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Dear Sir,

Estimation of Ionization Energies of Polycyclic Aromatic
Hydrocarbons Using the Kinetic Method

We report the application of the kinetic method1,2 to the esti-
mation of ionization energies (IE) of polycyclic aromatic
hydrocarbons (PAHs). PAHs are an important class of com-
pounds in the environment, many having been shown to be
potent carcinogens and/or mutagens.3 The determination of
their fundamental properties is therefore important. Although
ionization energies of PAHs can be obtained by photoelectron
spectroscopy4 and electron-transfer equilibria,5 such methods
are often limited in scope and are difficult to apply to higher
PAHs or to samples which contain impurities. This study was
intended to test the applicability of the kinetic method in this
measurement.

The kinetic method is an approximate method for thermo-
chemical determinations, based on the rates of competitive
dissociations of mass-selected cluster ions.1,2 It has been used
to determine proton affinities as well as affinities towards
various other ions.2 The method is sensitive to small thermo-
chemical di†erences [often below 1 kcal mol~1 (1 kcal\ 4.184
kJ)] and is applicable to polar and non-volatile compounds,
even when they are not available in pure form.2 In work
closely related to this, it has been used to estimate electron
affinities6h8 by examining the dissociation of anion radical
cluster ions, [Eqn (1)]. When determination of[M1M2]~~
ionization energies is of interest, one examines the fragmenta-
tion of the mass-selected dimeric radical cations to give the
individual radical cations shown as Eqn (2).

The weakly bound cluster ion which is the fragmenting species
is formally a solvated radical cation or(M1`~.M2 M2`~.M1).However, if the di†erence in ionization energies of andM1 M2is small, the charge can be transferred between andM1 M2 ,
probably via the equilibrium shown in Eqn (2) ;9 this suggests
that ionization energy determinations can be made using com-
petitive dissociations. The entropic e†ects associated with such
competitive dissociations need not be considered since frag-
mentation simply involves competition for the charge.10,11
StevensonÏs rule, well known in mass spectrometry, qualit-
atively expresses the principle of kinetic control of fragment
ion abundance in such a circumstance.12,13 This rule states
that for a simple bond cleavage in a radical cation, the frag-
ment with the lower ionization energy will preferentially take

the charge. A quantitative expression, later given by Audier,14
further states that the di†erence in the activation energies for
the two competitive dissociation of is equal to the[M1M2]`~
di†erence in the ionization energies of and Note thatM1 M2.StevensonÏs rule refers to strong bonds within a single mol-
ecule.

Theoretical treatments of the kinetic method, given else-
where, lead to an approximate expression of the form2

ln ([fragment1`~][fragment2`~])B [*(*E)]/(RTeff) (3)
where and are the abundances of[fragment1`~] [fragment2`~]
the two monomeric fragments, *(*E) is the di†erence in criti-
cal energies of the two competing reactions and is theTeffe†ective temperature of the parent dimeric ion. In this study,
the rates of competitive dissociation of heterodimeric cluster
cations to form the individual radical cations can be expressed
in the following analogous equation in terms of the ionization
energy di†erence (*IE) between the two compounds :

ln(M1`~][M2`~])B [*IE]/(RTeff) (4)
Previous studies on atomic cluster ions,15,16 such as alumi-
num cluster ions, have suggested correlations between the dif-
ference in ionization energies of complementary fragment ions
and their measured abundance ratios. A recent study on
dimeric cluster ions established that molecular ionization
energies can be measured by the kinetic method and demon-
strated that the natural logarithm of the fragment ion abun-
dance ratio correlates well with the di†erence in ionization
energies of substituted benzenes.11 The approach used in the
present study is to generate the heterodimeric radical cations
of PAHs (viz. the solvated radical cations) in the ion source by
desorption chemical ionization (DCI). A reagent gas of low
ionization energy (carbon disulÐde, IE\ 10.0685^ 0.0020
eV4) was chosen in order to minimize the internal energy
deposited upon charge exchange and so to maximize the
possibility of generating the weakly bound cluster ions. The
resulting dimeric radical cations are mass selected and frag-
ment competitively upon collisional activation under mild
conditions to yield the intact monomeric molecular radical
cations as the only products. The ratio of the abundances of
these two ions is examined for a correlation with the di†erence
in ionization energies of the PAHs expressed in Eqn (4).

