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Abstract

Negative-ion chemical-ionization mass spectrometry (NICI MS) has the potential to be a very useful technique in identifying various polycyclic
aromatic hydrocarbons (PAHs) in soil and sediment samples. Some PAHs give much stronger signals under NICI MS conditions than others. On
the other hand, positive-ion signals are largely comparable under the same source conditions. An extensive set of newly re-evaluated experimental
electron affinities (EAs), or free energies of electron attachment, are now available, as well as reliable predicted electron affinities from quantum
theoretical calculations or from solution reduction potentials and theoretically predicted solvation energies. In order to show a high negative-ion
sensitivity, a PAH must have an EA that exceeds a threshold of approximately of 0.5 eV. Comparisons between the negative-ion to positive-ion
sensitivities (V/P ratios) and these new electron affinities show a rough correlation between the two, but naphthacene and perylene are exceptions to
this relationship with much lower sensitivities than expected from their high EA values. By calculating the EA for a PAH, one can predict whether
a sensitivity enhancement under NICI MS conditions is to be expected. Since aliphatic hydrocarbons and many other substances have negative or
very low EAs, NICI MS is expected to be a good technique for detecting PAHs in samples contaminated with other hydrocarbons or compounds

with low EAs.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) [1-3] have been
implicated as comprising one of the largest classes of environ-
mental carcinogens [4—6]. Recent attempts at natural attenuation
[7] have led to renewed interest in methods for the analysis
of PAHs in different soil types, and the U.S. Environmental
Protection Agency (EPA) continues to be interested in devel-
oping methods for the detection of PAHs. One determinative
method for the detection of PAHs that minimizes interferences
due to aliphatic hydrocarbons is chemical-ionization (CI) mass
spectrometry. We have previously measured absolute response
factors with negative-ion and positive-ion chemical ionization
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in methane and found enhanced negative-ion sensitivity for
various PAHs and other environmentally important molecules,
thereby minimizing chemical noise [8]. For a dramatic exam-
ple, the carcinogen, benzo[a]pyrene, shows a negative-ion CI
signal about 1000 times larger than that for its non-toxic iso-
mer, benzo[e]pyrene [9-11]. The enhanced negative-ion sen-
sitivities are often measured relative to the corresponding
chemical-ionization positive-ion signal or electron-impact sig-
nal (N/P ratio), rather than as an absolute response factor
[11].

In prior work, we have carried out a series of calculations
with different quantum mechanical methods to determine pro-
ton affinities (PAs) of PAHs and found that the theoretical PAs
reproduced experimental values with standard errors between
1.36kcalmol~! (0.06eV) and 2.12kcal mol~—! (0.09eV) [12].
Knowledge of the PAs of the PAHs to be analyzed can be
used to produce a strong specificity in response factors under
positive-ion chemical-ionization conditions. With methane as a
CI gas, all PAHs are expected to show similar response factors.
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With ammonia gas, however, PAHs with PAs higher than that
of ammonia, show a high CI sensitivity while PAHs with lower
PAs show little or no signal [13].

Previously, it had been suggested that the highly variable
negative-ion sensitivity might be related to the electron affin-
ity of the sample [8,11,14], and correlations for PAHs were
found with EAs estimated by Hiickel or semiempirical molecular
orbital theory [14,15] or taken from the experimental litera-
ture. We have recently published a thorough re-evaluation of the
known experimental EAs for 45 PAHs and related compounds
in the light of the EAs estimated from calculations by various
quantum theoretical methods. Furthermore, EAs of these PAHs
could be closely predicted from solution reduction potentials
of the PAHs together with solvation energies estimated from
the Born solvation terms of the radical anions [16]. This analy-
sis resolved inconsistencies between different experimental EAs
and experimental EAs that appeared to be significantly in error.
The most effective quantum theoretical methods involved the
use of density functional theory (DFT), using the B3LYP method
and 6-311G(d,p) or 6-31 + G(d,p) basis sets, with standard errors
of 0.077 and 0.070 eV, respectively, when compared with reli-
able experimental EA data. The other method for estimation of
EAs from solution reduction potentials gives standard errors of
0.075eV. Armed with this newly revised set of experimental
EAs and two independent methods to predict EAs for PAHs for
which experimental data are lacking, we set out here to test the
idea that negative-ion sensitivities might be related to electron
affinity.

