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Abstract: This study demonstrates that radical negative ion dimers can be formed in a high-pressure ion source of a mass
spectrometer, and the dissociations of these negative ion complexes can be used to determine the gas-phase electron affinities
of the monomeric species. The technique, which yields results of precision comparable to other methods, uses a kinetic approach
for the determination of a gas-phase thermochemical quantity. Strengths of this method include the simplicity of the procedure

and its potential application to a variety of compounds.

We report a new method for the determination of gas-phase
electron affinities. The basis of this method is the comparison
of the rates of competitive dissociation reactions for mixed negative
ion dimers,

MM, = [M]~ + M, (1a)
MM — [M]~ + M, (1b)

These mixed negative ion dimers are formed in a high-pressure
ion source,! where they undergo many thermalizing collisions with
the neutral monomer bath species. The ensemble of mixed dimer
anions is kinetically sampled, and the dissociations of the dimers
are observed mass spectrometrically.

This method is analogous to the method of Cooks et al. for the
determination of relative proton affinities and gas-phase acidities
from proton-bound dimers.2 The dissociation rate constants for
eq 1 can be approximated from the absolute rate theory or the
equivalent RRKM theory in the high-pressure limit?

k; = kT/h(Q;* /Q)) exp(-Eq/KkT) (2)

where Q;* is the partition function of the activated complex, Q;
is the partition function of the reactant mixed dimer ion, and E,
is the critical energy. The ratio of the rates k;/k, can be obtained
by using eq 2 and simplified, because both reactions proceed from
the same reactant (i.e., Q, = Q,), so

In (ky/k;) = Ae/KT + 1n (Q*/Q,") (3

where Ae is the difference between the electron affinity of M; and
M, and T is the average effective temperature of the mixed
negative ion dimer. We emphasize that T is the average effective
temperature of those dimer ions that dissociate after sampling
from the ion source, and this temperature reflects the ion structure
and the time scale of the dissociation with respect to sampling.>*

The partition functions of the activated complexes should be
quite similar for eq 1, because the transition states must be nearly
identical. This is a reasonable assumption, because the mobile
electron can be viewed to reside with some probability on each
of the two similar moieties (monomers) composing the activated
complex of the dimer. In other words, we assume the activated
complex of eq 1 is identical and the resultant product species is
a function only of the residence time of the mobile electron on
each moiety. Furthermore, the ratio Q,*/Q,* could vary over
an order of magnitude (0.5-5.0) without adversely affecting the
usefulness of the method, because of the semiquantitative nature
of many reported electron affinity values.> With the assumption
Qi ~ Q,*, eq 3 reduces to

In (k,/k;) = Ae/kT (4)

which we use to demonstrate the method.
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Method

In this technique, the mixed dimer anion radical ([M;M,]™)
is formed in a modified high-pressure chemical ionization source®
of a VG Analytical Ltd ZAB-2F reverse-geometry double-focusing
mass spectrometer. The dimer is mass selected, and its colli-
sion-induced dissociation (CID) spectrum (helium collision gas)
or unimolecular dissociation spectrum are obtained by ion kinetic
energy analysis. This technique is referred to as mass-analyzed
ion kinetic energy spectrometry (MIKES).” The relative ion
abundance [I(M,™)/I(M;™)] of the resulting fragment species,
M, and M,™~, is a measured of the fraction of time the electron
spends on each of the two species in the complex. Therefore, their
relative electron affinity is obtained by,

In (ky/ky) = In [I(M,™) /I(M;™)] =Ae/kT %)

Plots (Figure 2), relating the electron affinities of several species,
are constructed in a stepwise fashion with use of semiquantitative
electron affinity data’ having errors on the order of %2 kcal/mol.