All experiments were performed using a Finnigan TSQ-700
triple quadrupole mass spectrometer (Finnigan MAT, San
Jose, CA, USA). In pairwise fashion, PAHs (Aldrich Chemical,
Milwaukee, WI, USA) were dissolved in carbon disulÐde
solvent to give solutions of D1 M. A 1 ll aliquot of each
solution was placed on the rhenium wire Ðlament of a direct
evaporation probe and allowed to dry. The probe was then
introduced into the ion source of the instrument under carbon
disulÐde chemical ionization (CI) conditions and the direct
evaporation Ðlament was resistively heated from ambient to
800 ¡C at 500 ¡C min~1. The desorbed PAHs were ionized in
the carbon disulÐde chemical ionization plasma at an esti-
mated pressure of 0.5 Torr (1 Torr \ 133.3 Pa).

The heterodimeric radical cations, generated in[M1.M2]`~,
the ion source in relatively low abundances, were mass selec-
ted using the Ðrst quadrupole mass analyzer. Collisional acti-
vation of the dimer was achieved in the second quadrupole
under very mild conditions, viz. a nominal 2 eV collision
energy and an argon target gas at a nominal pressure of 0.05
mTorr. Typical main beam attenuations were D10%, well
within the single collision limit. The abundances of the frag-
ment ions were then measured from the product ion mass
spectrum generated by scanning the third quadrupole. All
peak ratio measurements were recorded in triplicate and dis-
played relative standard deviations of \15%. Each set of
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peak ratios was measured from an average of 15 or more
scans.

Mass selection and collision-induced dissociation of the het-
erodimer, under very mild activation conditions, produced
just two fragment ions, those due to the competing disso-
ciation reactions shown in Eqn (2). Figure 1 shows a typical
product ion mass spectrum, that of the heterodimeric radical
cation composed of anthracene and pyrene. The fragments at
178 and 202 Thomson correspond to the anthracene and
pyrene radical cations, respectively (Thomson\ dalton/unit
charge17).The ratio of the ion abundances indicates that
pyrene has a slightly greater ionization energy than anthra-
cene. This observation is consistent with the literature values,
7.50^ 0.04 eV (pyrene) and 7.45^ 0.04 eV (anthracene),
although the di†erence of just 0.05 eV is close to the uncer-
tainty of the literature determinations.5 The ready fragmenta-
tion strongly suggests a weakly bound structure for the
dimeric radical cation. Di†erent amounts of sample and dif-
ferent source conditions in the same experiments led to the
same results, including identical product ion abundance ratios.
This implies that the composition and fragmentation of the
dimeric radical cation is independent of the order in which the
constituent molecules are assembled, justifying the equilibrium
description in Eqn (2).

Figure 2 summarizes the results of nine measurements of
values made for a group of PAHs. The stair-stepln(k1/k2)method was used to cross-check the results by examining dif-

ferent pairs of PAHs. It can be seen that the set of data is
internally consistent. These results demonstrate the reliability
of the kinetic method for determining the relative ordering of
ionization energies for these PAHs. The order of relative ion-
ization energies is 1,2-benzanthracene \ azulene \ anthra-
cene \ pyrene \ biphenylene \ acenaphthene, although the
di†erences in IE and experimental uncertainties in some cases
are small enough to change the order. In an attempt to obtain
numerical values for the ionization energy of the PAHs, we
utilized Eqn (4) to derive the e†ective temperature for the het-
erodimeric radical cation composed of the reference com-
pounds acenaphthene (IE \ 7.74^ 0.04 eV)5, biphenylene
(IE \ 7.55^ 0.04 eV)5, pyrene (IE\ 7.50^ 0.04 eV)5, anthra-
cene (IE\ 7.45^ 0.04 eV)5 and azulene (IE\ 7.42^ 0.04
eV)5. Note that all the IE values for the reference compounds
were obtained from the same electron-transfer equilibrium
measurements in order to maintain the internal consistency of
the literature IE values used. A plot of ln(abundance ratio) vs
IE has a correlation coefficient of 0.940 and yields an average

Figure 1. Product ion tandem mass spectrum of the mass-
selected heterodimeric radical cations composed of pyrene and
anthracene. Activation was achieved with 2 eV collisions using
argon as target gas under single collision conditions.