2. Theoretical methods

EAs are more difficult to calculate than PAs and IPs for
a number of reasons. PAs generally involve calculations of
even-electron, closed-shell systems. EAs generally involve odd-
electron systems where spin contamination and scf convergence
problems, especially with diffuse functions, add to the diffi-
culty of producing reliable results. IPs also involve odd-electron
systems, but Koopmans’ theorem methods [17], which equates
the IP to the energy of the highest occupied molecular orbital
(HOMO), give reasonable approximations to this energy. Koop-
mans’ theorem can also be used to approximate EAs with the
energies of the lowest unoccupied molecular orbitals (LUMO),
butis less effective than for IPs. Whereas for IPs, the Koopmans’
theorem results are close to experiment because of a fortuitous
cancellation of electron-correlation and ion-relaxation terms; for
EAs there is no such cancellation but an addition of these terms
[18].

The methods used have been discussed in detail previously
[16]. Since available experimental electron affinities of PAHs are
largely adiabatic, the most direct theoretical method comes from
calculation of the energies of both the neutral and anionic forms
of the PAH at their respective optimized geometries, the “AE”
method. All calculations were performed using the Gaussian 94,
Gaussian 98 and Gaussian 03 program suites [19].

Geometries for the neutral and anionic forms at the B3LYP/6-
311G(d,p) level were used, and frequency calculations carried
out in order to verify that the stationary points thus obtained

were true minima and to determine thermodynamic parameters
for the determination of reaction energetics. Thermochemical
data were calculated with zero-point and thermal energy cor-
rections from scaled B3LYP/6-311G(d,p) frequencies using a
scaling factor of 0.99 derived from linear regressions of DFT
zero-point energies with experimentally known zero-point ener-
gies of organic molecules [20]. A scaling factor of 0.96 for
DFT frequencies for the thermal and entropy terms was derived
from linear regressions on experimental frequencies of organic
molecules and PAHs [20]. Single-point B3LYP/6-31 + G(d,p)
calculations at the B3LYP/6-311G(d,p) geometries were carried
out to account for the effect of diffuse functions on reaction ener-
getics using the scf = tight option in Gaussian. For the open-shell
radical anions, all calculations were done with spin-unrestricted
methods, where spin contamination from quartet and higher spin
states is a potential problem. With the UB3LYP method $2-
values (from 0.76 to 0.77) were close to the expected 0.75 value
for a pure doublet spin state. Spin-restricted ROB3LYP calcula-
tions generally raised the energies of the anions by about 0.03 eV
[16].

Details of geometries, molecular symmetries, thermody-
namic data and electronic energies are reported in the supple-
mental material for this paper and for Ref. [16]. Some of the
calculations were performed at the National Environmental Sci-
entific Computing Center (NESCC) of the U.S. EPA.

3. Results and discussion

The negative-ion sensitivities for PAHs under chemical-
ionization mass spectrometric conditions in methane have been
measured directly by Oehme [10] and in our laboratories
[8]. They have also been measured indirectly as negative-
ion/positive-ion (N/P) ratios by the Daishima group [11]. For
the N/P ratios to be used as a measure of negative-ion sensi-
tivity, the positive-ion sensitivities must be known. When the
thermodynamics are favorable, proton transfer from CHs* to
another molecule is found to occur on almost every collision,
with the collision rate accurately predicted by the average-
dipole-orientation (ADO) theory of Su and Bowers [21]. The
rate depends on the polarizability and the dipole moment of the
molecule and the reduced mass of the ion and molecule. While
the ADO rate constants generally vary by no more than a factor
of two, the response factors for PAHs show a somewhat larger
variation [8]. Positive-ion CI response factors vary by a factor
of 3 for eight PAHs and 10 for other molecules whose gas-phase
basicities (GBs) cover a range up to 80 kcal mol~! higher than
the GB of methane. Rate constants measured for protonation of a
variety of molecules with CHs* show little variation and are well
predicted by ADO theory [22]. Thus, positive-ion sensitivities
can be considered to be nearly constant for PAHs, and the N/P
ratios may, in fact, be used as a rough measure of negative-ion
sensitivities.

