has been shown above that the molecular anions,
M~, initially formed by resonance electron capture
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reactions and the £ (H20) ions formed by subse-
guent reactions of M with oxygen and water can be
brought into a state of chemical equilibrium within the
time scale of the PHPMS experiments. The dominant

processes by which this occurs has been shown to be

Egs. (4) and (5]Model B). Therefore, an overall ex-
pression for the equilibrium condition can be written
by combiningEgs. (4) and (5as shown byEq. (6)
below:

M™ + Oz + HO = O™ (H20) + M (6)

Equilibrium constantKe (atm™1) for this overall

process can then be obtained from the PHPMS mea-

surements anéq. (7}

IOZ_(HZO) Py

Kg =
Im- Po, PH,0

)
wherel; is the relative intensity of the ion, after
equilibrium has been achieved af{ is the partial
pressure of the substangewithin the ion source in
units of atmospheres. An expression for the free en-
ergy change oEq. (6) AGg, can be written in terms
of the single-step reactions in either candidate mech-
anism, Model A or B. ThereforeA Gg will be given

by: AGg = AG; + AG3. For those cases except
azulene where the\S;, of M is of negligible mag-
nitude, AG5 will be well-approximated by the dif-
ference in electron affinities of oxygen and M, i.e.,
AG5 = EAw — EAg,. SinceAGj is known[31] to
be—11.9 kcal mot?! (—0.52 eV) at 50C and EAy, is
known to be 0.45eV\[29], the electron affinity of the
low-EA compound can be determined from the PH-
PMS measurements of the equilibrium constég,
andEq. (8)

EAm = EAQ, — AG% — RTIn K¢ (8)

In Fig. 9, the EAy values determined in this way are
shown for all four of the low-EA compounds for which
a state of chemical equilibrium was achieved within
the time scale of the PHPMS experiments. For each
compound, many determinations of this kind were
made using different combinations of concentrations
for oxygen, water, and the low-EA compound. In addi-
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Fig. 9. Electron affinity determinations for anthracefe) ben-
zophenone @), quinoxaline @), and quinazoline ¥) by the PH-
PMS method described here. The individual measurements shown
where obtained using a variety of different reagent concentrations
and total ion source pressures between 1 and 4 Torr.

the range from 1 to 4 Torr. As can be seefrig. 9, the
EA values thereby determined where relatively inde-
pendent of these changes in experimental conditions.
From the average of these measurements, the EA val-
ues listed inTable 1were determined for each of the
four compounds. These values of 0.54, 0.56, 0.61, and
0.68eV for anthracene, quinazoline, benzophenone,
and quinoxaline, respectively, are shown to be in rea-
sonably good agreement of the literature values also
indicated inTable 1

The method of EA determination for low-EA com-
pounds just described offers an advantage over the
usual PHPMS method for EA determinations in which
the equilibrium position of the electron transfer reac-
tion of the compound of interest is measured against
another compound of known and similar EA. In such
measurements, it is often difficult to arrange the con-
centration ratios so that significant ion intensities are
observed for both molecular anions (as in the case of
Eq. (2)in the present study). With the present method
and the simultaneous use of two reference compounds,
oxygen and water, a given change of the concentrations
of both oxygen and water results in a much greater
change in the ion intensity ratidg,- ,0)/Im- (for
example, lowering the concentrations of @nd HO

tion, the total ion source pressure was also varied over by one order of magnitude causes an increase in the
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ion intensity ratio of two orders of magnitude). In ad-  [2] A. Zlatkis, C.F. Poole (Eds.), Electron Capture, Theory and
dition, with use of the conventional method based on ~ Practice in Chromatography, Elsevier Science, New York,

ired low-EA ds, the ubiquit f o Dot
paired low- compounds, the ubiquIitous presence o [3] E.A. Stemmler, R.A. Hites, Electron Capture Negative lon

trace oxygen and water in common buffer gas supplies Mass Spectra of Environmental Contaminants and Related
give rise to the fast reactions described here which, of ~ Compounds, VCH Publisher, New York, 1988.

. . ; ; _ [4] LJ. Sears, J.A. Campbell, E.P. Grimsrud, Biomed. Environ.
course, constitute unwanted side reactions in the con Mass Spectrom. 14 (1987) 401.

ventional method. [5] W.B. Knighton, L.J. Sears, E.P. Grimsrud, Mass Spectrom.
Rev. 14 (1996) 327.

[6] W.B. Knighton, R.S. Mock, D.S. McGrew, E.P. Grimsrud, J.
Phys. Chem. 98 (1994) 3770.

[7] M. Dressler, Selective Gas Chromatographic Detectors,
Elsevier Science, New York, 1986.

In this study, we have discovered why molecular [8] E.P. Grimsrud, in: H. Hill, D. McMinn (Eds.), Detectors for

; Capillary Chromatography, Wiley, New York, 1992, p. 83.
nions, M, for many low-EA compounds, M, are n ;
anions, M-, for many 10 compounds, M, are not [9] E.P. Grimsrud, Mass Spectrom. Rev. 10 (1992) 457.

readily observed in electron capture ion sources Oper- 10 G.A. Eiceman, Z. Karpas, lon Mobility Spectrometry, CRC
ating under buffer gas conditions of near ambient con- Press, Boca Raton, FL, 1994.
ditions of pressure and temperature. This is becauselt!] E:C. Horning, M.G. Homing, D.I. Carroll, I Dzidic, R.N.