Results and Discussion

A mixture of nitrobenzene and p-nitrotoluene gives a negative
ion chemical ionization mass spectrum that displays intense signals
at m/z 123 and m/z 137 due to the molecular anions (M™) and
minor peaks at m/z 246, 260, and 274 corresponding to the three
possible negative ion complexes. Figure 1 shows the CID/MIKES
spectrum of the mixed dimer ion of interest [(C¢HsNO,)(CH;-
CsH,NO,)]™ at m/z 260. The two competing decomposition
reactions correspond to the elimination of one or the other of the
neutral molecules from the complex (eq 1a and 1b). From the
ratio of the ion abundances we infer that nitrobenzene has a greater
electron affinity than p-nitrotoluene. This observation is confirmed
by the literatures value, reported as a difference of 1.4 kcal/mol.?
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Figure 1. The CID/MIKES spectrum of the mixed negative ion dimer
of nitrobenzene and p-nitrotoluene (m/z 260). The peak at m/z 137
corresponds to the negative ion of p-nitrotoluene, and its lower intensity
is indicative of its lower electron affinity with respect to nitrobenzene

(m/z 123).
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Figure 2. (a) The logarithm of the relative rates of unimolecular disso-
ciation from mixed negative ion dimers of substituted nitrobenzenes vs.
the electron affinity.’ All rates k, (x = substituent) are relative to
nitrobenzene. (b) The logarithm of the relative rates of collision-induced
dissociation from mixed negative ion dimers of substituted nitrobenzenes
vs. the electron affinity.® All rates &, (x = substituent) are relative to
nitrobenzene. The electron affinity of the unknown p-tert-amylnitro-
benzene is determined to be 50 & 4 kcal/mol.

The results of the unimolecular and collision-induced frag-
mentations for a series of substituted nitrobenzenes are plotted
in Figure 2a,b, respectively. The ratio of the substituted nitro-
benzene peak height over the peak height of the unsubstituted
compound (C¢HsNO, = H) [M,]/[My]™ yields a value In
(k,/ ky) for each reaction pair. Compounds with relatively large
electron affinity differences cannot be compared directly in a single
experiment, because large differences in ion abundances cannot
be measured accurately. Consequently, the plot is constructed
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in a stepwise fashion, as is true for equilibrium methods.” A plot
of the In (k,/ky) values vs. the electron affinity of each of the
substituted nitrobenzenes gives a straight line with a correlation
coefficient of 0.98. The average effective temperature of the
dissociating dimer ions is 341 K for those unimolecularly disso-
ciating and 384 K for the collision-induced dissociations, as
calculated from the slope of the line (1/k7). The higher tem-
perature of the dimer ions that undergo CID is consistent with
the fact that the internal energy of the reactant ion is increased
upon collision.>!?

The electron affinity of p-tert-amylnitrobenzene was determined
by using the data in Figure 2b and serves as an illustrative case
for the determination of an unknown electron affinity. In the
CID/MIKES experiment the ratio of the peak height of the
negative ion of p-tert-amylnitrobenzene to that of nitrobenzene
was 7.23. Therefore, the electron affinity is assigned the value
of 50 % 4 kecal/mol (95% confidence interval), which is consistent
with the size and structure of the substituent. This rather large
uncertainty in the absolute electron affinity is a consequence of
the scatter of the data points about the line (deviation of the
correlation coefficient from unity) and the uncertainty of the
reported values of absolute electron affinity.® However, our ex-
periments show that relative electron affinities can be obtained
reproducibly with a precision of a few tenths of a kcal/mol."!

Conclusions

This study indicates that abundant radical negative ion dimers
can be formed in a high-pressure ion source of a mass spectrom-
eter, and the dissociations of these mixed negative ion complexes
are useful for the determination of the relative gas-phase electron
affinities of the monomer components. Previously, this information
had been available only by more complex methods. The technique,
which appears to yield results of comparable precision to other
methods,*!3 uses an approximate kinetic approach for the de-
termination of a gas-phase thermochemical quantity.

Strengths of this method include the simplicity of the procedure
and its potential applicability to a variety of compounds that are
not handled easily by other experimental techniques such as
photoelectron spectroscopy!? and charge-exchange reactions.!* The
study of a series of substituted substrates is particularly suitable,
because of the ease and accuracy of constructing the stepwise plot.
Intractable compounds could be studied in a high-pressure fast-
atom bombardment ion source,'* where the desorbed negative ion
dimer species could be stabilized collisionally and the desorbed
monomers could form mixed dimers by ion/molecule reactions.
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