Response factors in the negative-ion CI mode vary by a fac-
tor of 1000 and, for PAHs, by a factor of 350 [8]. Interpretation
of these differences, however, is complicated by the fact that
the negative-ion peaks result from parent ions, fragment ions,
and proton-abstraction and net hydride-addition reactions. When
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Table 1
N/P ratios and free energies for electron attachment for polycyclic aromatic hydrocarbons (energies in eV)
Compound NI/P ratio® Base peak —AG° a,zg&exp[]b —AG®, ec,pred” - AGoayzggd —AG® pred®

QM calculated QM calculated

Indene 0.005(0.18) (M —H) —0.4 —0.40 —0.35 —0.41
Azulene 64 M- 0.81 0.79 0.80 0.65
Naphthalene 0.0004(0.006) (M—H)~ —0.16 —0.10 —0.04 —0.12
1-Methylnaphthalene 0.0006(0.15) (M—H)~ —-0.2 —0.08 —0.02 —0.11
2-Methylnaphthalene 0.0007 (0.13) (M—H)~ —-0.2 —0.10 —0.00 —0.09
Acenaphthylene 6.0 M~ 0.8 0.77 0.87 0.71
Biphenyl 0.0003 (0.002) (M—H)~ —0.1 —0.09 0.05 —0.05
Fluorene 0.005(0.31) (M—H)~ —0.1 —0.12 —0.09 —-0.17
Anthracene 29 M~ 0.60 0.60 0.71 0.57
Phenanthrene 0.020 (0.11) (M—-H)~ 0.1 0.10 0.17 0.07
1-Methylanthracene 6.0 (6.1) M~ 0.55 0.64 0.70 0.56
Fluoranthene 8.1 M~ 0.7 0.83 0.89 0.73
Pyrene 0.22 (0.23) M~ 0.56 0.53 0.60 0.47
Benz[a]anthracene 12.9 (13) M~ 0.70 0.58 0.76 0.61
Benzo[c]phenanthrene 0.17 (0.27) MH™ 0.40 0.37 0.53 0.40
Chrysene 0.017 (0.12) (M—-H)~ 0.42 0.35 0.53 0.42
Naphthacene (tetracene) 0.52 M~ 1.02 0.97 1.23 1.05
Triphenylene 0.015 (0.10) (M—-H)~ 0.29 0.20 0.34 0.24
Benzo[a]pyrene 400 M~ 0.77 0.83 0.96 0.80
Benzo[e]pyrene 0.43 (0.46) M~ 0.49 0.56 0.67 0.54
Perylene L5 M~ 1.00 0.97 1.14 0.97
Benzo|ghi]perylene 210 M~ 0.7 0.68 0.92 0.77
Picene 0.07 (0.08) M- 0.54 0.41 0.64 0.51
Dibenzo[a,h]anthracene 27 M~ 0.68 0.64 0.80 0.66
Coronene 16.9 (17) M~ 0.57 0.67 0.86 0.71

2 Data corrected for '3C contribution [11]; numbers in parenthesis are uncorrected for '3C contribution. Ratios in italics might be 0, within experimental error.
b Recommended experimental free energy values [16]. Numbers quoted to one decimal are predicted values [16].
¢ Predicted free energies from electrochemical Hg reduction potentials in Eq. (1), which includes solvation effects predicted from 1/r [16].

d Calculated at the B3LYP/6-31 +G(d,p) level [16].