. . . Stillwell, Anal. Chem. 45 (1973) 936.
these molecular anions react rapidly with trace levels [12] D.I. Carroll, I. Dzidic, E.C. Homing, R.N. Stillwell, Appl.

of oxygen and water to form the ionoO(H20). It has Spectrosc. Rev. 17 (3) (1981) 337.
been shown that the conversion of Mo O, (H,0) [13] A.P. Bruins, Mass Spectrom. Rev. 10 (1991) 53.

. ds b f t t hani . [14] K. Giles, E. Grimsrud, J. Phys. Chem. 96 (1992) 6680.
lons proceeds by way Of a two-Step mechaniSm IN ;5 g A~ stemmler, R.A. Hites, Anal. Chem. 57 (1985) 684.

which the an intermediate ion complex of the type, [16] I. Dzidic, D.I. Carroll, R.N. Stillwell, E.C. Horning, Anal.

MO,~, is first formed by the reaction of ™M with Chem. 47 (1975) 1308.

[17] W.B. Knighton, J.A. Bognar, E.P. Grimsrud, J. Mass
oxygen. Because forward and reverse rate constants Spectrom, 30 (1995) 557.

for both of the elementary steps in this mechanism [1g] w.B. Knighton, D.R. Zook, E.P. Grimsrud, J. Am. Soc. Mass
are relatively large, a state of chemical equilibrium Spectrom. 1 (1990) 372.

is readily achieved for the overall process and this [19] (El-g’ése‘)rgzgd' S. Chowdhury, P. Kebarle, J. Chem. Phys. 83
provides a convenient means for determining the [20] W.B. Knighton, J. Bognar, E.P. Grimsrud, Chem. Phys. Lett.

electron affinities of the low-EA compounds. By this 192 (1992) 522.

i b h d . l h Spectrom. lon Process. 206 (2001) 53.
zoline, benzophenone, and quinoxafine are shown [22] K.E. Sahlstrom, W.B. Knighton, E.P. Grimsrud, Int. J. Mass

here to be equal to 0.54, 0.56, 0.61, and 0.68¢YV, Spectrom. lon Process. 179/180 (1998) 117.
respectively. [23] E.C. Horning, D.I. Carroll, I. Dzidic, R.N. Stillwell, in: A.
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Practice in Chromatography, Elsevier Science, New York,
1981, p. 359.
Acknowledgements [24] W.B. Knighton, E.P. Grimsrud, J. Am. Chem. Soc. 114 (1992)
2336.
[25] P. Kebarle, in: J.M. Farrar, W. Saunders (Eds.), Techniques
for the Study of lon Molecule Reactions, Wiley, New York,

4. Conclusions

This work was supported by Grant No. CHE-

9816643 from the Chemistry Division of the National 1988, p. 221.
Science Foundation. [26] L.M. Chanin, A.V. Phelps, M.B. Biondi, Phys. Rev. 128
(1962) 219.

[27] E.P. Grimsrud, G. Caldwell, S. Chowdhury, P. Kebarle, J.
Am. Chem. Soc. 107 (1985) 4627.

References [28] P. Kebarle, S. Chowdhury, Chem. Rev. 87 (1987) 513.
[29] B.K. Janousek, J.I. Brauman, in: M. Bowers (Ed.), Gas Phase
[1] R.C. Dougherty, J. Dalton, F.J. Biros, J. Org. Mass Spectrom. lon Chemistry, vol. 2, Academic Press, New York, 1979,

6 (1972) 1171. p. 53.



212 M.J. Salyards et al./International Journal of Mass Spectrometry 222 (2003) 201-212

[30] J.D. Payzant, P. Kebarle, J. Chem. Phys. 56 (1972) 3482.  [34] T. Heinis, S. Chowdhury, P. Kebarle, Org. Mass Spectrom.
[31] M. Arshadi, P. Kebarle, J. Phys. Chem. 74 (1970) 28 (1993) 358.

1483. [35] G.W. Dillow, P. Kebarle, Can. J. Chem. 67 (1989) 1628.
[32] S. Chowdhury, T. Heinis, E.P. Grimsrud, P. Kebarle, J. Phys. [36] C. Huh, C.H. Kang, H.W. Lee, H. Nakamura, M. Mishima,

Chem. 90 (1986) 2747. Y. Tsuno, H. Yamataka, Bull. Chem. Soc. Japan 72 (1999)
[33] J. Scheidt, R. Weinkuf, Chem. Phys. Lett. 266 (1997) 1083.

201. [37] E.C.M. Chen, W.E. Wentworth, J. Phys. Chem. 87 (1983) 45.



	Effects of oxygen and water on the resonance electron capture reactions of low electron affinity compounds
	Introduction
	Experimental
	Results and discussion
	Determination of the mechanism
	Determination of electron affinities

	Conclusions
	Acknowledgements
	References