Figure 2. Measured ratios and derived DIE values fromln(k
1
/k

2
)

dissociations of heterodimeric radical cations of a series of PAHs.
The data are the average cumulative values expressedln(k
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relative to biphenylene. Data in parentheses are the estimated
errors in the abundance ratio.

e†ective temperature of 1000 K with an estimated uncertainty
(which arises mainly from uncertainties in the literature
values) of ^200 K (Fig. 3). If one assumes that the e†ective
temperatures of all the activated dimers are the same under
the same ionization conditions (an assumption made in
numerous applications of the kinetic method where similar
compounds are being compared1,2,6,7,11), the ionization
energy value for 1,2-benzanthracene, a test compound for this
application of the method, can be estimated from the linear
regression line (Fig. 3). The estimated IE value is 7.35^ 0.07
eV. The uncertainties in both the measured ion abundance
ratios and in the literature values for ionization energies of
reference compounds lead to a combined estimated uncer-
tainty of about 0.07 eV for the measured ionization energy
value. This value is within 0.08 eV of the literature value
(7.43^ 0.03 eV), with which it agrees within error.4

The e†ective temperature is a measure of the internal
energy of the activated dimer ion.2 The calculated e†ective
temperature (1000 K) is much higher than the values associ-
ated with proton-bound dimers using the same instrument
and similar experimental conditions, but similar to values

Figure 3. Linear correlation between ln(ÍPAH
1
½~ËÍacenaph-

and the ionization energies of the PAHs.thene½~Ë)
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found for electron-bound dimers of PAHs which have a high
e†ective temperature (D1250 K).7 The relatively weak bonds
in these systems and the fact that a relatively energetic method
of desorption CI was used to generate the cluster ions account
qualitatively for these results. Lee and Beauchamp18 and
Brauman and co-workers19 have both recently re-derived,
using RRK and RRKM theory, the kinetic method equa-
tion.Both groups demonstrated that the e†ective temperature
is a measure of the excess average number of quanta per
degree of freedom in the activated cluster ion. Brauman and
co-workers suggested that the e†ective temperature is given by
the following expression in the special case where all oscil-
lators are degenerate :

Teff \ (n [ m6 )/s (5)

where n is the total number of quanta, m is the averaged
number of quanta required to cause dissociation of a bond of
interest and s is the total number of degrees of freedom.
Clearly, the e†ective temperature can be increased by increas-
ing the total number of quanta (because of the energetic ion-
ization process) or by decreasing the number of oscillators or
by decreasing the bond energy (the low binding energies in
both the anionic and cationic PAH clusters). The proposed
weakly bound structure in the heterodimeric radical cations is
also supported by studies on bond dissociation energies of
dimeric radical cations comprised of benzene and substituted
benzenes, which range from 0.38È0.66 eV.20h22 Another rele-
vant result is Meot-NerÏs measurement of the bond disso-
ciation energies of dimeric radical cations of PAHs in which
the measured bond dissociation energies for several PAHs
were less than 0.80 eV.9 These studies are consistent with the
present results and with the proposed weakly bound struc-
tures for the heterodimeric radical cations.

This study has demonstrated the applicability of the kinetic
method for the estimation of ionization energies of PAHs.
Note that the compounds examined were chosen to have a
narrow range of ionization energies ; compounds with sub-
stantially di†erent ionization energies do not readily form
cluster ions and this is a limitation of the method. A strength
of the method is the simplicity of the procedure and its ready
implementation.
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