¢ Predicted from the calculated B3LYP/6-31 + G(d,p) free energies from linear regression: y = 0.9188(—AG®,,293) — 0.088 [16].

only the PAHs with parent-ion peaks in this paper are consid-
ered, the variation is much smaller [8]. The much larger variety
of PAHs in the work of Oehme [10], give primarily parent-ion
peaks, with negative-ion methane CI response factors varying by
a factors up to 10,000. A similarly large variation, up to 1000, is
seen in the N/P ratios measured by Daishima under methane CI
conditions [11]. While there is largely a semi-quantitative agree-
ment between measurements in different laboratories, there are
some significant unexplained differences, most notably between
fluoranthene, benzo[b]fluoranthene, and pyrene [8,10,11].
Nevertheless, the N/P ratios measured by Daishima et al. pro-
vide the most complete and self-consistent set of data for PAHs.
In Table 1, are N/P data for 26 PAHs for which experimental
EAs or free energies of electron attachment are available. We
compare these N/P ratios in Table 1 with experimental and the-
oretically predicted free energies of electron attachment to try
to better understand the enhancement in the negative-ion sig-
nals for certain structures. Negative-ion sensitivity data have
previously been compared with electron affinities, but before
reliable experimental or theoretical data were available [11,14].
In our previous paper [16], we have found that nearly half of the
experimental EAs in the literature were in error, many seriously.
Thus, we include in Table 1 our recommended experimental free
energies of electron attachment, — AG®, 298 expu, critically eval-
uated in the light of reliable quantum mechanical calculations
and our analysis of electrochemical reduction potentials [16]. In

this table, the literature N/P ratios have been modified to measure
only the parent M~ molecular ion peak, and have been corrected
from Daishima’s data for the '3C contribution to the M~ peak
from any M — H™ peak present. Thus, the N/P ratio refers to the
M~ /MHT ratio, even in cases where the M~ was not the base
peak in the spectrum.

Table 1 shows a comparison of experimental EA data with
data derived from the methods we have developed for predicting
the EA values for molecules for which experimental data are not
known. The —AG®; ec precavalue is the predicted free energy
from the electrochemical reduction potential, E1,, [23], and the
solvation energy difference between neutral and ion from a Born
electrostatic model utilizing the calculated molecular volume
and a derived radius, r, for a pseudospherical ion according to

Eq. (1) [16]:

1
—AG®yecpred = [—5.6701 () = 0.739} +Eijp+4.21 (1)
r

The —AG®,208 values in Table 1 are calculated at the
B3LYP/6-31 +G(d,p) level, and —AG®; ec,pred Values are pre-
dicted free energies from a linear regression fit of calculated free
energies with reliably known experimental values according to
Eq. (2) [16]:

—AG%;ec,pred = 0.9188(=AG; 208) — 0.088 2
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Table 2
N/P ratios and predicted free energies for electron attachment for polycyclic aromatic hydrocarbons for which experimental energies are not available (energies in
eV)
Compound N/P ratio®  Base peak —Eip® —AG° e pred” —AGoavzggd —AG®;, pred® —AGD;,,mdf
QM calculated QM calculated QM calculated
Acenaphthene 0 [M —H]~ 2.1 —0.23 —0.36 —0.21 —-0.23
2-Methylanthracene 1.06 M~ 1.45 0.60 0.59 0.57 0.55
1-Methylphenanthrene 0.011 [M—H]" 194 0.11 0.06 0.14 0.10
9-Phenylanthracene 8.0 M~ 1.36 0.81 0.68 0.65 0.64
Benzo[a]fluorine 0.004 [M —H]~ 0.22 0.27 0.24
Benzo[b]fluorine 0.005 [M—H]~ 0.30 0.34 0.31
7-Methylbenz[a]anthracene 19 M~ 1.5 0.64 0.64 0.62 0.60
12-Methylbenz[a]anthracene 1.5 0.64 0.66 0.64 0.61
7,12-Dimethylbenz[a]anthracene 1.5 0.67 0.67 0.65 0.63
Benz[a]aceanthrylene (benzo[a]fluoranthene) 0.975 1.17 1.25 1.13 1.16
Benz[e]acephenanthrylene (benzo[b]fluoranthene) 220 M~ 1.375 0.77 0.85 0.80 0.81
Benzo[j]fluoranthene 32 M~ 1.165 0.98 1.07 0.98 1.00
Benzo[k]fluoranthene 150 M~ 1.39 0.76 0.85 0.79 0.79
Indeno[1,2,3,cd]pyrene 380 M~ 1.19 1.02 1.14 1.04 1.05
Dibenzo[def,mno]chrysene (anthanthrene) 210 M~ 1.19 0.98 1.28 1.15 1.17
Benzo[b]triphenylene (dibenz[a,c]anthracene) 25 M~ 1.53 0.66 0.69 0.66 0.65
Dibenzo[b,def]chrysene (dibenzo[a,h]pyrene) 360 M~ 1.16 1.06 1.19 1.08 1.09
Dibenzo[a,e]pyrene 280 M~ 1.36 0.86 0.89 0.83 0.83

2 Data corrected for '3C contributions [11a]. Ratios in italics might be 0, within experimental error.

b Experimental reduction potentials vs. Hg [23].

¢ Predicted free energies from electrochemical Hg reduction potentials in Eq. (1), which includes solvation effects predicted from 1/r [16].

d Calculated values at the B3LYP/6-311G(d,p) level.

¢ Predicted from the B3LYP/6-311G(d,p) level free energies from linear regression: y = 0.8334 — AG®; 298 + 0.087 [16].
f Predicted from the B3LYP/6-31 + G(d,p) level free energies from linear regression: y = 0.9188 — AG®;, 298 — 0.088 [16].

In Table 1, the free energies of electron attachment predicted
from electrochemical data and quantum mechanical calculations
compare very well with one another and with the recommended
experimental values, with standard errors in the regressions for
Egs. (1) and (2) of 0.075 and 0.070 eV, respectively, establishing
the reliability of these two independent methods of prediction
[16]. A nearly identical standard error, 0.077 eV, was established
for B3LYP/6-311G(d,p)// B3LYP/6-311G(d,p) calculations on
these PAHs as well [16].

We can now take advantage of the availability of these
EAs to analyze negative-ion sensitivity data in Table 2 for
PAHs for which experimental EAs are not available. In these
cases, we have utilized quantum mechanical calculations at both
the B3LYP/6-311G(d,p) and B3LYP/6-31 + G(d,p)// B3LYP/6-
311G(d,p) levels in connection with the regression equations
from our previous paper [16] to provide predicted free energies
of electron attachment. We have included the independently pre-
dicted free energies of electron attachment from reduction poten-
tials, where available. Also in Table 2 are three PAHs, two car-
cinogenic methylbenz[a]anthracenes and benz[a]aceanthrylene,
for which N/P values are not known, but might now be pre-
dicted. Again, the predicted free energies from the two quantum
mechanical methods and from experimental electrochemical
data all compare very well with one another. In almost all cases,
agreement is to within 0.1 eV, giving us enough confidence in
the predicted free energies of electron attachment to use them to
analyze the N/P data in Table 2 along with the data in Table 1.

From the patterns displayed in Tables 1 and 2, it appears
that enhancement in the negative-ion intensity over the positive-
ion intensity, i.e., to get N/P> 1, requires that the EA, or free

energy of attachment, must reach a threshold value of about
0.5eV. Several molecules, pyrene, chrysene, benzo[e]pyrene,
benzo[c]phenanthrene, and picene, have borderline electron
affinities and show N/P ratios somewhat less than 1. The various
substituted anthracenes in Tables 1 and 2 have electron affini-
ties close to the borderline and N/P ratios only a bit above 1.
Molecules with free energies of electron attachment less than
0.30eV generally have very low N/P ratios and base peaks
in the negative-ion spectrum at M —H™, rather than M. In
fact, almost all of these molecules, except for phenanthrene
and triphenylene, have M~ intensities that, after '3C correction
from the M —H™ peak, are so near to zero that experimental
errors could be large enough for the true intensities to actually
be zero. This is almost surely the case for those with negative
EAs and likely so for the others as well. The reported experi-
mental intensities for phenanthrene and triphenylene appear to
indicate real M~ peaks, but this is remarkable, given their low
EAs. Other experimental data [11b,24] sometimes show parent
molecular anion intensities barely above zero, after 13C correc-
tion from the M — H™ peak, for these molecules and for pyrene,
chrysene, benzo[c]phenanthrene, benzo[e]pyrene, and picene.
In all of these molecules, the electron affinities are close to
0.5 eV, where there may be some doubt about whether molecular
anions are truly formed. The relative intensities of the M — H™,
and the corresponding '3C correction to the parent peak, vary
significantly, depending upon the exact experimental condi-
tions. The experimental EAs for phenanthrene and triphenylene
come from electron-capture detector (ECD) experiments, where
mass measurements were not made for the ions formed, and
the experimental EA data are therefore suspect, especially for
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Fig. 1. Logarithmic plot of the negative-ion to positive-ion ratio vs. free energies
for electron attachment predicted from B3LYP/6-31 + G(d,p) quantum mechan-
ical calculations. The solid points are outliers and the other labeled points have
NI/P ratios that may be dubious, especially those with lowers free energies of
attachment.

phenanthrene. ECD measurements of EAs have previously been
demonstrated to be seriously in error in cases where the elec-
tron affinities are low [16], and in other cases as well [25,26].
For phenanthrene, we have tabulated as experimental values
the estimated EAs from experimental electrochemical reduction
potentials [16].

Nitrobenzene, 2,4-dintrotoluene, and 2,6-dinitrotoluene from
the study by Betowski et al. [8], generate molecular anions
and show enhanced response factors. Nitrobenzene and 2,6-
dinitrotoluene have experimental EAs of 1.01 and 1.39eV,
respectively [27]. Another compound studied was isophorone.
The NICI MS of this compound did not show any enhancement,
plus the major ion seen in this mode was the (M —H)™ at m/z
137. The EA for isophorone was calculated at —0.13 eV, consis-
tent the fact that a parent ion was not observed.

Especially for PAHs with electron affinities above 0.5eV,
there appears to be a rough correlation between the N/P ratio
and electron affinity. In Fig. 1, the logarithm of the N/P ratio
is plotted versus the B3LYP/6-311G(d,p) regression-predicted
free energy of electron attachment for 30 PAHs. The 10 PAHs
for which the M~ ion intensity is most questionable (with N/P
data in italics in Tables 1 and 2) were excluded from the plot.
Most ions fall within 0.1-0.2eV of a correlation line. There
are two major exceptions, naphthacene and perylene. Ironically,
these two compounds have the highest free energies of electron
attachment, but the N/P ratios are only 0.52 and 1.5, respectively.
How can the overall trend in the N/P ratios with increasing EA
and the two major outliers be explained?

Previous research on negative-ion formation by electron
attachment has shown that ions with electron affinities below
about 0.5eV generally cannot be detected mass spectromet-
rically [28,29]. For a limited number of molecules, rates of
attachment in the high-pressure limit have been measured, show-
ing very rapid rates when electron affinities are high [30,31].
Curiously, however, the correlation of the rate of attachment with

electron affinity for a series of substituted nitrobenzenes is only
rough, with several major outliers that cannot be explained by
factors like dipole moment, steric effects, or entropy and geom-
etry changes on ionization [28]. Density of state arguments were
considered, but the existence of low-energy excited states of the
ion to enhance the density of states did not explain all the out-
liers either. Thus, previous work in this field is consistent with
the facts that we see in Fig. 1: a rough trend in the N/P ratio
versus EA, but with major outliers, and a small or negligible
N/P ratio for molecules with EAs below 0.5 eV. It seems clear
that the explanation for these phenomena must reside in a bet-
ter understanding of the factors affecting the rates of electron
capture. At EAs above approximately 0.8 eV, it appears that the
N/P versus EA linear plot may be leveling off at a maximum
N/P ratio around 600. As we will see, however, the cross sec-
tions for electron attachment to Cgp and C7q, with EAs of 2.7 €V,
are especially large.

In the negative-ion chemical-ionization experiment, there are
abundant thermalized electrons in the ion source. If the thermo-
dynamics are favorable, a molecule will capture an electron at a
rapid rate. Using the ADO theory, the rate constant is extremely
fast due to the small reduced mass of a system consisting of an
electron and a molecule. If the electron affinity is significantly
positive, the reaction equilibrium for electron capture should
be favorable, and one might expect to see a signal correspond-
ing to formation of the parent molecular anion. In this context,
however, there are additional factors that may complicate obser-
vation of a parent ion. Electron affinities are generally reported
using the “stationary-electron approximation” [29]. The entropy
and integrated heat capacity of the electron must be consid-
ered in determining the free energy for electron attachment at
elevated temperatures, 375 K in Daishima’s experiments. The
entropy of the electron at 350K is 5.79 calmol~! K~!, mak-
ing —TAS° equal to 0.088 eV at 350 K, and the integrated heat
capacity is 0.075 eV, leading to a near cancellation of these two
effects, with the free energy only 0.013 eV less favorable than
expected from calculated free energies within the stationary-
electron approximation [32]. Additionally, however, there are
major problems in observing the parent ions from mildly exoer-
gonic electron-attachment reactions. Slow electron-attachment
rates and/or short lifetimes of these ions as a result of autode-
tachment of the electron prevent their collisional stabilization
[28,33-35]. The observation of anions under high-pressure con-
ditions has been shown to be complicated further by reactions
of the ions with trace gas impurities like water and oxygen
[36].

In flowing afterglow Langmuir probe (FALP) studies of PAH
ionization cross sections as a function of electron energy, Tobita
et al. [35] reported that it appeared that an EA > 0.5¢eV is
required for the negative-ion states of PAHs to be long-lived.
For PAHs with EAs less than 0.5 eV, the anionic states are too
short-lived to allow the direct observation of the parent anion
prior to its decay, mainly by autodetachment. They also found
that formation of (M — H)™ ions occurred at high electron ener-
gies (onset 5.5-6.2 eV) for phenanthrene and triphenylene. They
did not study chrysene and benzo[c]phenanthrene. Since we
expect thermal electrons (approximately 0.03eV) to predom-
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inate under CI conditions, we do not expect the (M — H)™ ions
to be formed by fragmentation following the electron-capture
process, but rather by proton abstraction by bases formed from
chemical impurities, e.g., from OH™ ions originating from H,O
or Oy [11].

In these experiments, the structure in the cross section versus
electron energy curves showed evidence of resonances at elec-
tron energies above zero-electron energy that were attributed to
electron-excited Feshbach resonances [35]. Consistent with the
observation that naphthacene and perylene show extraordinar-
ily low N/P ratios, they found that these two molecules were
also exceptional in their cross section curves, showing no res-
onance, and very little ion formation, at zero-electron energy
and resonances only at higher energies. Such behavior might be
explained as the result of low Franck—Condon factors for ioniza-
tion of these molecules, but we see no evidence of an unusually
large geometry change for these ions compare to other PAH
anions. Although these PAHs have high symmetry, Dyp, the ions
have the same symmetry on the B3LYP/6-311G(d,p) surfaces.

The general trend of higher negative-ion sensitivity with
higher electron affinity in PAHs may be explained by the expec-
tation that the electron-attachment rates and collision lifetimes
of the molecular anions will increase as the density of vibrational
states in the ion increases, permitting rapid ion formation and
collisional stabilization. It is expected that the density of states
will increase dramatically as the electron affinity increases and
the energy well corresponding to the anion gets deeper. This
rough trend in both attachment rates and ion lifetimes has been
verified experimentally for substituted nitrobenzenes [30]. We
noted, in Fig. 1, that the N/P ratios might be beginning to level
off for EAs above 0.8 eV. The rate data for nitrobenzenes, how-
ever, are not so consistent with this idea, since the rates continue
to increase, albeit irregularly, up to 2 eV [30]. Furthermore, the
cross sections for electron attachment to Cgg and C7g, with EAs
of about 2.7 eV, are unusually high compared to other PAHs
[33,35].

The data in Fig. 1 and the nitrobenzene data [30], show out-
liers and a scatter in rates and N/P ratios. When the 26 PAHs
in Fig. 1 with the highest EAs are considered, excluding the 10
PAHs with italicized N/P ratios, phenanthrene and triphenylene,
and the outliers (naphthacene and perylene), a regression with
free energies of electron attachment shows R* = 0.66 and a stan-
dard error in log N/P of 0.745, or a factor of 5.5 in N/P. Excluding
the next 5 PAHs with low EAs, and somewhat dubious N/P
ratios, gives a standard error corresponding to a factor of 3.6 in
NJP ratio. For the two carcinogenic methylbenz[a]anthracenes
and benz[a]aceanthrylene in Table 2, the predicted free ener-
gies of electron attachment can be used, in connection with
these regressions, to make a prediction of an N/P ratio of about
15 for two carcinogenic methylbenz[a]anthracenes and 600 for
benz[a]aceanthrylene. We suggest some caution in the predic-
tion or interpretation of the N/P data, however, since consid-
erable variation of N/P ratios and negative-ion sensitivities has
been seen under different experimental conditions, and there can
be significant complications in determining anion intensities at
different pressures with trace impurity gases under chemical-
ionization conditions [36].

4. Conclusions

Quantum calculations have been used to calculate electron
affinities, or free energies of electron attachment, for 43 PAHs.
These EA data correlate very well with reliably known exper-
imental values and can be used, together with free energies
predicted from electrochemical reduction potentials, to evaluate
and confirm experimental EAs and accurately predict EAs of
PAHs whose EAs have not been measured. These free energies
of electron attachment have been compared with negative-ion
sensitivities of PAHs, in the form of N/P ratios derived from
chemical-ionization mass spectrometry. It was shown that those
PAH compounds with EAs greater than 0.5 eV tend to show an
enhanced signal under negative-ion CIMS over the signal in the
positive-ion mode. N/P ratios for PAHs show a reasonably good
correlation with EAs greater than 0.5 eV. This relationship can
be used to tentatively predict N/P ratios of 15 and 600 for two car-
cinogenic methylbenz[a]anthracenes and benz[a]aceanthrylene,
respectively.

Naphthacene and perylene are major exceptions in this rela-
tionship, with high EAs, but N/P ratios near to 1. A complete
theoretical understanding of the variation in electron-attachment
rates, molecular anion lifetimes, or negative-ion sensitivities has
not yet been achieved at this point, but interesting features are
emerging that suggest some relationship to EA and density of
states in the anions, with much more work to be done theoreti-
cally to explain details and exceptions that have been noted.

Negative-ion chemical-ionization mass spectrometry should
be especially useful to detect PAHs with high EAs, especially
in soil and sediment matrices that are contaminated with other
hydrocarbons, which will be transparent to this technique.

Notice: The U.S. EPA, through its Office of Research and
Development, funded and performed the research described.
This manuscript has been subjected to the EPA’s peer and admin-
istrative review and has been approved for publication. Mention
of trade names or commercial products does not constitute
endorsement or recommendation by EPA for use.

Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/].ijms.2006.04.008.
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